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第 2編　材料・システム創製

1．はじめに

　地表に到達する太陽光エネルギーは，人類が消費する化石燃料エネルギーの 6,000 倍以上と
膨大であり，量的に再生可能エネルギー源として有望であるが，その平均エネルギー密度は約
1,500 kWhm－2yr－1と低く，いかにして経済性を確保しつつこれを利用するかが課題となる。植
物や藻類などの光合成生物を利用したバイオ燃料の研究はさまざまに行われているが，エネル
ギー変換効率，経済性，大規模化，食料生産との競合など克服すべき課題は多い。本稿では，
ヘテロシスト形成型シアノバクテリアを利用した光生物学的な水素生産に関する研究の現状に
ついて，筆者らが行っている研究を中心に紹介する。

2．光合成の電子伝達系

　光合成での光エネルギーの化学エネルギーへの変換は光化学系と呼ばれる反応系で行われ，
シアノバクテリアや植物の葉緑体には光化学系Ⅱと光化学系Ⅰの 2種類の光化学系が存在す
る。光化学系Ⅱは強い酸化力を形成してH2O を分解し，光化学系Ⅰは強い還元力を形成して
NADP＋を還元する（図 1）。光化学系ⅡもⅠもチラコイド膜内で大きな色素タンパク質複合体
として存在するが，これはそれぞれ複合体のコアをなす反応中心とその周辺を取り巻くアンテ
ナ複合体から構成される。
　光合成の最初の反応は光合成色素による光吸収で，そのエネルギーは励起エネルギーとして
反応中心に存在する反応中心クロロフィルに移動する。反応中心クロロフィルは特殊な環境に
置かれたクロロフィルの二量体（スペシャルペア）で，光化学系ⅡではP680，光化学系Ⅰでは
P700と呼ばれる。光合成色素の種類は生物種により多様性がみられ，多くのシアノバクテリア
はクロロフィル a，カロテノイド，フィコビリンを持つ。
　励起状態の反応中心クロロフィルから電子が一次電子受容体，さらに，二次，三次の電子受
容体へと次々と受け渡される。光化学系Ⅱでは P680＊（＊は励起状態を示す）から電子がフェ
オフィチン（Pheo），PQAを経てPQBに渡る。PQAと PQBはキノンの1種であるプラストキノ
ンである。PQB は 2 個の電子を受け取るとストロマ側でH＋を 2個結合して還元型の PQH2 と
なって反応中心からチラコイドの膜中に遊離する。一方，光化学系 Iでは P700＊から放出され
た電子は 5種類の電子受容体A0，A1，FX，FA，FB を経てストロマにある可溶性のタンパク質
であるフェレドキシン（Fd）に渡りNADP＋を還元してNADPHを生産する。FX，FA，FB は
いずれも 4個の鉄と 4個の硫黄が作る 4Fe-4S 型の鉄硫黄クラスターである。反応中心に多く

第 2章　 ヘテロシスト形成型シアノバクテリアを利用した 
光生物学的水素生産法

神奈川大学　井上　和仁
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の電子受容体が存在するのは，電子を放出して正電荷を持った反応中心クロロフィルから電子
を引き離して電荷の再結合を防ぐことにあると考えられる。酸化された反応中心クロロフィル
は，外部の電子源から電子を得て再還元される。光化学系Ⅱ反応中心のチラコイドの内腔側に
はマンガンクラスターを触媒中心に持つ酸素発生系（水分解系）があり，水の酸化によって放
出された電子によってP680＋が還元される。P700＋は光化学系Ⅱで還元されたPQH2からシトク
ロム b6 f 複合体を経て，最終的にはチラコイドの内腔に存在する銅タンパク質であるプラスト
シアニン（PCy）に渡った電子により還元される（図1）。キノンは脂溶性の物質で，チラコイ
ド膜内部にキノンプールとして大量の分子が存在している。光化学系Ⅱとシトクロム b6 f 複合
体の間でのキノンを介したH＋の移動と電子伝達はキノンサイクルと呼ばれ，チラコイド膜を隔
て内腔とストロマとの間に大きなH＋の濃度勾配，すなわち電気化学ポテンシャルを形成する。
この電気化学ポテンシャルを利用して，F型ATPアーゼ CFO-CF1 複合体がADPと無機リン
酸を結合してATPを合成する。二酸化炭素固定反応（カルビン回路）は，光合成電子伝達系
で合成されたATPと NADPHにより駆動される。
　上述した水からNADP＋に至る電子伝達系はZ-スキームまたは直線的な電子伝達系と呼ばれ
るが，条件により，光化学系Ⅰだけを使った循環的な電子伝達系も働く。この場合は，光化学
系Ⅰからの電子がFdを経由してシトクロムb6 f複合体に渡り酸化型のPQを還元しストロマ側
のH＋を利用して PQH2 となる。チラコイド膜中に遊離した PQH2 はシトクロム b6 f 複合体の還
元型キノンの結合部位に到達するとルーメン側へH＋を放出し，チラコイド膜を隔てたH＋の濃
度勾配を形成しCFO-CF1 複合体でのATP合成に利用される。循環的な電子伝達系では光化学
系Ⅱは駆動しないので，水の分解は起こらない。また，緑色硫黄細菌や紅色細菌などの，いわ
ゆる光合成細菌は光化学系を1種類しか持っておらず，循環的な電子伝達系でH＋の濃度勾配を
形成する。

PCy

図 1　光合成の電子伝達系

Mn：光化学系Ⅱ複合体に結合したマンガンクラスター，YZ：光化学系Ⅱ複合体のチロシン残基，Pheo：
フェオフィチン，PQ：プラストキノン，PCy：プラストシアニン，A0：初発電子受容体，A1：二次電子
受容体，FX：鉄硫黄クラスターX，FB：鉄硫黄クラスターB，FA：鉄硫黄クラスターA，Fd：フェレド
キシン，FNR：Fd-NADP＋レダクターゼ
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3．ヘテロシスト形成型シアノバクテリア

　シアノバクテリアは形態学的にも，生態学的にも非常に大きな多様性を持つ細菌群である。
このなかで一部の糸状性シアノバクテリア（ AnabaenaやNostoc属など）は，硝酸塩類などの
窒素栄養源が欠乏した条件下では，通常の酸素発生型光合成を行う栄養細胞の一部が，約10～
20細胞の間隔で異型細胞（ヘテロシスト）へと分化する。ヘテロシストは窒素固定に特化した
細胞で，内部でニトロゲナーゼを発現し大気中のN2 を還元しアンモニアを生産する。
　ヘテロシスト内部は，酸素発生を行う光化学系Ⅱの活性を欠いており，加えて細胞壁を肥厚
させて外部から細胞内への酸素透過を防ぎ，呼吸活性を増加させて酸素を除去しており，細胞
内部の酸素濃度は低い状態に保たれている。ニトロゲナーゼは酸素により失活しやすいが，上
記のように，ヘテロシスト内部は酸素濃度が低いため活性を維持することができる。糸状体全
体としては通常の光合成を行う栄養細胞と窒素固定を行うヘテロシストで役割を分業させてお
り，糸状体はあたかも多細胞生物のような細胞共同体として存在している。糸状体の細胞間に
は細胞間連絡が存在し，栄養細胞で酸素発生型光合成による糖質合成が行われ，その糖質がヘ
テロシストへ運ばれ，ニトロゲナーゼ反応を駆動する還元力の源となる。ヘテロシストには光
化学系Ⅰが存在するので循環的な電子伝達系によって光エネルギーを利用してニトロゲナーゼ
反応に必要なATPを生産でき，合成されたアンモニアはグルタミンに変換されて栄養細胞へ
と輸送される。このように酸素発生を伴う光合成と嫌気条件を必要とする窒素固定が空間的に
分離されることにより，糸状体全体として酸素発生型光合成とニトロゲナーゼ反応の両立が可
能となる（図 2）。

4．ヒドロゲナーゼとニトロゲナーゼ

　シアノバクテリアの水素生産に利用できる酵素はヒドロゲナーゼとニトロゲナーゼであり，
後者は一部のものだけが持つ。ニトロゲナーゼは，空気中の窒素ガスをアンモニアへと固定す
る酵素で，マメ科植物の根に共生する根粒菌など，一部の原核生物のみが活性を持つ。水を電
子供与体として利用できる光合成生物のうち，ニトロゲナーゼを持つのは，一部のシアノバク
テリアに限られ，クロレラ，クラミドモナス，ユーグレナなどの真核光合成生物は持たない。
ニトロゲナーゼは，多くの場合，モリブデン（Mo），鉄（Fe），硫黄（S）からなる金属クラス
ターを結合している（Mo型ニトロゲナーゼ）が，Moの代わりにバナジウム（V）（V型ニトロ

図２　糸状性シアノバクテリアにおけるヘテロシストと栄養細胞の分業
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ゲナーゼ）やFeのみ（Fe-only型ニトロゲナーゼ）を持つものもある。窒素固定の効率が最も
高いとき（N2濃度が十分高いとき），Mo型酵素の反応は，式⑴のように表され，電子の1/4が
水素生産に向けられるニトロゲナーゼによる窒素（N2）固定反応では，アンモニア生成に伴う
必然的な副産物として水素が発生する。

　　N2＋8e－＋8H＋＋16ATP → H2＋2NH3＋16 （ADP＋Pi） ⑴　

式⑴では，電子の約3/4が窒素固定（N2還元）に，残りの約1/4が水素発生（H＋還元）に使わ
れる。窒素ガスが存在しないアルゴン（Ar）気相下などでは，投入された全ての電子が水素生
産に向かう。

　　2H＋＋2e－＋4ATP → H2＋4 （ADP＋Pi） ⑵　

反応に必要な電子は，直接的にはFdまたはフラボドキシン（フラビンタンパク質）から供給
される。ニトロゲナーゼは，式⑴に示されるように大量のATP（生体内の高エネルギー物質）
を消費するので，理論的な最大エネルギー変換効率は低いが，ヒドロゲナーゼと異なり酸素存
在下でも不可逆的に水素を生産できる点が，大規模生産時の省力化にとっての利点となる（表1）。
　ヒドロゲナーゼは，水素の発生または吸収を触媒する酵素で，次の反応を触媒する。

　　2H＋＋2e－ ⇄ H2 ⑶　

生理的条件下で，上記のように可逆的に反応を触媒できるものは，双方向性（可逆的）ヒドロ
ゲナーゼ（シアノバクテリアのものはNiFe型ヒドロゲナーゼHox，緑藻のものはFe型ヒドロ
ゲナーゼ）と呼ばれ，水素生産への利用が可能である。この反応の電子供与体はFdまたは
NADPHである。これに対し，水素の吸収だけを触媒するものは，取込み型ヒドロゲナーゼ
（Hup）と呼ばれ，ヘテロシスト内部で発現している。Hup はニトロゲナーゼにより発生する
H2 を再吸収し，エネルギーの損失を防いでいると考えられる。
　光合成微生物では，各種光合成細菌，シアノバクテリア，緑藻など多くのものがヒドロゲナー
ゼを持つ。ニトロゲナーゼと比較して，ヒドロゲナーゼは反応にATPを必要としないので理
論的最大エネルギー変換効率が高い。しかし，酸素発生型光合成生物のヒドロゲナーゼを利用
して水素生産を行わせる場合は，酵素が正逆両方向の反応を触媒するため（式⑶），夜間や曇天
下では水素の再吸収が起こり，水素の生産効率は著しく低下する。窒素ガスを常にフローさせ
ながら水素を収穫する方法もあるが，低濃度の水素しか得られない。緑藻クラミドモナスでは，

表 1　水素生産に利用されるヒドロゲナーゼとニトロゲナーゼ

反応式 長所 短所

ヒドロゲナーゼ 2e－＋2H＋ ⇄ H2
理論的エネルギー効率
が高い

可逆反応であり、水素
の再吸収（夜間、曇天
下）の抑制が必要

ニトロゲナーゼ 8e－＋8H＋＋16ATP 
→ 2NH3＋H2＋16 （ADP＋Pi）

不可逆反応であり、酸
素存在下でも水素の吸
収を抑制可能

理論的エネルギー変換
効率が低い
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第 1段階で通常の光合成を行わせて細胞内に光合成産物を蓄積させたのち，第 2段階で細胞を
嫌気的気相下で硫黄欠乏培地に移して光照射を続けると，酸素発生を伴う通常の光合成活性が
低下し，次いで，前段階で蓄積した糖質を分解して水素を連続光下で 3～5日程度生産できる。
硫黄欠乏下ではタンパク質の合成が阻害され，光化学系Ⅱの光失活からの修復が行えず酸素発
生が停止すると考えられる。このようにして，酸素発生期から嫌気的水素生産期へと培養条件
を変えることで時間的に分離できるので，ヒドロゲナーゼを利用して水素生産を行うことは可
能である1）。
　水素生産におけるヒドロゲナーゼとニトロゲナーゼの長所および短所を表 1に示す。ニトロ
ゲナーゼを利用した水素生産は，理論的最大エネルギー変換効率の点ではヒドロゲナーゼ利用
系より低いが，遺伝子工学的手法による改良を積み重ね，エネルギー変換効率を高めていけば，
その長所（表1）から水素生産の省力化，低コスト化，大規模化の可能性が開けると期待される。
　筆者らは，このような総合的判断から，ニトロゲナーゼを基礎とする水素生産方式を採用し，
その研究開発に取り組んでいる2）-5）。

5．遺伝子工学によるシアノバクテリアの改良

5.1　形質転換法
　光合成の研究によく用いられるSynechocystis sp. PCC6803は自然形質転換が可能であり，単
にDNAと細胞を混合するだけでDNAは細胞内に取り込まれて，相同組み換えでゲノムに取
り込ませることが可能である。一方，多くのシアノバクテリア（Nostoc，Anabaenaなど）は，
独自の制限酵素系を持っているため，その認識部位をあらかじめDNAメチラーゼ遺伝子を組
み込んだ大腸菌内でメチル化する必要がある。著者らは，Wolk らの開発した triparental 
mating6）を用いて，Nostoc や Anabaena の形質転換を行っている。この方法は，形質転換させ
たいシアノバクテリア株と，その株が持つ制限酵素の認識部位をメチル化するメチラーゼ遺伝
子と導入したい遺伝子の両方を持つ大腸菌株，さらに接合性プラスミドを持つ大腸菌の 3種の
細菌細胞を混合後，形質転換できたシアノバクテリア株を薬剤スクリーニングする。Nostocや
Anabaena では，ほとんどの場合，相同組換えは 1点（1ヵ所）でしか起こらない。2点（2ヵ
所）での相同組換えによる遺伝子置換を行う場合，1点での相同組換え株を単離後，この株を
用いて，もう一度接合による形質転換，薬剤耐性および sacB遺伝子（スクロース致死遺伝子）
を用いたスクロース耐性によるスクリーニングを行うので，自然形質転換法に比べて時間と労
力が必要となる。

5.2　取込み型ヒドロゲナーゼHupLの遺伝子破壊
　Anabaena sp. PCC 7210 株は，窒素固定シアノバクテリアとして初めて全ゲノム塩基配列が
明らかにされた株である7）。この株は，取込み型（Hup）および双方向型（Hox）の2種類のヒ
ドロゲナーゼ遺伝子を持つ3）8）。また，Nostoc sp. PCC 7422 株は，シアノバクテリア株のなか
から光合成に基づくニトロゲナーゼ活性が最も高い野生株として選抜された株である9）。この株
はHox活性がほとんどなく，Hup活性のみが高い。筆者らは，この2株を主に用いて遺伝子工
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学的な改良を進めている。
　Nostoc sp. PCC 7422 の Hup 活性を遺伝子工学的に不活性化した変異株ΔHup 株では，水素
生産活性が野生株に比べて3倍程度増加し，光合成による酸素発生を行いながら水素を約30％
（v/v）まで蓄積できた9）。

5.3　ホモクエン酸合成酵素NifV の破壊
　Mo型ニトロゲナーゼはN2還元の触媒活性部位であるFeMo-cofactorと呼ばれる金属クラス
ターを結合するモリブデン・鉄タンパク質（ジニトロゲナーゼ）とこれに電子を供給する鉄タ
ンパク質（ジニトロゲナーゼレダクターゼ）から構成される10）。モリブデン-鉄タンパク質は
nifD 遺伝子がコードするαサブユニット 2個と nifK 遺伝子がコードするβサブユニット 2個
からなるヘテロ四量体から構成されるが，結晶構造解析によるとFeMo-cofactorはシステイン
残基とヒスチジン残基を介してαサブユニットに結合している（図 3）。FeMo-cofactor のMo
原子に結合するホモクエン酸は，効率的な窒素固定反応を行うためには必須であり，従属栄養
細菌Klebsiella pneumoniae では，ホモクエン酸の合成酵素遺伝子 nifV を破壊すると，ホモク
エン酸の代わりに炭素鎖が1つ短いクエン酸がFeMo-cofactorに結合するようになり11），N2還
元はほとんどできなくなるが，水素生産は野生株と同程度の活性を持つ12）。Masukawa ら13）は
Anabaena PCC7120のΔHup株を親株としてヘテロシスト内で発現するホモクエン酸合成酵素
の遺伝子nifV1の破壊株を作成した。この株は親株であるΔHup株に比べて培養液あたり水素
生産性が 2倍程度増加した。

図 3　Mo型ニトロゲナーゼのFeMo-cofactor 周辺の立体構造14）
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5.4　FeMo-Co周辺を取り巻くアミノ酸残基の部位特異的置換株
　続いて，Masukawaら14）は，N2ガス存在下のニトロゲナーゼ反応（式⑴）における電子の大
部分（約 3/4）が窒素固定に使われ，水素生産に使われる電子がわずか（約 1/4）であるため，
この電子配分比率を遺伝子工学的手法により変更し，N2存在下の窒素固定活性が低く，水素生
産活性が上昇する変異株を作成した。ニトロゲナーゼは，その活性部位にモリブデン（Mo）と
鉄（Fe）からなる金属クラスターを持ち，その近傍には高度に保存されたアミノ酸残基が位置
している。この立体構造情報をもとに，活性中心近傍アミノ酸残基のなかから 6つの残基を選
び（図 3），別の残基への置換株を合計 49 株作成した。ほとんど変異株で窒素固定活性が大幅
に低下したが，そのうちのいくつかの株は，N2ガス存在下でも水素生産の低下が見られず，親
株ΔHup 株と比較して，約 3～4倍高い水素生産活性を示し向上した。これらのなかから最も
優れた置換株を選び，長期間にわたる水素生産性について評価した15）。親株は窒素固定活性が
高いので窒素栄養充足になりニトロゲナーゼ活性が低下する結果，水素生産の活性レベルは低
く持続しない。一方，置換株では，窒素固定活性が大幅に低下しているので，N2存在下でも窒
素栄養充足になりにくく，比較的高い水素生産活性が約3週間にわたり持続するようになった。
これまでは，気相中のN2ガスをArガスで置換することで，窒素栄養飢餓状態にして高活性を
持続させることができたが，このような改変株の利用により，コストのかかるArガスは必要
なくなり，水素生産のための培養ガスのコストの削減が可能となった。

6．水素バリア性プラスチック素材を利用したバイオリアクター

　大規模にシアノバクテリアを培養し水素生産を行わせる場合，バイオリアクターのコスト低
減が大きな課題となる。ガラスやアクリルを素材としたバイオリアクターは大型化が困難であ
り，大きなコストもかかる。筆者らは水素バリア性プラスチック膜を含む 3層のプラスチック
バッグを用いることで，安価なバイオリアクターの作成が可能であると提案している16）。水素
バリア性プラスチック膜として，市販品のBesela フィルム（㈱クレハ）およびGLフィルム
（凸版印刷㈱）を選択し，水素のバリア性について検討した。両者ともPET樹脂フィルムをベー
スとしたラミネート膜で，水素ガスバリア層は前者がアクリル酸樹脂系高分子コート，後者が
酸化アルミニウムコートとなっている。どちらも水素ガスバリア層の上に，二軸延伸ナイロン
層，さらに無延伸ポリプロピレン（CPP）または直鎖状低密度ポリエチレン（LLDPE）層がラ
ミネートされている。これら4種類のバッグ，Besela-CPP（Be-P），Besela-LLDPE（Be-E），
GL-CPP（Gl-P），GL-LLDPE（Gl-E）をオートクレーブ滅菌処理（120℃，20 min），間欠滅
菌処理（100℃，20 min，3 回）したもの，および未加熱処理のものを，熱融着によって密閉
バッグを作り，内部に封入した水素ガスの透過性を測定した。一例を挙げると，ガスサンプリ
ングデバイスを付けたGl-Eバッグに17％（v/v）となるように水素ガスを注入し，内部水素ガ
ス濃度の測定を行ったところ，15日目でも15％程度保持された。同様の測定を4種類の未加熱
および加熱処理済みフィルムで行い，水素透過性を算出した。これらプラスチックバッグの水
素透過性は 20～90 cm3m－2day－1atm－1 程度であり，将来の実用化の材料として候補となり得る
ことが示された。
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　また，加熱処理のGl-E を用いて，密閉容器内での水素生産量とプラスチックバッグ内での
水素生産量を比較した。窒素栄養充足培地（BG11）から窒素欠乏培地（BG110）へと移した
Nostoc sp. PCC 7422 ΔHupL株の細胞培養液を，同じ直径の，容量のガラス容器に等量ずつ分
注し，一方の容器はブチルゴム栓で密封，もう一方の容器はプラスチックバッグに入れた。初
期気相を 1％ N2/5％ CO2/94％ Ar にして，12 時間ごとの明暗周期光照射を行いながら生産さ
れた水素の蓄積量を測定した。その結果，3日目まではどちらの水素蓄積量もほぼ同等であっ
たが，光照射後9日目ではプラスチックバッグの水素蓄積量が密閉容器に比べて約30％程度多
かった。密閉内部では水素と酸素の混合ガスが蓄積し，酸素の分圧が高まることでニトロゲナー
ゼの活性が低下することが予想される。しかし，柔軟性のあるプラスチック素材によるバッグ
では，この活性の低下が緩和されたことが考えられる。

7．今後の課題

　今後さらにエネルギー変換効率と長期の生産性を向上させコストを削減するためには，ヘテ
ロシスト形成頻度の改変，V型，Fe-only 型などの代替ニトロゲナーゼの利用，電子伝達系や
色素系などの改変，バイオリアクターの大型化，多層化も今後必要である。
　これらの改良を積み重ねることで，水素生産が強光下で数週間持続するようにし，光から水
素へのエネルギー変換効率を屋外の条件下で 1％以上に高めることが今後の目標である。
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a b s t r a c t

Applications of renewable biomass provide facile routes to alleviate the shortage of fossil fuels as well

as to reduce the emission of CO2. Glycerol, which is currently produced as a waste in the biodiesel pro-

duction, is one of the most attractive biomass resources. In the past decade, the conversion of glycerol

into useful chemicals has attracted much attention, and glycerol is mainly converted by steam reforming,

hydrogenolysis, oxidation, dehydration, esterification, carboxylation, acetalization, and chlorination. In

this review, we focused on the catalytic hydrogenolysis of glycerol into C3 chemicals, which contain many

industrially important products such as 1,2-propanediol, 1,3-propanediol, allyl alcohol, 1-propanol and

propylene. In the hydrogenolysis of glycerol into propanediols, advantages and disadvantages of liquid-

and vapor-phase reactions are compared. In addition, recent studies on catalysts, reaction conditions,

and proposed pathways are primarily summarized and discussed. Furthermore, new research trends are

introduced in connection with the hydrogenolysis of glycerol into allyl alcohol, propanols and propylene.

© 2016 Elsevier B.V. All rights reserved.

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

2. 1,2-Propanediol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

2.1. Reaction route of glycerol hydrogenolysis into 1,2-propanediol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

2.2. Liquid-phase glycerol hydrogenolysis into 1,2-PDO over precious metal catalysts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

2.3. Liquid-phase glycerol hydrogenolysis into 1,2-PDO over base metal catalysts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

2.4. Liquid-phase glycerol hydrogenolysis into 1,2-PDO over bimetallic catalysts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

2.5. Liquid-phase glycerol hydrogenolysis into 1,2-PDO using hydrogen generated in situ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .82

2.6. Vapor-phase glycerol hydrogenolysis into 1,2-PDO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

3. 1,3-Propanediol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

3.1. Hydrogenolysis of glycerol into 1,3-propanediol using a batch-type reactor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

3.2. Hydrogenolysis of glycerol into 1,3-propanediol using a flow-type reactor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

3.3. General summary of glycerol hydrogenolysis into 1,3-propanediol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4. Monoalcohols and propylene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.1. Allyl alcohol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.2. Propanols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.3. Propylene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5. Concluding remarks and prospects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

Acknowledgement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

∗ Corresponding author.

E-mail address: satoshi@faculty.chiba-u.jp (S. Sato).

http://dx.doi.org/10.1016/j.apcatb.2016.04.013

0926-3373/© 2016 Elsevier B.V. All rights reserved.

─ 74 ─



76 D. Sun et al. / Applied Catalysis B: Environmental 193 (2016) 75–92

1. Introduction

Biomass is biological material derived from living organisms,

and it represents abundant carbon-neutral renewable resources for

the production of bioenergy and biochemicals, which can replace

the energy and the materials produced from fossil resources. In

recent years, applications of the biomass resources have attracted

much attention from the view point of CO2 emission. Shifting

society’s dependence away from petroleum to renewable biomass

resources is essential for the development of sustainable industrial

societies and efficient management of greenhouse gas emissions

[1]. The bio-derived chemicals are mainly produced by two types

of main components of sugars: hexoses and pentoses, which can

be obtained from starch, cellulose and hemicellulose [2]. Bioen-

ergy usually means biofuels, which mainly consist of bioethanol

and biodiesel, and the production of those fuels has been increasing

rapidly in the last decade [3]. The bioethanol production depends

heavily on the fermentation of starch obtained from corn and sugar

cane [4].

Glycerol is the smallest polyol available from triglycerides, veg-

etable oil and animal fat, which constitute approximately 10 wt.%

of total biomass [5]. Biodiesel is produced from triglycerides by

transesterification with short chain alcohols through catalysis by

alkali, and a huge amount of glycerol, ca. 10 wt.% of the overall

biodiesel production, is generated as the by-product in the process

[6]. Consequently, glycerol constitutes ca. 1 wt.% of total biomass.

The production of biodiesel is 22.7 million metric tons in 2012, and

it increases rapidly and is even forecasted to increase to 36.9 million

metric tons in 2020 [7]. Glycerol is also produced as a by-product of

ethanol production by fermentation of sugars. Although the extrac-

tion of glycerol from this residue is not economically feasible, the

fermentation of sugar into ethanol is also a potential additional

resource of glycerol [8]. In the cleavage processes of fatty acids, the

purity of the crude glycerol is high and ca. 80 wt.% glycerol aqueous

solutions can be obtained from most of the conventional processes

of biodiesel production, but it also contains water, methanol, traces

of fatty acids as well as various inorganic and organic impurities

[9,10]. Crude glycerol has to be purified by distillation prior to fur-

ther use in most cases, whereas the cost of the distillation is high.

Furthermore, although glycerol has been produced at a large quan-

tity with a rapid growth, the market of glycerol is small and the

price of glycerol is low [9]. As a consequence, the proportion of

refined glycerol is actually steadily decreasing and the unrefined

crude glycerol is generally disposed by burning, which must be

considered as a waste of a potentially useful organic raw material

[10]. Thus, new economical ways of using glycerol must be devel-

oped in order to substantially increase the demand and the price of

crude glycerol, and also to ensure the sustainability of the biodiesel

production. Glycerol can be a starting material for further chem-

ical derivatization, and many useful intermediates and specialty

chemicals can be produced by catalytic reactions [11–13].

The catalytic conversion of glycerol into useful chemicals are

mainly performed through stream reforming, oxidation, dehydra-

tion, acetalization, esterification, etherification, carboxylation, and

chlorination, which have been summarized in many review papers

at different periods [2,11,14–17]. Among the various ways for

glycerol derivatization, the dehydration of glycerol into acrolein,

the oxidation of glycerol into dihydroxyacetone and glyceric acid,

and the hydrogenolysis of glycerol into 1,2-propanediol (1,2-PDO)

and 1,3-propanediol (1,3-PDO) have been intensively investigated

because of the wide and important use of the corresponding chemi-

cals (Scheme 1). Dehydration of glycerol into acrolein has been well

summarized in some review papers [7,10,18–21]. Although high

acrolein selectivity has been obtained over some solid acid cata-

lysts in many reports, the catalysts are deactivated rapidly in most

cases and the development of solid catalysts for a stable acrolein

formation from glycerol is still required. Because acrolein is mainly

used for acrylic acid formation, the direct production of acrylic acid

from glycerol is also attractive. In recent 5 years, direct synthesis of

acrylic acid from glycerol has been extensively reported [22–37].

In the processes, acrolein is generated as an intermediate and it

is further oxidized into acrylic acid under either O2 or air flow

conditions.

The oxidation of glycerol into dihydroxyacetone and glyceric

acid has been reviewed [38,39]. Supported precious metals, such as

Pt, Pd and Au, are generally used as catalysts for glycerol oxidation

into both dihydroxyacetone and glyceric acid. The features of the

supported precious metals, such as the particle size and the acid-

base conditions, significantly affect the selectivity to the oxidized

products. In the latest review paper [39], a detailed summary has

been reported on the glycerol oxidation into glyceric acid over Au-

based catalysts, which show more advantages than the traditional

Pt- and Pd-based catalysts. Lactic acid is another attractive chemical

which can be derived via oxidation [40–55]. The catalyst system for

glycerol oxidation into lactic acid is similar to that into glyceric acid,

whereas the reaction conditions are much different: the formation

of lactic acid requires much higher reaction temperatures and a

basic media is indispensable in most cases. The glycerol oxidation

is expected to be applied for further studies and even industrial

applications.

In this review, we focused on the glycerol hydrogenolysis into

useful chemicals, which contain 1,2-PDO, 1,3-PDO, allyl alcohol,

1-propanol, and propylene. All these chemicals in the glycerol

hydrogenolysis are commercially produced from fossil resources

now, and the technologies of catalytic transformation make it pos-

sible to produce these chemicals from a renewable resource such as

glycerol. It is generally accepted that both 1,2-PDO and 1,3-PDO are

produced via the dehydration of glycerol followed by hydrogena-

tion, whereas different catalysts are reported to work effectively

under different reaction conditions. In 2011, Dam and Hanefeld

published a detailed review on glycerol dehydroxylation [5], and

Nakagawa and Tomishige also published a review paper summa-

rizing their works on glycerol hydrogenolysis into propanediols

[6]. However, the reviews have focused mainly on the liquid-phase

reactions, while vapor-phase reactions are less discussed. Although

new achievements are summarized in review papers for the recent

5 years [56–65], the advantages and disadvantages of vapor- and

liquid-phase reactions are less discussed. In addition, some impor-

tant achievements have been reported in the past 5 years. Allyl

alcohol is an attractive target chemical, which is also an interme-

diate in glycerol hydrogenolysis, but it is difficult to be produced

selectively because it is easy to be further hydrogenated into 1-

propanol under H2 flow conditions. Consequently, efforts have

been made to produce allyl alcohol from glycerol by hydrogen-

transfer reactions using either monoalcohols or formic acid as the

H-donor molecule. Recently, glycerol multi-step hydrogenolysis

into propanols and propylene has also attracted much attention.

In this review, the new trends in the glycerol hydrogenolysis are

also summarized and discussed.

2. 1,2-Propanediol

1,2-PDO is a valuable chemical used widely in the synthesis

of pharmaceuticals, polymers, agricultural adjuvants, plastics, and

transportation fuel [66–68]. Depending on its purity, 1,2-PDO can

be used as an antifreeze agent, a hydraulic fluid, and a solvent, and

it has also usages for cosmetics and food applications [69]. 1,2-

PDO is currently produced by the hydration of propylene oxide,

which is produced through the selective oxidation of propylene

[62]. Because propylene is produced from fossil resources, the pro-

duction of 1,2-PDO from bio-derived glycerol is attractive. Glycerol
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hydrogenolysis into 1,2-PDO is extensively investigated in a liquid-

phase reaction under high H2 pressure conditions, and several

studies focused on vapor-phase reactions has also been reported.

Many kinds of transition metals, such as Pt, Pd, Ru, Ir, Cu, and Ni,

are effective for 1,2-PDO formation. In the following sections, we

divide and summarize the previous studies by the catalyst systems

as well as by the reaction conditions.

2.1. Reaction route of glycerol hydrogenolysis into

1,2-propanediol

The reported formation route of glycerol hydrogenolysis into

1,2-PDO is different according to the catalyst system and the reac-

tion phase. Generally, a catalyst system with both dehydration and

hydrogenation ability is required for the reaction. In the liquid-

phase reactions, it is generally accepted that acid sites catalyze the

dehydration of glycerol into acetol, which is further hydrogenated

into 1,2-PDO over transition metal catalysts, such as Pt, Ru, and

Cu (Scheme 2) [5,6,70,71]. Alhanash et al. performed the glycerol

dehydration over Zn-Cr mixed oxide catalysts at a Zn/Cr ratio of

1:1, which gives 40% selectivity to acetol at 18% conversion, and

proposed a reaction mechanism of glycerol dehydration into acetol

over Lewis acid sites, as shown in Scheme 3, in which M repre-

sents the Lewis acid sites [72]. It is proposed that the terminal

OH group of glycerol rather than the internal one interact more

likely with a Lewis acid site. Both the transfer of the terminal OH

group to the Lewis acid site and the migration of the H+ from the

internal carbon atom to the bridging O atom of the oxide gave 2,3-

dihydroxypropene, which is further tautomerized to yield acetol. In

contrast, Brønsted acid sites are also proposed to catalyze glycerol

dehydration into acetol, as shown in Scheme 4 [5], in which acetol is

formed via direct dehydration of glycerol and the subsequent keto-

enol tautomerization. Scheme 2 also shows a generally accepted

formation route of 1,2-PDO under alkaline conditions. Dehydro-

genation of glycerol firstly proceeds over metal sites assisted by

the base to form glyceraldehyde, which dehydrates to 2-hydroxy-

2-propenal over base sites, and finally 1,2-PDO is produced from

2-hydroxy-2-propenal via a two-step hydrogenation process [5,6].

Tomishige’s group has performed a series of works on liquid-phase

glycerol hydrogenolysis into 1,2-PDO and 1,3-PDO over Ir and Ru

catalysts modified with ReOx [6], and proposed a direct glycerol

hydrogenolysis route with different coordination (Fig. 1). It is sug-

gested that glycerol is firstly adsorbed on the surface of ReOx

clusters to form alkoxide species of 2,3-dihydroxypropoxide. Then,

the hydride attacking the 2-position of the hydroxyl group of 2,3-

dihydroxypropoxide gives 1,3-PDO, while the hydride attacking

the 3-position of the hydroxyl group of 2,3-dihydroxyisopropoxide

gives 1,2-PDO [73].

Sato’s group has continued a series of works on vapor-phase

glycerol hydrogenolysis into 1,2-PDO [74–77]. Al2O3- and Cr2O3-

supported Cu catalysts show high activity for the formation of

1,2-PDO from glycerol, and it is confirmed that acetol is gener-

ated as the intermediate. In order to determine the active sites for

acetol formation from glycerol, vapor-phase reactions of glycerol

is performed under N2 atmosphere [78]: Cu supported on Al2O3

gives 82.9% selectivity to acetol at a complete conversion, whereas

Al2O3 gives 26.5% selectivity to acetol at 11.5% conversion at 250 ◦C.

Furthermore, 84.6% acetol selectivity can be achieved at 74.9% glyc-

erol conversion over Raney Cu without acid sites. Schmidt et al.

have also reported that higher than 94% 1,2-PDO yield is obtained

from glycerol over Raney Cu under H2 flow conditions [79,80].

These results indicate that Cu metal provides the active sites for the

dehydration of glycerol into acetol, and the supports such as Al2O3

work as a mere support not as an acid catalyst. In other words,

Cu metal catalyzes the glycerol dehydration into acetol as well as

the following hydrogenation of acetol into 1,2-PDO. For 1,2-PDO

used as a reactant, on the other hand, Cu metal catalyzes the dehy-

drogenation of 1,2-PDO to acetol but never acts as a dehydration

catalyst to produce propanal and allyl alcohol. That is why Cu metal

selectively works as a catalyst for the formation of 1,2-PDO from

glycerol. It is probable that Cu metal surface provides the active

sites for the catalytic glycerol hydrogenolysis in a vapor phase.

A radical mechanism in the glycerol dehydration catalyzed by Cu

metal is proposed in Scheme 5 [78]. There are two possible reaction

routes, the elimination of one hydrogen atom from a primary and

secondary OH group of glycerol initiates the dehydration. In both

routes, a hydroxy radical is eliminated after the elimination of the

hydrogen atom. In addition, supported Ag catalysts are tested for

glycerol dehydration under N2 atmosphere, and SiO2-supported Ag

metal catalyst gives the acetol selectivity of 91.1% with 46.1% glyc-

erol conversion at 240 ◦C [76]. Furthermore, an Ag powder can give

84.6% selectivity to acetol at 30.8% conversion even in H2 atmo-

sphere. Therefore, it is proved that transition metals, such as Cu

and Ag, can provide active sites for the dehydration of glycerol into

acetol.

In liquid-phase reactions, although the glycerol dehydration

step is generally accepted to be catalyzed by either an acid or a

base (Scheme 2), we have different opinions. We are afraid that

the transition metals, such as Pt, Ru, and Cu, do not only work as

─ 76 ─



78 D. Sun et al. / Applied Catalysis B: Environmental 193 (2016) 75–92

OH OH

OH

-H2

O OH

OH

-H2O
O

OH

OH

O

+H2

-H2O

Lew
is 

aci
d

Base

OH

OH

+H2

OH

OH

Scheme 2. Reaction routes of glycerol hydrogenolysis into 1,2-PDO [5].

OH OH

OH

O
MM

+
OH

OH
OH

H

O
MM

O
MM

OH

OH
OH

H

OH

OH

OH

MM

+
OH

O
M

OH

O

M

+
+H2O

Scheme 3. Reaction mechanism of glycerol dehydration into acetol over Lewis acid sites proposed by Alhanash et al. [72].

OH OH

OH

OH

O
+H+

OH

OH

OH

OH

-H2O
HO H2O

OH

+
-H+ +H2

Scheme 4. Reaction mechanism of glycerol dehydration into acetol over Brønsted acid sites [5,62].

O

Ir Ir Ir

H
- Re

Re

OH

OH

(a)

Ir Ir Ir

H
-

HO

HO

O

Re

Re

(b)

Fig. 1. Direct glycerol hydrogenolysis mechanism proposed by Tomishige et al. [73]. (a) Glycerol hydrogenolysis to 1,3-PDO. (b) Glycerol hydrogenolysis to 1,2-PDO.

a hydrogenation catalyst, but also involve the glycerol dehydra-

tion into acetol, which is further hydrogenated into 1,2-PDO. Based

on the abundant reports performed in liquid phase [81–115], we

found that the species of the loaded metals significantly affect the

selectivity to 1,2-PDO rather than the acid-base properties of the

supports. For example, higher than 90% 1,2-PDO selectivity can be

obtained over Cu catalyst supported on chromite [90], ZrO2 [91],

ZnO [92], boehmite [93], Al2O3 [94], SiO2 [95], MgO [96] and MgAlO

[97]. These metal oxides seem to work only as inert supports for

dispersing Cu but do not seem to catalyze the first-step dehydra-

tion of glycerol into acetol in the formation of 1,2-PDO. Indeed, in

the vapor-phase glycerol dehydration, acetol is difficult to be selec-

tively obtained over metal oxides catalysts, such as Al2O3 [78], ZrO2,

and TiO2 [105]. In the liquid-phase glycerol hydrogenolysis into 1,2-

PDO, an acidic support catalyzed selective dehydration of glycerol

into acetol has never been proved by experiments. On the contrary,

Cu/Al2O3 shows high activity for 1,2-PDO formation, while Al2O3

gives 0% selectivity to acetol at a low conversion of 7% under the

same reaction conditions [94]. Hirunsit et al. [94] performed DFT

calculations, which demonstrate that the Al2O3 support facilitates
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Cu to be more active toward interacting with glycerol and acetol

intermediate species. Mane et al. firstly reported a detailed study

focusing on the mechanism of liquid-phase glycerol dehydration

into acetol over Cu-supported catalysts [106]. Ba-, Mg-, Zr-, Zn-, Al-

, and Cr-modified Cu catalysts were studied to understand the role

of active species in selective glycerol dehydration to acetol. Cu-Al,

Cu-Zr, and Cu-Mg showed relatively high activity and gave acetol

selectivities of 92, 87, and 79% at conversions of 24, 21 and 24%,

respectively, at 220 ◦C under an N2 ambient pressure. In contrast,

metallic Cu and acidic catalysts such as Al2O3 and ZrO2 showed

extremely low activity with low glycerol conversions less than 2%.

They concluded that glycerol dehydration to acetol is not only cat-

alyzed by acid sites but also by the metallic Cu. Raney catalysts were

also investigated for the liquid-phase glycerol hydrogenolysis to

1,2-PDO [90,99,116]. Montassier et al. firstly reported that Raney Cu

gave 86% selectivity to 1,2-PDO with a conversion higher than 80%

at 240 ◦C and an H2 pressure of 30 atm [116]. Raney Ni is reported

to give 77% 1,2-PDO selectivity with 63% conversion at 190 ◦C and

an H2 pressure of 10 atm [99], and Raney Cu is also reported to

give 69% 1,2-PDO selectivity with 49% conversion at 200 ◦C and an

H2 pressure of 14 atm [90], respectively. These results indicate that

transition metals, such as Cu and Ni, can also effectively catalyze the

first-step dehydration of glycerol to acetol even in a liquid phase.

Comparing to the reaction mechanisms initiated by either an

acid or a base (Schemes 2–4), we suppose that metal-oxide con-

certed mechanism (Fig. 1) is acceptable in a liquid-phase reaction.

On the other hand, it is also possible that the supported metal solely

provides the active sites to catalyze the liquid-phase dehydration

of glycerol into acetol at temperatures as high as those at which the

dehydrogenation could proceed.

2.2. Liquid-phase glycerol hydrogenolysis into 1,2-PDO over

precious metal catalysts

Table 1 summarizes some representative reports of glycerol

hydrogenolysis to 1,2-PDO in liquid phase over supported pre-

cious metal catalysts [81–88]. Feng et al. have investigated glycerol

hydrogenolysis over basic oxide-supported Ru catalysts, such as

Ru/CeO2, Ru/La2O3, and Ru/MgO [84]. Among the tested catalysts,

Ru/CeO2 has the smallest Ru particle size and the weakest surface

basicity feature, and it is effective to promote 1,2-PDO formation

from glycerol: 62.7% selectivity to 1,2-PDO at 85.2% conversion is

obtained over Ru/CeO2 at 180 ◦C and an H2 pressure of 50 atm,

and the by-products contain propanols, which are generated via

1,2-PDO further hydrogenolysis, and glycerol decomposition prod-

ucts such as methanol, ethanol, and ethylene glycol. Lee et al.

prepared a series of Ru-supported hydrotalcite-like and Ca-Zn-

modified hydrotalcite-like catalysts for 1,2-PDO formation from

glycerol [87]. They indicated that the support with strong acidity

is effective for Ru dispersion and highly dispersed Ru can promote

both the conversion and the 1,2-PDO selectivity. Hamzah et al. also

reported that small Ru particles are effective for 1,2-PDO forma-

tion [86]. They have found that a mixed support of bentonite and

TiO2 at a weight ratio of 1:2 improves the dispersion of Ru and

the catalytic activity. An 80.6% 1,2-PDO selectivity is achieved at

a low temperature of 150 ◦C and an H2 pressure of 20 atm, and

ethylene glycerol is generated as the main by-product with a selec-

tivity of ca. 10%. Gandarias et al. studied glycerol hydrogenolysis

over SiO2-Al2O3-supported Pt catalyst, and they indicate that the

acid sites of SiO2-Al2O3 are responsible for glycerol dehydration to

acetol while Pt metal sites catalyze the acetol hydrogenation to 1,2-

PDO [81]. Pt also catalyzes C C bond cleavage reactions, whereas it

inhibits the formation of coke. The maximum selectivity to 1,2-PDO

is 31.9%: further hydrogenolysis products, such as 1-propanol and

2-propanol, are produced with high total selectivity.

Furikado et al. have studied glycerol hydrogenolysis over sup-

ported precious metal, such as Rh, Ru, Pt, and Pd [82]. Rh/SiO2

exhibits a high activity to form glycerol hydrogenolysis products

such as propanediols and propanols, while the maximum selec-

tivity to 1,2-PDO was 34.6% because of the further hydrogenation

of 1,2-PDO into 1-propanol. The catalytic activity is further pro-

moted by the loading of Re onto Rh/SiO2, whereas the selectivity to

1,2-PDO is maximized at 46.9% because of competitive formation

of 1,3-PDO and propanols [83]. Auneau et al. studied supported Ir

catalysts for glycerol transformation in the presence of NaOH in

an H2 atmosphere [85]. Ir/C gives a 76% selectivity to 1,2-PDO with

85.0% conversion at 180 ◦C and an H2 pressure of 50 atm. Zhou et al.

reported that Al2O3-supported Ag catalyst affords high 1,2-PDO

selectivity of 96.0% with 46% conversion at 220 ◦C and 15 atm [88].

Although high 1,2-PDO selectivity is achieved, the catalytic activity

of Ag/Al2O3 is not so high because of the low hydrogenation ability

of Ag.

In the above-mentioned studies, we know that almost all the

precious metals can be used for glycerol hydrogenation into 1,2-

PDO, while the supports play an important role on the catalytic

activity of the precious metals. The studies similarly indicate that

the acid-base property of the support affects the dispersion of

the precious metals, and highly dispersed precious metal catalysts

show high catalytic activity for 1,2-PDO formation from glycerol.

Although the liquid-phase reactions are performed at relatively low

temperatures, the C C bond cleavage products of glycerol, such

as methanol, ethanol, and ethylene glycol, are still by-produced
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Table 1
Liquid-phase 1,2-propanediol formation from glycerol over precious metal catalysts.

Catalyst Temp. (◦C) H2 pressure (atm) Glycerol/Catalyst (g/ g) Time (h) Conversion of glycerol (%) Selectivity to 1,2-PDO (%) Ref.

Pt/SiO2-Al2O3 220 45 6.0 24 19.8 31.9 [81]

Rh/SiO2 120 80 27.8 10 19.6 34.6 [82]

Rh/Re-SiO2 120 80 27.8 2 38.4 46.9 [83]

Ru/CeO2 180 50 12.5 10 85.2 62.7 [84]

Ir/C 180 50 10.1 24 85.0 76.0 [85]

Ru/bentonite-TiO2 150 20 4.8 7 69.8 80.6 [86]

Ru/CaZnMgAlO 180 25 34.8 18 58.5 85.5 [87]

Ag/Al2O3 220 15 7.6 10 46.0 96.0 [88]

at a certain amount over the precious metal catalysts, except Ag

[81–87]. In some reports [81–83], it is described that a high yield

of 1,2-PDO is difficult to be achieved because 1,2-PDO further con-

verts into propanols. However, this could be a common problem in

the liquid-phase glycerol hydrogenolysis, especially when an acidic

metal oxide is used as the support because it catalyzes the further

dehydration of 1,2-PDO into propanal [89]. As shown in Table 1,

both the high conversion and the high selectivity are difficult to be

achieved at the same time, which indicates that 1,2-PDO is usually

unstable in liquid-phase catalytic conditions and that consecutive

reactions occur. In another word, a long reaction time is usually

required for achieving high conversions of glycerol in a liquid phase,

whereas the resulting 1,2-PDO is easier to be further converted into

propanols and even propylene for a long reaction time.

2.3. Liquid-phase glycerol hydrogenolysis into 1,2-PDO over base

metal catalysts

Table 2 summarizes base metals such as Cu, Ni, and Co which

have been also extensively studied for liquid-phase hydrogenol-

ysis of glycerol into 1,2-PDO [90–99]. In an early report, Suppes

et al. studied glycerol hydrogenolysis using various commercial cat-

alysts, and copper-chromite was found to show a high activity for

1,2-PDO formation [90]: an 89.6% 1,2-PDO selectivity with 65.3%

conversion was obtained. Balaraju et al. prepared a series of Cu/ZnO

catalysts with different Cu/Zn ratios for glycerol hydrogenolysis

[92]. Cu/ZnO catalyst with a Cu/Zn weight ratio of 50/50 shows a

1,2-PDO selectivity of 92% at 37% conversion. The 1,2-PDO selec-

tivity is maximized at 92% because it decreases with increasing

the conversion at a longer reaction time. Based on the physico-

chemical properties of Cu/ZnO catalysts measured by XRD and the

reaction results, they indicate that the sufficient amount of ZnO

and Cu with small particle size are required for achieving high

glycerol conversion and high 1,2-PDO selectivity. Vasiliadou et al.

prepared various SiO2-supported Cu catalysts with large crystals,

small monodispersed crystallites and a highly dispersed XRD amor-

phous Cu phase [95]. Their results show that different dispersion

characteristics result in different conversion of glycerol at a range

of 20–50%, while all the catalysts give high selectivity to 1,2-PDO

at a range of 92–97%. Wu et al. have prepared highly dispersed Cu

clusters (<1 nm) over boehmite via an aqueous chemical reduction

method and compared the catalytic activity with that of Cu/Al2O3,

Cu/SiO2 and Ru/C [93]. Cu/boehmite shows the highest activity for

1,2-PDO formation among the tested catalysts, which is illustrated

to assign to the small particle size of Cu and the Lewis acid sites of

boehmite. A complete conversion of glycerol is achieved at a reac-

tion time of 12 h, whereas the selectivity to 1,2-PDO decreases to

ca. 85% and the selectivity to propanols increases to ca. 13%.

Basic metal oxides-supported Cu is also effective for 1,2-PDO

formation from glycerol. In a report of Yuan’s group, a 97.6% 1,2-

PDO selectivity with a glycerol conversion of 72% is achieved over

Cu/MgO [96]. The activity of the Cu/MgO depends strongly on the

particle sizes of both Cu and MgO: the catalysts with smaller sized

Cu and MgO particles are more active. The same group also prepared

a Cu/MgAlO catalyst, which is synthesized via thermal decompo-

sition of the as-synthesized Cu0.4Mg5.6Al2(OH)16CO3 with layered

double hydroxides. Comparing with the catalysts prepared by an

impregnation and an ion-exchange method, Cu prepared by ther-

mal decomposition is highly dispersed on MgAlO support and 98.2%

1,2-PDO selectivity with 80.0% conversion is obtained at 180 ◦C and

an H2 pressure of 30 atm [97]. Furthermore, the 1,2-PDO selectivity

slightly decreases to ca. 97% when the conversion increases to ca.

95%.

Co and Ni also show catalytic activity for 1,2-PDO formation

from glycerol, whereas the selectivity to 1,2-PDO is lower than

that of Cu because Co and Ni promote the C C cleavage and

increase ethylene glycol and/or ethanol selectivity [98,99]. In the

glycerol hydrogenolysis over Co/ZnAlO catalyst prepared by a co-

precipitation method followed by reduction at 600 ◦C [98], the

selectivity to 1,2-PDO is maximized at 57.8% at 200 ◦C, and the

selectivities to ethylene glycol and ethanol are 21.0 and 4.5%,

respectively. Perosa et al. studied the glycerol hydrogenolysis over

Raney-Ni catalyst: the selectivities to 1,2-PDO and ethanol are 77

and 15%, respectively, even at a low temperature of 190 ◦C and an

H2 pressure of 10 atm [99].

Among the three base metals, Cu shows the highest activity for

1,2-PDO formation. Because of the competitive formation of glyc-

erol C C cleavage products, such as methanol, ethanol and ethylene

glycol, 1,2-PDO cannot be selectively produced over Co- and Ni-

based catalysts [98,99]. The 1,2-PDO selectivities higher than 90%

can be achieved over most of the Cu-supported catalysts [90–97],

and Cu with small particle sizes is preferable for 1,2-PDO formation

[91–93,95–97]. Comparing with precious metals, Cu has low C C

cleavage ability and provides high 1,2-PDO selectivities. The selec-

tivity to C C bond-cleavage products over Cu-based catalysts is at

most 3% [90–97]. However, in most of the liquid-phase reactions

using acidic supports, 1,2-PDO selectivity decreases at high con-

version levels because further hydrogenolysis of 1,2-PDO proceeds

for a long reaction time. On the other hand, high 1,2-PDO selectiv-

ity can be maintained at high conversion levels over Cu supported

on basic supports [96,97], although hydrogenolysis of 1,2-PDO still

proceeds slowly with increasing the reaction time.

2.4. Liquid-phase glycerol hydrogenolysis into 1,2-PDO over

bimetallic catalysts

Bimetallic catalysts are prepared in some studies to promote

the catalytic activity toward 1,2-PDO formation from glycerol, as

shown in Table 3 [100–104]. Li et al. prepared supported Pd-

Re bimetallic catalysts by an impregnation method for glycerol

hydrogenolysis [100]. They indicate that the added Re might have

an interaction with Pd and can increase the ability of the catalysts

for the activation of a C O bond. The proposed reaction mechanism

is shown in Fig. 2. The addition of Re also increases the acidity of the

Pd-Re catalysts, whereas it decreases the selectivity to 1,2-PDO due

to the further hydrogenolysis of 1,2-PDO into lower alcohols under

acidic conditions. However, basic oxides-supported Pd-Re catalysts

can promote the conversion of glycerol, and also maintain the selec-
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Table 2
Liquid-phase 1,2-propanediol formation from glycerol over base metal catalysts.

Catalyst Temp. (◦C) H2 pressure (atm) Glycerol/Catalyst (g/ g) Time (h) Conversion of glycerol (%) Selectivity to 1,2-PDO (%) Ref.

Copper-chromite 200 21 Unclear 24 65.3 89.6 [90]

Cu/ZrO2 200 40 16.7 8 10.0 90.0 [91]

Cu/ZnO 200 20 17.4 16 37 92 [92]

Cu/boehmite 200 40 20 6 77.5 92.5 [93]

Cu/Al2O3 220 50 10 6 61 93.3 [94]

Cu/SiO2 240 80 166.7 5 51.9 96.6 [95]

Cu/MgO 180 30 7.1 20 72.0 97.6 [96]

Cu/MgAlO 180 30 7.1 20 80 98.2 [97]

Co/ZnAlO 200 20 13.3 12 70.6 57.8 [98]

Raney Ni 190 10 4 20 63 77 [99]

Table 3
Liquid-phase 1,2-propanediol formation from glycerol over bimetallic metal catalysts.

Catalyst Temp. (◦C) H2 pressure (atm) Glycerol/Catalyst (g/ g) Time (h) Conversion of glycerol (%) Selectivity to 1,2-PDO (%) Ref.

Pd-Re/La2O3 200 80 29.1 18 52.9 89.3 [100]

Cu-Ru/TiO2 200 25 46.2 12 39 90 [101]

Cu-Ru/bentonite 230 100 5.5 18 100 86.4 [102]

Cu-Ag/Al2O3 200 15 Unclear 10 27 96.0 [103]

Cu-Pd/MgAlO 180 20 7.1 10 76.9 97.2 [104]

Fig. 2. Proposed mechanism of glycerol hydrogenolysis over supported Pd-Re

bimetallic catalysts [100].

tivity to 1,2-PDO. 89.3% selectivity to 1,2-PDO at 52.9% conversion

is achieved over Pd-Re/La2O3.

Because Cu shows low C C cleavage ability and gives high 1,2-

PDO selectivity as described in Section 2.3, Cu in bimetallic catalysts

of precious metals, such as Ru and Pd, improves the catalytic activ-

ity. Salazar et al. have studied TiO2 supported Cu-Ru bimetallic

catalysts for glycerol hydrogenolysis into 1,2-PDO: the addition of

Cu metal to a Ru-based catalyst significantly enhances the selec-

tivity toward 1,2-PDO and the appropriate mass ratio of Cu/Ru

is 1:1 [101]. The selectivity to 1,2-PDO is 90% at 39% conversion

over Cu-Ru/TiO2 whereas the 1,2-PDO selectivity is only 57% at

31% conversion over Ru/TiO2 at the same reaction conditions. The

role of Cu is illustrated to disperse large Ru agglomerates which

are responsible for C C bond cleavage to form ethylene glycol.

Bentonite-supported Cu-Ru bimetallic catalysts are also effective

for 1,2-PDO formation from glycerol, and the selectivity to 1,2-PDO

and ethylene glycol is 86.4 and 9.4%, respectively, at 100% conver-

sion at 230 ◦C and an H2 pressure of 100 atm at a Ru/Cu molar ratio

of 3:1 [102].

Zhou et al. have prepared a series of Ag-modified Cu/Al2O3 cat-

alysts and studied the effect of Ag loading on the catalytic activity

[103]. The reactions are performed at 200 ◦C and an H2 pressure of

15 atm over Cu-Ag/Al2O3 without pre-reduction, and a 96% selec-

tivity to 1,2-PDO is achieved at 27% conversion over Cu-Ag/Al2O3

Fig. 3. Proposed mechanism of glycerol hydrogenolysis over Cu-Pd/MgAlO catalyst

[104].

with a Cu/Ag molar ratio of 7:3. Based on the characterization

results of TPR and XPS, it is indicated that the formation of low

valence Cu species (Cu0 or Cu+) is the key for high activity and the

addition of Ag promotes the reduction of the Cu species, which

results in the generation of low valence Cu species. The addition of

Ag is also illustrated to improve the dispersion of the Cu species,

which increases the catalytic activity. Pd0.04Cu0.4/Mg5.56Al2O8.56

(Cu-Pd/MgAlO) catalysts are prepared via thermal decomposition

of PdxCu0.4Mg5.6−xAl2(OH)16CO3 precursors with layered double

hydroxides for glycerol hydrogenolysis by Xia et al. [104]. Cu-

Pd/MgAlO with highly dispersed Pd and Cu shows higher catalytic

activity than mono-metallic Pd- and Cu-supported catalysts. A high

1,2-PDO selectivity of 97.2% with a glycerol conversion of 76.9% is

achieved over Cu-Pd/MgAlO at 180 ◦C and an H2 pressure of 20 atm.

They conclude that the high catalytic performance of Cu-Pd/MgAlO

is attributed to the H2 spillover from Pd to Cu as shown in Fig. 3.

Although the results of the reaction of Cu-Pd/MgAlO is similar with

that of the Cu/MgAlO catalyst [97], which is reported by the same

group [104], the reaction using bimetallic catalyst is performed at

a lower H2 pressure condition with a shorter reaction time.

We summarize the catalytic activity of various catalysts men-

tioned in Sections 2.2–2.4 in Fig. 4. The conversion-selectivity plots

in the hydrogenolysis indicate that Cu and Cu-containing bimetallic
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Table 4
Liquid-phase 1,2-propanediol formation from glycerol using in-situ generated hydrogen.

Catalyst Temp. (◦C) Pressure (atm) Solvent (H donor) Glycerol/Catalyst

(g/ g)

Time (h) Conversion of

glycerol (%)

Selectivity to

1,2-PDO (%)

Ref.

Pt/NaY zeolite 230 1 (air) Glycerol 5.3 15 85.4 64 [107]

Pt-Sn/SiO2 200 4 (N2) Glycerol 4.1 2 54 59 [108]

Pd/Fe2O3 180 5 (inert gas) 2-propanol 5.1 24 100 94 [109]

Cu/MgAlO 200 30 (N2) Ethanol 8.1 10 93.9 93.1 [110]

Ni-Cu/Al2O3 220 45 (N2) formic acid 10.9 24 89.9 81.6 [111]

Pd/Co3O4 180 5 (N2) 2-propanol 6.1 24 100 64 [114]

Cu/ZnAlO 220 35 (N2) Methanol 1.7 4 86.6 51.9 [115]

Fig. 4. Conversion-selectivity plots in the glycerol hydrogenolysis in liquid phase.

Open, closed, and double circles represent the data listed in Tables 2–4, respectively,

while the data for Co/ZnO/AlO and Raney Ni catalysts in Table 3 are not addressed.

catalysts are efficient and selective to form 1,2-PDO from glycerol

in a liquid phase.

2.5. Liquid-phase glycerol hydrogenolysis into 1,2-PDO using

hydrogen generated in situ

External supply of hydrogen is necessary for all the above-

mentioned hydrogenolysis processes for producing 1,2-PDO from

glycerol. The use of hydrogen gas as an H donor is common in a

hydrogenolysis process, whereas a high H2 pressure is always nec-

essary and a pressure tight reaction equipment is required, which

increases the production cost. One interesting alternative is to pro-

duce 1,2-PDO from glycerol hydrogenolysis using the hydrogen

generated in situ from H-containing molecules via hydrogen trans-

fer. Martin et al. have summarized glycerol hydrogenolysis into

propanediols using hydrogen generated in situ [60]. The in situ-

generated hydrogen can be supplied by glycerol itself via aqueous

phase reforming as well as by the additive H-containing molecules,

such as monoalcohols and formic acid, via catalytic transfer hydro-

genation. A hydrogen molecule is produced together with CO2 in

the aqueous phase reforming of glycerol, while hydrogen atoms

transfer from the H donor to glycerol in a catalytic transfer hydro-

genation reaction [60].

Table 4 summarizes new significant reports of glycerol

hydrogenolysis into 1,2-PDO using hydrogen generated in situ

[107–115]. D’Hondt et al. firstly reported glycerol hydrogenolysis

into 1,2-PDO using H2 produced via in-situ reforming of glycerol

[107]. NaY zeolite-supported Pt catalyst gives 64% selectivity to

1,2-PDO with a glycerol conversion of 85.4% at 230 ◦C under atmo-

spheric conditions. The proposed reaction pathways are shown in

Scheme 6. The reforming of glycerol over Pt generates H2 and CO2.

The formed CO2 works as an acid, which is proposed to catalyze

glycerol dehydration into acetol and the formed H2 is consumed for

OH OH

OH

OH

O

-H2O

OH

OH

H+

+ H2O

H2 O2+
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dric a c s

cer ace
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Scheme 6. Reaction routes of glycerol hydrogenolysis into 1,2-PDO in the absence

of H2 proposed by D’Hondt et al. [107].

Fig. 5. Proposed mechanism of glycerol hydrogenolysis over Cu/MgAlO catalyst

using ethanol as the H donor [110].

the later hydrogenation of acetol into 1,2-PDO over Pt. Maria et al.

studied glycerol hydrogenolysis over SiO2-supported Pt-Sn cata-

lysts under pressured N2 atmosphere [108]. The suitable amount

of additive Sn into Pt/SiO2 is 0.2 wt.%, and the maximum 1,2-

PDO selectivity is 59% at 54% conversion at 200 ◦C. In the studies

[107,108], because a part of glycerol is used for reforming to pro-

duce H2, the selectivity to 1,2-PDO is low.

Musolino et al. firstly reported glycerol hydrogenolysis via cat-

alytic transfer hydrogenation, in which they used 2-propanol as

the H-donor molecule [109]: PdO/Fe2O3 is used as the catalyst and

PdO is reduced to Pd by hydrogen generated from 2-propanol. 94%

selectivity to 1,2-PDO with a complete conversion is achieved at

180 ◦C under 5 atm inert gas atmosphere, and acetone is described

to be the only product formed by the oxidation of 2-propanol. Under

such a reaction condition, gas products such as CO2 are reasonable

to be formed via glycerol reforming over Pd metal, and propylene

is also possible to be formed via 1,2-PDO further hydrogenolysis.

However, there is no description about the carbon balance and the

analysis of the gaseous products in the paper. Xia et al. performed

glycerol hydrogenolysis over Cu/MgAlO catalyst in the presence of

an H-donor molecule, such as methanol, ethanol and 2-proapnol,
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under pressured N2 conditions [110]. Among the tested H donors,

ethanol is proved to be the best hydrogen source. The proposed

mechanism is shown in Fig. 5. The dehydrogenation of ethanol

yields acetaldehyde, which further converts to ethyl acetate, 1-

butanol and 1,1-diethoxyethane. Considering that no dihydrogen

molecule was detected in the gas phase, it is supposed that hydro-

gen dehydrogenated from ethanol exists mainly in the form of

active hydrogen atom which adsorbed on the surface of the Cu,

and then it reacts with acetol quickly. The Cu/MgAlO catalyst with

a Cu:Mg:Al:O molar ratio of 0.4:5.6:2:9 shows the largest amount

of basic sites and the highest Cu dispersion degree, and also gives

the highest 1,2-PDO selectivity of 93.1% at a conversion of 93.9%

at 200 ◦C and an N2 pressure of 30 atm. Gandarias et al. have

conducted a series of works dealing with hydrogen-free glycerol

hydrogenolysis over Ni-Cu/Al2O3 in the presence of formic acid,

which is used as the H-donor molecule [111–113]. Large loading

of Ni promotes acetol hydrogenation into 1,2-PDO, whereas it also

increases the selectivities to glycerol decomposition products. A

1,2-PDO selectivity of 81.6% at 89.9% conversion is obtained over

Ni-Cu/Al2O3 with a Ni/Cu weight ratio of 20:15 at 220 ◦C and 45 atm

N2. In a recent study, Mauriello et al. reported a 64% selectivity to

1,2-PDO with a complete conversion of glycerol over Pd/Co3O4 at

180 ◦C and 5 atm N2 using 2-propanol as the H donor [114]. The

preparation method of the catalysts significantly affects the activ-

ity, and the catalysts prepared by a co-precipitated method show

the highest catalytic performance toward 1,2-PDO formation. They

conclude that the co-precipitation method ensures a strong inter-

action between Pd and the support, and leads to the formation of

bimetallic ensembles which positively promote the glycerol cat-

alytic transfer hydrogenolysis reaction. Considering that unreacted

methanol remains in the crude glycerol solution in biodiesel pro-

duction process, Vasiliadou et al. studied hydrogen-free glycerol

hydrogenolysis using methanol as the H donor [115]. The reac-

tions are performed over Pt- or Cu-based catalysts using 7.2 wt.%

methanol and 11.4% glycerol mixed aqueous solution as the reac-

tant. Cu/ZnAlO catalyst prepared by the co-precipitation method

shows a relatively high activity and gives a 51.9% selectivity to 1,2-

PDO with a glycerol conversion of 86.6%. In the experiments using

labeled 13CH3OH, it is concluded that methanol reformation with

water mainly contributes to hydrogen production, and ca. 70% of

the total hydrogen is produced from the reformation of methanol,

while the extent of glycerol aqueous phase reforming is limited in

the presence of methanol.

Glycerol hydrogenolysis into 1,2-PDO using hydrogen gener-

ated in situ have some advantages such as the use of renewable

H-donor resources of methanol, ethanol, and formic acid, while the

most attractive advantage is that the hydrogen generated in situ

can be performed at low or even ambient pressure. On the other

hand, the use of additional substances will results in additional by-

products and requires the additional separating processes. From

this view point, catalytic transfer hydrogenation using H-donor

molecules is more preferable than using glycerol aqueous phase

reforming because the later generally produces more kinds of by-

products. Among the well-used H-donor molecules, such as formic

acid, methanol, ethanol, and 2-propanol, formic acid can be consid-

ered to be the most preferable one because only CO2 is generated

after dehydrogenation and CO2 is easily separated from the liquid

products.

2.6. Vapor-phase glycerol hydrogenolysis into 1,2-PDO

Vapor-phase glycerol hydrogenolysis into 1,2-PDO is preferable

for industrial applications, whereas there are not so many studies

dealing with vapor-phase reactions. Table 5 summarizes glycerol

hydrogenolysis to 1,2-PDO in a vapor phase. Suppes et al. firstly

reported vapor-phase hydrogenolysis of glycerol to 1,2-PDO using

copper-chromite catalyst [117]. They perform the reaction under

atmospheric H2 pressure: 55.5% selectivity to 1,2-PDO and 44.5%

selectivity to acetol at complete glycerol conversion are obtained at

200 ◦C at a glycerol aqueous concentration of 2.5 wt.%. In their fur-

ther report [118], the effects of reaction conditions are investigated:

lower temperatures and higher hydrogen pressures shift the equi-

librium from acetol to 1,2-PDO. Lower reaction temperatures also

inhibit the formation of glycerol cracking products such as ethy-

lene glycol, and higher than 90% 1,2-PDO selectivity is achieved at

230 ◦C under H2 pressures at a range of 5–15 atm.

Since the dehydration of glycerol needs relatively high reaction

temperatures and the hydrogenation of acetol into 1,2-PDO favors

low temperatures, Sato et al. developed an efficient direct process

which is performed over Cu/Al2O3 catalyst at an atmospheric H2

pressure and gradient temperatures: the dehydration of glycerol

into acetol is catalyzed by the upper-layer catalyst at high temper-

ature, and the following hydrogenation of acetol into 1,2-PDO is

catalyzed by the lower-layer catalyst at low temperature [74,75].

In the system, glycerol can be dehydrated to acetol completely and

acetol can be hydrogenated into 1,2-PDO efficiently: a 96.1% yield of

1,2-PDO is achieved at a gradient temperature from 200 to 130 ◦C

under ambient H2 pressure. However, even higher 1,2-PDO yield

cannot be achieved because the by-production of ethylene glycol,

which is generated by glycerol decomposition over Cu metal. In

our further study, Ag-modified Cu/Al2O3 is prepared and found to

be effective for reducing the cracking ability of Cu and inhibiting

ethylene glycol formation [77]. Although the formation of ethy-

lene glycol can be inhibited by the loading of Ag onto Cu/Al2O3, it

also decreases the hydrogenation ability of the catalyst and inhibits

the further hydrogenation of acetol into 1,2-PDO. In a reactor with

double-layered catalysts, Ag-modified Cu/Al2O3 is loaded on the

upper layer of the catalyst bed to inhibit ethylene glycol formation

and Cu/Al2O3 without Ag is loaded on the lower layer to complete

the acetol hydrogenation into 1,2-PDO: a 98.3% yield of 1,2-PDO

is achieved over the double-layered catalysts at gradient tempera-

tures from 170 to 105 ◦C.

In the vapor-phase hydrogenolysis of glycerol over Cu/SiO2 pre-

pared by an incipient wetness method, 87.0% selectivity to 1,2-PDO

is achieved with a complete glycerol conversion at 255 ◦C and an

H2 pressure of 15 atm [119]. Zhu et al. modified Cu/SiO2 with B2O3

and found that the addition of B2O3 into Cu/SiO2 could greatly

restrain the growth of copper particles and maintain the disper-

sion of copper species upon calcination, reduction and reaction

during the vapor-phase glycerol hydrogenolysis [120]. The addi-

tion of suitable B2O3 to Cu/SiO2 significantly enhances the catalytic

activity, catalytic stability and 1,2-PDO selectivity: a 98.0% selec-

tivity to 1,2-PDO with a complete glycerol conversion is obtained

over Cu-B2O3/SiO2 catalyst at 200 ◦C and an H2 pressure of 50 atm.

Besides Cu-based catalysts, Ag- and Ru-based catalysts are also

applied for the vapor-phase glycerol hydrogenolysis, whereas these

catalysts do not show better catalytic performance than Cu-based

catalysts. In their further study, a Cu/SiO2 catalyst is prepared by

an ammonia evaporation hydrothermal method, and 1,2-PDO yield

could be maintained at ca. 98% for 300 h at an H2 pressure of 50 atm

[121]. Recently, they also reported a Cu/CeO2 catalyst prepared by

a solidstate grinding-assisted nanocasting method, which provides

a stable yield of ca. 97% [122]. The high performance of the Cu/SiO2

and Cu/CeO2 catalysts is explained to attribute the well dispersed

Cu nanoparticles and the strong interaction between Cu and the

supports. Cu-ZnO/Al2O3 catalysts are studied by several groups: the

loading of ZnO promotes the formation of 1,2-PDO from glycerol,

and 1,2-PDO selectivity higher than 90% can be achieved under H2

pressured conditions [124–126]. In a recent study, Harisekhar et al.

studied Cu/SBA-15 catalyst, which gives a 84% selectivity to 1,2-

PDO at 90% conversion at 200 ◦C under atmospheric H2 pressure

[127]. Tanielyan et al. performed the reaction over various Raney
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Table 5
Vapor-phase glycerol hydrogenolysis into 1,2-PDO.

Catalyst Temp. (◦C) Pressure (atm) WHSV (h−1) TOS (h) Conversion (%) Selectivity to 1,2-PDO (%) Ref.

Cu/Al2O3 200-130a 1 0.06 1–5b 100 96.1 [74]

Ag-Cu/Al2O3 170-105a 1 0.03 1–5b 100 98.3 [77]

Raney Cu 205 14 0.18 6.2d 100 95 [80]

Cu/SiO2 255 15 2.2 unclear 100 87 [119]

Copper-Chromite 200 1 0.04 0.5 100 55.5 [117]

Cu-B2O3/SiO2 200 50 0.08 56 100 98 [120]

Cu/SiO2 200 50 0.08 300 100 98.3 [121]

Cu/CeO2 180 50 0.15 300 100 96.9 [122]

Cu-ZnO/Al2O3 190 6.4 0.08 unclear 96.2 92.2 [124]

Cu-ZnO/Al2O3 250 32 2.8 12 100 >90 [125]

Cu-ZnO/Al2O3 250 1 0.05 48.5 85.5 83.7 [126]

Cu/SBA-15 220 1 1.03 10 90 84 [127]

Ag/OMS-2c 200 50 unclear 92 ca. 30 ca. 65 [128]

Ru/MCM-41 230 1 2.09 10 62 38 [129]

a Gradient temperature.
b Averaged activity between 1 and 5 h.
c OMS-2, octahedral molecular sieve.
d Time on stream of 6.2 days.
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Fig. 6. Changes in equilibrium constants of acetol hydrogenation with temperature.

catalysts such as Raney Cu, Cu–Cr, and Cu–Cr–Ni [79,80]. Among the

tested catalysts, Raney Cu shows the highest stability and gives the

highest selectivity to 1,2-PDO. In a long run, higher than 95% yield of

1,2,-PDO can be kept in 6.2 days. Ag catalyst supported on octahe-

dral molecular sieve (OMS-2) gives an initial glycerol conversion of

ca. 65% and 1,2-PDO selectivity of ca. 90% at 200 ◦C and an H2 pres-

sure of 50 atm [128]. However, the catalyst gradually deactivates

with time on stream (TOS): after 92 h, the conversion and 1,2-PDO

selectivity decreases to ca. 30 and 65%, respectively. The decrease

in the 1,2-PDO selectivity is caused by the decrease of hydrogena-

tion ability of the catalyst: the selectivity to acetol increases up

to 30% at a TOS of 92 h. Vanama et al. studied vapor-phase glycerol

hydrogenolysis over Ru/MCM-41 catalyst [129]. Because of the high

hydrogenolysis ability of Ru, 1,2-PDO further hydrogenates into

lower alcohols such as 1-propanol and 2-propanol, and the maxi-

mum 1,2-PDO selectivity is only 38% at 230 ◦C under atmospheric

H2 pressure. The low 1,2-PDO selectivity also ascribes to the com-

petitive formation of 1,3-PDO and the by-production of ethylene

glycol.

Fig. 6 depicts equilibrium constants, Kp, in the hydrogenation

of acetol at different temperatures. The closed and open trian-

gles present the equilibrium constants of acetol hydrogenation in

the reaction of glycerol hydrogenolysis and acetol hydrogenation,

respectively, calculated from the data in our previous study [74].

The Kp values are fitted to a master curve, as shown in Fig. 6. The Kp

values decreases with increasing the temperature, which indicates

that the reaction is exothermic. Under gradient temperature con-

ditions [74,77], after the dehydration of glycerol has proceeded at

higher temperatures of the upper layer of the catalyst bed, low bot-

tom temperatures would work to shift the equilibrium to the right

side. Sato et al. have discussed chemical equilibrium in the dehy-

drogenation of 1,2-PDO to acetol, in which the equipment constant

is estimated to be 0.15 atm at 210 ◦C [123]. Because the Kp in the

hydrogenation of acetol is equal to the reciprocal of the equilib-

rium constant in the dehydrogenation of 1,2-PDO, the equilibrium

constant in the hydrogenation of acetol is 6.7 atm−1 at 210 ◦C. The

estimated Kp value of acetol hydrogenation is close to the mas-

ter curve in Fig. 6, which strongly supports that the hydrogenation

of acetol achieves equilibrium at gradient temperatures [74]. Kp

values are calculated from several reference data at 100% glycerol

conversion, and plotted in Fig. 6 (circles). The Kp values calculated

from the data in Refs. [77,119,120] are close to the master curve,

which indicates that the hydrogenation of acetol formed from glyc-

erol achieves equilibrium in these studies. Because the selectivities

to acetol are not shown in Refs. [121,122], Kp values are not calcu-

lated for the reports. A Kp value calculated from Ref. [80], however,

is located above the master curve (open square). Because the large

amount, 16.5 g, of catalyst is used in the study, it is plausible that

the bottom temperature of the catalyst bed could be lower than the

monitored temperature. On the other hand, the Kp value calculated

from Ref. [117] is located below the master curve (closed square),

which indicates that equilibrium is not achieved possibly.

Closed triangles present the equilibrium constants of acetol

hydrogenation in the reaction of glycerol hydrogenolysis from Ref.

[74]. Open triangles represent the equilibrium constants of ace-

tol hydrogenation in the reaction of acetol hydrogenation from

Ref. [74]. Open, closed, and double circles represent the equilib-

rium constants of acetol hydrogenation in glycerol hydrogenolysis

calculated from the data in Table 5 cited from Refs. [77,119,120],

respectively. Open and closed squares are from those in Refs.

[80,117], respectively.

Cu-based catalysts show stable high activity toward 1,2-PDO

formation in vapor-phase glycerol hydrogenolysis, and yields of

1,2-PDO over 96% have been achieved in some studies [74,77,117].

Although a high H2 pressure is generally used for shifting the

equilibrium from acetol to 1,2-PDO, acetol can be efficiently hydro-

genated into 1,2-PDO even at an ambient H2 pressure and gradient

temperatures in a vapor-phase reaction [74,77]. Comparing with

liquid-phase reactions, vapor-phase reactions can achieve both

high conversion and high 1,2-PDO selectivity. As mentioned in

Sections 2.2–2.4, the consecutive reactions of dehydration and

─ 83 ─



D. Sun et al. / Applied Catalysis B: Environmental 193 (2016) 75–92 85

hydrogenation proceed in liquid-phase reactions to decrease the

1,2-PDO selectivity, especially when using acidic supports. How-

ever, 1,2-PDO is not further dehydrated over acidic supports even

in vapor-phase reactions at relatively low temperatures as 200 ◦C.

Furthermore, the catalytic activity of Cu-based catalysts is stable

in a vapor phase [74,77,117]. Thus, from a view point of achieving

high 1,2-PDO yield and inhibiting the formation of by-products, the

vapor-phase reactions would be preferable in the selective glycerol

hydrogenolysis into 1,2-PDO.

3. 1,3-Propanediol

1,3-Propanediol (1,3-PDO) is commercially the most valuable

product in the hydrogenolysis of glycerol. It is used in resins, engine

coolants, dry-set mortars, water-based inks, but most of 1,3-PDO

is used in the production of polypropylene terephthalate, which

is a polyester synthesized from 1,3-PDO and terephthalic acid [5].

The market for 1,3-PDO is currently over 105 tons per year, and the

methods for producing 1,3-PDO are hydroformylation of ethylene

oxide followed by hydrogenation, hydration of acrolein followed

by hydrogenation, and fermentation of either glycerol or glucose

[130]. The petroleum-based methods have a problem in selectiv-

ity, while the fermentation processes have a problem in production

efficiency. Hydrogenolysis of glycerol to 1,3-PDO is an alternative

process that could replace the current processes if efficient cata-

lysts are developed. Although many attempts have been made to

produce 1,3-PDO by hydrogenolysis of glycerol, the selectivity to

1,3-PDO is still unsatisfied for the industrial application.

Scheme 7 is the generally accepted reaction route of glycerol

hydrogenolysis into 1,3-PDO. 1,3-PDO is produced by the hydro-

genation of 3-hydroxypropanal [5,6], which is the dehydration

product of glycerol. Thus, an acid catalyst is necessary in the first

step of glycerol dehydration. In particular, Brønsted acid sites are

necessary for the formation of 3-hydroxypropanal from glycerol

[5]. Another possible route of 1,3-PDO is proposed by Tomishige

et al. [73] as mentioned in Section 2.1 (Fig. 1).

3.1. Hydrogenolysis of glycerol into 1,3-propanediol using a

batch-type reactor

Table 6 summarizes glycerol hydrogenolysis into 1,3-PDO per-

formed in a batch-type reactor. Tomishige’s group has performed

a series of works dealing with glycerol hydrogenolysis into 1,3-

PDO [6,73,131–134]. SiO2-supported precious metals with ReOx

are found to be efficient for 1,3-PDO formation from glycerol, and

Ir shows the highest catalytic activity among the precious met-

als such as Rh, Ru, Pt, and Pd. The yield of 1,3-PDO is maximized

at 38% over Ir-ReOx/SiO2 catalyst at 120 ◦C and an H2 pressure

of 80 atm in the presence of H2SO4. The conversion of glycerol

increases with increasing the reaction time, whereas the selectiv-

ity to 1,3-PDO decreases with increasing the reaction time because

1,3-PDO further converts into 1-propanol and propane. The max-

imum yield of 1,3-PDO is obtained at a reaction time of 36 h:

the conversion of glycerol and the selectivity to 1,3-PDO are 81%

and 46%, respectively. The relatively low reaction temperature is

indicated to be significant for inhibiting the side reactions and

increasing the 1,3-PDO selectivity. The H2 pressure affects the reac-

tion rate, while the H2 pressure rarely affects the selectivity to

1,3-PDO. Recently, mesoporous silica (KIT-6) supported Ir-Re alloy

catalysts are applied for the glycerol hydrogenolysis in the pres-

ence of amberlyst-15 as an acidic promoter at the same reaction

conditions [135].

Pt and tungsten oxide as an acidic modifier are reported to

accelerate the formation of 1,3-PDO from glycerol. Kurosaka et al.

have studied glycerol hydrogenolysis into 1,3-PDO in the pioneer-

Fig. 7. Proposed mechanism of glycerol hydrogenolysis to 1,3-PDO over Pt/WO3-

TiO2/SiO2 catalyst [137].

ing report [136]. A 24% yield of 1,3-PDO is obtained from glycerol

at 170 ◦C and an H2 pressure of 80 atm over Pt-WO3/ZrO2 cata-

lyst, in which ZrO2-supported WO3 is well known as a super acid.

Besides Pt, other precious metals such as Pd, Ru, Rh, and Ir are

not active for 1,3-PDO formation and give 1,3-PDO yields lower

than 5%. Gong et al. have investigated the glycerol hydrogenolysis

over Pt/WO3-TiO2/SiO2 catalyst [137]. WO3 species are concluded

to regulate the acidity of the Pt/WO3-TiO2/SiO2 catalyst by pro-

ducing Brønsted acid sites, which play a key role during 1,3-PDO

formation, and the existence of TiO2 species improves the disper-

sion of Pt metal. It is supposed that the Brønsted acid sites on WO3

surface catalyze the dehydration of glycerol to 3-hydroxypropanal,

and the highly dispersed Pt particles catalyze the further hydro-

genation of 3-hydroxypropanal to 1,3-PDO as shown in Fig. 7. The

selectivity to 1,3-PDO is maximized at 50.5% at 180 ◦C and an H2

pressure of 55 atm, whereas the conversion of glycerol is as low as

15.3%. In a recent report, Pt supported on mesoporous WOx-TiOx

shows similar results of reactions using Pt/WO3-TiO2/SiO2 [138].

Kaneda’s group has studied the glycerol hydrogenolysis using

WOx-supported Pt-AlOx catalyst, and 44% 1,3-PDO selectivity with

a high glycerol conversion of 90% is achieved at 180 ◦C under a rela-

tively low H2 pressure of 30 atm without any acidic additives [139].

In their study, boehmite-supported Pt/WOx shows much better cat-

alytic performance and gives a 1,3-PDO yield of 66%, which is the

highest value reported ever before, at 180 ◦C and an H2 pressure of

50 atm [140]. They have also performed the hydrogenolysis of some

diols, such as 1,3-PDO, 1,2-PDO, 1,2-butanediol, and 2,3-butanediol,

over Pt/WOx/AlOOH, and found that 1,2-PDO and 1,2-butanediol

are much more reactive than 1,3-PDO and 2,3-butanediol. They

conclude that Pt-WOx/AlOOH has high activity for the secondary

OH group adjacent to a primary OH group. Consequently, both

high glycerol conversion and high 1,3-PDO selectivity are obtained

because 1,3-PDO is less reactive over Pt/WOx/AlOOH. The catalyst

is also stable and can be reused for 3 times without deactivation.

Comparing with AlOOH-supported Pt-WOx, Al2O3-support Pt-WOx

catalyst shows both low glycerol conversion and low 1,3-PDO selec-

tivity [140–142], and they propose that the large quantity of Al-OH

groups on the surface of the Al2O3 enhances its catalytic activity.

Oh et al. reported selective formation of 1,3-PDO from glycerol

using Pt/sulfated ZrO2 catalyst, in which sulfated zirconia is a well-

known super acid [143]. An extremely high 1,3-PDO selectivity of

83.6% at a glycerol conversion of 66.5% is achieved in 1,3-dimethyl-

2-imidazolidinone (DMI) solvent at 170 ◦C and an H2 pressure of

73 atm. It is interesting that when DMI is replaced by water, the

selectivity to 1,3-PDO is only 19.6%. Thus, DMI probably plays an

essential role on the 1,3-PDO formation.

3.2. Hydrogenolysis of glycerol into 1,3-propanediol using a

flow-type reactor

Table 7 summarizes vapor-phase hydrogenolysis of glycerol into

1,3-PDO using a flow-type reactor [144–150]. Huang et al. firstly

reported glycerol hydrogenolysis into 1,3-PDO over non-precious

metal catalysts in a flow-type reactor [144]. SiO2-supported Cu-
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Scheme 7. Reaction routes of glycerol hydrogenolysis into 1,3-PDO [5].

Table 6
Hydrogenolysis of glycerol into 1,3-propanediol using a batch-type reactor.

Catalyst Temp. (◦C) H2 pressure (atm) Solvent Glycerol/Catalyst

(g/ g)

Time (h) Conversion of

glycerol (%)

Selectivity to

1,3-PDO (%)

Ref.

Ir-ReOx/SiO2 120 80 H2O 26.7 36 81 46 [131]

Rh-ReOx/SiO2 120 80 H2O 26.7 5 ca. 42 ca. 20 [132]

Ir-Re alloy/KIT−6a 120 80 H2O 26.7 12 63.3 34.7 [135]

Pt-WO3/ZrO2 170 80 DMIc 2.8 18 85.8 28.2 [136]

Pt/WO3-TiO2/SiO2 180 55 H2O 2b 12 15.3 50.5 [137]

Pt/WOx-TiOx 180 55 H2O 4 12 18.4 40.3 [138]

Pt-AlOx/WOx 180 30 H2O 0.9 10 90 44 [139]

Pt-WOx/AlOOH 180 50 H2O 0.9 12 100 66 [140]

Pt-WOx/Al2O3 180 50 H2O 0.9 12 89 35 [140]

Pt-WOx/Al2O3 200 40 H2O 4.7 18 49 28 [141]

Pt-WOx/Al2O3 200 45 H2O 6.1 24 51.9 53.1 [142]

Pt/Sulfated ZrO2 170 73 DMIc 2.8 24 66.5 83.6 [143]

a KIT-6, mesoporous silica.
b Volume ratio of glycerol/catalyst.
c DMI: 1,3-dimethyl-2-imidazolidinone.

Table 7
Hydrogenolysis of glycerol into 1,3-propanediol using a flow-type reactor.

Catalyst Temp. (◦C) H2 pressure (atm) WHSV (h−1) TOS (h) Conversion of glycerol (%) Selectivity to 1,3-PDO (%) Ref.

Cu-H4SiW12O40/SiO2 210 5.4 0.1 unclear 83.4 32.1 [144]

Pt-WO3/ZrO2 130 40 0.25a 24 70.2 45.6 [145]

Pt-WOx-SiO2/ZrO2 180 50 0.1 unclear 54.3 52 [146]

Cu-H4SiW12O40/ZrO2 180 50 0.1 unclear 24.1 48.1 [147]

Pt-Li2H2SiW12O40/ZrO2 180 50 0.1 120 43.5 53.6 [148]

Pt-WOx/Al2O3 160 50 0.1 unclear 64.2 66.1 [149]

Pt/AlPO4 260 1 2.1 4 100 35.4 [150]

a LHSV value.

H4SiW12O40 catalyst gives a maximum 1,3-PDO selectivity of 32.1%

at 83.4% conversion. The effects of reaction temperatures, H2

pressures, and WHSV are investigated in detail: high reaction tem-

peratures promote the conversion of glycerol, but decrease the

selectivity to 1,3-PDO because of the competitive formation of

decomposed products at high temperatures; high H2 pressures are

efficient for achieving both high glycerol conversion and 1,3-PDO

selectivity; the conversion of glycerol increases with decreasing

the WHSV, whereas the selectivity to both 1,3-PDO and 1,2-PDO

decreases because the produced diols are further converted into

cyclic acetals for a long residence time. Qin et al. studied glycerol

hydrogenolysis into 1,3-PDO using Pt-WO3/ZrO2 catalyst which

gives 45.6% 1,3-PDO selectivity at 70.2% conversion at 130 ◦C and an

H2 pressure of 40 atm [145]. The effects of reaction temperatures

and H2 pressures are studied and the conclusions agree with those

in the reports of Huang et al. mentioned above [144].

In a recent study, Zhu et al. have prepared SiO2-modified Pt-

WOx/ZrO2 catalyst which gives an improved 1,3-PDO selectivity of

52% [146]: the addition of SiO2 enhances Pt dispersion and acid-

ity, which leads to the improved activity and 1,3-PDO selectivity.

Zhu’s group has also performed the glycerol hydrogenolysis using

Cu-H4SiW12O40/ZrO2 [147], Pt-Li2H2SiW12O40/ZrO2 [148] and Pt-

WOx/Al2O3 catalysts [149], and study the effect of the acid property

on the 1,3-PDO formation. It is found that the yield of 1,3-PDO

is proportional to the concentration of the Brønsted acid sites,

while the yield of 1,2-PDO is proportional to the concentration

of Lewis acid sites [149]. Thus, the existence of the large amount

of Brønsted acid sites on the support are significant for the selec-

tive hydrogenolysis of glycerol to 1,3-PDO. The highest 1,3-PDO

yield of 42% is achieved over Pt-WOx/Al2O3 catalyst at 160 ◦C and

an H2 pressure of 50 atm. Priya et al. have studied the glycerol

hydrogenolysis over Pt/AlPO4 catalyst at atmospheric H2 pressure

[150,151]. The selectivity to 1,3-PDO is maximized at 35.4% at

260 ◦C with a complete glycerol conversion. However, the analysis

of gaseous products and the information of recovery are not men-

tioned although it is reasonable that decomposition of products is

possible at high reaction temperatures.
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Scheme 8. Reaction routes of glycerol hydrogenolysis into allyl alcohol, propanols, and propylene.

3.3. General summary of glycerol hydrogenolysis into

1,3-propanediol

The property of acid promoter is a key for the 1,3-PDO forma-

tion from glycerol. As summarized in Tables 6 and 7, high 1,3-PDO

selectivity can be obtained in the presence of strong Brønsted acid

sites, and the reaction temperature is generally lower than that

for 1,2-PDO formation. Acetol, which can be further hydrogenated

into 1,2-PDO (Scheme 4), and 3-hydroxypropanal that can be fur-

ther hydrogenated into 1,3-PDO (Scheme 7) are two determinate

intermediates in the glycerol hydrogenolysis. In another word, the

formation of 1,2-PDO and 1,3-PDO is competitive and thus the

selectivity to 1,2-PDO and 1,3-PDO is determined by which inter-

mediate, acetol or 3-hydroxypropanal, is preferentially produced

from glycerol. Glycerol dehydration into acetol generally prefers

either metal active sites [74–78] or Lewis acid sites [149] at high

reaction temperatures. On the other hand, glycerol dehydration

into 3-hydroxypropanal prefers Brønsted acid sites [149]. Although

high reaction temperatures accelerate the glycerol dehydration

into 3-hydroxypropanal, they also promote the further dehydration

of 3-hydroxypropanal into acrolein. Thus, relatively low reaction

temperatures are efficient for inhibiting the further dehydration

of 3-hydroxypropanal into acrolein, and 1,3-PDO can be produced

via the hydrogenation of 3-hydroxypropanal. Additionally, strong

Brønsted acid sites are necessary for the hydrogenolysis of glyc-

erol into 1,3-PDO because they can catalyze the hydrogenolysis of

glycerol into 3-hydroxypropanal at lower reaction temperatures

than weak and medium Brønsted acid sites. Therefore, a successful

catalyst system for the selective transformation of glycerol into 1,3-

PDO requires to minimize the side reaction of 3-hydroxypropanal

dehydration into acrolein as well as to promote the coupled

dehydration-hydrogenation reactions.

It is reasonable that it is difficult to produce 1,3-PDO selec-

tively because 1,3-PDO is easily further converted into 1-propanol

in addition to the unstable intermediate such as 3-hydroxypropanal

[5,6]. The reactivity of 1,3-PDO is higher than 1,2-PDO in most

catalyst systems for glycerol hydrogenolysis [5,6] except the Pt-

WOx/AlOOH catalyst reported by Kaneda et al. [140]. Glycerol

hydrogenolysis into 1,3-PDO requires low reaction temperatures

and high H2 pressures to promote the hydrogenation of 3-

hydroxypropanal. In a flow-type reactor under the conditions at

a low temperature and a high H2 pressure, it is difficult to vaporize

a less volatile glycerol [144–149]. In a liquid-phase reaction using a

batch-type reactor at a low temperature, on the other hand, a high

H2 pressure condition can be readily realized. In future studies, the

development of a catalyst system, which is extremely active for 1,3-

PDO formation from glycerol but inactive for the further conversion

of 1,3-PDO, is considered as a big challenge.

4. Monoalcohols and propylene

As described in the previous sections, a large number of

efforts have been conducted for producing 1,2-PDO and 1,3-PDO

through glycerol hydrogenolysis. On the other hand, the further

hydrogenolysis products from 1,2-PDO and 1,3-PDO, such as allyl

alcohol, propanols, and propylene, are also attractive and valuable.

In the last 5 years, many studies dealing with glycerol hydrogenoly-

sis into these chemicals have been reported. Scheme 8 summarizes

the reaction routes of multi-step hydrogenolysis of glycerol. Allyl

alcohol is an important chemical intermediate due to the bi-

functionality, such as a hydroxyl group and a C C double bond in

the molecule, and it has wide uses for producing resins, paints, coat-

ings, silane coupling agents, and polymers [152]. Propanols, such

as 1-propanol and 2-propanol, have lower value than 1,3-PDO and

1,2-PDO, while they are also attractive chemicals available to be

produced from glycerol. Both 1-propanol and 2-propanol have a

wide array of solvent uses. In glycerol hydrogenolysis, 1-propanol

can be produced via either 1,2-PDO, 1,3-PDO, or acrolein, while 2-

propanol can be only produced via 1,2-PDO. Propylene, which is

also an important starting resource in the petrochemical industry,

can be produced from glycerol via both 1-propanol and 2-propanol

dehydration. In this section, glycerol hydrogenolysis into allyl alco-

hol, propanols, and propylene are summarized and discussed.

4.1. Allyl alcohol

In Scheme 8, it is reasonable that allyl alcohol can be generated

from glycerol via both 1,2-PDO and 1,3-PDO dehydration. How-

ever, selective synthesis of allyl alcohol from glycerol under H2

pressure conditions has not been reported. 1,2-PDO dehydration

gives three kinds of products, such as acetone, propanal, and allyl

alcohol (Scheme 8), whereas selective dehydration of 1,2-PDO into

allyl alcohol is very difficult and has not been reported. Propanal is

the main product in 1,2-PDO dehydration over acid catalysts, such

as H4SiW12O40/SiO2 [153], SiO2-Al2O3 [154], and WO3/SiO2 [89],

and the selectivity to allyl alcohol is lower than 5% [89,153,154].

Allyl alcohol can be also generated from glycerol via 1,3-PDO dehy-

dration and acrolein hydrogenation, whereas it is difficult to be

selectively produced because it is easy to be further hydrogenated

into 1-propanol under H2 pressure conditions. As a consequence,

all the successful reports aimed to produce allyl alcohol from glyc-

erol are performed through a hydrogen transfer reaction in which

either monoalcohols or acids are used as the H donor instead of H2.

Table 8 summarizes liquid-phase glycerol hydrogenolysis into

allyl alcohol through a hydrogen transfer reaction. Arceo et al. have

performed glycerol hydrogenolysis by heating a mixture of glycerol

and formic acid without other additives under reflux conditions

[155,156]. Formic acid works as the H donor and also as the cata-
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Table 8
Liquid-phase glycerol hydrogenolysis into allyl alcohol through a hydrogen transfer reaction.

Catalyst Temp. (◦C) Pressure (atm) Solvent (H donor) Glycerol/Catalyst (g/ g) Time (h) Yield of AAa (%) Ref.

– 230–240 1 formic acid – 3 89 [155]

MTOb 170 1 3-octanol unclear 2.5 90 [157]

NaReO4 165 1 Glycerol 18.6 1 38 [158]

a AA, allyl alcohol.
b MTO, methyltrioxorhenium.

Table 9
Vapor-phase glycerol hydrogenolysis into allyl alcohol using glycerol itself as the H donor.

Catalyst Temp. (◦C) Pressure (N2) (atm) H donor TOS (h) WHSV (h−1) Conversion of glycerol (%) Selectivity to AAa (%) Ref.

Fe2O3 320 1 glycerol 6 2.5 100 23 [159]

ZrO2-FeOx 350 1 glycerol 6 1.0 100 20 [160]

K/ZrO2-FeOx 350 1 glycerol 6 0.2 100 27 [162]

Rb/FeOx-Al2O3 340 1 glycerol 3 0.3 89.8 13 [163]

a AA, allyl alcohol.
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Scheme 9. Mechanism for the formic acid-mediated double dehydroxylation of

glycerol into allyl alcohol proposed by Arceo et al. [155].

lyst, and the proposed reaction mechanism is shown in Scheme 9.

The maximum yield of allyl alcohol is 89%, which is achieved at a

heating temperature of 230–240 ◦C. Oxorhenium-catalyzed deoxy-

dehydration of sugars and sugar alcohols into olefins is investigated

by Shiramizu et al. [157]. 3-Octanol is used as the H donor for glyc-

erol hydrogenolysis and a 90% yield of allyl alcohol is achieved

over the methyltrioxorhenium (MTO) catalyst at 170 ◦C. Yi et al.

have also studied deoxydehydration of glycerol using oxorhenium-

based catalysts, in which the reactions are performed using neat

glycerol without any other additives [158]. Because a half of glyc-

erol is consumed as the H donor and the maximum yield of allyl

alcohol cannot exceed 50%. The maximum yield of allyl alcohol is

38%, which is achieved over NaReO4 catalyst at 165 ◦C in the pres-

ence of NH4Cl, and the main by-product is 1,3-dihydroxyacetone,

which is formed by glycerol dehydrogenation.

Table 9 summarizes vapor-phase glycerol hydrogenolysis into

allyl alcohol in N2 atmosphere using glycerol itself as the H donor.

Liu et al. have performed the reaction over Fe2O3 catalyst using

35 wt.% glycerol aqueous solution under N2 flow conditions [159].

Allyl alcohol is mainly produced at a selectivity of 20–25% at 320 ◦C,

and the selectivity to acrolein and acetol is 6–9% and 18–20%,

respectively. Allyl alcohol is supposed to be produced via acrolein

partial hydrogenation though a catalytic hydrogen transfer mech-

anism, and the intermediates with hydroxy groups together with

glycerol are supposed to be the H donors. However, because the

selectivity to the undetectable products is as high as ca. 40%, it is also

possible that an H2 molecule is generated in-situ by the catalytic

reforming of glycerol. Masuda’s group has conducted a series of

works on glycerol conversion into useful chemicals containing allyl

alcohol and propylene [152,160–162]. ZrO2-FeOx is firstly prepared

and gives ca. 20% selectivity to allyl alcohol at 350 ◦C using 50%

glycerol aqueous solution as a reactant [160]. Besides allyl alcohol,

many kinds of products are formed during the reaction: the selec-

tivity to carboxylic acids (acetic acid and propionic acid), ketones

(acetone and 2-butanone), and aldehydes (acrolein and acetalde-

hyde) is ca. 20, 10, and 10%, respectively. In a recent study, 10 wt.%

crude glycerol aqueous solution is used as the reactant, and 27%

yield of allyl alcohol is achieved over K-modified ZrO2-FeOx catalyst

[152]. Because the modification of K decreases the acidic property

but increases allyl alcohol yield, it is proposed that allyl alcohol is

produced over non-acidic sites through a hydrogen transfer mech-

anism. It is also proposed that the hydrogen atoms are derived

from formic acid which is formed by glycerol decomposition during

the reaction. Sánchez et al. have studied glycerol conversion into

allyl alcohol using alkali metal-modified FeOx-Al2O3 catalysts, and

12% yield of allyl alcohol is obtained over Rb/FeOx-Al2O3 at 340 ◦C

[163]. FeOx plays an important role for allyl alcohol formation from

glycerol. Nevertheless, vapor-phase reaction over FeOx-based cat-

alyst systems requires a high reaction temperature, which results

in many kinds of by-products. Therefore, in such a process, it is

difficult to selectively produce allyl alcohol. The improvement of

the catalyst system is considerable to be necessary for selective

production of allyl alcohol in future studies.

Generally, the selective hydrogenation of acrolein to allyl

alcohol in an H2 atmosphere is difficult. However, some achieve-

ments have been obtained using Au- [164] and Ag-based catalysts

[165–167]. An Ag-In/SiO2 catalyst can give 61% selectivity to allyl

alcohol at 97% conversion of acrolein at 240 ◦C under 20 atm

H2 pressure [167]. Thus, the development of combined catalysts,

which contain both the proper acidity for glycerol dehydration

to acrolein and the suitable hydrogenation activity for the partial

hydrogenation of acrolein to allyl alcohol, is worthy to be attempted

in a direct conversion of glycerol to allyl alcohol in an H2 atmo-

sphere instead of using H-donor molecules.

4.2. Propanols

Comparing with 2-propanol, it is easy to produce 1-propanol

selectively from glycerol because 1,2-PDO, which is readily

formed from glycerol, prefers to convert to 1-propanol rather

than 2-propanol [168,169]. Table 10 summarizes the liquid-phase

hydrogenolysis of glycerol into propanols. Xiao et al. have per-

formed glycerol hydrogenolysis over copper chromite catalyst and

studied the pathway of glycerol hydrogenolysis [170]. 1,2-PDO is

the main product over copper chromite catalyst, and it is further

converted into 1-propanol and 2-propanol especially at high reac-

tion temperatures and high H2 pressures for long reaction time.

The selectivity to 1-propanol and 2-propanol is 34.9 and 0.7%,
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Table 10
Hydrogenolysis of glycerol into propanols using a batch-type reactor.

Catalyst Temp. (◦C) H2 pressure

(atm)

Solvent Glycerol/Catalyst

(g/ g)

Time (h) Conversion of

glycerol (%)

Selectivity to

1-propanol (%)

Selectivity to

2-propanol (%)

Ref.

Rh-ReOx/SiO2 120 80 neat 26.7 24 100 76 15 [168]

Ru-Ir-ReOx/SiO2 120 80 H2O 26.7 19 100 71 15 [169]

Copper chromite 210 41 H2O 20 10 49.2 34.9 0.7 [170]

Pd/C 230 80 H2O 20 24 20.3 72.6 0.0 [171]

Ir/ZrO2 250 50 H2O Unclear 4 100 94 − [172]

Table 11
Vapor-phase glycerol hydrogenolysis into propanols.

Catalyst Temp. (◦C) Pressure (atm) TOS (h) WHSV (h−1) Conversion of

glycerol (%)

Selectivity to

1-propanol (%)

Selectivity to

2-propanol (%)

Ref.

Ni/SiO2 320 60 unclear 2.2 99.9 42.8 – [173]

Pt-H4SiW12O40/ZrO2 200 50 160 0.05 99.7 80.0 10.9 [175]

Zeolite + Ni/Al2O3 220 20 0.5 1.9 100 69 – [176]

Fig. 8. Proposed catalyst and reaction model in Ref. [169].

respectively, at 210 ◦C and an H2 pressure of 41 atm. Ryneveld

et al. have studied supported Ru, Pd, and Pt catalysts for glycerol

hydrogenolysis [171]. Pd/C shows the best catalytic performance

for 1-propanol formation via 1,2-PDO as an intermediate: the selec-

tivity to 1-propanol is 72.6% at 20.3% conversion at 230 ◦C. Although

1-propanol is readily dehydrated into propylene at a high tempera-

ture of 230 ◦C, there is no description about the analysis of gaseous

products. Tomishige’s group has investigated a Rh-ReOx/SiO2 cata-

lyst, which is efficient for propanols formation from glycerol [168].

The selectivities to 1,2-PDO and 1,3-PDO are 30 and 15%, respec-

tively, at 120 ◦C and an H2 pressure of 8 atm at a reaction time of

5 h, and they decrease with increasing the reaction time. 1,2-PDO

and 1,3-PDO are completely converted into propanols at a reac-

tion time of 24 h, and a 76% yield of 1-propanol and a 15% yield

of 2-propanol are achieved. In their recent study, Ru promoted Ir-

ReOx/SiO2 catalyst also shows activity for propanols formation, and

the maximum total yield of propanols is 86% at 120 ◦C and an H2

pressure of 80 atm [169]. It is supposed that Ru can dissociate an H2

molecule into two H species such as two H radicals, and they can

spill over onto Ir-ReOx species as shown in Fig. 8. The high activity

of Ru-Ir-ReOx/SiO2 was proposed to attribute to the increase of the

active H species on Ir-ReOx species. Yu et al. have reported a high

1-propanol yield of 94% over Ir/ZrO2 [172]. Ir shows the highest

activity to produce 1-propanol among other metals such as Pt, Pd,

Rh, and Ru, where ZrO2 support shows better performance than

other supports such as Al2O3, TiO2, C, and SiO2. The yield of 1-

propanol is significantly affected by the reaction temperature, and

is maximized at 250 ◦C over Ir/ZrO2. Over the ZrO2 support, the

selectivity to further hydrogenolysis products such as propylene is

lower than 5% even at 250 ◦C.

Table 11 summarizes the vapor-phase glycerol hydrogenolysis

into propanols. SiO2-supported Ni catalyst gives 42.8% yield of 1-

propanol at a high temperature of 320 ◦C and an H2 pressure of

60 atm, whereas even higher selectivity is difficult to be obtained

because of the competitive formation of cracking products, such as

methanol and ethanol [173,174]. Pt-H4SiW12O40/ZrO2 is reported

to be very efficient for the formation of propanols from glycerol:

the total yield of propanols of 91% is achieved at 200 ◦C and an

H2 pressure of 50 atm [175]. Crude glycerol can be also used as

the reactant in the catalyst system: ca. 90% yield of propanols is

achieved at the same reaction conditions. The catalyst is stable and

catalytic deactivation is not observed during 160 h at a relatively

low WHSV of 0.05 h−1. Lin et al. performed glycerol hydrogenolysis

over double-layered catalysts, in which H-� zeolite is loaded at

the upper layer to catalyze glycerol dehydration into acrolein and

Ni/Al2O3 is loaded at the bottom layer to hydrogenate acrolein into

1-propanol [176]: a 69% yield of 1-propanol is obtained at 220 ◦C

and an H2 pressure of 20 atm at an initial TOS of 0.5 h, whereas

the upper-layer catalyst is deactivated rapidly because of the coke

formation caused by acrolein.

Glycerol hydrogenolysis into propanols requires an acidity in the

catalyst, which must be active for dehydration of either 1,2-PDO or

1,3-PDO but inactive for further dehydration of propanols. Cata-

lysts, such as Ir/ZrO2 [172] and Pt-H4SiW12O40/ZrO2 [175], which

give higher than 90% yields of propanols, possibly have the suit-

able acidity. Two-step production of 1-propanol from glycerol via

acrolein has no problem in the further dehydration of propanols

[176]. However, inhibition of catalyst deactivation is a difficult

problem in the process.

4.3. Propylene

Propylene can be produced from glycerol multi-step

hydrogenolysis via 1-propanol dehydration. Since propylene

has lower market value than other products, such as propanediols

and propanols, high level of propylene selectivity is required

in such a process. Table 12 summarizes vapor-phase glycerol

hydrogenolysis into propylene. Yu et al. firstly reported the selec-

tive production of propylene from glycerol over double-layered

catalysts, in which Ir/ZrO2 is loaded at the upper layer and HZSM-5

is loaded at the lower layer [172]. Ir/ZrO2 is introduced to be an

efficient catalyst for 1-propanol formation from glycerol in Section

4.2, and HZSM-5 is used for the further conversion of 1-propanol

into propylene. High H2 pressures are required to promote glyc-

erol conversion in the catalyst system, while high H2 pressures

decrease the selectivity to propylene which is hydrogenated into

propane. As a consequence, the maximum yield of propylene is

achieved at 85% under a moderate H2 pressure of 10 atm.

Sato’s group recently reported the efficient glycerol conversion

into propylene at an atmospheric H2 pressure [177]. WO3-modified

Cu/Al2O3 catalyst was investigated and it gave 38.2 and 47.4% selec-
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Table 12
Vapor-phase glycerol hydrogenolysis into propylene.

Catalyst Temp. (◦C) Pressure (atm) TOS (h) WHSV (h−1) Conversion of

glycerol (%)

Selectivity to

propylene (%)

Ref.

Ir/ZrO2 + HZSM-5 250 10 2 1 100 85 [172]

WO3-Cu/Al2O3 (upper) + SiO2-Al2O3 (bottom) 250 1 2–5a 0.2 100 84.8 [177]

a Averaged value in 2–5 h.

tivity to 1-propanol and propylene, respectively, with a complete

conversion of glycerol at 250 ◦C. Although WO3-Cu/Al2O3 is effi-

cient for glycerol hydrogenolysis into 1-propanol, the ability to

further convert 1-propanol into propylene as an acid catalyst is low.

Thus, the reaction using double-layered catalysts, in which WO3-

Cu/Al2O3 is loaded at the upper layer and SiO2-Al2O3 is loaded at

the bottom layer to convert 1-propanol into propylene completely,

is performed: an 84.8% yield of propylene is achieved over the

double-layered catalysts at 250 ◦C at an ambient H2 pressure. In

addition, in such a multi-step dehydration-hydrogenation process,

although acetol and propanal can be completely hydrogenated to

1,2-PDO and 1-propanol, respectively, no hydrogenation of propy-

lene proceeds and the selectivity to propane is at most 1%. It is

supposed that the carbonyl group in acetol and propanal is read-

ily absorbed on the Cu surface comparing with the double bond in

propylene, which results in the selective production of propylene.

Zacharopoulou et al. reported a liquid-phase glycerol hydrogenol-

ysis into propylene using Fe-Mo/C catalyst [178]. The maximum

conversion and propylene selectivity are 88 and 76%, respectively,

which are achieved at 300 ◦C and an H2 pressure of 80 atm at a

reaction time of 6 h. It is found that high reaction temperatures and

H2 pressures promote glycerol conversion toward propylene, and

suppress the formation of by-products such as acetol, propanols,

1,2-PDO, and 1,3-PDO. In the reaction route of propylene forma-

tion over Fe-Mo/C, it is interesting that allyl alcohol is proved to

be an intermediate of propylene, which is different from propanal

reported in the vapor-phase reaction [177].

5. Concluding remarks and prospects

Glycerol is the smallest polyol readily available from biomass,

and it is now produced as a large amount of waste in the biodiesel

production process. Glycerol can be converted to various useful

chemicals, and glycerol hydrogenolysis into C3 useful chemicals,

such as 1,2-PDO, 1,3-PDO, allyl alcohol, propanols, and propylene,

is particularly summarized and discussed in this review.

Glycerol conversion into 1,2-PDO is mostly investigated among

the glycerol hydrogenolysis processes, and most of the studies are

performed in batch-type reactors at a high H2 pressure. Liquid-

phase glycerol hydrogenolysis into 1,2-PDO can be catalyzed over

various precious metal catalysts, whereas only Cu shows high selec-

tivity toward 1,2-PDO in a vapor-phase reaction because most

of the precious metals enhance the formation of the C C cleav-

age products. Cu also shows the best catalyst performance in

liquid-phase reactions. In the vapor phase, on the other hand,

Cu metal species work as catalysts both for the dehydration of

glycerol and for the hydrogenation of acetol. It is summarized

that vapor-phase processes over Cu catalysts are more preferable

than liquid-phase reactions in the selective formation of 1,2-PDO

in glycerol hydrogenolysis. 1,2-PDO is produced with the highest

yield of 98.3% in the vapor-phase reaction over Ag-Cu/Al2O3 cat-

alyst under ambient H2 pressure [77]. Because the particle size of

metal significantly affects the catalytic activity, further develop-

ments of the catalyst preparation techniques for controlling the

catalyst structure would be highly required. On the other hand,

theoretical studies such as quantum-chemical calculations have

rarely been reported to support speculative reaction mechanisms

whereas some possible reaction mechanisms have been proposed.

In further studies, quantum-chemical calculations are essential to

understand the exact surface reaction mechanism.

1,3-PDO is the most attractive chemical which can be derived

from glycerol. Recently, research interest has been alerted from

1,2-PDO to 1,3-PDO while 1,3-PDO is much more difficult to be

selectively produced. Because 3-hydroxypropanal, the interme-

diate of 1,3-PDO, is ready to be dehydrated into acrolein under

acidic conditions before the hydrogenation of 3-hydroxypropanal

proceeds to form 1,3-PDO, successful glycerol hydrogenolysis into

1,3-PDO requires a catalyst system with the ability to promote the

coupled dehydration-hydrogenation reactions as well as to min-

imize the side reactions. The stability of 1,3-PDO under catalytic

conditions is another problem limiting the selective production of

1,3-PDO from glycerol. The maximum yield of 1,3-PDO achieved

from glycerol is 66% over Pt-WOx/AlOOH catalyst [140], and how

to increase the 1,3-PDO selectivity is a key of challenge in future

studies.

Allyl alcohol can be generated from glycerol via 1,3-PDO dehy-

dration and acrolein hydrogenation, whereas it is difficult to be

produced selectively because it is easy to be further hydrogenated

into 1-propanol under H2 pressured conditions. As a consequence,

the studies aimed to produce allyl alcohol from glycerol are per-

formed in the absence of H2, in which either monoalcohol or acid is

used as the H donor instead of H2. Allyl alcohol can be achieved from

glycerol at ca. 90% yield in the presence of methyltrioxorhenium

catalyst [157] and formic acid [155] in a liquid phase.

Propanols and propylene can also be selectively produced from

glycerol via multi dehydration-hydrogenation steps. The formation

of propanols from glycerol requires an acid catalyst component,

which is active for the dehydration of glycerol, 1,2-PDO, and

1,3-PDO but it must be inactive for the further dehydration of

propanols. Higher than 90% yields of propanols have been achieved

in several reports [168,169,172,175]. A propylene yield of 84.8%

is achieved in vapor-phase glycerol hydrogenolysis over WO3-

modified Cu/Al2O3 and SiO2-Al2O3 double-layered catalysts at an

ambient H2 pressure [177].

The above-mentioned C3 chemicals are all bulk chemicals,

which are commercially produced from fossil resources at present.

Therefore, in glycerol hydrogenolysis processes, the atom effi-

ciency and the productivity are very important. From this point

of view, a vapor-phase continuous system using flow type reac-

tors is preferable comparing with a batch system. Recent progress

in the technologies of catalytic transformation of glycerol makes

it possible to produce these chemicals from renewable resources.

However, there is still an opportunity for the development of

more efficient catalysts without containing precious metals. In the

research of glycerol hydrogenolysis, although noble metals have

been widely used as the hydrogenation catalysts, it would be unre-

alistic to use the noble metal-containing catalysts in industrial

processes, particularly because indefinite reusability of these cat-

alysts is not possible. Therefore, replacement of noble metals by

abundant base metals is necessary for the practical usage. In the

early 2016, it is a hard time for biomass-based industrial processes

during the drops in the price of fossil resources. However, it is prob-

ably just a question of time until we see more processes on glycerol

conversion technology in the future.
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Production of C4 and C5 alcohols from biomass-
derived materials

Daolai Sun,a Satoshi Sato,*a Wataru Ueda,b Ana Primo,c Hermenegildo Garciac and
Avelino Corma*c

C4 and C5 diols and alcohols are important commodity chemicals mainly used as monomers in the pro-

duction of polyesters, polyurethanes and polyethers. C4 and C5, on the other hand, can be used in the

fuel industry for the preparation of additives to boost the gasoline octane number. The present critical

review covers those reports describing the obtainment of these diols and alcohols from precursors

derived from biomass. Emphasis is made on the description of the catalysts required for these transform-

ations and on common traits referring to the bifunctionality combining hydrogenation activity and acidity

and on the mechanistic proposals. The need for finding a suitable replacement for noble metals on the

composition of these catalysts has been remarked throughout the review.

1. Introduction

Biomass is an important renewable resource that is increas-
ingly contributing to satisfy the total demand on materials,
energy and chemicals. Particularly in the field of energy, the
percentage of transportation fuel derived from biomass, repla-
cing in part fossil fuels, is growing in developed countries.1

The use of biomass as fuel is, however, an application of low
added value compared to the potential of biomass as a provi-
der of chemicals for industry.2 The variety and complexity of
the chemical structures found in biomass components allow
the development of novel processes aimed at supplying the
necessary raw materials to the chemical industry. The shift
from oil and natural gas to biomass as feedstock for chemicals
should contribute to sustainability, while at the same time
should reduce the CO2 footprint of some processes. In this
revolutionary change from an oil- to biomass-based chemical
industry, one of the most attractive strategies is to obtain from
biomass some of the bulk and commodity chemicals that are
currently obtained from oil and natural gas and that play key
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roles as synthetic intermediates for the preparation of a variety
of commodity compounds, fine chemicals or polymers. This
strategy will allow maintaining most of the current processes
in the chemical industry, by just replacing the origin of the
precursors.

In this context of preparation from biomass of currently
important chemicals, alcohols and diols of short alkyl chain
are of increasing importance due to their use as monomers in
polyesters and the potential use of C4 and C5 alcohols as gaso-
line additives, as potential fuels, as solvents and for a variety
of other uses. The present review is focused on the preparation
of C4 and C5 diols and mono alcohols from biomass.
Although there are several reviews summarizing the state of
the art in the preparation of chemicals from biomass in the
literature,2–4 the field is developing at a fast pace and is
sufficiently broad to focus on a review in specific types of com-
pounds and provide an overview of the existing production
processes and precursors, making special emphasis on the
recent developments and the gaps to be filled.

2. Aim and scope of the review

This review describes the current state of the art in the pro-
duction of C4 and C5 alcohols, both mono and diols, from
biomass-derived feedstocks and covers the literature up to the
end of 2015. It has been organized by presenting, separately,
the preparation of C4 and C5 diols and monoalcohols,
grouped in each case according the starting material. The
emphasis of the review is on the characterization and perform-
ance of the catalysts. As shown below, all the preparation
methods are based on hydrogenation or hydrogenolysis of
biomass precursors and, therefore, the processes employ cata-
lysts with hydrogenation activity, frequently combined with
components that introduce some acidity and result in a syner-
gistic effect. A clear distinction of those processes that have
been performed under batch conditions from those that have

been conducted under a continuous flow has been made
throughout the review.

The final section of this review summarizes the main
achievements, indicating the existing gaps with respect to cata-
lyst development and providing our view on future targets in
this regard.

3. Conversion of succinic acid and its
derivatives

Succinic acid is a precursor of some specialized polyesters and
a component of some alkyl resins, and it is also widely used in
the food and beverage industry, primarily as an acidity regula-
tor.5 Succinic acid, its anhydride, and its esters are primary
products by hydrogenation of maleate obtained from maleic
anhydride that is currently mostly produced from butane.2 In
recent years, the efficient production of succinic acid from
biomass has attracted considerable attention. Succinic acid
can be produced through the fermentation of glucose,2,6 and
also can be obtained by catalytic transformation from furfural,
which can be produced from agricultural raw materials rich in
pentose polymers by acid degradation.2,4 Many important
chemicals, such as γ-butyrolactone, tetrahydrofuran (THF), 1,4-
butanediol, N-methyl-2-pyrrolidone, and 2-pyrrolidone, can be
derived from succinic acid.5,7 The economic and environ-
mental analyses of a biorefinery producing succinic acid indi-
cate that bio-derived succinic acid would become a promising
intermediate, particularly for the synthesis of C4 alcohols.

3.1 Production of C4 alcohols from succinic acid

Useful C4 alcohols, such as 1,4-butanediol and 1-butanol, can
be derived through succinic acid hydrogenation and hydroge-
nolysis. 1,4-Butanediol is the most attractive chemical in the
series of succinic acid derivatives because of its global use in
the polymer industry. As shown below, the current state of the
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art is based on the use of noble or critical metals to promote
hydrogenation of succinic acid and, therefore, the finding of
alternative catalysts based on abundant and affordable metals
will be very important. It should be noted that one of the main
prerequisites of the catalyst is to be water tolerant, since water
is the most convenient solvent for this reaction considering
succinic acid solubility.

1,4-Butanediol is a starting material for the production of
important polymers such as polyesters, polyurethanes, and
polyethers. A major 1,4-butanediol-based polymer is polybutyl-
ene terephthalate, which is mainly used for engineering plas-
tics, fibers, and films. Furthermore, 1,4-butanediol is also the
feedstock of THF production.

In an early report, Carnahan et al. studied hydrogenation of
acids to alcohols over Ru-based catalysts.8 The total yield of
1,4-butanediol, 1-propanol and 1-butanol was 59% in the
hydrogenation of succinic acid over the RuO2 catalyst at a
temperature of 152–192 °C under an H2 pressure of 72–95 MPa.
In US patents, Schwartz prepared Pd–Re/C catalysts for
hydrogenolysis of succinic acid into useful chemicals such as
γ-butyrolactone, 1,4-butanediol, and THF.9,10 1 wt% Pd–4 wt%
Re/C catalysts show the best catalytic performance for the for-
mation of alcohols, and the selectivities to 1,4-butanediol,
1-propanol and 1-butanol are 34, 8 and 13%, respectively, with
a succinic acid conversion of 92% at 250 °C under 8.3 MPa H2

pressure. It is clear that to be useful, selectivity to a single
alcohol should be notably increased. Deshpande et al. studied
the hydrogenolysis of succinic acid using Ru–Co catalysts, in
which the existence of Ru metal, Co metal, carbonates, CoO
and Ru2O3 is confirmed by XRD analysis.11 The presence of all
these species on the catalyst makes it difficult to determine

the nature of the active sites, being convenient to evaluate the
catalytic activity of better defined samples. They investigated
the changes of the concentration of each product with the
reaction time using the Ru–Co catalyst at 250 °C under a H2

pressure of 10.35 MPa. γ-Butyrolactone is the only product in
the initial 1 h of reaction and after that the concentration of
γ-butyrolactone decreases steeply with increasing reaction time
together with the formation of THF. The maximum selectivity
to 1,4-butanediol and THF is ca. 50% and 60%, respectively.
The concentration of 1-butanol and 1-propanol slightly
increases with increasing reaction time, and the selectivity is
ca. 25% and 12% at 6 h, respectively. They proposed a reaction
route as shown in Scheme 1. Although the mechanistic propo-
sal is in general terms reasonable and γ-butyrolactone is the
most likely primary product, another possibility that was not
considered is THF formation by cyclodehydration of 1,4-buta-
nediol. In addition, 1-propanol may result directly from 1,4-
butanediol, besides through 1-butanol.

Table 1 summarizes recent studies on the synthesis of 1,4-
butanediol from succinic acid, where all the reactions are per-
formed in the liquid phase under H2 pressure. Luque et al.
studied the hydrogenation of succinic acid over various
Starbon®-supported precious metal catalysts. Starbon® is a
commercial porous carbon material obtained by pyrolysis of
expanded starch.12 Among the tested metal/C catalysts, Rh/C
and Pt/C showed high activity for the formation of 1,4-butane-
diol, whereas Ru/C prefers the formation of THF. The
maximum 1,4-butanediol selectivity was 90% over Rh/C at a
succinic acid conversion of 60%. Chung et al. prepared
MCM-41- and SBA-15-supported Pd catalysts for the hydrogen-
ation of succinic acid.13 Pd particles are located on the exterior
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of the pore channels of MCM-41, while due to its larger pore
size, they are encapsulated inside of the channels of SBA-15.
Pd/MCM-41 with a large Pd particle size of 9.4 nm shows rela-
tively low succinic acid conversion, but high 1,4-butanediol
selectivity, whereas Pd/SBA-15 with a small Pd size prefers the
production of γ-butyrolactone and THF from succinic acid.
Thus, a maximum selectivity to 1,4-butanediol of 53% at a suc-
cinic acid conversion of 60% was achieved over Pd/MCM-41 at
250 °C and 10 MPa H2 pressure. A series of Pd–FeOx/C catalysts
were prepared by Liu et al. for succinic acid hydrogenation to
1,4-butanediol. The introduction of Fe was proposed to
increase the Lewis acid sites of the catalysts, which was bene-
ficial due to a better dehydration activity, and enhanced the
dispersion of Pd particles on the support. In this way a 70%
yield of 1,4-butanediol was obtained over Pd–FeOx/C at 200 °C
under 5 MPa H2 pressure.

14

The group of Besson and Pinel performed a series of
studies on the hydrogenation of succinic acid into 1,4-butane-
diol over Re-modified precious metal catalysts.15–19 They found
that carbon-supported monometallic catalysts are effective for
the conversion of succinic acid into γ-butyrolactone, but not
for further hydrogenation into 1,4-butanediol. In contrast, Re
as an additive promotes the formation of 1,4-butanediol from
γ-butyrolactone, achieving ca. 65% selectivity to 1,4-butanediol
over bimetallic catalysts such as Re–Pd/C and Re–Ru/C.15 They
also compared the reactivity of succinic acid with that of levuli-
nic acid over the Re–Pd/C and Re–Ru/C catalysts.17 The reactiv-
ity of succinic acid is much lower than that of levulinic acid,
and a longer reaction time is required to achieve high 1,4-buta-
nediol yields from succinic acid. Among the Re-modified bi-
metallic catalysts, the highest selectivity to 1,4-butanediol was
83% over Re–Pd/TiO2.

16 The ReOx species, which interact with

Pd in this bimetallic catalyst, were deposited following
different methods that lead to different spatial Re locations in
the material.19 The catalytic reduction method induced a selec-
tive Re deposition on the Pd interface as compared to a
random Re distribution obtained by successive impregnation.
It was found that random Re distribution results in a higher
activity for 1,4-butanediol formation.18 In a recent report, Song
et al. studied the activity of the Re–Ru/C bimetallic catalyst for
succinic acid hydrogenation. Re–Ru/C was prepared by a
single-step surfactant-templating method and subsequent inci-
pient wetness impregnation varying the Ru loading. The Ru
and Re content in the catalyst significantly affects the catalytic
activity of the material. The catalyst with both Ru and Re
loading of 0.3% mol showed the best catalytic performance for
1,4-butanediol formation, achieving a selectivity to 1,4-butane-
diol of 71.2% at complete conversion working at 200 °C and
8 MPa H2 pressure.

20

As described above, a precious metal is indispensable for
the hydrogenation of succinic acid into 1,4-butanediol. The
addition of Re into a supported mono-metallic catalyst seems
to be effective for promoting the further formation of 1,4-buta-
nediol from an intermediate of γ-butyrolactone. As far as we
know, the effects of the reaction conditions on the hydrogen-
ation of succinic acid into 1,4-butanediol are not deeply
studied. In the hydrogenation of levulinic acid into 1,4-penta-
nediol,17 the successive formation of 2-methyltetrahydrohuran,
1-pentanol, and 2-pentanol has been, however, determined to
occur at a high temperature. Therefore, it is reasonable to
assume that the selective formation of 1,4-butanediol from
succinic acid would also prefer a low reaction temperature and
high H2 pressure, although this assumption is still to be con-
firmed experimentally.

Scheme 1 Reaction routes of succinic acid hydrogenolysis.11

Table 1 Liquid-phase synthesis of 1,4-butanediol (BDO) from succinic acid (SA)

Catalyst Temp. (°C) H2 pres. (MPa) Time (h) Solvent SA/catalyst (g/g) SA conv. (%) BDO select. (%) Ref.

Rh/Starbon® 100 1 24 H2O + ethanol 11.8 60 90 12
Pt/Starbon® 100 1 24 H2O + ethanol 11.8 78 85 12
Pd/MCM-41 250 10 8 H2O + ethanol 1.8 60 53 13
Pd–FeOx/C 200 5 50 H2O 2.2 100 70 14
Re–Pd/C 160 15 77 H2O 15 100 66 15
Re–Ru/C 160 15 51 H2O 15 100 62 15
Re–Pd/TiO2 160 15 48 H2O 5 100 83 16
Re–Ru/C 200 8 7 1,4-Dioxane 2.5 100 71.2 20
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3.2 Production of C4 alcohols from dialkyl succinates

Because succinic acid reacts with alcohols in the presence of
acid catalysts to form dialkyl succinates,2 succinic esters can
also be starting materials of C4 alcohols. The use of succinic
esters as substrates overcomes the low solubility of succinic
acid in many solvents other than water and enables amenable
gas phase hydrogenation. The use of organic solvents can
influence catalyst stability positively and decrease the extent of
metal leaching that is a common deactivation mechanism.
Therefore, it is not totally unexpected that the most common
catalysts for hydrogenation of dialkyl succinates contain
copper. The production of 1,4-butanediol has been mainly
studied starting from dimethyl and diethyl succinates as a
feedstock. The investigations of dialkyl succinate hydrogenoly-
sis are summarized in Tables 2 and 3. In an early patent,
vapor-phase hydrogenolysis of diethyl succinate was performed
over the Cu/CrBaMnO catalyst, in which the weight percentage
of Cu, Cr, Ba and Mn was 27.7, 29.7, 2.0 and 4.4%, respect-
ively. The selectivity to 1,4-butanediol achieved ca. 85% at a
conversion higher than 95% at 180 °C under 6.4 MPa H2

pressure.21 Ding et al. reported vapor-phase hydrogenolysis of
diethyl succinate into useful chemicals using Cu/ZnO cata-
lysts.22,23 It was observed that the selectivity to γ-butyrolactone
is as high as 49.2% at a low residence time of 0.5 s, and it
decreases upon increasing the residence time because γ-butyro-
lactone is further hydrogenated into 1,4-butanediol at long
residence times. In this way, the selectivity to 1,4-butanediol is
maximized at 86.1% at a residence time of 1.8 s at 170 °C
under 4 MPa H2 pressure (Table 2). At temperatures lower than
170 °C, the product 1,4-butanediol reacts with diethyl succi-
nate to form ethyl 4-hydroxybutyl succinate, causing an appar-
ent decrease of 1,4-butanediol selectivity. Monoalcohols such
as 1-butanol and 1-propanol are also generated via 1,4-butane-
diol, but with a total selectivity lower than 2%. In addition,
over the Cu/ZnO catalyst mixed with zeolite, the presence of

strong acid sites promotes further dehydration of 1,4-butane-
diol into THF, making it possible to achieve a THF yield
higher than 98% at 260 °C and 4 MPa H2 pressure.

Liquid-phase hydrogenolysis of dimethyl succinate using a
commercial copper chromite catalyst was reported in an early
patent. Using this catalyst the reaction is performed at a
dimethyl succinate/catalyst weight ratio of 10 in methanol as
the solvent, attaining 57.4% selectivity to 1,4-butanediol at a
conversion of 38.7% at 200 °C under 12.4 MPa H2 pressure for
6.5 h.24 The use of copper chromite as a solid hydrogenation
catalyst has several advantages with respect to other alterna-
tives including a lower sensitivity to the presence of sulfur or
halogen in the feed, the need for lower quantities, the catalyst
does not need to be freshly prepared and can be used repeat-
edly due to its low tendency to deactivate. The major draw-
backs of copper chromite are the toxicity of Cr species, the
need for high hydrogen pressures and, frequently, the low
product selectivity. Although, as reported in the previous
section, precious metals catalyze the direct hydrogenolysis of
succinic acid into 1,4-butanediol; Cu-based catalysts
are efficient for the hydrogenolysis of dialkyl succinates into
1,4-butanediol. Song et al. developed a liquid-phase process
for hydrogenolysis of succinic acid into 1,4-butanediol using
Cu-based catalysts, in which methanol is used as the solvent,
reacting first with succinic acid to produce dimethyl succinate
that is subsequently hydrogenated slowly into 1,4-butanediol
over Cu catalysts.25–27 They focused on mesoporous carbon-
supported Cu and Re–Cu bimetallic catalysts prepared by
different methods. Thus, one of the catalysts, Re/15.9% Cu–C
(Table 3), was prepared through two steps: the first one was
the preparation of the Cu–C catalyst by a surfactant-templating
method, and the second step was the addition of Re into Cu–C
through an impregnation method.26 Other catalyst, Re–20%
Cu/C (Table 3), was prepared by a single-step surfactant-tem-
plating method. The latter gives a relatively higher 1,4-butane-
diol selectivity of 22.5% than the former at 200 °C under
8 MPa H2 pressure. The Cu metal was found to be highly dis-
persed on the surface of carbon in Re–20%Cu/C, this fine dis-
persion being one important factor to reach high selectivity in
the formation of γ-butyrolactone and 1,4-butanediol.27 Succi-
nic acid is converted completely to dimethyl succinate that
remains as such in ca. 50–60 mol% of the final reaction
mixture. Apparently the Cu catalyst is not able to convert
dimethyl succinate completely into 1,4-butanediol. Thus, a
catalytic system active for both succinic acid conversion into
dialkyl succinate and the subsequent complete hydrogenolysis
into 1,4-butanediol, is still to be developed.

Hydrogenolysis of dimethyl succinate was also performed
using a homogeneous catalyst by Li et al.28 Ru complexes of
tetradentate bipyridine ligands (see structure in Scheme 2) are
extremely effective for the hydrogenolysis of carboxylic esters
and lactones into the corresponding diols. A 99% yield of 1,4-
butanediol is achieved in 6 h from dimethyl succinate at a
temperature as low as 25 °C, and H2 pressure of 5 MPa, and a
dimethyl succinate/catalyst molar ratio of 1000. Considering
the high activity of this Ru bipyridyl complex it could be con-

Table 2 Vapor-phase synthesis of 1,4-butanediol (BDO) from pure
diethyl succinate (DES) as the reactant

Catalyst
Temp.
(°C)

H2 pres.
(MPa)

WHSV
(h−1)

DES conv.
(%)

BDO
select. (%) Ref.

Cu/CrBaMnO 180 6.4 0.3 98.1 84.9 21
Cu/ZnO 170 4 1.8a 100 86.1 22

a The value corresponds to the residence time.

Table 3 Liquid-phase synthesis of 1,4-butanediol (BDO) from succinic
acid (SA) and methanol. Reaction conditions: SA/catalyst wt ratio 2.5,
solvent 1,4-dioxane; temperature 200 °C, H2 pressure 8 MPa, reaction
time 20 h

Catalyst SA conversion (%) BDO selectivity (%) Ref.

Re/15.9%Cu–C 100 11.3 26
Re–20%Cu/C 100 22.5 27
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venient to determine if its immobilization on a solid support
could convert the system from a homogeneous to hetero-
geneous and reusable catalyst.

3.3 Production of C4 alcohols from γ-butyrolactone

γ-Butyrolactone is an important solvent consumed in large
amounts that can also be used as an intermediate for the syn-
thesis of agrochemicals and pharmaceuticals. γ-Butyrolactone
can be produced from the hydrogenation of maleic anhydride
and succinic anhydride. γ-Butyrolactone yields higher than
90% from maleic anhydride and succinic acid have been
achieved according to several reports.29–32 Because succinic
acid can be readily produced from renewable resources, hydro-
genolysis of succinic acid into γ-butyrolactone has also
attracted much attention in recent years. In a recent report,
yields of γ-butyrolactone from succinic acid exceeding 95%
have been attained over the Pt/TiO2 catalyst at 160 °C under 15
MPa H2 pressure.

33 Thus, it is considered that γ-butyrolactone
can be a potential renewable resource for C4 alcohols,
although it should be noted that an alternative efficient cata-

lyst not containing a noble metal would be of much interest
for this process.

Several patents dealing with the hydrogenation of γ-butyro-
lactone into 1,4-butanediol have been reported for the past 30
years. Cu-based catalysts show high catalytic performance for
this process. Table 4 summarizes the hydrogenation of γ-butyro-
lactone into 1,4-butanediol performed in a flow type reactor.
Copper chromite as the catalyst yields a 92.3% selectivity to
1,4-butanediol at a γ-butyrolactone conversion of 68.4% at
211 °C under 4.1 MPa H2 pressure, and 1-butanol is barely
detectable with a selectivity of ca. 1%.34 Related to copper
chromite, a Cu/CrBaMnO catalyst, in which the weight percen-
tage of Cu, Cr, Mn, and Ba is 27.6, 31.2, 2.5 and 0.6%, respect-
ively, yields an 83.5% selectivity to 1,4-butanediol at a
γ-butyrolactone conversion of 73% at 210 °C under 6 MPa H2

pressure, and the selectivity to 1-butanol is ca. 5%.35 A high
1,4-butanediol yield of ca. 96% obtained from γ-butyrolactone
has been reported in a US patent, in which the reactions were
performed over a magnesium silicate-supported Cu–Pd–KOH
catalyst with a Cu, Pd, and KOH weight percentage of 12, 0.5
and 2%, respectively.36 In a world patent, hydrogenolysis of a
mixture of γ-butyrolactone and dimethyl succinate was per-
formed over the Cu/ZnO catalyst at 180–220 °C under 8 MPa
H2 pressure, achieving a 1,4-butanediol selectivity of 90.5% at
a γ-butyrolactone conversion of 90%.37

Table 5 summarizes the hydrogenation of γ-butyrolactone
into 1,4-butanediol performed under batch conditions using a
water–ethanol mixture or organic solvents. In a Japanese
patent, an 88.6% selectivity to 1,4-butanediol was obtained at
a γ-butyrolactone conversion of 98% over the Pd/C catalyst at
180 °C under 10 MPa H2 pressure in the presence of tetrabutyl-
ammonium rhenium oxide.38 Pd/C is the only heterogeneous
catalyst reported under batch conditions. Homogeneous cata-
lysts have also been used for hydrogenation of γ-butyrolactone
into 1,4-butanediol. In one of these reports a 94% selectivity to
1,4-butanediol was obtained at a γ-butyrolactone conversion of
53% over ruthenium acetylacetonate (Ru(acac)3) as the catalyst
at 200 °C in the presence of trioctylphosphine ligand and
ammonium hexafluorophosphate.39 The Ru complexes of tetra-
dentate bipyridine ligands, which have been previously men-
tioned to be effective for dimethyl succinate hydrogenolysis into
1,4-butanediol in section 2.1.2 (Scheme 2), are also effective for
hydrogenation of γ-butyrolactone into 1,4-butanediol, attaining
a 99% yield of 1,4-butanediol from γ-butyrolactone at a low
temperature of 25 °C in the presence of sodium methoxide.40 As
commented earlier, given the high activity of this Ru(II) bipyridyl

Scheme 2 Chemical structure of a tetradentate Ru bipyridyl complex
used as a homogeneous catalyst for the hydrogenolysis of dimethyl
succinate.

Table 4 Synthesis of 1,4-butanediol (BDO) from γ-butyrolactone (GBL)
under continuous flow

Catalyst
Temp.
(°C)

H2 pres.
(MPa)

GHSV
(h−1)

GBL conv.
(%)

BDO
select. (%) Ref.

Copper
chromite

211 4.1 9018a 68.4 92.3 34

Cu/CrBaMnO 210 6 36 000 73 83.5 35
Cu–Pd–KOH/
MgSiO3

160 6.2 0.12b 99.5 96 36

Cu/ZnO 180–220 8 0.35b 90 90.5 37c

a The mass velocity of the γ-butyrolactone stream through the catalyst
bed was 9018 kg h−1 m−2. b The LHSV value. c A mixed γ-butyrolactone
and dimethyl succinate solution with a ratio of 70 : 30 was used as the
reactant.

Table 5 Synthesis of 1,4-butanediol (BDO) from γ-butyrolactone (GBL) under batch conditions

Catalyst Temp. (°C) H2 pres. (MPa) Time (h) Solvent GBL/catalyst (g/g) GBL conv. (%) BDO select. (%) Ref.

Pd/C 180 10 16 H2O + ethanol 4.1 98 88.6 38
Ru(acac)3

a 200 10 3 Tetraglyme 1570c 53 94 39
Ru(TBL)b 25 5 6 2-Propanol 1000c — 99d 40

a Ru(acac)3, ruthenium acetylacetonate. b Ru(TBL), Ru complexes of tetradentate bipyridine ligands (Scheme 2). c The value of GBL/catalyst molar
ratio. d The conversion and the selectivity to 1,4-butanediol were not shown separately and the yield of 1,4-butanediol was 99%.
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complex, it would be of interest to attach a suitable derivative to
a solid support to develop a heterogeneous version of this
complex, assessing its stability under the apparently mild
reaction conditions required for the process.

4 Production of C5 alcohols
4.1 Production of C5 alcohols from levulinic acid

Levulinic acid is a useful chemical employed as a food flavor-
ing agent and as a starting material for the preparation of a
variety of industrial and pharmaceutical compounds.41,42

Levulinic acid can be produced at the industrial scale from
renewable resources, such as cellulose and hemicellulose
which are present in agricultural or forest residues.43 Levulinic
acid is a potential raw material of some C5 alcohols, such as
1,4-pentanediol and 1-pentanol. The conversion of levulinic
acid into 1,4-pentanediol is an interesting target in view of the
potential use of this diol for the production of polyesters3 that
can be carried out in water or under solventless conditions.
Considering that in the current state of the art only catalysts
containing noble or critical metals have been used, it would be
important to develop novel heterogeneous catalysts based on
abundant metals for levulinic acid hydrogenation.

It has been reported that homogeneous Ru-based catalysts
are effective for hydrogenation of levulinic acid into 1,4-penta-
nediol (Table 6).44–46 Mehdi et al. performed the hydrogen-
ation of levulinic acid in a pressurized NMR tube using the
Ru(acac)3 catalyst with different ligands, reaching a 63% selecti-
vity to 1,4-pentanediol at 200 °C under 8.3 MPa H2 pressure
with a complete conversion of levulinic acid in the presence of
a tributylphosphine ligand.44 Similarly, a 95% yield of 1,4-pen-
tanediol was achieved at a low levulinic acid/Ru(acac)3 catalyst

ratio in the presence of a triphos ligand in the reports of
Geilen et al.45,46 They proposed that the hydrogenation of levu-
linic acid follows the route shown in Scheme 3. Following a
similar reaction route as that proposed for succinic acid hydro-
genation into 1,4-butanediol via γ-butyrolactone, 1,4-pentane-
diol would be produced from levulinic acid via γ-valerolactone
as the intermediate. γ-Valerolactone is proposed to be pro-
duced from levulinic acid via hydrogenation followed by cyclo-
dehydration. An alternative that could also be possible is the
cyclodehydration of levulinic acid followed by hydrogenation.
Because addition of acidic ionic liquids of NH4PF6 and
1-butyl-2-(4-sulfobutyl)imidazolium-p-toluenesulfonate shifts
the reaction to the selective formation of 2-methyl-
tetrahydrofuran (2-MTHF) (92% yield) under identical reaction
conditions, it was proposed that the formation of 2-MTHF
from 1,4-pentanediol is an acid catalyzed reaction.45 Thus, it is
reasonable that the catalysts without or with weak acidity
exhibit high selectivity toward the formation of 1,4-
pentanediol.

Corbel-Demailly et al. reported hydrogenation of levulinic
acid into 1,4-pentanediol using heterogeneous catalysts.17 It
was found that Ru/C was the most efficient catalyst compared
to Pd/C and Pt/C. While the presence of Re increased the cata-
lytic activity of Pd/C and Pt/C considerably, it almost does not
affect the performance of Ru. The reaction temperature signifi-
cantly affects product selectivity; formation of 1,4-pentanediol
occurs with higher selectivity at low reaction temperatures
because at higher temperatures further conversion of 1,4-pen-
tanediol into 2-MTHF and alcohols, such as 1-pentanol, 2-pen-
tanol and 1-butanol, can take place. An 82% yield of 1,4-
pentanediol is achieved over the Ru–Re/C catalyst at 140 °C
under 15 MPa H2 pressure. Comparing the relative activity of
Ru–Re/C and Pd–Re/C for hydrogenation of levulinic and succi-

Table 6 Synthesis of 1,4-pentanediol (PDO) from levulinic acid (LA) under batch conditions

Catalyst Temp. (°C) H2 pres. (MPa) Time (h) Solvent LA/catalyst (mol/mol) LA conv. (%) PDO select. (%) Ref.

Ru(acac)3
a 200 8.3 6 Neat 417 100 63 44

Ru(acac)3
a 160 10 18 Neat 1000 100 95 45

Ru–Re/C 140 15 28 Water 7.5b 100 82 17
Pt–Mo/HAPc 130 5 12 Water 1.2b >99 93 47

a Ru(acac)3, ruthenium acetylacetonate. b The value of LA/catalyst weight ratio. cHPA, hydroxyapatite.

Scheme 3 Proposed reaction route of levulinic acid hydrogenation.45
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nic acids, it was observed that at 160 °C full conversion of levu-
linic acid required only 10 min, whereas succinic acid was
completely converted after more than 40 h of reaction time.17

Recently, Mizugaki et al. reported that a hydroxyapatite-sup-
ported Pt–Mo bimetallic catalyst affords a high 1,4-pentanediol
yield of 93% at 130 °C under 5 MPa H2 pressure at a levulinic
acid/catalyst weight ratio of 1.2.47 Li et al. performed the hydro-
genation of levulinic acid under continuous flow over SiO2-sup-
ported precious metal catalysts modified by MoOx.

48 The Rh–
MoOx/SiO2 catalyst shows the best catalytic performance for
1,4-pentanediol formation, attaining a 70% selectivity at com-
plete conversion at a WHSV of 0.24 h−1 at a low reaction temp-
erature of 70 °C under 6 MPa H2 pressure using 10 wt%
levulinic acid aqueous solution. 2-Pentanol and 1-pentanol are
also produced with relatively high selectivities of 13.2 and
2.6%, respectively. It was proposed that the close contact
between Rh and MoOx (physical mixtures of Rh/SiO2 and
MoOx/SiO2 behave like Rh/SiO2) leads to a synergy derived
from adsorption of carboxylic acids on MoOx. In fact, beyond
levulinic acid, Rh–MoOx/SiO2 is an efficient catalyst for the
aqueous phase hydrogenation of a wide range of carboxylic
acids.

4.2 Production of C5 alcohols from levulinate and
γ-valerolactone

Esters of levulinic acid are important compounds for produ-
cing flavors and plasticizers, and can be synthesized by esterifi-
cation of levulinic acid with the respective alcohols even at
room temperature.49 γ-Valerolactone is widely used as a solvent
as well as a synthetic intermediate in the chemical industry and
even as a compound for energy storage. Production of γ-valero-
lactone from levulinic acid or its esters has attracted great atten-
tion in the past few years and almost quantitative yields of
γ-valerolactone are achieved in some reports.50,51 Esters of levuli-
nic acid and γ-valerolactone can be biomass-derived renewable
raw materials for producing C5 alcohols.

Table 7 summarizes the synthesis of 1,4-pentanediol from
γ-valerolactone and methyl levulinate in a batch-type reactor. It
should be noted that according to current reports, reactions
were performed in organic solvents and some of the copper-
based heterogeneous catalysts could undergo leaching and de-
activation if water was used as the solvent. Ru complexes of
tetradentate bipyridine ligands (Scheme 2), which have been
mentioned to be effective for dimethyl succinate and γ-butyro-
lactone hydrogenation into 1,4-butanediol, also exhibit extre-

mely high catalytic activity for the hydrogenation of methyl
levulinate and γ-valerolactone to produce 1,4-pentanediol.40 A
99 and 95% yield of 1,4-pentanediol is achieved from γ-valero-
lactone and methyl levulinate, respectively, at 25 °C under
5 MPa H2 pressure. Du et al. studied the hydrogenation of
γ-valerolactone using ethanol as the solvent, attaining 99%
1,4-pentanediol selectivity at a γ-valerolactone conversion of
97% at a reaction temperature of 200 °C under 6 MPa H2

pressure over Cu/ZrO2 calcined at 600 °C.52 The fact that the
calcination temperature of Cu/ZrO2 affected such drastically
the product selectivity from 1,4-pentanediol to 2-MTHF has led
to propose Cu/ZrO2 as a tunable catalyst.52 Thus, Cu/ZrO2 cal-
cined at a low temperature of 400 °C yields a high 2-MTHF
selectivity of 93% at 240 °C under 6 MPa H2 pressure. Cu/ZrO2

calcined at 400 °C has a large amount of weak acid sites that
are not present in the Cu/ZrO2 sample calcined at 600 °C.52

These mild acid sites can catalyze the further dehydration of
1,4-pentanediol into 2-MTHF. The effect of reaction tempera-
ture and H2 pressure was also investigated. It was observed
that the conversion of γ-valerolactone increased along the
reaction temperature and H2 pressure, whereas 1,4-pentane-
diol formation occurs with higher selectivity at low reaction
temperatures because 1,4-pentanediol can undergo further
transformation to 2-MTHF and 1-pentanol at high reaction
temperatures.52 From the catalyst viewpoint, the available data
suggest that the synergistic cooperation of dispersed Cu nano-
particles and active sites is essential to promote the hydrogen-
ation of the carbonyl group of γ-valerolactone.52

A Cu–TiO2/ZrO2 catalyst, which was prepared by co-precipi-
tation and calcined at 600 °C gave a 96% selectivity to 1,4-pen-
tanediol at 27% conversion in a later report of Xu et al.53 The
Rh–MoOx/SiO2 catalyst, which has been mentioned to be
effective for 1,4-pentanediol formation from levulinic acid
under a continuous flow, has also been applied for γ-valerolac-
tone hydrogenation into 1,4-pentanediol.48 A selectivity to
1,4-pentanediol of 61.8% was attained at a γ-valerolactone
conversion of 68.2% at 70 °C under 6 MPa H2 pressure at a
WHSV of 0.24 h−1.

5 Conversion of furfural and its
derivatives.

Furfural is one of the key chemicals derived from biomass.54 It
is produced industrially by hydrolysis of agricultural and for-

Table 7 Synthesis of 1,4-pentanediol (PDO) from γ-valerolactone (GVL) and methyl levulinate (ML) under batch conditions

Catalyst Temp. (°C) H2 pres. (MPa) Time (h) Solvent GVL/catalyst (mol/mol) GVL conv. (%) PDO select. (%) Ref.

Ru(TBL)a 25 5 4 2-Propanol 1000 — 99b 40
Ru(TBL)a 25 5 16 2-Propanol 1000c — 95b 40
Cu/ZrO2 200 6 6 Ethanol 5d 97 99 52
Cu–TiO2/ZrO2 200 5 6 Ethanol 2.5d 27 96 53

a Ru(TBL), Ru complexes of tetradentate bipyridine ligands (Scheme 2). b Yield of 1,4-pentanediol (PDO). cMethyl levulinate was used as the
reactant, and the ML/catalyst molar ratio was 1000. d Value of GVL/catalyst weight ratio.
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estry wastes with concentrated sulfuric acid,55 or by the cyclo-
dehydration of xylose on acid catalysts.56 Recently, reviews on
the furfural conversion have been published.57,58 Some useful
C5 alcohols, such as furfuryl alcohol (FA), tetrahydrofurfuryl
alcohol, and 1,5-pentanediol, can be derived from furfural and
its derivatives, as shown in Scheme 4. 1,4-Butanediol can be
also derived from furfural via decarbonylation.

5.1 Production of FA from furfural

FA is an important chemical, which is mainly used in the man-
ufacture of resins, and it is also used as an intermediate for the
synthesis of fragrances, vitamin C, and lysine.2 FA is currently
manufactured by hydrogenation of furfural in the liquid or
vapor phase over copper chromite as the catalyst.3 Water and
alcohols are the preferred solvents for this transformation.
Although, noble metal catalysts have also been used for FA for-
mation from furfural, there is abundant literature showing that
base transition metal catalysts are also able to promote the reac-
tion. Thus, a selectivity to FA over 98% is achieved from furfural
over copper chromite.56 However, in spite of the high selectivity
of copper chromite, its use is not environmentally benign due
to the high toxicity associated with chromium. Thus, many
studies have focused on finding environmentally more accepta-
ble catalysts able to selectively hydrogenate the carbonyl group
without affecting the CvC bonds.

Table 8 summarizes the hydrogenation of furfural into FA
in a batch type reactor. Not only precious metals, such as Rh,
Pt and Ir, but also base metals, such as Cu, Ni and Co, showed
catalytic activity for the hydrogenation of the unsaturated alde-
hyde, furfural, into unsaturated alcohol, FA. Vetere et al.
studied furfural hydrogenation over SiO2-supported Pt, Rh and
Ni catalysts.59,75 FA is the major product over these catalysts,
Pt/SiO2 showing a relatively high furfural conversion of 46%.
The addition of Sn into Pt/SiO2 significantly increases the con-
version of furfural, and a full conversion with an FA selectivity
of 96% was obtained at 100 °C under 10 MPa H2 pressure in
the presence of 2-propanol as the solvent. The effect of the
solvent was also investigated,75 reaching the conclusion that
alcoholic and polar solvents lead to the preferential FA
formation from furfural. Bhogeswararao et al. studied furfural
hydrogenation into useful chemicals over Al2O3-supported
Pt and Pd catalysts.60 Pt/Al2O3 and Pd/Al2O3 catalyze the
formation of FA and tetrahydrofurfuryl alcohol, respectively.
95% FA selectivity is obtained at 95.5% furfural conversion
over 5% Pt-loaded Al2O3 at 120 °C under 2 MPa H2 pressure.
Taylor et al. prepared various supported Pt catalysts for furfural
hydrogenation to FA, and concluded that the selectivity to FA
is strongly dependent on the supports and solvents.61 97–99%
selectivity to FA at 77–80% conversion was obtained over
Pt/Al2O3, Pt/MgO and Pt/CeO2 catalysts in the presence of a
polar solvent such as methanol. The Tomishige group develo-

Scheme 4 Furfural hydrogenation into useful alcohols.57,58

Table 8 Synthesis of FA from furfural under batch conditions

Catalyst Temp. (°C) H2 pres. (MPa) Time (h) Solvent Furfural/catalyst (g/g) Furfural conv. (%) FA select. (%) Ref.

Rh/SiO2 100 1 8 2-Propanol 9.3 15 97 59
Pt/SiO2 100 1 8 2-Propanol 9.3 46 99 59
Pt–Sn/SiO2 100 1 8 2-Propanol 9.3 100 96 59
Pt/Al2O3 120 2 10 2-Propanol 20 95.5 95 60
Pt/Al2O3 50 0.1 7 Methanol 1.0 80 99 61
Ir–ReOx/SiO2 30 0.8 6 Water 5.8 >99 >99 62
Ru/Zr–MOFsa 20 0.5 4 Water 1.2 94.9 100 63
Ni–Sn 110 3 1.25 2-Propanol 2.1 72 70 64
Ni–Sn/TiO2 110 3 1.25 2-Propanol 2.1 >99 100 64
Ni–B–Fe 100 1 4 Ethanol 11.6 100 100 65
Co–B–Mo 100 1 3 Ethanol 5.8 100 100 66
Ni–B–Mo/Al2O3 80 5 3 Methanol 5 99 91 67
Co/SBA-15 150 2 1.5 Ethanol 20 92 96 68
CuPMo/RANEY® Nib 80 2 1 Ethanol 23.2 98.1 98.5 69
Cu/MgAlO 110 1 4 2-Propanol 6.2 100 100 70
Cu/MgAlO 150 0.1 (N2) 6 2-Propanol 5.8 100 100 71
Ni–Cu/MgAlO 200 1 2 Ethanol 34.8 93.2 89.2 72
Pd–Cu/MgO 130 0.8 30 Water 6 100 98.7 73
Cu/ZnCrZrO 170 2 3 2-Propanol 9.6 100 96 74

a Zr-MOFs, zirconium based metal organic frameworks. b CuPMo, Cu3/2PMo12O40.
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ped an Ir–ReOx/SiO2 catalyst.62 A quantitative yield of FA was
achieved from furfural over Ir–ReOx/SiO2 at a low reaction
temperature of 30 °C under 0.8 MPa H2 pressure. Selective
hydrogenation of furfural to FA has also been investigated over
Ru nanoparticles supported on a series of zirconium based
metal organic frameworks, achieving 94.9% yield of FA at a
temperature as low as 20 °C.63

Ni- and Cu-based catalysts have been widely studied for
furfural hydrogenation into FA. Liu et al. studied furfural
hydrogenation over RANEY® Ni modified with a heteropoly-
acid salt of Cu3/2PMo12O40, attaining 98.5% selectivity to FA at a
conversion of 98.1% at 80 °C under 2 MPa H2 pressure.69 The
Shimazu group prepared Ni–Sn alloy catalysts.64 The loading
of the Ni–Sn alloy on a TiO2 support was found to promote the
catalytic activity toward unsaturated alcohol formation, obtain-
ing a FA yield higher than 99% from furfural over Ni–Sn/TiO2

at 110 °C under 3 MPa H2 pressure. The Fe-promoted Ni–B
alloy, Mo-modified Co–B alloy, and Al2O3-supported Mo-modi-
fied Ni–B alloy have also been reported to be effective catalysts
for furfural hydrogenation into FA,65–67 achieving 100% yield
of FA.65,66 Co/SBA-15 is effective for furfural hydrogenation
into FA, and 96% selectivity to FA is achieved at 92%
conversion under the optimal conditions of 150 °C under
2.0 MPa of H2.

68

Villaverde prepared by co-precipitation, a series of Cu-based
catalysts such as CuMgAlO, CuZnAlO and Cu/SiO2.

70 The
selectivity in furfural hydrogenation to FA over these catalysts
was 100%, whereas the conversion rate of furfural was
different: CuMgAlO shows the highest furfural conversion rate
of 5.09 mmol gCu

−1 min−1 at 110 °C and 1 MPa H2. In this
case, furfural hydrogenation proceeds even under an N2

atmosphere, proving that the solvent 2-propanol can act as a
hydrogen donor reagent.71 Xu et al. performed furfural hydro-
genation over Ni-promoted Cu/MgAlO catalysts, which were
prepared from hydrotalcite-like precursors following a co-pre-
cipitation method.72 89.2% selectivity to FA was obtained at a
furfural conversion of 93.2% at a relatively high reaction tem-
perature of 200 °C, furfural/catalyst weight ratio of 34.8, and H2

pressure of 1 MPa for 2 h. It was found that Ni as a promoter
increases both the selectivity to FA and the conversion of fur-
fural. MgO-supported Pd–Cu bimetallic catalyst also gave high
FA selectivity of 98.7% at 100% conversion at 130 °C, although
a long reaction time of 30 h was required.73 Sharma et al. pre-
pared a series of Cu/ZnCrZrO catalysts with different Cu : Zn :
Cr : Zr atomic ratios for furfural hydrogenation.74 The selecti-
vity to FA increases with the decreasing particle size of Cu, and
it is interesting that the Cu particle size decreases upon
increasing the Zr. The average particle size of Cu is minimized
at 16.6 nm in a Cu/ZnCrZrO catalyst with a Cu : Zn : Cr : Zr
atomic ratio of 3 : 2 : 1 : 4 that reaches 96% FA yield at 170 °C
and H2 pressure of 2 MPa.

Table 9 summarizes the hydrogenation of furfural into FA
in a flow-type reactor. In an early report, the Pt/TiO2–V2O5/SiO2

catalyst was reported to be effective for furfural hydrogenation
in the vapor-phase under atmospheric H2 pressure.76 91.1%
selectivity to FA was obtained at a furfural conversion of 87.3%

at 200 °C. Sitthisa et al. prepared SiO2-supported Cu, Ni and
Pd catalysts for furfural hydrogenation under atmospheric H2

pressure.77 It is found that different metals give different pro-
ducts: Cu/SiO2 prefers FA formation and 98% selectivity is
achieved at 69% furfural conversion at 230 °C, whereas Pd/
SiO2 and Ni/SiO2 prefer 2-methylfuran and ring opening
product formation, respectively. There is a similar influence
for the three SiO2-supported catalysts on the effect of the reac-
tion temperature: the selectivity to FA decreases with increas-
ing reaction temperature, while the selectivity to 2-methylfuran
follows the opposite trend.76,77

In a recent report, Cu supported on SBA-15 was also applied
for furfural hydrogenation, and the selectivity to FA and the con-
versions of furfural were 95.8 and 54.1%, respectively at
170 °C.78 Besides composition it is well-known that the prepa-
ration procedure has a strong influence on the activity
of supported metal nanoparticles as the catalyst, due to
variations in parameters such as dispersion and particle size
distribution, among others. Wu et al. prepared Cu–Ca/SiO2 cata-
lysts for furfural hydrogenation using two different preparation
methods.79 Compared with the Cu–Ca/SiO2 catalyst prepared by
impregnation, the Cu–Ca/SiO2 catalyst prepared by sol–gel
shows higher copper dispersion and higher activity, giving
98.5% FA yield at 130 °C. It is proposed that Ca is acting as a
promoter of Cu activity. In a similar way to the effect of Ca
loading in Cu–Ca/SiO2, modification of a Cu/MCM41 catalyst by
La was found to promote copper dispersion and, therefore, its
catalytic activity, achieving a FA yield ca. 99% over Cu–La/
MCM41 at 180 °C.80 The effect of the support was also studied:
acidic supports such as zeolites favor the formation of 2-methyl-
furan. Nagaraja et al. performed furfural hydrogenation over
MgO-supported Cu catalysts prepared by different methods.81,83

Cu/MgO prepared by co-precipitation shows the smallest
average Cu size and the largest number of surface Cu and Cu+

sites, which were proposed to be important for FA formation.
98% selectivity to FA was achieved at a furfural conversion of
98% over Cu/MgO at 180 °C. Au/Al2O3 has also been reported to
give an initial FA selectivity of 100% at ca. 30% conversion at
140 °C, whereas it is deactivated with time on stream.82

5.2 Production of tetrahydrofurfuryl alcohol from furfural

Tetrahydrofurfuryl alcohol (THFA) is a high-boiling point
transparent liquid that is completely miscible with water.

Table 9 Synthesis of FA from furfural under flow conditionsa

Catalyst
Temp.
(°C)

TOS
(h)

WHSV
(h−1)

Furfural
conv. (%)

FA select.
(%) Ref.

Pt/TiO2–V2O5/SiO2 150 0.5 2 87.3 91.1 76
Cu/SiO2 230 0.08 2.3 69 98 77
Cu/SBA-15 170 5 1.5 54.1 95.8 78
Cu–Ca/SiO2 130 80 0.33b 100 98.5 79
Cu–La/MCM41 180 n.c. 8.4 98.6 >99 80
Cu/MgO 180 n.c. 4.8 98 98 81
Au/Al2O3 140 0.5 — ca. 30 100 82

aH2 pressure 0.1 MPa. b LHSV value.
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THFA is considered a green and sustainable solvent used in
agricultural applications, printing inks, industrial and elec-
tronics cleaners.58 THFA is also a potential raw material for
producing 1,5-pentanediol, which can be used for polyester
production.

The most important route for THFA is a two-step catalytic
hydrogenation of furfural via FA as an intermediate.58 Copper
chromite and Pd/C are used for furfural hydrogenation into FA
and the following FA hydrogenation into THFA separately at
120 °C and 200 °C, respectively, in a continuous process under
15 MPa H2 pressure, achieving 96% yield of THFA.84 Although
Cu-based catalysts show high activity on hydrogenation of the
CvO bond in furfural as previously mentioned in section 5.1,
they are less active for the hydrogenation of the CvC bond in
furfural. Thus, the combination of the two materials is an
obvious possible catalyst for the direct conversion of furfural
into THFA. Table 10 summarizes the production of THFA from
furfural in a batch-type reactor. As can be seen, the reaction
has been performed using alcohols or water as solvents, but in
the later case, only catalysts containing Pd have been reported.
In a pioneering paper, various commercial supported Cu, Pd,
Ru, Rh, and Ni catalysts were tested for furfural hydrogen-
ation.85 Among these catalysts, Ni/SiO2–Al2O3 shows the
highest activity for THFA formation and THFA yield higher
than 98% at 120 °C under 4 MPa H2 pressure. RANEY® Ni
loaded on AlOH is active for hydrogenation of both CvC and
CvO in furfural. Accordingly, RANEY® Ni/AlOH catalyst shows
THFA yield higher than 99% at 130 °C under 3 MPa H2

pressure.64 As mentioned in section 5.1, the Al2O3-supported
Pd catalyst is effective for THFA formation from furfural, exhi-
biting the catalyst at a Pd loading of 10 wt%, 99.7% selectivity
to THFA at 65.6% conversion at 25 °C under 6 MPa H2

pressure.60

Tomishige et al. performed a series of studies on furfural
hydrogenation. In one of these studies they performed vapor-
phase furfural hydrogenation using the Ni/SiO2 catalyst, which
was prepared by reduction of nickel nitrate supported on
SiO2.

86 The maximum yield of THFA was 94% over Ni/SiO2 cal-
cined at 500 °C at a reaction temperature of 140 °C. They indi-
cate that THFA is produced from FA as the intermediate,
observing that while the conversion of furfural to FA is less
structure-sensitive, FA hydrogenation into THFA is promoted
preferentially by Ni particles with a smaller size. In aqueous
media, Ni–Pd alloy/SiO2 and Pd–Ir–ReOx/SiO2 showed 97 and
78% selectivity to THFA, respectively, at low reaction tempera-
ture and high H2 pressure.87,88 In a recent report, Chen et al.

studied the TiO2–ZrO2-supported Ni–Pd catalyst, observing
that the catalyst with a Ni/Pd atomic ratio of 5 gives a 93.4%
yield of THFA at 130 °C under 6 MPa H2 pressure in ethanol.89

Vapor-phase hydrogenation of furfural has been studied over
Pd supported on MFI zeolite (Pd/MFI), attaining a 95% yield of
THFA over Pd/MFI with a Pd loading of 3 wt% at 220 °C under
3.4 MPa H2 pressure.

90

5.3 Production of C4 and C5 diols from furfural and its
derivatives

As reported in the introduction, 1,5-pentanediol, 1,2-pentane-
diol and 1,4-butanediol are important chemicals mainly used
for polyester production, and for producing unsaturated alco-
hols and lactones. Recently, catalytic transformation of furfural
and its derivatives, such as THFA and FA, into these diols has
attracted much attention. Pentanediols and pentanols could
be conveniently obtained by furfural and THFA hydrogenolysis
provided that efficient catalysts for these processes are develo-
ped. Particularly interesting from the fundamental and practi-
cal viewpoints is the use of THFA as a starting material for the
preparation of these alcohols (Scheme 5). This process is pro-
moted in general by bifunctional (hydrogenating and Lewis
acid) catalysts that require the combination in the appropriate
proportion of two different metals having different roles.

As shown in Scheme 5, 1,2- and 1,5-pentanediols can be
generated from THFA by hydrogenolysis of C–O bonds of the
five-member ring heterocycle, the dissociation of different side
C–O bonds leading to different diols. In most of the reports,
1-pentanol and 2-pentanol are produced in small amounts as
secondary products through the subsequent hydrogenolysis of
diols. Table 11 summarizes the production of 1,5- and 1,2-pen-
tanediols from THFA in batch reactions. The Tomishige group
has made several contributions studying the hydrogenolysis of
THFA into 1,5-pentanediol,91–97 and has published a review
paper of the catalytic furfural conversion to pentanediols.98

Rh–MoOx/SiO2, Rh–ReOx/SiO2, Rh–ReOx/C, Ir–ReOx/SiO2 have

Table 10 Synthesis of THFA from furfural under batch conditions

Catalyst Temp. (°C) H2 pres. (MPa) Time (h) Solvent Furfural/catalyst (g/g) Furfural conv. (%) THFA select. (%) Ref.

Ni/SiO2–Al2O3 120 4 2 Methanol 29 99 97 85
RANEY® Ni/AlOH 130 3 1.25 2-Propanol 2.1 >99 100 64
Pd/Al2O3 25 6 8 2-Propanol 20 65.6 99.7 60
Ni–Pd alloy/SiO2 40 8 2 Water 4.8 99 97 87
Pd–Ir–ReOx/SiO2 50 6 2 Water 10 >99 78 88
Ni–Pd/TiO2–ZrO2 130 5 8 Ethanol 8.7 100 93.4 89

Scheme 5 Alcohols derived from THFA hydrogenation.57
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been reported to be active catalysts for THFA hydrogenation
into 1,5-pentanediol, and selectivity to 1,5-pentanediol higher
than 94% is obtained over the catalysts. One of the key factors
for achieving high selectivity for 1,5-pentanediol is optimi-
zation of the promoter-to-Rh atomic ratio. The occurrence of
the metal–metal bond between metal particles and partially
reduced modifiers is considered to be a key factor for reaching
a high selectivity.97 Among the catalysts, Ir–ReOx/SiO2 was the
most active material for THFA conversion,91,94 while, on the
other hand, Rh–ReOx/SiO2 was more active but less stable than
Rh–MoOx/SiO2.

91 The presence of MoOx at a low Mo/Rh ratio
of 0.13 was found to increase activity, but, more importantly,
also selectivity towards 1,5-pentanediol.91 In the absence of
Mo, Rh/SiO2 gives a mixture of products, in which 1,5-pentane-
diol was present (18% selectivity), but in which the major
product was 1,2-pentanediol (61.7% selectivity). Using Rh–
ReOx/SiO2 the selectivity to 1,5-pentanediol was 93.7%. In
addition the performance of Rh–ReOx/SiO2 is less dependent
on THFA concentration than analogous catalysts with Re or
W. To understand the interaction between Rh and the promo-
ter, CO adsorption studies monitored by IR spectroscopy were
carried out. It was observed that the amount of CO adsorbed
decreases stoichiometrically with the amount of incorporated
Mo, suggesting that Mo interacts strongly with Rh metal NPs
(3.2 ± 0.3 nm) blocking the CO adsorption sites. Based on
these quantitative CO adsorption measurements, a mechanism
of the promotional effect of MoOx was proposed (Scheme 6) in
which THFA would be adsorbed on MoOx species via the OH
group while hydrogen would be split by Rh NPs in close proxi-
mity to MoOx causing a synergy in the efficiency of THFA
hydrogenolysis.96 Similar decrease in CO adsorption was also
observed after deposition of ReOx on Rh/SiO2. It is worth
commenting that besides THFA, tetrahydropyran-2-methanol
also undergoes selective hydrogenolysis to the corresponding 1,6-

hexanediol by Rh–ReOx/SiO2, while again Rh/SiO2 is unselective
or promotes the formation of less wanted 1,2-hexanediol.96

Preferential leaching of Mo species may occur and contrib-
ute to the reaction mechanism. In one study regarding the
promotion of Rh activity for THFA hydrogenolysis to 1,5-penta-
nediol by supported MoO3, it was found that this metal oxide
leaches to the aqueous phase, presumably as H0.9MoO3, and
calculations suggest that there should be a cooperation
between the dissolved H0.9MoO3 and heterogeneous Rh
catalyst, the acidic Mo–OH group being responsible for the
C–O bond cleavage of THFA.99

In the hydrogenolysis of cyclic ethers, such as tetrahydro-5-
methyl-2-furfuryl alcohol and 2-methyltetrahydrofuran, the
C–O bond closest to the –CH2OH group was the one which
preferentially dissociated over Rh–ReOx/SiO2.

95 Mechanistic
studies have found that THFA hydrogenolysis to 1,5-pentane-
diol using Rh–ReOx/SiO2 follows a different pathway compared
to the hydrogenolysis of dihydropyran and δ-hydroxyvaleralde-
hyde, since in contrast to the last two processes in the former
reaction the presence of H2SO4 does not increase the efficiency
of the Rh–ReOx/SiO2 catalyst. This mechanistic study has also
led to the conclusion that hydrogenolysis occurs by a hetero-
lytic activation of H2 forming hydride and proton on the
Rh–ReOx/SiO2 catalyst that are subsequently transferred to the
substrate. It is suggested that the hydride is located at the
interface between the Rh metal and ReOx cluster and is the
species that attacks the C–O single bond of the heterocycle
next to the primary CH2OH group through which the molecule
is adsorbed on ReOx clusters (Scheme 7). Accordingly, the
presence of 1,5-pentanediol decreases the activity of the
catalyst for hydrogenolysis by competing with THFA for the
sites where primary OH groups are adsorbed. Kinetic analyses

Table 11 Synthesis of 1,5-pentanediol and 1,2-pentanediol (PDO) from THFA under batch conditions

Catalyst Temp. (°C) H2 pres. (MPa) Time (h) Solvent THFA/catalyst (g/g) THFA conv. (%) PDO select. (%) Ref.

Rh/MCM-41 80 4 24 CO2 (14 MPa) 4 80.5 91.2a 100
Pt/MCM-41 80 4 24 CO2 (14 MPa) 4 50.5 77.4b 100
Rh–MoOx/SiO2 120 8 12 Water 60 53.5 93.7a 91
Rh–ReOx/SiO2 120 8 4 Water 20 56.9 94.2a 92
Rh–ReOx/C 100 8 24 Water 10 100 94a 93
Ir–ReOx/SiO2 100 8 2 Water 6.7 58.2 95.8a 94

a The selectivity to 1,5-pentanediol. b The selectivity to 1,2-pentanediol.

Scheme 6 Synergism between MoOx and Rh in the hydrogenolysis of
THFA.

Scheme 7 Proposal to rationalize the regioselectivity of the 5-member
ring opening leading to the observed 1,ω-regioselectivity for the result-
ing pentanediol.
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have also revealed that THFA hydrogenolysis on Rh–ReOx/SiO2

is of the first order with respect to hydrogen pressure and zero
order with respect to THFA concentration, following a Lang-
muir–Hinselwood type model in which both substrates are
adsorbed on the catalyst surface before undergoing the reac-
tion. Further studies by Tomishige and coworkers have shown
that the presence of a terminal CH2OH group is a structural
prerequisite for the selective ring aperture hydrogenolysis cata-
lyzed by Rh/ReOx/SiO2.

96 Accordingly when a terminal CH2OH
group is located next to an acyclic glycol ether, hydrogenolysis
also occurs in a selective way similarly to the case of THFA of
FA, thus, proving that the presence of a cycle is not necessary
for the hydrogenolysis.96

Chatterjee et al. performed THFA hydrogenation over Rh
and Pd supported on MCM-41 in supercritical carbon dioxide
without any other co-solvent, overcoming in this way the low
solubility of hydrogen in aqueous media.100 It was observed
that Rh/MCM-41 and Pd/MCM-41 prefer 1,5-pentanediol and
1,2-pentanediol formation, respectively. The conversion of
THFA increases along the reaction temperature and H2

pressure, whereas the selectivity to diols decreases in the same
order, because of the consecutive hydrogenolysis of diols into
monoalcohols. The conversion of THFA is found to increase
with increasing CO2 pressure due to the enhanced solubility of
THFA in CO2. The maximum selectivities to 1,5-pentanediol
and 1,2-pentanediol were 91.2% and 77.4% over Rh/MCM-41
and Pd/MCM-41, respectively, at 80 °C under 14 MPa CO2 and
4 MPa H2 pressure. In the case of Rh/MCM-41, it was proposed
that its catalytic activity arises from the simultaneous presence
of Rh2O3 and Rh(0), both species being necessary for achieving
high selectivity towards 1,5-pentanediol. Accordingly, the
induction period observed for THFA conversion was inter-
preted as the time required to reduce some Rh2O3 to Rh(0)
reaching the optimal Rh2O3–Rh(0) composition to become an
efficient catalyst. An interesting feature is that the presence of
water is unfavorable for the catalytic activity and selectivity of
the process, something that is a drawback for the possible
implementation of THFA hydrogenolysis in supercritical CO2,
THFA samples usually should contain water.

In the context of conversion of THFA into 1,5-pentanediol,
one possibility could be a two-step process in which at first
THFA is converted to δ-hydroxyvaleraldehyde that subsequently
is hydrogenated into 1,5-pentanediol (Scheme 8). It has been
found that copper chromite can be used for the hydrogenation

of ω-hydroxyvaleraldehyde to 1,5-pentanediol reaching 70%
yield under high hydrogen pressure at 150 °C.101 Conversion of
THFA into the hemiacetal of δ-hydroxyvaleraldehyde can be cat-
alysed by Al2O3 and HCl.101 Since the tendency in process inten-
sification is to combine several independent reactions in a one-
step cascade process, it seems that a direct conversion of THFA
into 1,5-pentanediol is more appealing than a multi-step
process, even though some individual reactions could be per-
formed separately with higher yields. In this regard, it should
be commented that attempts to perform the direct hydrogen-
ation of cyclic δ-hemiacetal of ω-hydroxyvaleraldehyde with
copper chromite without prior isolation of ω-hydroxyvaleralde-
hyde have failed so far in giving the wanted pentanediol.101

In a fairly complete study combining activity data, catalyst
characterization, kinetics study and theoretical calculations,
Dumesic and co-workers have shown that C supported Rh–Re
catalyst is a bifunctional, highly selective and stable catalyst for
hydrogenolysis of cyclic ethers and polyols to α,ω-diols.102 Rh/C
exhibits no hydrogenolysis activity. Apparently, the activity of
the ReOx–Rh/C arises from the coupling of a highly reducible
metal (Rh) with another strongly oxophylic one (Re or Mo).102

The strong interaction between the two types of metals was con-
vincingly proved in a simple way by determining that the
reduction temperature of the oxophylic metal in TPR
diminishes significantly due to the influence of Rh. It was
found that the Rh/Re or Rh/Mo atomic ratio is an important
parameter controlling the catalytic activity of the resulting bi-
metallic catalyst.102 In this way, the hydrogenolysis rate of THFA
for Rh–ReOx/C (Rh/Re atomic ratio: 0.5) increases about 15
times compared to the activity of analogous monometallic Rh/
C.102 In the case of Rh–MoOx/C (Rh/Mo atomic ratio 1 : 0.1) the
increase in rate was by a factor of 6.102 It was observed that cata-
lyst pretreatment by aniline at 150 °C increases catalyst stability,
reducing the amount of metal leaching to less than 0.5%, a sig-
nificant improvement compared with 2% Re leaching observed
for the untreated Rh–ReOx/C catalyst.102 The ring aperture was
selective to the α,ω-diols, indicating that the C–O bond cleavage
occurs at the sterically more hindered secondary C–O bond.
Comparison of the reactivity for various six and five member
cyclic ethers indicates that the presence of primary hydroxyl
groups significantly increases the catalytic activity for C–O
hydrogenolysis.102 With regard to the reaction mechanism, an
important data determined by NH3 desorption shows that Rh–
ReOx/C has a significant density of acid sites (40 μmol g−1)

Scheme 8 Route for 1,5-pentanediol formation based on a two-step process starting from THFA and involving δ-hydroxyvaleraldehyde as the syn-
thetic intermediate.
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corresponding to 0.28 acid sites/metal atom.102 In contrast, ana-
logous Rh/C or Re/C samples did not exhibit measurable acidity
against NH3. Overall these characterization data showing the
bifunctionality (hydrogen activation and acidity) of the Rh–
ReOx/C catalyst suggest a mechanism in which acidity promotes
the initial ring opening to the more stable secondary carbo-
cation that subsequently would undergo hydrogenation
(Scheme 9).102 According to this mechanism, supported by DFT
calculations, the origin of product selectivity is the higher stabi-
lity of intermediates with a secondary carbenium ion formed in
the acid catalyzed ring aperture.102 This carbenium intermedi-
ate is, in addition, stabilized by an α-hydroxy substituent when
this group is present. The role of hydrogen would be hydrogen-
ation of the unsaturated organic intermediate after the acid
catalyzed ring opening and recovery of the ReOH groups by
hydrogenation of RevO species closing the reaction cycle.
Scheme 10 summarizes the proposed mechanism and the key
factor responsible for the observed product selectivity.

The Li group recently performed THFA hydrogenation into
1,5-pentanediol in a continuous flow type reactor.103,104 A 65%
selectivity to 1,5-pentanediol was obtained at a THFA conver-
sion of 75% over the MoOx-promoted Ir/SiO2 catalyst at 120 °C
under 6 MPa H2 pressure at a WHSV of 0.24 h−1 and a time on
stream (TOS) of 6 h.103 The catalyst system is similar to that
reported by the Tomishige group.91,94 High H2 pressure
increases the conversion of THFA, whereas it slightly decreases
the selectivity to 1,5-pentanediol. Catalytic deactivation was
observed, decreasing the conversion from 75% at a TOS of 6 h
to 46% at 30 h. This deactivation is attributed to the leaching of
Mo species during the reaction. In contrast to MoOx-promoted
Ir/SiO2, VOx-modified Ir/SiO2 yields even higher 1,5-pentanediol

selectivity of ca. 90%, but at a lower THFA conversion of ca.
58% under the same reaction conditions except for the reaction
temperature of 80 °C.104 Ir–VOx/SiO2 becomes also deactivated,
decreasing THFA conversion to ca. 20% at a TOS of 30 h.

Considering the various possible routes to obtain 1,5-penta-
nediol from biomass, it is clear that in principle the most
advantageous ones are those with the lower number of inde-
pendent reactions, coupling several individual processes in
one single step. Accordingly, the conversion of furfural directly
to 1,5-pentanediol would make THFA unnecessary as the syn-
thetic intermediate. Table 12 summarizes the production of
diols using furfural and FA as starting materials. In one of the
studies aimed at converting FA into 1,5-pentanediol, Xu et al.
have reported one-pot hydrogenation of furfural into 1,5-penta-
nediol, accompanied by methylfuran, pentanols and pentane-
diols (Scheme 11).105

Scheme 9 Rationalization of the preferential formation of 1,5-pentanediol over 1,2-pentanediol based on the relative stability of the corresponding
carbocations.

Scheme 10 Heterolytic hydrogen activation of the supported ReOx–Rh
catalyst that results in the conversion of THFA into 1,5-pentanediol.

Table 12 Synthesis of diols (DO) from furfural and FA under batch conditions

Catalyst Temp. (°C) H2 pres. (MPa) Time (h) Solvent Furfural/catalyst (g/g) Furfural conv. (%) DO select. (%) Ref.

Li–Pt/Co2AlO4 140 1.5 24 Ethanol 2 99.9 34.9c 105
Pd–Ir–ReOx/SiO2 40a–100b 6 8a–72b Water 10 >99.9 71.4c 88
Rh–Ir–ReOx/SiO2 40a–100b 6 8a–32b Water 10 >99.9 78.2c 106
Ru/MnOx 150 1.5 4 Water 20 100e 42.1d 107
Pt/Hydrotalcite 150 3 4 2-Propanol 1 >99 73d 108

a First reaction step. b Second reaction step. c Selectivity to 1,5-pentanediol. d Selectivity to 1,2-pentanediol. e FA was used as the reactant and its
conversion was 100%.
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The maximum yield of 1,5-pentanediol was 34.9%, attained
at 140 °C under 1.5 MPa H2 pressure over Li-promoted
Pt/Co2AlO4 prepared by co-precipitation. The time course of
furfural conversion over Pt/Co2AlO4 showed that the reaction
sequence proceeds stepwise via FA as the intermediate. FA is
the only product for the initial period, and, then, the selecti-
vity to FA almost linearly decreases after the initial period. In
contrast, the selectivity to 1,5-pentanediol, 2-methylfuran,
THFA and monoalcohols increases after the initial period
upon increasing the reaction time, and the order of the selecti-
vity to the main products at 24 h was 1,5-pentanediol >
2-methylfuran > THFA. In the case of the reaction using THFA
as the reactant, no formation of 1,5-pentanediol was observed.
Based on this kinetics, it was proposed that 1,5-pentanediol is
produced via FA and not via THFA. They also studied the
effects of the reaction conditions, reaching the conclusion that
low temperature and high H2 pressure are preferable for the
formation of 1,5-pentanediol. Concerning the reaction mech-
anism, comparison of the catalytic activity of Pt/CO2AlO4 with
those of Pt/Al2O3 and Co/Al2O3 separately led to the conclusion
that FA should be adsorbed on the surface of Co2AlO4 through
CvC bonds and the furan ring should be open and finally
hydrogenated by Pt (Scheme 12).

The Tomishige group also performed hydrogenolysis of fur-
fural into 1,5-pentanediol using the Pd-promoted Ir–ReOx/SiO2

catalyst. They suggest that 1,5-pentanediol could not be selec-
tively produced at high reaction temperatures because THFA
formation prefers low temperatures, high reaction tempera-
tures yielding a large amount of unidentified products.88 This
information was used to devise a two-step furfural hydrogen-
ation over Pd-promoted Ir–ReOx/SiO2, performing each step at
a different reaction temperature aimed to produce firstly THFA
at a low temperature and subsequently to convert THFA to 1,5-

pentanediol at higher temperature. The maximum yield of 1,5-
pentanediol achieved 71.4% under the conditions of the first
step at 40 °C for 8 h and the second step at 100 °C for 72 h at
6 MPa H2 pressure using 10 wt% aqueous furfural solution.
Furthermore, the Re-modified SiO2-supported Rh–Ir alloy was
reported to be a more active catalyst than Ir–ReOx/SiO2, achiev-
ing 78.2% yield of 1,5-pentanediol.106 They also performed the
hydrogenation of furfural and THFA individually over Rh–Ir–
ReOx/SiO2, observing THFA and 1,5-pentanediol as the main
products, respectively. It was confirmed that 1,5-pentanediol is
generated via THFA as the intermediate.

The production of 1,2-pentanediol from FA hydrogenation
has been reported by Zhang et al. Among the tested MnOx-sup-
ported precious metal catalysts the MnOx-supported Ru catalyst
shows the best catalytic performance for 1,2-pentanediol for-
mation.107 The maximum yield of 1,2-pentanediol over Ru/
MnOx was 42.1% at 150 °C under 1.5 MPa H2 pressure. A high
temperature and a low pressure are favorable for the formation
of 1,2-pentanediol, water increasing the reaction rate. Ru/MnOx

is less active for THFA conversion than for FA conversion. This
relative reactivity order is compatible with a reaction pathway in
which 1,2-pentanediol is generated from furfural via 1-hydroxy-
2-pentanone as the intermediate. Mizugaki et al. performed fur-
fural hydrogenation to 1,2-pentanediol over hydrotalcite-sup-
ported Pt catalysts, attaining 73% yield of 1,2-pentanediol at
150 °C under 3 MPa H2 pressure.108 Li et al. reported that 1,4-
butanediol can be selectively formed from furfural over Pt/TiO2–

ZrO2. It was proposed that the process comprises two steps con-
sisting of the oxidation of furfural to produce 2-furanone
isomers via decarbonylation and the subsequent hydrogenation
of the 2-furanone mixture to 1,4-butanediol.109 The first step is
performed over Pt/TiO2–ZrO2 at 20 °C under atmospheric
pressure in the presence of formic acid, water, methanol and
hydrogen peroxide. The conversion of furfural and the selecti-
vity to 2-furanone were 95.8 and 93.6%, respectively. After
decomposition of the residual peroxide, the second step reac-
tion was performed at 120 °C under 3.5 MPa H2 pressure, con-
verting 2-furanone into 1,4-butanediol with 98.2% selectivity at
96.8% conversion. The total yield of 1,4-butanediol achieved
through the two-stage reaction was 85.2%.

6. Hydrogenation and hydrogenolysis
of other biomass oxygenates to
alcohols

In one of the studies aimed at showing the superior perform-
ance of bimetallic over monometallic catalysts, the relation-
ship between the reaction rate for hydrogenation of different

Scheme 11 Products observed in the hydrogenolysis of furfural.

Scheme 12 Mechanistic proposal for the hydrogenolysis of furfural to
1,5-pentanediol.
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feed molecules containing a carbonyl group and different
γ-Al2O3- or zirconium phosphate-supported bimetallic catalysts
was determined.110 This catalytic data should provide valuable
information about general catalysts for aqueous-phase conver-
sion of complex biomass mixtures. A preliminary high-
throughput screening allowed determining the most promis-
ing bimetallic catalysts containing Pd, Pt or Ru and Ni, Co or
Fe that were, then, tested for the hydrodeoxygenation of sorbi-
tol. It was observed that the addition of Ni, Co, or Fe to the
monometallic Pd and Pt catalysts usually increased the activity
for aqueous-phase hydrogenation of propanal and furfural, the
Pd1Fe3 catalyst being the most active of the series. Addition of
Fe to the monometallic Pd catalyst increased the reaction rate
for aqueous phase hydrogenation of xylose by a factor of 51. In
contrast, all bimetallic catalysts tested in this study had a
lower activity than the monometallic Ru catalyst for aqueous
phase hydrogenation of xylose.

In the case of furfural hydrogenation in water, Pd-based bi-
metallic catalysts produced not only FA but also THFA,
meaning that the Pd-based bimetallic catalysts are active not
only for CvO bond hydrogenation, but also for CvC bond
hydrogenation. The Pd1Fe3 bimetallic catalyst, supported in
this case on zirconium phosphate, was the most active catalyst
of the series for sorbitol hydrodeoxygenation in water.110 It
was observed that addition of Fe to Pd enhanced the activity of
the resulting material by both C–C bond cleavage and C–O
hydrogenolysis reactions. Moreover, Fe addition to Pd
increased the conversion of sorbitan and isosorbide to C6 alco-
hols, C6 diols, C6 polyols, and C6 cyclic ethers (Scheme 13).
The Pd1Fe3 supported on zirconium phosphate was also more
selective to gasoline-range products than the analogous mono-
metallic Pd catalyst.

7. Concluding remarks and future
prospects

Considering the general trend in applying biomass-derived
feedstocks as platforms for the production of chemicals as

well as the importance of diols as monomers in the synthesis
of polyesters, it can be anticipated that industrial processes
based on biomass transformation will be implemented in the
near future for the production of butanediol and pentane-
diol, particularly the 1,ω-isomers, but also for the corres-
ponding glycols. These C4 and C5 diols, together with
ethylene glycol and propanediols, form part of the pool of
available diols that can be derived from biomass. It can be
anticipated that the contribution of biomass-derived diols to
the total market of these monomers will increase steadily in
percentage in the next years, contributing to the sustainabil-
ity of the chemical industry. Also, the production of C4 and
C5 monoalcohols from biomass will gain importance, par-
ticularly for their use in the transportation fuel industry, for
preparation of gasoline octane boosters and maybe also
directly as fuels.

In the corresponding sections, the major biomass-derived
precursors for C4 and C5 alcohols including (di)carboxylic
acids, their alkyl esters and furan derivatives have been
described, there still being an opportunity for the development
of more efficient and durable catalysts without containing pre-
cious or critical metals. It appears that the field has been
dominated so far by the use of hydrogenation catalysts con-
taining noble or critical metals. Although these catalysts
exhibit the highest activity, it seems unrealistic to think in
industrial processes based on the use of catalysts containing
these costly and critical metals, particularly because indefinite
reusability of these catalysts is not possible.

Thus, replacement of noble metals and ruthenium by abun-
dant transition metals is mandatory. These catalysts should
also be able to act in water without undergoing metal leaching
or at least to be water-tolerant. It seems that, using certain sup-
ports and avoiding chromium in the composition, copper cata-
lysts could be an alternative to noble metals. However, the use
of copper catalysts requires harsh reaction conditions in terms
of hydrogen pressure and reaction temperatures. In addition,
Cu-based catalysts are prone to undergo leaching when in
contact with water. Thus, effort in developing more efficient
copper catalysts is necessary.

Perusal of the current state of the art seems to indicate that
the combination of acid sites and hydrogenation centers
creates a synergy, particularly for hydrogenolysis where cyclic
lactones can be formed in the route to diols. Rhenium has so
far been the favorite metal to combine with hydrogenation
centers and it has been frequently shown that the presence of
an optimal amount of rhenium increases the activity of hydro-
genation catalysts for certain processes. Also in this regard
and considering the scarcity of rhenium, the development of
other metal oxides based on abundant alternatives is necess-
ary. Molybdenum and tungsten can be more convenient
metals compared to rhenium as a promoter of hydrogenolysis
catalysts.

The final goal in the area is the development of competitive
industrial processes based on biomass feedstocks that can be
economically attractive and competitive with respect to analo-
gous processes based on fossil fuels.

Scheme 13 Conversion of sorbitan and isosorbide into a mixture of C6

alcohols and ether by hydrogenolysis promoted by Fe–Pd/ZrPO4.
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Microporous crystalline Mo–V mixed oxides for
selective oxidations

Satoshi Ishikawaab and Wataru Ueda*ac

Recent developments of crystalline Mo3VOx catalysts (MoVO), a new type of oxidation catalysts for selec-

tive oxidations of ethane to ethene and of acrolein to acrylic acid, are reviewed. MoVO are formed by the

building unit assembly of polyoxomolybdates under hydrothermal conditions. These catalysts are com-

posed of a network arrangement based on a {Mo6O21}
6− pentagonal unit and a {MO6} (M = Mo, V) octahe-

dral unit to form a hexagonal channel and a heptagonal channel. Between these channels, the heptagonal

channel acts as a micropore of 0.40 nm in diameter which can adsorb small molecules such as CO2, N2,

methane, ethane, etc. The size of the heptagonal channel micropore is reversibly and continuously tunable

by redox treatment. Interestingly, the heptagonal channel activates ethane inside and acrolein on the chan-

nel located over the external surface. Tuning of the heptagonal channel size significantly modifies the cata-

lytic performance for the selective oxidation of ethane. Strong relationships among crystal structure, micro-

porosity, and catalytic performance were observed here.

1. Introduction
1.1. Selective oxidation of light alkanes

Transformation of light alkanes into olefins and valuable oxy-
genated compounds by catalytic selective oxidations has been
attracting much attention since this reaction produces impor-
tant industrial organic chemicals and intermediates, such as
alcohols, aldehydes, ketones, acids, and their anhydrides.
Recently, interest in the catalytic selective oxidations has been
expanding because of the shale gas revolution in the USA.
Therefore, utilization of light alkanes as a cheap and an abun-
dant feedstock for the catalytic selective oxidations has been
attracting further attention. However, in spite of tremendous
efforts, only a limited number of processes for selective oxida-
tions of light alkanes are used in industry due to the difficulty
in obtaining a particular product.1–3

The difficulty in obtaining desired products by the selec-
tive oxidation of light alkanes is largely derived from the
chemical properties of alkanes, such as (i) no lone pairs of
electrons, (ii) no empty orbital, and (iii) little polarity of the
C–H bonds.1–5 For these reasons, light alkanes are poorly
reactive, thus severe reaction conditions to activate light
alkanes are required. This situation makes it difficult to
achieve high selectivity toward the desired products because

of many undesirable side-reactions and unavoidable further
oxidations of the desired products.4,5 In order to overcome
these problems, Grasselli et al. introduced an important prin-
ciple, which is now recognized as the site-isolation
concept.6–8 This concept points out that active sites must be
spatially isolated from each other in order to prevent
overoxidation and that the active sites must be composed of
the appropriate number of hydrocarbon activating elements
and the appropriate number of lattice oxygens available for
directing the reaction toward the desired products. This idea
emphasizes the importance of the crystal structure of cata-
lysts, more specifically, the rational design of the catalyst
structure. After the proposal of this idea, the importance of
catalyst synthesis to construct a well-organized crystal struc-
ture has been widely recognized in the research area of the
catalytic selective oxidation of light alkanes.9–15

1.2. Crystalline Mo–V based catalysts

One of the most promising catalysts for the selective oxida-
tion of light alkanes is the Mo–V–Te–Nb oxide catalyst
(MoVTeNbO) discovered by Mitsubishi Chemicals.16–19 This
catalyst showed extremely high catalytic activity for selective
(amm)oxidation of propane to acrylonitrile or to acrylic acid
and selective oxidation of ethane to ethene.16–21 Especially,
for the ammoxidation of propane, this catalyst has already
been commercialized by PTT Asahi Chemical Company Lim-
ited with the production of acrylonitrile about 200 000 t per
year.

There are two main crystalline phases in the active and
selective MoVTeNbO catalyst: (i) an orthorhombic structure
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(space group: Pba2) with a composition of (Te2O)2M40O112 (M
= Mo, V, Nb), called the M1 phase and (ii) a pseudohexagonal
structure (space group: Pmm2) with a composition of
(TeO)M3O9 (M = Mo, V, Nb), called the M2 phase. For these
phases, the M1 phase contains all of the elements needed to
complete every elementary step for the selective (amm)oxida-
tion of propane to acrylonitrile or to acrylic acid, and actually,
only the M1 phase of MoVTeNbO itself can show a quite high
catalytic activity for this reaction.8,22,23 M2 phase is reported
as a co-catalyst to complete the reaction by helping the sequen-
tial oxidation of propylene, formed from propane, to acryloni-
trile.23,24 Accordingly, the M1 phase is far more important than
the M2 phase in the sense of the catalytic oxidation. The basic
crystal structure of the M1 phase of MoVTeNbO is the same as
Orth-MoVO in Fig. 1 (as shown later). The M1 phase of
MoVTeNbO is composed of the network arrangement of a
pentagonal {(Nb)Mo5} unit with a MO6 (M = Mo, V) octahedral
unit. Due to the arrangement of these units, a hexagonal
channel and a heptagonal channel are formed in the a–b
plane which are stacked with each other along the
c-direction, resulting in the formation of a rod-shaped crys-
tal.25 The center of the {(Nb)Mo5} pentagonal unit is occupied
by Nb and is surrounded by five Mo octahedra. A MO6 (M =
Mo, V) octahedron connects two pentagonal units as a linker.
Te is located preferentially in the hexagonal channel and partly
in the heptagonal channel.25,26 The detailed elemental compo-
sition of this phase determined by ICP, XANES and Rietveld
refinement was Mo0.55

5+Mo6.76
6+V1.52

4+V0.17
5+Te0.69

4+Nb1.0
5+Ox

2−

(28.34 < x < 28.69).27 For the catalytic reactions, the a–b
plane is responsible for the catalysis. Actually, a grinding
treatment to expose the cross-section of the rod, where the
a–b plane is present, significantly enhanced the catalytic per-
formance.28 It is suggested for MoVTeNbO that the combina-
tion of various elements having different roles in the catalysis

(e.g. hydrogen abstraction, oxygen insertion, product desorp-
tion) makes it possible to complete all the elementary steps
smoothly which results in the high selectivity toward the
desired product. The important point is that each constitut-
ing element is spatially located near to the others which
allows reaction intermediates to interact with the element
needed for the next reaction step. The quite high catalytic
activity of MoVTeNbO is now recognized due to the appro-
priate structural arrangement of the appropriate elements
which are active for each elementary step in the selective
(amm)oxidation of propane.

There are several examples of the crystalline Mo–V based
catalysts besides MoVTeNbO. From the late 1990s, our group
has been developing the synthesis of Mo–V based materials
by hydrothermal methods and successfully obtained several
Mo–V based catalysts in a pure manner.29,30 In the early stage
of the research, we successfully obtained ternary Mo–V–Te
oxide (MoVTeO) and Mo–V–Sb oxide (MoVSbO) with M1
structure by a hydrothermal method.30 For these materials,
Te and Sb were located mainly at the hexagonal channel and
partly at the heptagonal channel and the structural frame-
work of these channels was composed only of Mo and V. This
fact suggested us that the binary Mo–V oxide should be
obtainable since only Mo and V can constitute the structural
framework of the M1 structure. By the careful control of the
synthesis temperature, synthesis time, precursor, volume,
and metal concentrations, we successfully obtained a crystal-
line Mo3VOx mixed oxide with M1 structure (Orth-MoVO) for
the first time in 2003 (ref. 31 and 32) (Fig. 1).

Table 1 summarizes how the Mo–V based oxides with M1
structure were developed during the past two decades. In the
early 1990s, Mitsubishi Chemicals first discovered the
MoVTeNbO catalyst and demonstrated that this catalyst is
active for the selective (amm)oxidation of propane.16–19 This

Fig. 1 Structural images and HAADF-STEM images of orthorhombic, trigonal, tetragonal, and amorphous Mo3VOx. Pink, pentagonal {Mo6O21}
6−

unit; orange, heptagonal channel. For the HAADF-STEM images, a white spot represents an element and a black spot represents a void space.
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catalyst had been synthesized by a slurry method, in which a
mixed solution of stoichiometric Mo, V, Te, and Nb sources
is mixed and evaporated, followed by heat-treatment around
600 °C under an inert gas atmosphere. This synthesis
method is simple and a large amount of the catalyst can be
easily obtained. However, the reproducibility was poor and
impurities were easily formed simultaneously which caused
undesirable catalytic reactions. Thus, the efforts to obtain the
pure MoVTeNbO catalyst with the M1 phase continued. In
the late 1990s, since we thought that the formation of Mo–V
based mixed oxides was a result of a self-organization of poly-
oxometalates, we applied a soft synthesis method, the hydro-
thermal method, for the synthesis of Mo–V based materials
which was a less common method for the synthesis of mixed
oxides at that time. As a consequence, we successfully
obtained various Mo–V based mixed materials in a pure man-
ner.29,30 By applying this method, synthesis of pure M1
MoVTeNbO has been achieved and high reproducibility of
this synthesis has been confirmed.20,33 After the discovery of
the synthesis method of the pure M1 MoVTeNbO, the role
of the constituent elements in catalytic reactions was
revealed.34–39 In addition, computer calculation and electron
microscopy have been developed by using the highly pure
and crystalline M1 MoVTeNbO as the model.22,24,40–46 The
crystal formation mechanism has also attracted much atten-
tion since the understanding of this formation mechanism
may lead to the development of synthesizing an active
catalyst.47–51 In our view point, the recent research topics in
these materials are (i) in situ XPS analysis of Mo–V based
materials during selective oxidations,52,53 (ii) in situ measure-
ment of the electron conductivity during selective
oxidations54–56 as Schlögl et al. are focusing on, and (iii)
incorporation of additional elements to enhance the catalytic
activity.57,58

For the synthesis of Mo–V based materials, we obtained
Orth-MoVO, MoVTeO, MoVSbO, MoVSbNbO with the M1

phase. For the development of the oxidation catalysts, an
understanding of their structure–activity relationships has
been strongly desired. Therefore, we focused on a ternary
MoVO system as a simple system. By using this simple MoVO
system, we found that a micropore in the MoVO structure
worked to activate ethane and acrolein, and recently, the rela-
tionship between the structure around the micropore and the
catalytic performance for the selective oxidation of ethane
has been determined. The obtained results provided a molec-
ular level understanding on the catalytic selective oxidation.

1.3. Crystalline Mo3VOx catalysts

We have successfully synthesized Orth-MoVO with M1 struc-
ture for the first time by a hydrothermal synthesis. Orth-
MoVO has a layered structure. a–b planes form slabs which
stack with each other to form a rod-shaped material. The a–b
plane of Orth-MoVO is constructed from a network arrange-
ment based on the pentagonal {Mo6O21}

6− unit and the {MO6}
(M = Mo, V) octahedron and forms an empty hexagonal chan-
nel and an empty heptagonal channel. The structural model
and the HAADF-STEM image of Orth-MoVO are shown in
Fig. 1.

Orth-MoVO is produced by the hydrothermal synthesis.
Interestingly, the control of the precursor solution for the
hydrothermal synthesis produced various crystal analogues of
Orth-MoVO. For example, a trigonal Mo3VOx material (Tri-
MoVO) was obtained when the pH of the precursor solution
was decreased.62 An amorphous Mo3VOx material (Amor-
MoVO), which has an ordered structure in the c-direction and
has a disordered structure in the a–b plane, was obtained by
increasing the concentration of the precursor solution.63

Apart from the hydrothermal synthesis, it was found that a
suitable heat-treatment of Orth-MoVO produced a tetragonal
Mo3VOx material (Tet-MoVO).63 These are all rod-shaped crys-
tals with the elemental composition of Mo3VOx (x = 11.2) and

Table 1 Development of Mo–V based materials

Year Development Ref.

∼1995 Discovery of MoVTeNbO 16–19
∼1998 Application of a hydrothermal method to produce Mo–V based materials 29, 30,

33
2000 Discovery of MoVTeO and MoVSbO with M1 structure 30
∼2000 Role of crystal plane in selective oxidations 28, 30
∼2003 Identification of the crystal structure of MoVTeNbO 25–27
2003 Discovery of Orth-MoVO 31, 32
∼2003 Identification of the constituent elements of Mo–V based materials for selective oxidations 34–39
∼2008 Electron microscopy 24,

40–43
∼2009 Computational calculation 22,

44–46
∼2009 Investigation of the crystal formation mechanism of Mo–V based materials 47–51
∼2012 In situ XPS analysis of Mo–V based materials during selective oxidations 52, 53
∼2014 In situ measurement of electron conductivity during selective oxidations 54–56
∼2014 Incorporation of additional elements 57, 58
∼2014 Role of the micropores of Orth-MoVO in selective oxidations 59, 60
∼2015 Discovery of a relationship between the crystal structure around the micropore and the catalytic activity for the selective

oxidation of ethane
61
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are composed of the same structural parts, a pentagonal
{Mo6O21}

6− unit and a MO6 (M = Mo, V) octahedron. We,
therefore, describe these catalysts as ‘crystalline Mo3VOx cata-
lysts’. The difference in these materials is only the structural
arrangement of the pentagonal {Mo6O21}

6− unit and the MO6

(M = Mo, V) octahedron into the slab where the a–b plane is
present. Depending on the structural arrangement, Orth-
MoVO, Tri-MoVO, and Amor-MoVO form the pentagonal, the
hexagonal, and the heptagonal channels in their crystal struc-
ture, while Tet-MoVO forms the pentagonal channel and the
hexagonal channel. Structure dependence of the catalytic
activity will be discussed in chapter 3.

Orth-MoVO showed interesting features derived from an
empty heptagonal channel. First, we found that the empty
heptagonal channel of Orth-MoVO can work as a micropore
of 0.40 nm in diameter which adsorbs small molecules like
light alkanes.64–66 This microporous property was, surpris-
ingly, controlled by tuning the reduced state of Orth-
MoVO.65,66 This is the first example showing that the sorp-
tion behavior of an ordered porous crystalline material is
continually and reversibly controlled by tuning the reduced
state of the material. Second, Orth-MoVO was found to show
an outstanding catalytic activity for the selective oxidation of
ethane.63 Because of the fact that the catalytic activity of
Orth-MoVO was far superior to MoVTeNbO, an involvement
of the empty heptagonal channel for the reaction has been
implied for the selective oxidation of ethane.63,66 In addition,
Orth-MoVO showed extremely high catalytic activity for the
selective oxidation of acrolein to acrylic acid and was superior
to industrial catalysts.67,68 In this case also, the catalytic activ-
ity of Orth-MoVO for the selective oxidation of acrolein was
far superior to MoVTeO and MoVTeNbO.69 Therefore, the
participation of the empty heptagonal channel in the cataly-
sis has been suggested. The role of the empty heptagonal
channel in the catalytic reactions will be discussed in chap-
ters 4 and 5.

The present review provides comprehensive information
including the crystal formation mechanism (chapter 2) and
the structure–activity relationship of the crystalline Mo3VOx

catalysts (chapters 3 to 5). We believe that the present review
provides not only a deep understanding of the catalytic reac-
tions but also an idea to design structurally well-organized
catalysts which are active for selective oxidations.

2. Formation mechanism of crystalline
Mo3VOx catalysts

Orth-MoVO and Tri-MoVO are produced by the hydrothermal
reaction of a precursor solution prepared from (NH4)6Mo7O24

·4H2O (AHM) and VOSO4·nH2O. Once the two compounds are
mixed in water, the color of the solution immediately
changes to dark-violet due to the formation of the giant
polyoxomolybdate, [Mo72V30O282ĲH2O)

56−(SO4)12]
36− ({Mo72V30}),

which consists of 12 pentagonal {Mo6O21}
6− polyoxomolybdate

units and 30 [VO]2+ units. The formation of {Mo72V30}
can be confirmed by IR, Raman, and UV spectroscopy as

we have shown previously.51 Since both Orth-MoVO and
Tri-MoVO are produced from the precursor solution con-
taining {Mo72V30}, we assumed that Orth-MoVO and
Tri-MoVO are formed by an assembly of building units pro-
vided by {Mo72V30} under the hydrothermal conditions.
Table 2 shows the relationship between the concentration of
{Mo72V30} in the precursor solution and the crystal phase pro-
duced from the solution. The concentration of {Mo72V30} was
controlled by changing the pH of the precursor solution.
When no pH control was done (pH = 3.2), 63% of V in the
precursor solution took part in the formation of {Mo72V30}.
The increase of pH caused a slight decrease in the {Mo72V30}
amount. However, the decrease of pH led to a severe decrease
in the amount of {Mo72V30} due to the transformation of
{Mo72V30} into more condensed {Mo36O112} ({Mo36}), as con-
firmed by Raman spectroscopy. After the hydrothermal syn-
thesis, Orth-MoVO can be obtained when no pH control was
applied (entry 5). The decrease in pH to 2.2 led to the forma-
tion of Tri-MoVO (entry 3). Further decrease in pH led to the
formation of hexagonal Mo0.87V0.13O2.94 which does not con-
tain a pentagonal {Mo6O21}

6− unit in the structure (entries 1
and 2). When the pH of the precursor solution was increased,
only a tiny amount of solid could be obtained (entry 6) even
though enough {Mo72V30} was present in the solution. Fur-
ther increase of the pH to 4.0 produced no solids (entry 7).
Based on these experimental facts, we have proposed a crystal
formation process of Orth-MoVO and Tri-MoVO as shown in
Scheme 1(A).51 For the formation of Orth-MoVO, a dimer of
the pentagonal {Mo6O21}

6− unit provided by {Mo72V30} assem-
bles together with a pentamer unit which consists of five
{MO6} (M = Mo, V) octahedra to form Orth-MoVO. For the
formation of Tri-MoVO, in reflection of the low pH condition
in which Tri-MoVO forms, a trimer of the pentagonal
{Mo6O21}

6− unit which is a more condensed unit than the
dimer unit used for Orth-MoVO formation takes part in the
formation of Tri-MoVO, with the trimer unit consisting of
three {MO6} (M = Mo, V) octahedra. When the pH of the pre-
cursor solution was increased, possibly, the pentagonal
{Mo6O21}

6− unit cannot condense to form the dimer or the tri-
mer, the building units for the formation of Orth-MoVO or
Tri-MoVO, which inhibits the formation of these materials.

Recently, we found that the seed of Orth-MoVO and Tri-
MoVO can work as a crystallization nucleus for the formation
of Orth-MoVO and Tri-MoVO.70 Addition of Orth-MoVO or
Tri-MoVO seed crystals resulted in the formation of Orth-
MoVO or Tri-MoVO even when the pH of the precursor solu-
tion was 4.0 (entries 8 and 9). Since the yield of the solid
decreased when an unground seed (long rod-shaped crystal)
was used, the crystal formation was found to occur from the
cross-section of the rods where the a–a or the a–b planes are
present (entry 10). Since no formation of Orth-MoVO or Tri-
MoVO occurred without {Mo72V30}, even though the same Mo
and V concentrations were used, we concluded that the build-
ing units provided by {Mo72V30} assembled on the a–b or the
a–a planes of Orth-MoVO and Tri-MoVO to form the rod-
shaped crystals (entries 11 and 12). {Mo72V30}, Orth-MoVO,
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and Tri-MoVO contain common structural parts, a pentago-
nal {Mo6O21}

6− unit linked with a V octahedron, so that the
structural parts are thought to preferentially assemble on the
a–b or the a–a planes of Orth-MoVO or Tri-MoVO. In zeolite
synthesis, the hydrothermal synthesis of zeolites in the pres-
ence of zeolite seeds has widely been studied.71–75 In this

case, the seed zeolites and the reactant gel need to have the
same structural units. When the zeolite seeds and the reac-
tant gel contain the same structural units, the structural
units in the gel stack on the surface of the seed crystal, and
the zeolite having the same crystal phase as the seed can be
formed. Our seed-assisted synthesis of Orth-MoVO and Tri-
MoVO seems to be very similar to the seed-assisted synthesis
of zeolites. On the basis of these facts, we proposed the crys-
tal formation scheme of Orth-MoVO and Tri-MoVO in the
presence of a seed (Scheme 1(B)).70 When the seed is present
in the precursor solution, the building units provided by
{Mo72V30} stack on the cross-section of the seeds to form the
rod-shaped material having the same crystal structure as the
seed. In this case, {Mo72V30} only contributes to the crystal
growth for the formation of Orth-MoVO and Tri-MoVO.

On the basis of these experiments, we concluded that
Orth-MoVO and Tri-MoVO are produced by the building unit
assembly via a giant polyoxometalate, {Mo72V30}.

51,70 Building
block assembly using a giant polyoxometalate will be an
effective way to create structurally well-organized materials
like Orth-MoVO and Tri-MoVO.

3. Structure–activity relationship for
the selective oxidation of ethane and
acrolein

We demonstrated the structure–activity relationship using
the synthesized crystalline Mo3VOx catalysts in the selective
oxidation of ethane and acrolein. As we have shown in the
Introduction, we have successfully obtained 4 distinct crys-
talline Mo3VOx materials (Fig. 1); orthorhombic MoVO
(Orth-MoVO), trigonal MoVO (Tri-MoVO), tetragonal MoVO
(Tet-MoVO), and amorphous MoVO (Amor-MoVO). These
materials are all rod-shaped crystals with almost the same
elemental composition and are composed of the structural
arrangement based on the pentagonal {Mo6O21}

6− unit and
the {MO6} (M = Mo, V) octahedron, while the arrangement of

Table 2 pH and concentration of {Mo72V30} in the precursor solution, and the product amount and their crystal phases after hydrothermal synthesis
with or without the seed at 175 °C for 20 h

Entry pHa Concentration of {Mo72V30}
b {Mo72V30} yield

c Seedd Crystal of the obtained solid Amount of solid

1 1.2 0.0 mM 0% —e Hex-Mo0.87V0.13O2.94
f 6.7 g

2 1.7 0.4 mM 23% —e Hex-Mo0.87V0.13O2.94
f + Tri-MoVO —

3 2.2 0.6 mM 35% —e Tri-MoVO 5.0 g
4 2.7 1.0 mM 57% —e Orth-MoVO —
5 3.2 1.1 mM 63% —e Orth-MoVO 1.4 g
6 3.4 1.0 mM 57% —e Orth-MoVO 0.3 g
7 4.0 0.9 mM 51% —e —g 0.0 g
8 4.0 0.9 mM 51% Orth-MoVO Orth-MoVO 1.3 g
9 4.0 0.9 mM 51% Tri-MoVO Tri-MoVO 1.7 g
10h 4.0 0.9 mM 51% Orth-MoVO Orth-MoVO 0.7 g
11i 4.0 0.0 mM 0% Orth-MoVO —g 0.0 g
12 1.2 0.0 mM 0% Orth-MoVO Hex-Mo0.87V0.13O2.94

f 6.9 g

a pH of the reaction mixture was changed from 1.0 to 4.0 by adding 2 M H2SO4 or 10 wt% ammonia. b Estimated by UV-vis spectroscopy.
c Based on V. d Seed amount was 0.3 g. e No seed was added. f JCPDF: 00-048-0766. g No solid was obtained. h Unground Orth-MoVO seed was
added. i V2O5 was used as the V source.

Scheme 1 (A) Proposed schemes of structure formation of
orthorhombic Mo3VOx and trigonal Mo3VOx. (B) Proposed schemes of
structure formation in the seed-assisted synthesis. Purple; Mo, gray; V,
green; mixture of Mo and V.
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these units varies for each catalyst. Among the obtained
materials, Orth-MoVO, Tri-MoVO, and Amor-MoVO possessed
the heptagonal channel (shown as orange in Fig. 1) in their
structure, while Tet-MoVO had no heptagonal channel. Table 3
shows the numbers of heptagonal channels in 100 nm2. The
numbers of heptagonal channels of Orth-MoVO and Tri-
MoVO were almost the same and were 73 for Orth-MoVO and
68 for Tri-MoVO. The number of heptagonal channels of
Amor-MoVO was considerably lower than those of Orth-
MoVO and Tri-MoVO (10–30 in 100 nm2) because of the
nonuniform structural arrangement as observed in the
HAADF-STEM image. Table 3 shows the micropore volume of
these materials measured by N2 adsorption. Orth-MoVO, Tri-
MoVO, and Amor-MoVO showed microporosity. On the other
hand, Tet-MoVO showed no microporosity. The difference
between Tet-MoVO and the other crystalline Mo3VOx mate-
rials is whether the heptagonal channel is present in the
structure or not. Therefore, the heptagonal channel was
found to work as a micropore. According to the adsorption
experiments using various molecules, the size of the heptago-
nal channel was determined to be 0.40 nm.61,64–66 The micro-
pore volume observed in Orth-MoVO was apparently higher
than those of Tri-MoVO and Amor-MoVO (Orth-MoVO, 14.0
cm3 g−1; Tri-MoVO, 4.0 cm3 g−1; Amor-MoVO, 2.8 cm3 g−1).
The small micropore volume of Amor-MoVO can be explained
by the low number of heptagonal channels in the structure.
However, Tri-MoVO showed an obviously lower micropore
volume than that of Orth-MoVO despite the similar number
of heptagonal channels in 100 nm2 (Table 3). As we have
observed from the HAADF-STEM analysis that Tri-MoVO
contained some additional elements inside the heptagonal
channel, this situation may decrease the number of
micropores.76,77

Then, we evaluated the effect of the heptagonal channel
on the catalytic reaction. Table 3 shows the substrate conver-
sion for the selective oxidation of ethane and acrolein. For
both reactions, Orth-MoVO, Tri-MoVO, and Amor-MoVO
showed catalytic activity, while Tet-MoVO was inactive. These
astonishing results indicate that the heptagonal channel is
responsible for these catalytic reactions. For the ethane oxi-
dation at 313–319 °C, Orth-MoVO showed higher catalytic
activity (42.2%) than those of Tri-MoVO (25.2%) and Amor-
MoVO (5.9%). The order of the micropore volume was well-
matched with the order of the catalytic activity. The

participation of the heptagonal inner channel in the oxida-
tion of ethane is implied. In contrast, Tri-MoVO showed the
best catalytic activity for the oxidation of acrolein, followed
by Orth-MoVO, Amor-MoVO, and Tet-MoVO (almost inactive).
Taking into consideration the higher external surface area of
Tri-MoVO (18.0 m2 g−1) than that of Orth-MoVO (7.2 m2 g−1),
the order of the catalytic activity for the selective oxidation of
acrolein can be described as Tri-MoVO ≅ Orth-MoVO >

Amor-MoVO > Tet-MoVO (inactive). This order was well-
matched with the order of the number of heptagonal chan-
nels in 100 nm2 (Table 3). This result implied that the hep-
tagonal channel located in the external surface takes part in
the catalytic oxidation of acrolein. Although the heptagonal
channel is essential for both reactions, the catalysis field may
be different depending on the nature of the substrate.

In this section, we demonstrated the clear structure–cata-
lytic activity relationship for the selective oxidation of ethane
and acrolein using the 4 distinct crystalline Mo3VOx catalysts.
It is obvious that the empty heptagonal channel is involved
in both reactions. In the next section, we show the role of the
heptagonal channel in both reactions.

4. Role of micropores in the selective
oxidation of ethane and acrolein
4.1. Synthesis of various sizes of orthorhombic Mo3VOx with
the same microporosity

In this section, we demonstrate the role of the heptagonal
channel in the selective oxidation of ethane and acrolein. In
order to understand the role of the heptagonal channel, we
synthesized a number of Orth-MoVO catalysts with different
external surface areas but with the same micropore volumes
by controlling the crystal size. We used an anionic surfactant,
sodium dodecyl sulphonate (SDS, C12H25SO3Na), to control
both the nucleation rate and the crystal growth rate.78,79 The
amount of added SDS was set as SDS/(Mo + V) = x (x = 0,
0.15, 0.30, and 0.60), where x shows the molar ratio between
SDS and (Mo + V). The synthesized materials are abbreviated
as MoVO-SDSx. Besides the SDS addition, the temperature in
the hydrothermal synthesis was controlled since the hydro-
thermal temperature affects both the nucleation rate and the
crystal growth rate.80,81 The synthesis temperature y (y = 175
°C or 230 °C) is described at the end of the material name,
for example MoVO-SDSx (y). All the synthesized catalysts were

Table 3 Relationship between micropore and catalytic activity

Catalyst
Elemental compositiona

(V/Mo)
Number of 7-membered
ring/100 nm2

External surface
areab/m2 g−1

Micropore
volumeb/cm3 g−1

Ethane
conv.c/%

ACR
conv.d/%

Orth-MoVO 0.38 73 7.2 14.0 42.2 53.8
Tri-MoVO 0.32 68 18.0 4.0 25.2 99.8
Tet-MoVO 0.38 0 2.7 0 <1 <1
Amor-MoVO 0.38 10–30 5.7 2.8 5.9 9.7

a Determined by ICP. b Measured by N2 adsorption at liquid N2 temperature and estimated by the t-plot method. c Reaction conditions: catalyst
amount, 0.5 g; reaction gas feed, C2H6/O2/N2 = 5/5/40 ml min−1; reaction temperature, 313–319 °C. d Reaction conditions: catalyst amount, 0.25
g, reaction gas feed, ACR/O2/H2O/N2/He = 2.5/8.0/27.1/39.5/30.5 ml min−1; reaction temperature, 217–218 °C. ACR represents acrolein.

Catalysis Science & TechnologyMinireview

Pu
bl

ish
ed

 o
n 

09
 N

ov
em

be
r 2

01
5.

 D
ow

nl
oa

de
d 

by
 H

ok
ka

id
o 

Da
ig

ak
u 

on
 1

6/
03

/2
01

7 
02

:4
6:

58
. 

View Article Online

─ 123 ─



Catal. Sci. Technol., 2016, 6, 617–629 | 623This journal is © The Royal Society of Chemistry 2016

ground with a mortar prior to the reaction in order to expose
the cross-section of the rod. We also used Orth-MoVO with-
out the grinding treatment (Orth-MoVO (ng)). All the synthe-
sized materials showed the XRD patterns attributable to
Orth-MoVO and no peaks related to impurities were
observed. The elemental composition of these materials
determined by ICP-AES was identical. Table 4 summarizes
the size of the rod-shaped materials measured by using SEM
images and its external surface area and microporosity mea-
sured by N2 or ethane adsorption. All the characterization
methods were carried out for the catalysts after the selective
oxidation of ethane. The crystal size of the Orth-MoVO cata-
lysts was clearly changed by the introduction of SDS or by the
control of the synthesis temperature due to the change in
the nucleation rate and crystal growth rate. The most intense
difference in the crystal size could be seen among Orth-
MoVO, MoVO-SDS0.60 (175), and MoVO-SDS0.15 (230) and is
shown in Fig. 2 (inlet images) and Table 4. It is interesting to
note that the aspect ratio, the ratio between the length and
the diameter of the rods, was almost the same for the mate-
rials, indicating that the shape of the rods was the same
regardless of the addition of SDS or of the synthesis tempera-
ture. Based on these facts, we successfully obtained Orth-
MoVO catalysts with different crystal sizes and the same
crystal shape by adding SDS or by controlling the synthesis
temperature.

N2 adsorption experiment was carried out in order to
determine their external surface areas. Depending on the
crystal size of the catalysts, the estimated external surface
areas were drastically changed (Table 4). On the other hand,
the micropore volume of the materials estimated by the eth-
ane adsorption experiment was almost the same in the stud-
ied materials and was in the range of 16.1–22.3 × 10−3

cm3 g−1 (Table 4). The theoretical micropore volume calcu-
lated by assuming that ethane is adsorbed in the heptagonal
channel was 22.4 × 10−3 cm3 g−1. The observed micropore vol-
umes were slightly lower than the theoretically obtained value
except Orth-MoVO (ng). The grinding treatment may cause
dislocation in the a–b plane which decreases the number of

micropores being capable of adsorbing ethane. Nevertheless,
the ethane adsorption results evidently confirm the existence
of the heptagonal channel micropore where ethane molecules
can freely have access. We concluded that the studied mate-
rials have different external surface areas but with the same
micropore volume.

4.2. Crystal size dependence on the catalytic activity

The selective oxidations of ethane to ethene and of acrolein
to acrylic acid were carried out by using the Orth-MoVO

Table 4 Rod size, external surface area, and micropore properties of the catalysts

Catalyst

Rod-shaped crystal Surface area/m2 g−1 Micropore
volumed/10−3

cm3 g−1
Average
diametera/μm

Average
lengtha/μm

Aspect
ratiob/—

External surface
areac

Side
area

Section
area

Orth-MoVO 0.40 1.8 4.5 7.2 6.5 0.7 17.7
Orth-MoVO (ng)e 0.39 7.9 22.3 6.8 6.6 0.2 22.3
MoVO-SDS0.15 (175) 0.44 2.0 4.5 7.2 6.5 0.7 16.6
MoVO-SDS0.30 (175) 0.45 1.5 3.3 7.3 6.3 1.0 18.8
MoVO-SDS0.60 (175) 0.21 0.7 3.5 14.0 12.1 1.9 17.3
MoVO (230) 0.76 3.7 4.9 5.3 4.8 0.5 16.7
MoVO-SDS0.15 (230) 1.04 4.8 4.6 1.2 1.1 0.1 16.6
MoVO-SDS0.30 (230) 0.99 3.4 3.4 3.9 3.4 0.5 18.5
MoVO-SDS0.60 (230) 0.95 3.5 3.7 5.5 4.8 0.7 16.1

a Average of 100 crystallites in the SEM images. b Ratio of the average length to the average diameter of the rod. c Measured by N2 adsorption
at liq. N2 temperature and determined by the t-plot method. d Measured by ethane adsorption at room temperature and determined by the DA
method. e Orth-MoVO without grinding treatment.

Fig. 2 Ethane conversion as a function of the external surface area of
the catalysts (red circle). Reaction conditions of ethane oxidation:
catalyst amount, 0.50 g; reaction gas feed, C2H6/O2/N2 = 5/5/40 ml
min−1; reaction temperature, 300 °C. Acrolein conversion as a function
of the external surface area of the catalysts (blue square). Reaction
conditions of acrolein oxidation: catalyst amount, 0.125 g; reaction gas
feed, acrolein/O2/H2O/N2/He = 2.5/8.0/27.1/39.5/30.5 ml min−1;
reaction temperature, 220 °C. The red star and the blue star represent
the ethane conversion and acrolein conversion of Orth-MoVO (ng),
respectively. SEM images of (A) MoVO-SDS0.15 (230), (B) Orth-MoVO,
(C) MoVO-SDS0.60 (175), and (D) Orth-MoVO (ng) after the ethane oxi-
dation are represented.
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catalysts with different external surface areas and the same
micropore volume. For both reactions, the participation of
the heptagonal channel was evidenced as has been shown in
chapter 3. Here, a catalytically active part related to the hep-
tagonal channel is elucidated by evaluating the dependence
of the catalytic activity on the external surface area. Fig. 2
shows the substrate conversion as a function of the external
surface area of the Orth-MoVO catalysts. The ethane oxida-
tion was carried out at 300 °C and the acrolein oxidation was
carried out at 220 °C. The external surface area was almost
maintained even after the reactions were carried out. Stars
represent the substrate conversion over Orth-MoVO (ng). The
obtained products by the ethane oxidation were ethene, COx,
and acetic acid. Almost the same selectivity was observed in
the studied catalysts and the selectivity to ethene was around
90%. In the case of the acrolein oxidation, the obtained prod-
ucts were acrylic acid, COx, and acetic acid. In this case also,
product selectivity was almost the same in the studied cata-
lysts and the selectivity to acrylic acid was around 95%. For
the ethane oxidation, the ethane conversion over the catalysts
was ca. 30% and was almost the same regardless of the
change of the external surface area (Fig. 2, circle). This result
indicates that the external surface of Orth-MoVO contributes
less to the catalytic activity for the selective oxidation of eth-
ane. It can be concluded that ethane is converted mainly in
the micropore channel. Actually, the molecular size of ethane
(0.40 nm) is almost the same as that of the heptagonal chan-
nel micropore (0.40 nm) and the fact that the micropore can
adsorb ethane (Table 4) has already been confirmed. In addi-
tion, according to Monte Carlo simulation, the highest eth-
ane adsorption energy was obtained when an ethane mole-
cule is confined inside the heptagonal channel. Diffusion
effects were studied in this catalyst by evaluating the depen-
dence of the catalytic activity on the contact time using
MoVO-SDS0.60 (175), Orth-MoVO, and MoVO-SDS0.15 (230), in
which the average crystal size was apparently different for
each other. As a result, almost no difference in the depen-
dence of the catalytic activity on the contact time was
observed in these catalysts, indicating that Orth-MoVO oxi-
dizes ethane catalytically without diffusion effects. The
unground catalyst, Orth-MoVO (ng), showed a comparable
catalytic activity with the ground catalyst for this reaction
(Fig. 2, red star). Since the external surface of Orth-MoVO
contributes less to the catalytic reaction, the micropore in the
whole particle should be involved in the ethane oxidation.
Based on the above results and discussion, we concluded that
an ethane molecule enters the heptagonal channel micropore
and goes through without diffusion barriers under the reac-
tion conditions. During ethane diffusion in the heptagonal
channel, the ethane oxidation takes place and ethene is
formed inside the heptagonal channel.

In contrast, the acrolein conversion clearly depended on
the external surface area of the catalysts (Fig. 2, square). The
linear relationship between the acrolein conversion and the
external surface area unambiguously indicates that acrolein
is converted on the external surface. Since the participation

of the heptagonal channel micropore in the selective
oxidation of acrolein has been implied by the comparison of
4 distinct crystalline Mo3VOx catalysts, it is apparent that the
heptagonal channel which is present over the external surface
of the catalyst should catalyze acrolein. In this case, the con-
tribution of the side surface of the rods can be easily
excluded because of the fact that Orth-MoVO (ng), having
almost the same side surface area and far less section surface
area compared with Orth-MoVO, showed far less catalytic
activity. Based on these experimental facts, we concluded that
acrolein is activated over the heptagonal channel present in
the external surface of the cross-section of the rod-shaped
crystals (a–b plane). The mouth of the heptagonal channel on
the cross-section of the rod might effectively trap the
aldehyde group in acrolein and convert it to form acrylic
acid.

We concluded, on the basis of the above results, that both
ethane and acrolein are activated at the heptagonal channel
micropore. However, ethane is activated inside the channel
and acrolein is activated on the mouth of the heptagonal
channel. The catalysis field of the heptagonal cannel was
found to be strongly dependent on the nature of the
substrates.

5. Relationships between crystal
structure, microporosity, and catalytic
performance
5.1. Relationship between crystal structure and microporosity

In this chapter, we introduce the relationships between the
crystal structure around the heptagonal channel, microporos-
ity, and catalytic activity for the selective oxidation of ethane.
Since it was found that the oxidation of ethane takes place
inside the heptagonal channel micropore, we thought that
the bulk properties of Orth-MoVO should strongly affect the
catalytic activity for the selective oxidation of ethane. Orth-
MoVO is amenable to the characterization methods in reflec-
tion of its high crystallinity. Therefore, the use of this catalyst
for the catalytic reaction allows us to understand the struc-
ture–activity relationship, unambiguously, and enables us to
understand the catalytic reaction at the molecular level. Such
knowledge is surely helpful for developing new oxidation cat-
alysts. We have reported that the size of the heptagonal chan-
nel is reversibly and continuously controlled by a redox treat-
ment. Since ethane is converted to ethene in the heptagonal
channel, the tuning of the heptagonal channel size should
affect the catalytic activity. Based on this perspective, we pre-
pared Orth-MoVO with various reduced states by reduction
treatment.

First, Orth-MoVO was calcined at 400 °C for 2 h and then,
the calcined Orth-MoVO was reduced under 5% H2/Ar flow at
400 °C by varying the temperature holding time. The catalysts
obtained were abbreviated as MoVO (δ), where δ is the
amount of lattice oxygen evolved from the unit cell (repre-
sented as Mo29V11O112−δ) by the reduction and was measured
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by TPR and TG. MoVO (0) represents the Orth-MoVO after
the air calcination at 400 °C for 2 h. The catalyst oxidized at
400 °C for 2 h under air atmosphere after the reduction treat-
ment was abbreviated as MoVO (δ)-AC. All the catalysts
showed the XRD pattern attributable to Orth-MoVO and no
impurities were observed by XRD regardless of the redox
treatment. No morphological changes were observed by SEM.
These results indicate that the Orth-MoVO is stable under the
redox treatments and oxidation–reduction of the solid pro-
ceeds uniformly.

Fig. 3 shows the structural model of Orth-MoVO (A) and
the heptagonal channel size change and the microporosity
change by the redox treatment (B). Orth-MoVO had two types
of lattice oxygen in the unit cell. One is the oxygen evolved in
the early stage of the reduction that hardly comes back to the
structure during the re-oxidation. The other is the oxygen
evolved continuously with the reduction that reversibly comes
back to the structure during the re-oxidation. We abbreviated
the former oxygen as ‘α-oxygen’ and the latter oxygen as ‘β-
oxygen’. Detailed characterization revealed that α-oxygen is
the oxygen in the pentamer unit which faces the heptagonal
channel (O29 in Fig. 3(A)) and β-oxygen is the axial oxygen
which connects the metals to the c-axis (blue enclosure in
Fig. 3(A)). It was found that the occupancy of α-oxygen rap-
idly decreased with the reduction and the occupancy reached
almost 0 with the reduction from MoVO (0) to MoVO (4.2),
although β-oxygen can be continuously evolved by further
reduction. In the case of MoVO (6.8)-AC, since α-oxygen can
hardly come back to the structure during the re-oxidation,
this catalyst contained almost no α-oxygen, although
β-oxygen returned to the structure during the re-oxidation
treatment. Fig. 3(B) shows the size of the heptagonal channel
for the samples with various reduced states and the micro-
pore volumes measured by ethane or propane adsorption.
The size of the heptagonal channel was estimated using the
structural model obtained from the single crystal analysis
and the Rietveld analysis. The lengths of the heptagonal
channel in the long axis (D1: O24–O26) and the short axis (D2:
O6–O27) are shown by the red bar and the blue bar, respec-
tively. For D1, the length increased with the increase of the
reduction degree due to the lattice expansion. For D2, the
length increased until the reduction of MoVO (4.2). However,
the length significantly decreased by further reduction. From
the Rietveld analysis, an expansion of the pentagonal
{Mo6O21}

6− unit was indicated. Therefore, the decrease in D2

should be derived from the movement of the atoms in the
pentagonal unit toward the heptagonal channel. The adsorp-
tion experiments using ethane and propane were carried out
for the samples with various reduced states. Interestingly, the
decreases in the micropore volumes were observed for the
reduction using catalysts after MoVO (4.2) (Fig. 3(B)). Since
the heptagonal channel works as the micropore to adsorb
small molecules, the decrease in D2 might be related to the
decline in the microporosity. Re-oxidation of MoVO (6.8)
restored D2, which resulted in the restoration of the micropo-
rosity (Fig. 3(B)).

The propane adsorption experiment showed an interesting
profile against the reduction degree (Fig. 3, yellow triangle).
With the increase of the reduction degree up to MoVO (4.2),
the propane adsorption capacity increased. Such increase

Fig. 3 (A) Structural model of Orth-MoVO (Mo, light green; V, gray; O,
red). A red circle (top image, O29) represents α-oxygen and a blue cir-
cle (bottom image) represents β-oxygen. (B) Left side: diameters of the
heptagonal channel. Diameters were determined on the basis of the
atomic positions of oxygen. Red bar, D1 (O24–O26, long axis); blue bar,
D2 (O6–O27, short axis). Right side: micropore volumes of Orth-MoVO
with each reduction state measured by C2H6 adsorption (green circle)
and C3H8 adsorption (yellow triangle) and estimated by the Dubinin–
Astakhov (DA) method.
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could not be seen in the ethane adsorption. Further increase
in the reduction degree significantly decreased the propane
adsorption capacity in the same manner as the ethane
adsorption capacity due to the decrease in the length of the
heptagonal channel in the short axis (D2). The molecular
sizes of ethane and propane are 0.40 nm and 0.43 nm,
respectively. Taking into consideration the heptagonal chan-
nel size (0.40 nm), ethane can freely access the heptagonal
channel. On the other hand, propane has some difficulty in
accessing the heptagonal channel. An increase of the heptag-
onal channel size is essential to adsorb propane. Desorption
of α-oxygen is a presumable reason for the increase in the
propane adsorption capacity since α-oxygen is facing the hep-
tagonal channel so that the desorption of α-oxygen can
expand the heptagonal channel size. In the same reason, the
propane adsorption capacity of MoVO (6.8)-AC was much
higher than that of MoVO (0) which was treated under the
same oxidative conditions and had almost the same physico-
chemical properties except the residence of α-oxygen. The
partial structural changes including the evolution of α-oxygen
and the expansion of the pentagonal {Mo6O21}

6− unit were
found to affect the size of the heptagonal channel which
resulted in a significant change in their microporosity.

5.2. Relationship between microporosity and catalytic
performance

Since Orth-MoVO activates ethane inside the heptagonal
channel, the microporosity derived from the heptagonal
channel is expected to affect the catalytic activity. Fig. 4
shows the ethane conversion of the catalyst as a function of
δ. When δ was in the range of 0–4.2, ethane conversion
increased with the increase of δ (from 14% to 33%). However,
the ethane conversion dropped drastically when δ was
increased to 5.4 (9%) and became almost 0 when δ = 6.8. The
ethane conversion of MoVO (6.8)-AC was 31% and was almost
the same as that of MoVO (4.2). Selectivity to ethene
decreased in the δ range of 0–4.2 from 88.5% to 76.8% due to
the increase of the selectivity to COx. Further reduction

increased the selectivity to ethene to 93.3%. Ethene selectivity
of MoVO (6.8)-AC was 84.4%. Taking into consideration the
physicochemical properties of MoVO (0) and MoVO (6.8)-AC,
the major difference is only the occupancy of α-oxygen.
Therefore, it is obvious that the occupancy of α-oxygen is the
critical factor for the ethane oxidation. This explanation has
no conflict for the increase of the catalytic activity from
MoVO (0) to MoVO (4.2) because the occupancy of α-oxygen
rapidly decreases against δ and reaches almost 0 when δ

reached 4.2. For the decrease in the catalytic activity by the
reduction using the catalysts after MoVO (4.2), we showed
that the reduction using the catalysts after MoVO (4.2) caused
the expansion of the pentagonal {Mo6O21}

6− unit which
resulted in the decrease in the microporosity. Since Orth-
MoVO activates ethane inside the heptagonal channel, no
conversion should occur if ethane cannot get inside the chan-
nel. Therefore, the decrease in the catalytic activity by the
reduction using the catalysts after MoVO (4.2) is derived from
the decrease in the length of the heptagonal channel, which
prohibits ethane from going through the heptagonal channel.
The microporosity changes caused by the partial structural
changes around the heptagonal channel were found to
strongly affect the catalytic activity for the selective oxidation
of ethane.

Then, we discuss how the catalytic activity increased with
the decrease of the α-oxygen occupancy. For this purpose,
we generated Arrhenius plots for MoVO (0) and MoVO (6.8)-
AC. The obtained results are shown in Fig. 5. No change in
the slope of the line was observed between them, and the
calculated activation energy was 81–82 kJ mol−1. The fre-
quency factor, however, was much different and the fre-
quency factor of MoVO (6.8)-AC was 3 times higher than
that of MoVO (0) (frequency factor: MoVO (0), 0.87 × 109

mmol s−1 gcat
−1; MoVO (6.8)-AC, 2.20 × 109 mmol s−1 gcat

−1).
These results clearly indicate that the increase of the cata-
lytic activity by the evolution of α-oxygen was due to the
increase of the number of active sites in the structure. Tak-
ing into consideration the structural model of Orth-MoVO,
the heptagonal channel with α-oxygen defects should be

Fig. 4 Explanation of the catalytic activity change on the basis of the catalyst structure.
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related to the catalysis field where ethane oxidation can take
place.

We propose a reaction scheme for the selective oxidation
of ethane with Orth-MoVO (Scheme 2). There are two impor-
tant points in this reaction. The first point is the existence of
the micropore where ethane can freely have access. The exis-
tence of the micropore not only enhances the contact of eth-
ane with activated oxygen, but also weakens the strong C–H
bond of ethane due to a possible electric field in the channel.
The second point is the α-oxygen defective site which may
produce a special oxygen species, like the μ-η2:η2-peroxo spe-
cies as reported to be produced by a V dimer in the Keggin
structure.82,83 Such molecular level insight for the selective
oxidation of ethane could be expressed by the use of the sim-
ple but highly multifunctional crystalline oxide catalyst and it
can be seen that the sophisticated catalyst structure has a
crucial role in the selective oxidation. This insight may help
in the development of the catalyst design for the selective oxi-
dation of light alkanes.

6. Conclusions

The assembly of the building unit provided from the giant sized
and ball shaped polyoxometalate ([Mo72V30O282ĲH2O)

56−(SO4)12]
36−

({Mo72V30})) produced crystalline Mo3VOx oxides with a highly
organized crystal structure at the nano-scale level. The com-
parison of these crystalline catalysts showed that a heptago-
nal channel in the structure takes part in the catalysis for the
selective oxidation of ethane to ethene and of acrolein to
acrylic acid. The comparison of the orthorhombic Mo3VOx

catalysts with tailored crystal sizes unambiguously showed
that the heptagonal channel activates ethane inside. On the
other hand, acrolein is activated over the channel located on
the external surface in the cross-section of the rod-shaped
crystal (a–b plane). The change in the size of the heptagonal
channel strongly affected the catalytic activity for the selective
oxidation of ethane. Especially, the evolution of the oxygen
which faces the heptagonal channel increased the number of
the active sites for the ethane oxidation which resulted in the
enhancement of the catalytic activity.

In this review, we demonstrated the molecular level
insight for the catalytic selective oxidations using the struc-
turally well-organized catalyst. Deep understanding of the cat-
alytic reaction may enable us to design the catalytically active
site more rationally. We believe that the rational catalyst
design based on the understanding of the catalytic reaction
at the molecular level finally produces the evolutional catalyst
which can achieve dream reactions like as the selective oxida-
tion of methane to methanol or benzene to phenol.
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ABSTRACT

Recently, we unexpectedly discovered a clusterization of monomeric 
phosphanegold(I) units, [Au(PR3)]+ during the course of carboxylate 
elimination from a monomeric phosphanegold(I) carboxylate, [Au(RS-
pyrrld)(PPh3)] (RS-Hpyrrld = RS-2-pyrrolidone-5-carboxylic acid) in the 
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presence of free-acid form of Keggin polyoxometalate (POM), H3 -
PW12O40]·7H2O. This reaction resulted in the formation of tetrakis 
{triphenylphosphanegold(I)}oxonium cations, [{Au(PPh3)}4 4-O)]2+ as a 
countercation of POM anion. In the formation of the tetragold(I) cluster 
cations, the POM surface oxygen atoms act as a template in the 
clusterization of phosphanegold(I) cations. In addition, formation of 
various phosphanegold(I) cluster cations was strongly dependent on the 
bulkiness, acidity and charge density of the POMs, and substituents on 
the aryl group of the phosphane ligands; for example, [{{Au(PPh3)}4 4-
O)}{{Au(PPh3)}3 3-O -PW12O40], [{(Au{P(p-RPh)3})2 -OH)}2]3 

-PM12O40]2 (R = Me, M = W; R = Me, M = Mo; R = F, M = Mo), [(Au 
{P(m-FPh)3})4 4-O)]2[{(Au{P(m-FPh)3})2 -OH)}2 -PMo12O40]2, and 
so on have been prepared. The POM-mediated clusterization of 
phosphanegold(I) cations provides effective synthetic routes for novel 
phosphanegold(I) cluster cations by a combination of the phosphanegold 
(I) carboxylates and different POMs, e.g., [Au(RS-pyrrld)(PR3)] (R = Ph, 
p-FPh, p-ClPh, p-MePh, m-FPh, m- -XM12O40]n (X = P, Si, 
B, Al; M = W, Mo; n = 3-5). In fact, the heptagold(I) cluster cation,
[{{Au(PPh3)}4 4-O)}{{Au(PPh3)}3 3-O)}]3+, has been synthesized only 
by the POM-mediated clusterization method. Also, the POM anions as a 
counterion can be exchanged with the other anions, such as BF4 , PF6 ,
and OTf-, resulting in a formation of the various gold(I) clusters
depending upon the anions. In addition, several phosphanegold(I) 
complexes show effective homogeneous catalysis for organic synthesis.
In this context, the POM-mediated clusterization of phosphanegold(I) 
cations would also provide the new insights for the catalytic applications 
of phosphanegold(I) complexes. In this chapter, we describe the recent 
progress of POM-mediated clusterization of phosphanegold(I) cations, 
and catalytic hydration of alkynes by the intercluster compounds of 
phosphanegold(I) cluster species with POMs.

Keywords: phosphanegold(I) cluster, Keggin-type polyoxometalate, 
intercluster compound, catalysis, hydration of alkynes 

1. INTRODUCTION

Polyoxometalates (POMs) are discrete metal oxide clusters that are of 
current interest to their applications in catalysis and materials science [1]. The 
preparation of POM-based materials is therefore an active field of research. 
Some of the intriguing aspects are that a combination of POMs with metal 
cluster cations or macrocations by some intermolecular interactions has 
resulted in the formation of various hybrid compounds (so-called 
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supramolecular intercluster compounds, SICCs) from the viewpoints of crystal 
structure, sorption, electrochemical, photochemical properties and so on [2, 3]. 
In many SICCs, POMs have been combined with separately prepared metal 
cluster cations [4].

The field of element-centered gold clusters [E(AuL)n]m+ (E = group 13-17 
elements; L = electron-pair donor ligand, most frequently a tertiary 
phosphane) has been extensively studied by the Schmidbaur [5] and Laguna 
[6] groups. In many gold(I) clusters, the aurophilic interaction is the driving 
force for the oligomerization and stabilization in the solid state. For example, 
oxygen-centered tri(phosphanegold(I)) cluster cations [{Au(PR3)}3 3-O)]+

have been reported to exhibit different forms of structural dimerization by 
inter-aurophilic interactions depending upon the bulkiness of the phosphane 
ligands, i.e., the gold(I) atoms containing inter-aurophilic interactions form a 
tetrahedron (R = Me) or a square (R = Ph, etc.) [5]. In addition, several 
phosphanegold(I) complexes have been known to serve as effective 
homogeneous catalysts for organic reactions [7-9]. For example, [{Au(PPh3)}3

3-O)]BF4 has been used as a highly active and stereoselective catalyst for a 
Claisen rearrangement of propargyl vinyl ethers [10].

In 2010, we unexpectedly discovered the clusterization of monomeric 
phosphanegold(I) cation [Au(PPh3)]+ during the course of carboxylate 
elimination of a monomeric phosphanegold(I) carboxylate [Au(RS-pyrrld) 
(PPh3)] (RS-Hpyrrld = RS-2-pyrrolidone-5-carboxylic acid) in the presence of 
the free-acid form of the Keggin POM H3 -PW12O40]·7H2O [11]. This 
reaction resulted in the formation of SICC composed of tetrakis 
(triphenylphosphanegold(I))oxonium cluster cation [{Au(PPh3)}4 4-O)]2+ and
POM anion. In addition, we have demonstrated the structure of various 
phosphanegold(I) clusters formed by a combination of monomeric 
phosphanegold(I) carboxylates and POMs [12-17]. Here, we describe the 
synthesis, structures and catalytic application of SICCs composed of 
phosphanegold(I) cluster cations and Keggin POMs, based on several our 
papers published so far [11-18]. 

2. FORMATION OF TETRA(PHOSPHANEGOLD(I))OXONIUM 
CLUSTER CATIONS

The reaction by liquid-liquid diffusion method between a monomeric 
phosphanegold(I) carboxylate [Au(RS-pyrrld)(PPh3)] and the free-acid form of 
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-Keggin POM H3 -PW12O40]·7H2O resulted in the formation of a tetra 
(phosphanegold(I))oxonium cluster cation as a counterion of POM anion [{Au 
(PPh3)}4 4-O)]3 -PW12O40]2·4EtOH (Au4-PW, Figure 1a) [11]. This reaction 
occurs by the clusterization of monomeric phosphanegold(I) cation [Au 
(PPh3)]+ during the course of carboxylate elimination in the presence of POM. 

The tetra(phosphanegold(I))oxonium cluster cation as a counterion of 
POM anion has a trigonal-pyramidal structure (C3v symmetry, Figure 1b) with 
three intra-aurophilic interactions (Au–Au: 2.9728, 2.9302, 2.9836 Å), while 
that with BF4 anion in a reported compound [19] has a tetrahedral structure 
(Td symmetry). The tetra(phosphanegold(I))oxonium cluster cation as a 
counterion of POM anion is somewhat distorted by the interactions between 
gold(I) and oxygen atoms of POM. Thus, the tetra(phosphanegold(I))oxonium 
cluster cation has a different geometry depending upon the counterions. The 

4-O atom is placed within the basal plane composed of three 
basal gold(I) atoms. 

                                  (a) (b)

Figure 1. (a) Molecular structure of Au4-PW and (b) core structure of [{Au(PPh3)}4 4-
O)]2+. Reprinted with permission from ref. [11]. Copyright 2010 American Chemical 
Society. 
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The solid-state CPMAS 31P NMR showed three broad signals at 
15.3 and 25.8 ppm. These signals are assignable to the heteroatom phosphorus
in the POM and two inequivalent phosphorus atoms due to PPh3 groups in the 
trigonal-pyramidal structure of the tetra(phosphanegold(I))oxonium cluster 
cation. On the other hand, the solution 31P{1H} NMR in DMSO-d6 showed 

3 groups. 
The peak at 24.87 ppm is an averaged signal due to motion in the solution 
while keeping the formula of tetra(phosphanegold(I))oxonium cluster cation, 
which can be compared with the peak at 25.4 ppm in CD2Cl2 of [{Au(PPh3)}4

4-O)](BF4)2 reported by Schmidbaur et al. [19]. 
Similar tetra(phosphanegold(I))oxonium cluster cations are formed when 

the combination of [Au(RS-pyrrld)(PR3)] and Hn[ -XM12O40]·mH2O (R = Ph, 
X = P, M = Mo; R = Ph, X = Si, M = W; R = m-MePh, X = Si, M = W or Mo; 
R = m-FPh, X = Si, M = Mo) were used [11, 12]. All of tetra(phosphanegold 
(I))oxonium cluster cations as a counterion of POMs adopt trigonal-pyramidal 
structures (C3v symmetry) due to interactions with the surface oxygen atoms of 
POMs. 

(a)     (b)

Figure 2. (a) Molecular structure of Au7-PW and (b) core structure of [{{Au(PPh3)}4

4-O)}{{Au(PPh3)}3 3-O)}]3+. Reproduced from ref. [13] with permission from the 
Royal Society of Chemistry.
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3. FORMATION OF 
HEPTA(PHOSPHANEGOLD(I))DIOXONIUM 

CLUSTER CATIONS

In the reaction of [Au(RS-pyrrld)(PPh3)] with the sodium salt of the 
Keggin POM, Na3 -PW12O40]·9H2O having lower acidity than the free-acid 
form, hepta(phosphanegold(I))dioxonium cluster cation as a counterion of 
POM anion [{{Au(PPh3)}4 4-O)}{{Au(PPh3)}3 3-O -PW12O40]·EtOH 
(Au7-PW, Figure 2a) was formed [13]. The tetra- and heptaphosphanegold(I) 
clusters were synthesized under the same conditions except countercations (H+

or Na+) of POMs. Thus, the acidity of the POMs plays an important role for 
the clusterization of [Au(PR3)]+. 

The hepta(phosphanegold(I))dioxonium cluster cation is formed by four 
inter-aurophilic interactions (Au–Au: 3.1028, 3.0936, 3.2428, 3.2732 Å) 
between tetra(phosphanegold(I))oxonium unit {{Au(PPh3)}4( 4-O)}2+ and 
tri(phosphanegold(I))oxonium unit {{Au(PPh3)}3( 3-O)}+ (Figure 2b). The 
tetra(phosphanegold(I))oxonium unit has a distorted tetrahedron structure
composed of three intra- 4-O atom is 
placed within the distorted tetrahedron. One of the phenyl groups in the 
tetra(phosphanegold(I))oxonium unit is disordered. The tri(phosphane 
gold(I))oxonium unit has a triangular plane by three gold(I) atoms with two 
intra-aurophilic 3-O atom is placed out-of-plane 
consisting of three gold(I) atoms. 

As the other hepta(phosphanegold(I))dioxonium cluster cation, only one 
structural analysis for [{(Au{P(p-MePh)3})4( 4-O)}{(Au{P(p-MePh)3})3( 3-
O)}]3+ has been reported [12]. This structure is similar to the 
[{{Au(PPh3)}4 4-O)}{{Au(PPh3)}3 3-O)}]3+, but the number of inter-
aurophilic interaction is decreased. 

The hepta(phosphanegold(I))dioxonium cluster cations are only formed in 
the presence of POM anion. The POM-mediated clusterization for the 
formation of phosphanegold(I) cluster cations provides effective synthetic 
routes for novel phosphanegold(I) cluster cations. 
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(a)    (b)

Figure 3. Partial structures of Au4-AlW, (a) polyhedral representation and (b) ball-and-
stick model. Reprinted with permission from ref. [14]. copyright 2013, The Chemical 
Society of Japan. 

4. FORMATION OF PHOSPHANEGOLD(I) CLUSTER 
CATIONS AND MONOMERIC PHOSPHANEGOLD(I)

CATIONS LINKED TO THE POMS

Clusterization of [Au(PR3)]+ in the presence of the POMs was strongly 
dependent on the bulkiness and acidity of the POMs, but a role of POMs was 
unclear. The reaction of [Au(RS-pyrrld)(PPh3)] with highly negative charged 
Keggin POMs H5 -XW12O40]·nH2O (X = Al, B) by liquid-liquid diffusion
method resulted in formation of the tetra(phosphanegold(I))oxonium cluster 
cation and the three monomeric phosphanegold(I) cations linked to the POMs 
[{Au(PPh3)}4 4-O)][ -XW12O40{Au(PPh3)}3]·3EtOH (Au4-XW; Figure 3, X = 
Al) [14]. The tetra(phosphanegold(I))oxonium cluster cation adopts a trigonal-
pyramidal structure (C3v symmetry) composed of three short edges associated 
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with the apical gold atom (Au–Au: 2.8929 Å) and a triangular plane of the 
three basal gold(I) atoms. Three monomeric phosphanegold(I) cations link to 
the OW2 oxygen atoms of edge-shared WO6 octahedra of the POM opposite 
the tetra(phosphanegold(I))oxonium cluster cation.  

Figure 4. Solid-state CPMAS 31P NMR spectra of (a) Au4-AlW, (b) Au4-BW, (c) Au4-p-
F-SiMo and (d) Au4-p-Cl-SiMo, and solution 31P{1H} NMR spectra in DMSO-d6 of (e) 
Au4-AlW, (f) Au4-BW, (g) Au4-p-F-SiMo and (h) Au4-p-Cl-SiMo. 

Solid-state CPMAS 31P NMR of Au4-AlW showed two broad signals at 
17.0 and 27.1 ppm with relative intensities of 1:6 originating from the 
inequivalent PPh3 groups (Figure 4a). The peak at 17.0 ppm is assignable to 
one apical phosphorus atom in the tetra(phosphanegold(I))oxonium cluster
cation, and the peak at 27.1 ppm is assignable to the three basal phosphorus 
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atoms in the tetra(phosphanegold(I))oxonium cluster cation and three 
monomeric phosphanegold(I) cations linked to the POM. In contrast, the 
solution 31P{1H} NMR of Au4-AlW in DMSO-d6 displayed only one sharp 
signal at 26.00 ppm (Figure 4e). The singlet in the solution can be explained 
by the rapid exchange of phosphanegold(I) cations among the tetra 
(phosphanegold(I))oxonium cluster cation, the three monomeric 
phosphanegold(I) cations linked to the POM and the monomeric [Au(dmso) 
(PPh3)]+ presence in solution. The same behavior was observed for Au4-BW
(Figures 4b,f). Thus, the monomeric phosphanegold(I) cations linked to the 
POM indicate a transient state in the formation of the tetra(phosphanegold 
(I))oxonium cluster cation. In other words, the OW2 oxygen atoms of edge-
shared WO6 octahedra of the Keggin POM act as multi-centered active 
binding sites for the monomeric phosphanegold(I) cations generated from 
elimination of the carboxylate ligands in the presence of the POM.

5. FORMATION OF DIMER OF DI(PHOSPHANEGOLD(I))
HYDROXIDE CATIONS

Formation of phosphanegold(I) cluster cations by POM-mediated 
clusterization also depends on the substituent of aryl group in the phosphane 
ligands. In the reaction between [Au(RS-pyrrld){P(p-MePh)3}] and H3 -PM12 

O40]·nH2O (M = W, Mo), dimers of di(phosphanegold(I)) hydroxide cations 
with POM anions [{(Au{P(p-MePh)3})2 -OH)}2]3 -PM12O40]2 (Au4-p-Me-
PM; Figure 5a, M = W) were formed [15]. The dimer of di(phosphanegold(I)) 
hydroxide cation [{(Au{P(p-MePh)3})2 -OH)}2]2+ can be regarded as the 
dimerization of di(phosphanegold(I)) hydroxide cations {(Au{P(p-MePh)3})2

-OH)}+. The di(phosphanegold(I)) hydroxide cation consists of two (Au{P 
(p-MePh)3})+ -OH group and is triangular in shape. Two di 
(phosphanegold(I)) hydroxide cations dimerize by four inter-aurophilic 
interactions (Au–Au: 2.991 Å) in a crossed-edge arrangement leading to a 
tetrahedral array of the four gold(I) atoms (Figure 5b). The hydrogen bonding 
between the peripheral phosphane ligands and the oxygen atoms of POMs was 
formed (Figure 5c). 
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(a)

(b)   (c)

Figure 5. (a) Partial structure of Au4-p-Me-PW, (b) core structure of [{(Au{P(p-
MePh)3})2 -OH)}2]2+ in a crossed-edge arrangement and (c) hydrogen bonding
between the phosphane ligands and POM anion. Reproduced from ref. [15] with 
permission from the Royal Society of Chemistry.
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As for other substituents, the reaction of [Au(RS-pyrrld){P(p-XPh)3}] (X 
= F, Cl) and H3 -PMo12O40]·14H2O provided a dimer of di(phosphanegold 
(I)) hydroxide cations with POM anions [{(Au{P(p-XPh)3})2 -OH)}2]3 -
PMo12O40]2·nEtOH (Au4-p-X-PMo; Figure 6a, X = F) [15, 16]. The two dimers 
of di(phosphanegold(I)) hydroxide cations [{(Au{P(p-XPh)3})2 -OH)}2]2+ in 
Au4-p-X-PMo (X = F, Cl) were similar with each other. Two 
di(phosphanegold(I)) hydroxide cations dimerize by four inter-aurophilic 
interactions (Au–Au: 3.280, 3.197, 3.192 Å for Au4-p-F-PMo) in a parallel-
edge arrangement leading to a rectangular array of the four gold(I) atoms
(Figure 6b). The interactions between di(phosphanegold(I)) hydroxide cations 
and the oxygen atoms of the POM were observed. 

A parallel-edge phosphanegold(I) cation has been reported for the thiolate-
bridged phosphanegold(I) cations [{{Au(PR13)}2 -SR2)}2]2+ [5, 6]. The [{(Au 
{P(p-XPh)3})2 -OH)}2]2+ is the first example of a hydroxide-bridged 
phosphanegold(I) cation dimerized in a parallel-edge arrangement. 

A substituent position on the aryl groups in phosphane ligands also 
influences the clusterization. The reaction between [Au(RS-pyrrld){P(m-
FPh)3}] and H3 -PMo12O40]·14H2O formed the two types of cations, i.e., tetra 
(phosphanegold(I))oxonium cluster cations and dimer of di(phosphanegold(I)) 
hydroxide cation, with POM anions [(Au{P(m-FPh)3})4 4-O)]2[{(Au{P(m-
FPh)3})2 -OH)}2 -PMo12O40]2·EtOH (Au4-m-F-PMo, Figure 7a) [12]. The 
two tetra(phosphanegold(I))oxonium cluster cations adopt trigonal-pyramidal 
structures which are corresponding geometry of Au4-PW (Figure 7b). The 
dimer of di(phosphanegold(I)) hydroxide cation is in a parallel-edge
arrangement by inter-aurophilic interactions (Au–Au: 3.2921, 3.3454 Å) 
(Figure 7c). This structure is similar to that of Au4-p-F-PMo. The five gold(I) 
atoms in the tetra(phosphanegold(I))oxonium cluster cations interact with the 
terminal oxygen atoms and OMo2 oxygen atoms of edge-shared MoO6

octahedra of the Keggin POMs. The two gold(I) atoms in the dimer of 
di(phosphanegold(I)) hydroxide cation interact with the OMo2 oxygen atoms 
of edge-shared MoO6 octahedra of the Keggin POMs, and the short distances 

-OH groups and Keggin POMs indicate the existence of hydrogen
bonding (Figure 7d). Thus, the meta-substituted triarylphosphane ligand also 
significantly influences for the clusterization in presence of POM. 
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(a)

(b)

Figure 6. (a) Partial structure of Au4-p-F-PMo and (b) core structure of [{(Au{P(p-
FPh)3})2 -OH)}2]2+ in a parallel-edge arrangement. Reproduced from ref. [15] with 
permission from the Royal Society of Chemistry.
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(a)

(b) (c)

(d)

Figure 7. (a) Partial structure of Au4-m-F-PMo, core structures of (b) [(Au{P(m-FPh)3

})4 4-O)]2+ and (c) [{(Au{P(m-FPh)3})2 -OH)}2]2+ in a parallel-edge arrangement,
and (d) the Au–O and OH–O interactions. Reproduced from ref. [12].

─ 145 ─



Kenji Nomiya, Takuya Yoshida and Satoshi Matsunaga 226

(a)   (b)

(c)     (d)

Figure 8. Molecular structures of (a) Au4-p-F-SiMo and (b) Au4-p-Cl-SiMo, and core 
structures of (c) [{(Au{P(p-FPh)3})2 -OH)}2]2+ and (d) [{(Au{P(p-ClPh)3})2 -
OH)}2]2+. Reproduced from ref. [17] with permission from John Wiley and Sons©

2015.

The surface oxygen atoms of the POM also influence the formation of 
dimer of di(phosphanegold(I)) hydroxide cations. The dimer of di 
(phosphanegold(I)) hydroxide cations and the two monomeric 
phosphanegold(I) cations linked to the POM [{(Au{P(p-XPh)3})2 -OH)}2 -
SiMo12O40(Au{P(p-XPh)3})2]·nEtOH (X = F, Cl; Au4-p-X-SiMo, Figures 8a,b) 
were synthesized by reaction of [Au(RS-pyrrld){P(p-XPh)3}] with H4 -
SiMo12O40]·12H2O [17]. In the Au4-p-F-SiMo, two di(phosphanegold(I)) 
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hydroxide cations dimerized to form a dimer of di(phosphanegold(I)) 
hydroxide cation [{(Au{P(p-FPh)3})2 -OH)}2]2+ by four inter-aurophilic 
interactions in a crossed-edge arrangement leading to a tetrahedral array of the 
four gold(I) atoms (Figure 8c). On the other hand, in the Au4-p-Cl-SiMo, two
di(phosphanegold(I)) hydroxide cations dimerized to form the [{(Au{P(p-
ClPh)3})2 -OH)}2]2+ in a parallel-edge arrangement leading to a rectangular 
array of the four gold(I) atoms (Figure 8d). Two monomeric phosphanegold(I) 
cations in Au4-p-X-SiMo (X = F, Cl) link to the OMo2 oxygen atoms of edge-
shared MoO6 octahedra of the POMs, but coordination sites in the POMs are 
different. It should be noted that the OM2 oxygen atoms of the edge-shared 
MO6 octahedra in the Keggin POM also act as a multi-centered active binding 
site for the formation of dimer of di(phosphanegold(I)) hydroxide cations. 

Solid-state CPMAS 31P NMR of Au4-p-F-SiMo showed two signals at 
21.1 and 23.1 ppm originating from the inequivalent phosphane groups (Figure 
4c). The signal at 21.1 ppm is assignable to dimer of di(phosphanegold(I)) 
hydroxide cation, and the signal at 23.1 ppm is assignable to the two 
monomeric phosphanegold(I) cations linked to the POM. On the other hand, 
Au4-p-Cl-SiMo showed one broad signal at 25.5 ppm, which will be due to the 
overlap of the signals based on dimer of di(phosphanegold(I)) hydroxide 
cation and the two monomeric phosphanegold(I) cations linked to the POM 
(Figure 4d). In contrast, solution 31P{1H} NMR in DMSO-d6 showed single 
sharp signals at 23.23 ppm for Au4-p-F-SiMo (Figure 4g) and 24.07 ppm for 
Au4-p-Cl-SiMo (Figure 4h). The single signals have been explained by the 
rapid exchange among dimer of di(phosphanegold(I)) hydroxide cations, the 
monomeric phosphanegold(I) cations linked to the POM and the monomeric 
phosphanegold(I) cations [Au(dmso)(PR3)]+ presence in solution. Because 
Keggin molybdo-POMs are unstable in DMSO, minor peaks at 41.06 and 
41.71 ppm assignable to [Au(PR3)2]+ were also observed (Figures 4g,h), 
resulting from decomposition of Au4-p-X-SiMo in the DMSO-d6 solution. 

6. ANION-EXCHANGE FROM POMS TO OTHER ANIONS

We have been interested in the effect of POM anion on the structure of 
phosphanegold(I) cluster cation in the solid state SICCs. In order to explicitly 
clarify the effect of the POM anion, anions of the phosphanegold(I) cluster 
cations (Au7-PW, Au4-p-Cl-PMo, Au4-p-F-PMo) were exchanged from the 
polyoxoanions to other small anions, such as BF4 , PF6 , OTf , using anion-
exchange resin, and their molecular structures were determined. 
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An anion of the hepta(phosphanegold(I))dioxonium cluster cation,
[{{Au(PPh3)}4 4-O)}{{Au(PPh3)}3 3-O -PW12O40]·EtOH (Au7-PW), 
was exchanged from the polyoxoanion to BF4 using anion-exchange resin 
[13]. In the solution 31P{1H} NMR spectrum of the POM-free 
phosphanegold(I) cation, the peak due to the heptagold(I) cluster cation was 
not observed, but only tetragold(I) cluster was observed in solution. Therefore, 
the heptagold(I) cluster can be isolated only by the POM-mediated 
clusterization method. 

When an anion of the dimer of di(phosphanegold(I)) cation in the parallel-
edge arrangement with POM (Au4-p-Cl-PMo) was exchanged from the POM 
to PF6 using anion-exchange resin, [{(Au{P(p-ClPh)3})3 3-
O)}2](PF6)2·4CH2Cl2 (Au6-PF6) and [(Au{P(p-ClPh)3})4 4-O)]2 -
PMo12O40]PF6 (Au4-PMo12-PF6) were obtained [16]. 

X-ray crystallography revealed that the countercation in Au6-PF6 was the 
dimeric cation 3-O bridged tris{phosphanegold(I)} species 3-
O)(Au{P(p-ClPh)3})3}2]2+ 3-O)(Au{P(p-ClPh)3})3}+ has a 
pyramidal structure 3-O atom is outside the Au3 plane (Figures 9a,c). 

On the other hand, Au4-PMo12-PF6 was prepared from Au4-p-Cl-PMo
using a small amount of an anion-exchange resin in the form of PF6 , and it 
was the compound with mixed counteranions of one POM and one PF6 anions. 
X-ray crystallography of Au4-PMo12-PF6 showed a discrete intercluster 
compound containing two [(Au{P(p-ClPh)3})4 4-O)]2+ -
PMo12O40] and one PF6 . The structure of [(Au{P(p-ClPh)3})4 4-O)]2+ in 
Au4-PMo12-PF6 4-O-bridged tetragonal-pyramid
with C4v symmetry (Figures 9b,d), which was a first class of the electron-
deficient species of the oxygen-bridged gold(I) clusters. 

The bonding 4-O 4-
O)(AuPR3)4]2+ (R = p-ClPh) cation can be described by a simple MO diagram, 
just like that of the S- 4-S)(AuPPh3)4]2+ with C4v symmetry [20]. 
Three bonding orbitals are filled by six valence electrons available, and the 
non-bonding orbital a1 as the HOMO is occupied by two electrons. Thus, the 
four O-AuPR3 bonds in Au4-PMo12-PF6 can be seen as electron-deficient with 

4-O atom has a lone pair. This is contrasted to the 
previously reported, C3v 4-O){Au(PR3)}4]2+ (R = 
Ph [11], m-FPh, m-MePh [12]), in which the four O-AuPR3 bonds can be seen 
as a single bond with a bond order 1. The present cation in Au4-PMo12-PF6 is 
in a class of hypercoordinated species 4-S)(AuPPh3)4]2+ [20, 

3-S)(AuPPh3)3]+ [22, 23]. 
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(a) (b)

(c) (d)

Figure 9. Molecular structures of (a) Au6-PF6 and (b) Au4-PMo12-PF6, and core 
structures of (c) [{(Au{P(p-ClPh)3})3 3-O)}2]2+ and (d) [(Au{P(p-ClPh)3})4 4-O)]2+. 

The dimer of di(phosphanegold(I)) cation in the parallel-edge arrangement
with POM, [{(Au{P(p-FPh)3})2 -OH)}2]3 -PMo12O40]2·3EtOH (Au4-p-F-
PMo) can be converted to the POM-free, OTf salt, [{(Au{P(p-FPh)3})2 -
OH)}2](OTf)2 (Au4-OTf) by anion-exchange resin in the form of OTf [16]. 
The digold(I) unit consists of two {(Au{P(p-FPh)3})2 -OH)}+ monomers 

-OH ligand, and the two digold(I) units dimerize in a crossed-
edge arrangement by aurophilic interactions (Au-Au: 3.2530(4) Å) to form the 
tetragold(I) cluster cation [{(Au{P(p-FPh)3})2 -OH)}2]2+. The crossed-edge 
cluster cation [{(Au{P(p-FPh)3})2 -OH)}2]2+ in Au4-OTf has been changed 
from the original parallel-edge cluster in Au4-p-F-PMo during the anion-
exchange. 
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7. DIPHENYLACETYLENE HYDRATION AS 
A CATALYTIC APPLICATION

One of the most straightforward ways of synthesizing compounds with 
carbon–oxygen bonds is the hydration of unsaturated organic compounds. In 
particular, the synthesis of carbonyl compounds by the addition of water to 
alkynes is not only environmentally benign, but also economically attractive. 
For alkynes hydration, active catalytic systems composed of a highly toxic 
mercury salt and either Lewis or Brønsted acid have traditionally been used. 
Therefore, the development of less toxic methods has attracted considerable 
interest.

The Au4-PW showed acid- and silver-free effective catalysis for the 
hydration of diphenylacetylene, in which it conversion to deoxybenzoin was 
93.7% after a 24 h reaction in the suspended system in 1,4-dioxane/water (4/1) 
at 80°C [18]. The Au4-PW itself is not a catalyst, but dissolved species
generated in the dynamic process of Au4-PW, i.e., [Au(PPh3)]+ or 
[Au(solvent)(PPh3)]+ species, will be the catalyst precursor. The Au7-PW also 
showed effective catalytic activity (conversion to deoxybenzoin: 89.0% after a 
24 h reaction). In contrast with Au4-PW, an induction period was observed in 
the early stages of the reaction by Au7-PW. In catalytic processes by Au4-PW
and Au7-PW, the catalyst precursor will actually be the same, and the active 
species is the [Au(alkyne)(PPh3)]+ compound drived from it. The acidic proton 
enhances the activity by Au4-PW, suggesting that generation of the catalyst 
precursor is accelerated by an acidic proton. 

In the catalysis by Au4-PW and Au7-PW, the catalyst precursor will 
originate from a dynamic process (or including fluxional or scrambling of 
[Au(PPh3)]+ species in solution). 31P{1H} NMR spectrum of a CD2Cl2 solution 
of the residue obtained from the reaction solution after a 6 h reaction at 80°C 
using Au4-PW revealed a broad signal that was assigned to the 
[Au(diphenylacetylene)(PPh3)]+ species at 36.1 ppm. 

Catalysis by Au4-PW for hydration of other alkynes was also examined. 
The hydration of phenylacetylene by Au4-PW resulted in the formation of 
acetophenone with conversion 94.3% after a 24 h reaction at 80°C, and that of 
1-phenyl-1-butyne by Au4-PW resulted in the formation of butyrophenone with 
conversion 38.8% and 1-phenyl-2-butanone with conversion 57.0% after a 24 
h reaction at 80°C. 

The component species constituting Au4-PW and Au7-PW, i.e., tetra- and 
tri(phosphanegold(I))oxonium cluster cations (conversions: 1.8 and 1.7% after 
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24 h reactions, respectively), and Y3 -PW12O40]·nH2O (Y = H, n = 7; Y = Na, 
n = 8) (conversions: both 0% after 24 h reactions) showed poor activities. In 
other words, the phosphanegold(I) cluster cations without POM showed no 
activity. The activities of Au4-PW and Au7-PW suggest that the phosphane 
gold(I) species exhibit catalytic activities only in the presence of POM. 

The reaction scheme of diphenylacetylene hydration catalyzed by Au4-PW
is depicted in Figure 10. In this catalytic cycle, the catalytically active,
monomeric phosphanegold(I) species [Au(alkyne)(PPh3)]+ would be 
accompanied by the POM anion throughout the process. The induction period 
would also be related to the process of generating the catalyst precursor 
[Au(solvent)(PPh3)]+ from the Au7-PW.  

Figure 10. Catalytic cycle for diphenylacetylene hydration catalyzed by Au4-PW.
Reproduced from ref. [18] with permission. Copyright 2016 American Chemical 
Society. 

CONCLUSION

In this chapter, in order to provide the readers with a sharply focused 
review introducing an aspect of our own research and tracing its development, 
we have described the syntheses and structures of several phosphanegold(I) 
clusters formed by polyoxometalate (POM)-mediated clusterization, and their 
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catalytic application such as hydration of alkynes, based on several our papers 
published so far [11-18].

It has been discovered that the reactions of the free-acid forms of saturated 
Keggin POMs, such as Hn[ -XM12O40]·mH2O (n = 3, 4; X = P, Si; M = W, 
Mo), with the monomeric phosphanegold(I) complexes, [Au(RS-pyrrld)(PR3)] 
(RS-Hpyrrld = RS-2-pyrrolidone-5-carboxylic acid; R = Ph, o-MePh) directly 
give the tetra{phosphanegold(I)}oxonium cluster cations, [{Au(PR3)}4 4-
O)]2+ (Au4), as countercations of the Keggin POM anions (XM) [11]. The 
intercluster compounds (Au4-XM), composed of cluster cations and cluster 
anions, have been obtained as pure crystalline samples in good yields by 
liquid-liquid diffusion method. Formation of such compounds depended upon 
the Keggin POMs, and the bulkiness and anionic charge of the POMs 
contributed to clusterization of the in situ-generated, mononuclear [Au(PR3)]+

species after the removal of RS-pyrrld- ligand. 4-O )
encapsulated in the cluster comes from water molecules contained in the 
reaction system and/or the solvated water molecules in the POMs. The 
structure of Au4 was stabilized by the intra-cluster aurophilic interactions and 
also by interactions between the gold(I) cluster cations and POM anions. 

An example that the acidity of Keggin POM significantly contributes to 
the clusterization of the [Au(PR3)]+ species is seen in the reaction of Na3[ -
PW12O40]·nH2O and [Au(RS-pyrrld)(PPh3)] [13], resulting in formation of a 
novel intercluster compound, [{{Au(PPh3)}4( 4-O)}{{Au(PPh3)}3( 3-O)}][ -
PW12O40]·EtOH (Au7-PW). The heptaphosphanegold(I) cluster unit (Au7) is
composed of the tetragold(I) cluster unit (Au4) and the trigold(I) cluster unit
(Au3), with the bridged oxygen atoms, 4-O and 3-O, respectively. 

Not only the POM acidity (proton vs. sodium), but also the high negative 

clusterization of the [Au(PR3)]+ unit [14]. Such an example is seen in the 
reactions of [Au(RS-pyrrld)(PPh3)] and H5 -XW12O40]·nH2O (X = Al, B),
resulting in formation of novel intercluster compounds, [{Au(PPh3)}4 4-
O -XW12O40{Au(PPh3)}3]·3EtOH (X = Al (Au4-AlW) and X = B (Au4-
BW)). These compounds appear to be intermediates in the formation of Au4. In 
these reactions, the OW2 oxygen atoms of edge-shared WO6 octahedra of the 
POM act as multi-centered active binding sites for the [Au(PR3)]+ unit.

An example that the para-substituent of aryl groups in the phosphane 
ligands significantly contributes to the clusterization of the [Au(PR3)]+ unit is 
seen in the reactions between [Au(RS-pyrrld){P(p-MePh)3}] and H3 -
PM12O40]·nH2O (M = W, Mo) [15], forming a dimer of di(phosphanegold(I)) 
hydroxide cations with a crossed-edge arrangement (Au4-p-Me-PM; M = Mo, 
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W). On the other hand, formation of that with a parallel-edge arrangement
(Au4-p-X-PMo) is seen in the reaction between [Au(RS-pyrrld){P(p-XPh)3}]
(X = F, Cl) and H3 -PMo12O40]·14H2O [15, 16]. The dimerization of 
diphosphanegold(I) cations is affected by the interactions between the 
diphosphanegold(I) cations, and also by interactions between the phosphane 
ligands and the POM anions. 

An example that the meta-substituent of the aryl groups in phosphane 
ligands influences the clusterization is seen in the reaction between [Au(RS-
pyrrld){P(m-FPh)3}] and H3 -PMo12O40]·14H2O [12]. A novel intercluster 
compound was formed as [(Au{P(m-FPh)3})4 4-O)]2[{(Au{P(m-FPh)3})2 -
OH)}2 -PMo12O40]2·EtOH (Au4-m-F-PMo), which is composed of the 
trigonal-pyramidal [(Au{P(m-FPh)3})4 4-O)]2+ cations, the dimer of 
di(phosphanegold(I)) hydroxide cation in a parallel-edge arrangement and
POM anions. 

Another examples contributed by the meta-substituent in the ligands are 
also seen in the reactions between [Au(RS-pyrrld)(PR3)] (R = m-FPh, m-
MePh), and H4 -SiMo12O40]·12H2O or H4 -SiW12O40]·10H2O [12].

Another remarkable examples are seen in the reactions between [Au(RS-
pyrrld){P(p-XPh)3}] (X = F, Cl) and H4 -SiMo12O40]·12H2O [17], resulting 
in the formation of [{(Au{P(p-XPh)3})2 -OH)}2 -SiMo12O40(Au{P(p-
XPh)3})2] (X = F (Au4-p-F-SiMo) and X = Cl (Au4-p-Cl-SiMo)). Two types of 
[{(Au{P(p-XPh)3})2( -OH)}2]2+ cations are in a crossed-edge arrangement
(Au4-p-F-SiMo) and in a parallel-edge arrangement (Au4-p-Cl-SiMo). The 
mononuclear [Au{P(p-XPh)3}]+ units linked to the POM anion reveal that the 
OMo2 oxygen atoms of edge-shared MoO6 octahedra of the POM act as multi-
centered active binding sites. These facts also show that the POM’s surface 
oxygen atoms have significant affinity to the phosphanegold(I) cations. 

During the process of the anion exchange to PF6 of [{(Au{P(p-
ClPh)3})2 -OH)}2]3 -PMo12O40]2·3EtOH (Au4-p-Cl-PMo), two types of 
phosphanegold(I) cluster cations were formed [16], i.e., one is the monomeric 
tetrakis{phosphanegold(I)} species 4-O)(AuPR3)4]2+ (R = p-ClPh) 
accompanied with both POM and PF6 anions (Au4-PMo12-PF6) and the other is 

3-O)(AuPR3)3}2]2+ with PF6

anion (Au6-PF6 4-O atom in Au4-PMo12-PF6
took an unusual, square pyramidal structure with local C4v symmetry. Its 
bonding mode can be understood as electron-deficient species. 

It should be noted that Au4-PW exhibits silver- and acid-free, effective 
catalytic activity for diphenylacetylene hydration [18]. The catalytically active
species is attributable to the monomeric gold(I)-alkyne species stabilized by 
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POM, i.e., [Au(L)(PPh3)]+/POM (L = alkyne). The reaction systems without 
POM exhibited poor or no activities. In the catalysis by Au4-PW, the catalyst
precursor [Au(L)(PPh3)]+ (L = solvent) is originated from the “dynamic” 
process as shown in the 31P{1H} NMR spectrum of Au4-PW in DMSO-d6.
Addition of an acidic proton enhanced the activity of Au4-PW, suggesting that 
the generation of the catalyst precursor is accelerated by the acidic proton. In 
contrast, catalysis by Au7-PW showed an induction period, suggesting that it
takes a longer time to generate the catalyst precursor [Au(L)(PPh3)]+. 

The present work would be extended to the molecular architecture of 
POM-mediated element-centered phosphanegold(I) clusters by a combination 
of the monomeric phosphanegold(I) carboxylate and the various saturated 
and/or lacunary POMs. Their catalytic applications and catalytic behaviors of 
such POM-based phosphanegold(I) compounds will be studied as future work. 
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甲殻類の脱皮・変態とホルモン
大平　剛

　甲殻類は硬い殻をもつのが特徴であるが，成長するために殻を脱ぎ捨

てる．また，甲殻類は成長していく過程で生活様式にあわせて形態を多

様に変化させていく．これらが脱皮と変態である．同じ節足動物に属し

ている昆虫の脱皮や変態は，小学校の理科で扱われているぐらい一般的

であるが，甲殻類の脱皮や変態は，それらを解説する書籍すら非常に少

ないのが現状である．本章では，甲殻類の脱皮と変態について解説する

とともに，内分泌的な制御機構についても述べる．

　3.1　成長のための脱皮

　甲殻類は，キチン・タンパク質・炭酸カルシウムからなる硬い外骨格をも

つ．体のサイズを大きくするためには，その硬い外骨格を脱ぎ捨てる必要が

ある．すなわち，甲殻類は脱皮を繰り返しながら成長していく．外骨格は外

側から上クチクラ，外クチクラ，内クチクラ，上皮細胞の 4つの層で構成さ

れている（図 3.1）．外クチクラと内クチクラはキチン繊維の周りにタンパ

ク質が結合したキチン・タンパク質複合体からなり，これに炭酸カルシウム

が沈着し，石灰化することで，外骨格が硬くなる．

　外骨格の石灰化は脱皮周期に同調している．脱皮から脱皮の間の期間であ

る脱皮間期（C期）から脱皮の準備期間である脱皮前期（D期）に移行する

と，古いクチクラが分解され，その内側に新たなクチクラ（上クチクラと外

クチクラ）が形成され始める．古い外骨格中の炭酸カルシウムは，外クチ

クラよりも内クチクラから優先的に溶解され，上皮細胞を通じて血中に送

られる．オカダンゴムシ（Armadillidium vulgare）の場合には，炭酸カルシ

ウムは胸部腹面に運ばれて胸石（sternolith）が形成され，アメリカザリガ

ニ（Procambarus clarkii）の場合には，炭酸カルシウムは胃に運ばれて胃石
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（gastrolith）が形成され，それらにカルシウムを一時的に貯蔵する 3-1）．脱皮

の直前には，古いクチクラ中の炭酸カルシウムの大部分は溶解，吸収される．

脱皮により古いクチクラが脱ぎ捨てられ脱皮後期（A/B 期）へと移行すると，

内クチクラの形成が始まる．そして，胸石や胃石として貯蔵していたカルシ

ウムと，環境から取り込んだカルシウムを利用して外骨格の石灰化が起こる．

クチクラの形成と外骨格の石灰化が完全に終了すると，C期へと移行してい

く．

　一回の脱皮でどれくらい体が大きくなるのかは，成長段階に依存する．ズ

ワイガニ（Chionoecetes opilio）の場合では，1齢から 5齢までの雌雄判別が

できない幼齢の個体では，脱皮後の甲長の増加率は平均 44.4％である．6齢

から 10齢までの若い個体では，脱皮後の甲長の増加率は雌が平均 35.4％，

雄が 36.8％と値が低くなる．雌の最終脱皮にあたる 10齢から 11齢への脱皮

では，雌個体の脱皮後の甲長の増加率はさらに下がり 17％となる．最終脱

皮での成長率の低下は，10齢で卵巣を成熟させるために多くのエネルギー

を消費しているためと考えられている．

図 3.1　脱皮周期を通じた甲殻類の外骨格の石灰化と脱石灰化

脱皮間期（C期）

脱皮後期（A/B期）

胃石，胸石

環境水
（Ca2＋，HCO3－）

脱皮間期（D期）

外クチクラ
古いクチクラ

古いクチクラ（脱皮殻）

新しいクチクラ
内クチクラ

上皮細胞

上クチクラ

：CaCO3 脱皮
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　3.2　成長以外のための脱皮

　甲殻類が脱皮をする目的は成長のためだけではない．たとえば，歩脚など

を再生させるための脱皮がある．甲殻類は敵から逃れる目的で，歩脚などを

みずから切断して身を守る『自切』を行う．自切後，体液が流出しないよう

に傷口は薄い膜で覆われる．アメリカザリガニの場合は，ハサミを自切して

から約 1週間後に再生芽が観察されるようになり（図 3-2，B），約 11日後

にはハサミの形態へと変化して硬化する（図 3-2，C）．その後，脱皮をする

ことで，ハサミが再生される（図 3-2，D）．再生されたハサミの成長度（％）（再

生中のハサミの長さ／正常なハサミの長さ× 100）は，個体の大きさに依存

する．体長が 3 cmの若いザリガニでは一回の脱皮で再生したハサミの成長

度は 80％近くになる．一方，体長 7 cmの成体のザリガニでは一回の脱皮で

ハサミはわずか 40％しか再生しない．体長 7 cmのザリガニは年に 2回しか

脱皮をしないことから，ハサミが元の大きさになるためには何年もかかるこ

とになる．

　再生のための脱皮は体を成長させるための脱皮ではないため，脱皮と

脱皮の間隔が短くなる 3-2）．平均甲長約 15 mmのヒライソガニ（Gaetice 

depressus）の脱皮間隔は約 65日であるが，歩脚の左右一対を除去すると脱

皮間隔は約 50日に短くなる．鉗
かん

脚
きゃく

および歩脚をすべて除去すると脱皮間隔

は半分以下の約 27日にまで短縮される．また，脱皮による体長の増加率も

歩脚の除去数に依存して減少する．鉗脚および歩脚をすべて除去したヒライ

ソガニでは脱皮後の甲長の増加率はわずか 1％である．この値からも，再生

のための脱皮が成長のための脱皮とは別物であることがわかる．

　脱皮は生殖とも深く関連している．クルマエビ（Marsupenaeus japonicus）

の雌は脱皮後の殻が柔らかい状態のときに雄と交尾をする．交尾では雄から

精子の入った精莢を雌が受け取り，精莢は雌の受精嚢内に入り，産卵・受精

まで保存される．受精嚢内の精莢は雌が脱皮をすると古い殻とともに脱落す

るため，産卵・受精が終わるまでは脱皮しない．

　雌が抱卵するテナガエビ科のオニテナガエビ（Macrobrachium rosenbergii）
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図 3.2　体長約 60 mmのアメリカザリガニ（Procambarus clarkii）における自切
後のハサミの再生（撮影 : 神奈川大学・小暮純也）
A：自切 4日後，B：自切 8日後， C：自切 17日後，D：再生脱皮 2日後
白囲み腺（B）：再生芽，白囲み腺（C）：ハサミの形態に変化した再生芽，矢印：
再生したハサミ

1mm

B

1mm

A

1mm

C D

5mm
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では，脱皮（通常脱皮および産卵脱皮のどちらの場合もある）をした後から

卵黄形成を始め，次の産卵脱皮と呼ばれる脱皮の前には成熟した卵巣をもつ．

そして，産卵直前の状態で産卵脱皮をした後に雄と交尾をし，産卵，抱卵に

いたる．抱卵した雌は卵を脱落させないために脱皮しない．カニの仲間は，

成熟に達するときの脱皮を成熟脱皮と呼ぶ．成熟脱皮後に交尾・産卵するが，

成熟脱皮では抱卵しやすいような形態に雌の腹節が変化する 3-3）．これら生

殖のために行う脱皮は，雌の生殖過程において多くのエネルギーが消費され

ることから，脱皮後の成長率は低い．

　3.3　多様な変態の様式

　同じ節足動物に属する昆虫の多くは，種が違っても共通の生活史を送る．

これまでに記載されたおよそ 100万種の昆虫のうち，約 83％が完全変態昆

虫である．完全変態昆虫は，卵が孵化した後，数齢の幼虫期を経て蛹にな

り，そして羽化して成虫になる．一方，甲殻類の生活史は種によって大きく

異なる．ここでは比較的よく調べられているクルマエビとガザミ（Portunus 

trituberculatus）について述べる．

　クルマエビ科のエビ類は世界各地で盛んに養殖が行われている．そのた

め，幼生飼育や種苗生産が事業レベルまたは試験レベルで行われている種も

多い．これまでに，クルマエビ，フトミゾエビ（Melicertus latisulcatus），ク

マエビ（Penaeus semisulcatus），ウシエビ（Penaeus monodon），タイショウ

エビ（Fenneropenaeus chinensis），モエビ（Metapenaeus moyebi），ヨシエビ

（Metapenaeus ensis）の幼生発育過程についての報告があるが，これらすべ

ての種で幼生段階や齢数が共通していることから，ここではクルマエビにつ

いて述べる（図 3.3）．

　成熟したクルマエビの雌は泳ぎながら放卵する．卵径はわずか約 0.2 mm

で，産卵後 13時間から 14時間で孵化する．孵化直後の幼生はノウプリウス

と呼ばれ，体長は約 0.3 mmである（図 3.3，A1）．ノウプリウスは 1齢から

6齢まであり，栄養を体内の卵黄に依存しており摂餌しない．約 36～ 37時

間に 6回の脱皮を行い，体長約 0.9 mmのゾエア 1齢へと変態する（図 3.3，
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A1 A2 A3

A4

B1

B2

B3

図 3.3　クルマエビ（Marsupenaeus japonicus）の幼生（A1 から A4）と，ガ
ザミ（Portunus trituberculatus）の幼生（B1から B3）（石原勝敏 編，1996）
A1：ノウプリウス 1齢，A2：ゾエア 1齢，A3：ミシス 1齢，A4：ポストラー
バ 1齢，B1：ゾエア 1齢，B2：メガロパ，B3：幼ガニ 1齢

─ 178 ─



　3.3　多様な変態の様式

第Ⅱ巻　発生・変態・リズム －時－■　

A2）．ゾエアは 1齢から 3齢まであり，この時期から珪藻類などの微小な植

物プランクトンを摂餌するようになるが，遊泳動作は緩慢である．4日間に

3回の脱皮を行い，体長約 2.8 mmのミシス 1齢に変態する（図 3.3，A3）．

ミシスは 1齢から 3齢まであり，エビに近い形態となる．ミシスは頭を下に

して活発に泳ぎ回り，動物プランクトンのような大きな餌を捕食する．3日

間に 3回の脱皮を行いポストラーバに変態する（図 3.3，A4）．ポストラー

バになると歩脚は摂餌および匍
ほ

匐
ふく

器官として作用するようになり，腹部に新

生した遊泳肢を用いて水平に遊泳するようになる．ポストラーバの形態はほ

ぼ成体と近いことから，ミシスからポストラーバへの変態がクルマエビの最

終変態であり，さらにポストラーバが 10回から 12回の脱皮を重ねると，成

体が行うような潜砂行動を示すようになる．

　ワタリガニの仲間のガザミはクルマエビとは違った変態を行う（図 3.3）．

ガザミはクルマエビと違って産卵後に卵を抱卵する．産卵直後の卵径は約 0.3 

mmで，雌ガニの腹肢の毛に卵殻を付着させて，孵化するまで親ガニが保育

する．抱卵中に胚発生が進み，卵内ではノウプリウスを経てプレゾエアと

なる．そして，孵化とともにプレゾエアが脱皮してゾエア 1齢となる．ゾエ

ア 1齢の甲長は約 0.5 mmで，上下に長い棘をもつなど，クルマエビのゾエ

アとはまったく形態が異なる（図 3.3，B1）．ゾエア 1齢から 2齢はワムシ

などの動物プランクトンを摂餌する．ゾエア 3齢になるとアルテミアなどの

動物プランクトンも摂餌するようになる．ゾエア幼生は 1齢から 4齢まであ

り，約 10日間に 4回の脱皮を行いメガロパに変態する．メガロパの甲長は

約 2 mmで，カニに特徴的なハサミが観察されるようになる（図 3.3，B2）．

メガロパは動物プランクトンばかりでなく，アサリなどの二枚貝の肉片も食

べる．メガロパになってから約 5日後に脱皮をして幼ガニ 1齢に変態する（図

3.3，B3）．幼ガニ 1齢の甲長は約 2.5 mm，甲幅は約 3 mmで，さらに 1～

2回脱皮をした後に底生生活に移行する．

　ここでは詳述しないが，イセエビ（Panulirus japonicus）の場合はフィロ

ソーマと呼ばれる幼生段階で約 300日間の浮遊生活を送る．その間に，フィ

ロソーマ幼生は 25回前後も脱皮をする．一方，アメリカザリガニは親とほ
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ぼ同じ形態の稚ザリガニの状態で孵化をする．このように，甲殻類の幼生の

形態，幼生期の長さ，脱皮の回数など，甲殻類の変態の様式は非常に多様で

ある．甲殻類の幼生の形態や発生過程は系統関係を反映していない場合も多

いことから，甲殻類の変態の多様性は，それぞれの幼生の生息環境への適応

の結果と考えられている．

　3.4　脱皮・変態を制御するホルモンの役割

　脱皮の研究は同じく節足動物に属する昆虫において古くから行われてき

た．1940年に福田が，昆虫の脱皮を誘導するホルモンが前胸腺から分泌さ

れていることを明らかにした．1954年，脱皮ホルモン活性をもつ分子とし

てエクジソンが単離され，続いて 1956年に，20- ヒドロキシエクジソンが

単離された．そして，1965年に X線解析によりエクジソンの構造が決定さ

れた．翌年の 1966年，甲殻類からも 20-ヒドロキシエクジソンが単離された．

その後，類似の構造をもつ物質が植物からも多数同定され，これらの物質は

エクジステロイドと総称されるようになった．昆虫と同様に甲殻類において

も，エクジステロイドが脱皮を引き起こす．その後，甲殻類のエクジステロ

イドは Y器官と呼ばれる組織で合成されることが，in vitroの培養実験で確

かめられた．

　エクジステロイド以外に脱皮を制御する因子として，眼柄内に存在する脱

皮抑制ホルモン（MIH：molt-inhibiting hormone）が知られている．1905年

にゼレニー（Zeleny）はカニの眼柄を切除すると，脱皮の間隔が早まること

を見いだし，眼柄内に脱皮を抑制する因子が存在することを初めて示唆し

た 3-4）．一方，組織学的研究から，眼柄の終随と呼ばれる神経組織に神経分

泌細胞群（X 器官）が存在し，これらの神経分泌細胞群から伸びる軸索の末

端は集まって神経血液器官（サイナス腺）を形成していることが明らかに

された（図 3.4）．これより，脱皮を制御するホルモンは X器官で合成され，

サイナス腺中に一時的に貯蔵された後，血リンパ中へ放出されると考えられ

るようになった．その後，眼柄切除によって血中エクジステロイド量が増加

すること，およびサイナス腺抽出物が Y器官からのエクジステロイドの分
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泌を抑制することが示された．そしてついに，1991年に，ミドリガニ（Carcinus 

maenas）のサイナス腺から初めてMIHが単離された 3-5）．

　以上に述べた甲殻類の脱皮の主要な内分泌制御機構は，同じ節足動物に属

する昆虫と類似している．すなわち，甲殻類も昆虫も共通の分子（エクジス

テロイド）を脱皮ホルモンとして利用している．しかし，同じエクジステロ

イドの合成器官であっても甲殻類の Y器官と昆虫の前胸腺とでは制御機構

はまったく異なっている．前述したように，甲殻類の場合はMIHが Y器官

でのエクジステロイド合成を抑制的に制御している．一方，昆虫の場合は，

脳で合成される前胸腺刺激ホルモン（PTTH：prothoracicotropic hormone）

が前胸腺でのエクジステロイド合成を促進的に制御している．このような甲

殻類と昆虫におけるエクジステロイド合成の制御機構の相違点は，比較内分

泌学的に注目されている．

　3.5　脱皮ホルモン（エクジステロイド）の働き

　甲殻類のエクジステロイドの産生器官である Y器官は頭胸部の側面に左

右一対存在する微小な組織である（図 3.4）．Y器官でのエクジステロイドの

図 3.4　クルマエビ（Marsupenaeus japonicus）の X器官／
サイナス腺系，Y器官および大顎器官の分布
ME：外髄，MI：内髄，MT：終髄

X器官

ME MI MT

Y 器官

大顎器官

サイナス腺
クルマエビ　Marsupenaeus japonicus
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生合成経路は，昆虫の前胸腺における生合成経路と大部分が一致していると

考えられている．Y器官から分泌されるエクジステロイドは種によって異な

る．クルマエビの場合は，3- デヒドロエクジソンとエクジソンが Y器官か

ら分泌されている（図 3.5）．分泌された 3-デヒドロエクジソンは周辺組織

で 3位が還元されてエクジソンとなった後，20位が水酸化されて 20-ヒドロ

キシエクジソンへと変換される（図 3.5）．

　脱皮周期にともなう血リンパ中のエクジステロイド濃度の変化は，多くの

甲殻類で調べられている．ここでは，アメリカザリガニを例として示した（図

3.6）．脱皮間期（C期）には血リンパ中のエクジステロイド（おもに 20-ヒ

ドロキシエクジソン）レベルは非常に低い状態に保たれている．脱皮前期（D

期）前半（D1期）になるとエクジステロイドレベルのわずかな上昇が始まり，

D期中盤（D2期）には急激にエクジステロイドレベルが上昇する．脱皮直

図 3.5　クルマエビ（Marsupenaeus japonicus）のエクジステロイド

3-デヒドロエクジソン
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前の D期後半（D3/D4期）になるとエクジステロイドレベルは一気に減少

し，その後，脱皮が起こる．脱皮後期（A/B期）のエクジステロイドレベ

ルは低い状態に保たれる．この血リンパ中のエクジステロイドレベルの変動

パターンは，種によって脱皮周期の長さに違いはみられるものの，多くの甲

殻類でよく似ており，クルマエビでも同様の結果が得られている 3-6）．以上

のことは，甲殻類においてエクジステロイドが共通して脱皮を促進すること

を示す．

　3.6　脱皮抑制ホルモン（MIH）の働き

　クルマエビを中心にMIHの働きを解説する 3-7）．クルマエビを含む十脚目

のサイナス腺には，いくつかの生理活性を有する神経ペプチドが貯蔵され

ている．それら神経ペプチドのうち，血糖上昇ホルモン（CHH：crustacean 

hyperglycemic hormone），卵黄形成ホルモン（VIH：vitellogenesis-inhibiting 

hormone），大顎器官抑制ホルモン（MOIH：mandibular organ-inhibiting 

図 3.6　アメリカザリガニ（Procambarus clarkii）の脱皮周期にともなう血リンパ中
のエクジステロイド濃度の変動（園部治之・長澤寛道 編 , 2011）
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hormone）およびMIHの 4種類はお互いにアミノ酸配列が類似しており，

CHH 族と呼ばれるペプチドファミリーを形成している．クルマエビにおい

ては，サイナス腺抽出物から 7種類の CHH族ペプチド（Pej-SGP-I～ VII）

が精製・単離され，アミノ酸配列が決定された（図 3.7）．それら 7種類の

CHH族ペプチドをアメリカザリガニ Y器官の in vitro培養系に添加したと

ころ，Pej-SGP-IVは Y器官でのエクジステロイド合成を最も強く抑制する

活性（脱皮抑制活性）のみを示した（図 3.7）．残りの 6種類はおもに血糖

上昇活性や，卵巣でのビテロジェニン合成抑制活性（卵黄形成抑制活性）を

示した（図 3.7）．これらの結果より，Pej-SGP-IVがクルマエビのMIHであ

ると推定された．アメリカザリガニが生物検定に用いられたのは，アメリカ

ザリガニ Y器官の in vitro培養系がすでに確立されていたことと，クルマエ

ビの Y器官を傷つけずに摘出することが難しいためである．その後，大腸

菌発現系を使って組換え Pej-SGP-IVが作製され，それをクルマエビに注射

すると，脱皮の時期が有意に遅くなること，および血リンパ中のエクジス

テロイド濃度が低下することが確かめられた．また，放射性標識した組換え

図 3.7　クルマエビの血糖上昇ホルモン（CHH）族ペプチドの
アミノ酸配列と生物活性
ボックス：保存された 6個のシステイン残基，ND：未検定，
MIH：脱皮抑制ホルモン，VIH：卵黄形成抑制ホルモン 

N 末端 C末端10 20 30 40 50 60 70

Pej-SGP-   Ⅰ Ⅱ Ⅲ Ⅳ Ⅴ Ⅵ Ⅶ

脱皮抑制活性 － － － ＋＋＋ ＋ ＋ ND

血糖上昇活性 ＋＋ ＋ ＋＋ － ＋＋＋ ＋＋＋ ＋＋＋

卵黄形成抑制活性 ＋＋ ＋＋ ＋＋ － ＋＋ ＋＋ ＋＋

CHH/VIH MIH CHH/VIH

Ⅰ 
Ⅱ 
Ⅲ 
Ⅳ 
Ⅴ 
Ⅵ 
Ⅶ 
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Pej-SGP-IVはクルマエビ Y器官の膜画分と特異的に結合することがわかっ

た．これらの結果より，Pej-SGP-IVはクルマエビの真のMIHと考えられる

ようになった．これ以降，本稿では Pej-SGP-IVをクルマエビMIHとする．

　クルマエビの Pej-SGP-I～ VIIはともに CHH族のメンバーであり，お互

いに類似したアミノ酸配列を有している（図 3.7）．しかし，MIHと 6種類

の CHH/VIH（Pej-SGP-I～ IIIおよび V～ VII）のアミノ酸配列を比較すると，

C末端側のアミノ酸配列の相同性が極端に低い（図 3.7）．また，MIHの C

末端は修飾されていないが，CHH/VIHの C末端はすべてアミド化されてい

る．これらのことから，C末端側の領域がMIHの生物活性に重要であると

予想された．また，核磁気共鳴による解析から，立体構造上で N末端に近

い部位には，MIHでは ヘリックスが存在するが，CHH/VIHには存在し

ないことも明らかとなった（図 3.8）．そのため，MIHの機能部位は 1を含

んだ領域と C末端側の領域と推定された．

　MIHは眼柄内の X器官で合成され，サイナス腺に一時貯蔵された後，血

リンパ中へ分泌される．Y器官は脱皮前期の短期間のみ活性化されエクジス

図 3.8　クルマエビ（Marsupenaeus japonicus）の脱皮抑制ホルモン
（MIH）の立体構造（左）と，血糖上昇ホルモン／卵黄形成ホルモン
（CHH/VIH）の 1つ Pej-SGP-III の立体構造モデル（右）
1：MIHに特徴的な ヘリックス，N：N末端，C：C末端

α1

C

N
C

N
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テロイドを合成・分泌することから（図 3.6），MIHは脱皮前期にのみ血中

量が減少し，Y器官の抑制を解除していると考えられてきた．この仮説は古

くから提唱されてきたが，実際にMIHの血中動態を調べた研究は永らくな

かった．2003年，甲南大の中辻らは 2抗体サンドイッチ型の時間分解蛍光

免疫測定法を確立し，アメリカザリガニの脱皮周期にともなう血中MIHの

変動を明らかにした．アメリカザリガニMIHは血リンパ中のエクジステロ

図 3.9　アメリカザリガニ（Procambarus clarkii）の脱皮周期にとも
なう血リンパ中のMIH 濃度（1）とエクジステロイド濃度（2）の
変動（園部治之・長澤寛道 編，2011）
値は平均値±標準誤差で示している（n＝ 13～ 24）．
**：P＜ 0.01，***：P＜ 0.001（t検定により C期と比較した場合）
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イドが最も上昇する D2期の前の D1期に減少しており，先に述べた仮説が

正しいことが証明された（図 3.9）．また，仲辻らは Y器官自身のMIH感受

性の変動も調べた．その結果，アメリカザリガニ Y器官のMIH感受性は C

期で最も高く，D1期になると低下していき，D2期および D3/4期に最も低

くなり，A/B期に回復した．このように，Y器官のエクジステロイド合成は

血リンパ中のMIH濃度の変動によって調整されているだけでなく，Y器官

自体のMIH感受性の変動によっても調整されていることが明らかとなった．

　3.7　幼若ホルモン様分子（ファルネセン酸メチル）の働き

　昆虫では幼若ホルモンが幼生形質の維持に働くことで，幼虫から幼虫への

脱皮をするか，変態をともなう脱皮をするかを制御している．同じ節足動物

の甲殻類でも，ファルネセン酸メチル（MF: methyl farnesoate）という，昆

虫の幼若ホルモンとよく似た分子が大顎器官で合成されている（図 3.4）3-8）．

MFは，昆虫の幼若ホルモンの 1種（JH III）の前駆体であることから，甲

殻類の幼若ホルモンではないかと考えられてきた．MFは甲殻類において幼

生形質の維持に働くとする報告も数例あるものの，その効果が JH IIIなどの

昆虫の幼若ホルモンよりも弱いことから，一般的に甲殻類の幼若ホルモンと

しては受け入れられていない．一方，MFが甲殻類の脱皮の促進に関わって

いるという報告もいくつか存在する．アメリカイチョウガニ（Metacarcinus 

magister）の Y器官の in vitro培養系にMFを添加すると，Y器官でのエク

ジステロイド合成が促進された．また，オニテナガエビでは，血中エクジス

テロイドレベルが上昇を始める前にMFレベルが上昇していた．これらの

結果は，MFが甲殻類の脱皮を促進的に制御している可能性を示唆している．

しかし，このような報告も数が少ないのが現状であり，MFと脱皮・変態と

の関連性については，今後のさらなる研究が必要である．本章で扱う内容で

はないが，昆虫の幼若ホルモンは成虫期の卵成熟を促進的に制御している．

実際に，甲殻類でもMFが生殖に関与していることを示す報告例がいくつ

かある．クモガニ科の 1種（Libinia emarginata）では血リンパ中のMFレ

ベルが生殖周期を通じて変動していた．また，L. emarginataの大顎器官を
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未熟な雌ガニに移植すると卵成熟が促進された．しかし，オニテナガエビで

は成熟期と未成熟期で血リンパ中のMFレベルに有意な差は観察されなかっ

た．甲殻類のMFの生殖調節作用は種によって異なる可能性がある．

コラム 3.1
甲殻類の眼柄切除実験

　アメリカザリガニの眼柄を外科的に切除すると，MIH の合成・貯蔵器官
である X器官／サイナス腺系を体内から取り除くことができる．その結果，
MIH の抑制が解除されて，Y器官でのエクジステロイド合成が活性化される．
そして，眼柄を切除したアメリカザリガニは数日後に脱皮をする．ここまで
は，多くの人が想像できる結果だと思う．それでは，その後，眼柄を切除し
たアメリカザリガニの飼育を続けるとどうなるのか？　実は，眼柄がないア
メリカザリガニは周期的に脱皮を繰り返しながら成長する．すなわち，眼柄
がないアメリカザリガニも脱皮周期を継続することが可能である．これは，
眼柄がないアメリカザリガニも，通常の個体と同様に脱皮前期（D期）に Y
器官でエクジステロイドが合成されていることを示している．実際に，オニ
テナガエビでは，眼柄がなくても血リンパ中のエクジステロイドの変動が続
くことが明らかにされている．眼柄がないアメリカザリガニやオニテナガ
エビにはMIH による抑制系が存在しないことから，抑制解除により Y器官
でのエクジステロイド合成を活性化することはできない．すなわち，眼柄の
MIH 以外に，Y器官を規則的に活性化する機構が備わっているはずである．
眼柄を切除すると大顎器官が発達することから，大顎器官で合成されるMF
が脱皮促進ホルモンではないかという説もあった．しかし，今のところMF
が脱皮促進ホルモンの本命とは考えられてはいない（3.7 参照）．甲殻類に
脱皮促進ホルモンは存在するのか？　それとも Y器官自身にエクジステロ
イド合成のリズムが備わっているのか？　未だに，甲殻類の脱皮にはわから
ないことがたくさんある．
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　3.8　おわりに

　甲殻類の脱皮の研究の歴史は非常に古く，3.4節で述べた 1905年のゼレ

ニー（Zeleny）の実験にまでさかのぼる．それから約 100年後の 2003年，

MIHの血中レベルが明らかにされ，MIHの立体構造も明らかにされた．近年，

MIHの細胞内セカンドメッセンジャーに関する研究も行われるようになっ

てきたが，MIH受容体やシグナル伝達経路をつなぐ分子群は未だ未同定で

ある．今後，これらMIHの分子認識機構が解明されることを期待している．

　エビやカニなどの甲殻類は水産食糧資源として重要なばかりでなく，海洋

生態系において食物連鎖の維持に重要な役割を果たしている．甲殻類の脱皮・

変態のメカニズムの解明は，甲殻類を食料として安定供給していくための新

たな技術の確立に発展していく可能性がある．これらのことから，甲殻類の

脱皮・変態に関する内分泌学的な研究は重要と思われる．しかし，この分野

の研究者は国内外も含めて非常に少ないのが現状であり，日本の若手研究者

に至っては数名足らずである．本稿を読んで，甲殻類の脱皮・変態に興味を

もってくれる大学生が増え，その中から同分野の研究を牽引してくれる研究

者が育ってくれることを願っている．
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Abstract Ferredoxin-NAD(P)? oxidoreductase (FNR, [EC

1.18.1.2], [EC 1.18.1.3]) from the green sulfur bacterium

Chlorobaculum tepidum (CtFNR) is a homodimeric flavo-

protein with significant structural homology to bacterial

NADPH-thioredoxin reductases. CtFNR homologs have been

found in many bacteria, but only in green sulfur bacteria

among photoautotrophs. In this work, we examined the reac-

tions of CtFNR with NADP?, NADPH, and (4S-2H)-NADPD

by stopped-flow spectrophotometry. Mixing CtFNRox with

NADPH yielded a rapid decrease of the absorbance in flavin

band I centered at 460 nm within 1 ms, and then the absor-

bance further decreased gradually. The magnitude of the

decrease increased with increasing NADPH concentration, but

even with *50-fold molar excess NADPH, the absorbance

change was only *45 % of that expected for fully reduced

protein. The absorbance in the charge transfer (CT) band

centered around 600 nm increased rapidly within 1 ms, then

slowly decreased to about 70 % of the maximum. When

CtFNRred was mixed with excess NADP?, the absorbance in

the flavin band I increased to about 70 % of that of CtFNRox

with an apparent rate of*4 s-1, whereas almost no absorption

changes were observed in the CT band. Obtained data suggest

that the reaction between CtFNR and NADP?/NADPH is

reversible, in accordance with its physiological function.

Keywords Flavoenzyme � Adrenodoxin � Putidaredoxin �
Stopped flow � Charge transfer complex � Kinetic isotope

effect

Abbreviations

A Absorbance

Ad Adrenodoxin

AdR Adrenodoxin reductase

Bs Bacillus subtilis

Ct Chlorobaculum tepidum

CT Charge transfer

CTC Charge transfer complex

Ec Escherichia coli

FAD Flavin adenine dinucleotide

Fd Ferredoxin

FNR Ferredoxin-NAD(P)? oxidoreductase

GR Glutathione reductase

HEPES 2-[4-(2-hydroxyethyl)-1-

piperazinyl]ethanesulfonic acid

NADPD (4S-2H)-reduced nicotinamide adenine

dinucleotide phosphate

Pd Putidaredoxin

PdR Putidaredoxin reductase

TrxR Bacterial NADPH-thioredoxin reductase

Ox Oxidized

Red Reduced

Introduction

Ferredoxin-NAD(P)? reductase ([EC 1.18.1.2], [1.18.1.3],

FNR) is a member of the NAD(P)H-dependent oxidore-

ductases of the flavoprotein superfamily containing a

noncovalently bound flavin adenine dinucleotide (FAD) or

flavin mononucleotide (FMN) as a prosthetic group. FNR
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can reversibly catalyze either one- and two-redox equiva-

lent transfer with the small iron–sulfur protein ferredoxin

(Fd) and NAD(P)?/NAD(P)H, respectively, using the

redox properties of the flavin prosthetic group. In the final

step of the electron transport chain in photosynthesis, Fd

and FNR mediate electron transfer from a type I photo-

synthetic reaction center to NAD(P)? (Knaff and Hirasawa

1991; Sétif 2001; Seo and Sakurai 2002). In nonphoto-

synthetic processes, Fd as well as small iron–sulfur pro-

teins, adrenodoxin (Ad), and putidaredoxin (Pd) participate

in electron transfer in reactions involved in synthesis of a

wide range of cellular materials such as fatty acid desatu-

ration (cytochrome P450), nitrite reduction, sulfite reduc-

tion, and S-adenosylmethionine radical-dependent

reactions in DNA and coenzyme synthesis (Munro et al.

2007; Knaff and Hirasawa 1991; Bianchi et al. 1993; Wan

and Jarrett 2002). In the latter processes, FNR, adrenodoxin

reductase (AdR, [EC 1.18.1.6]), and putidaredoxin reduc-

tase (PdR, [EC 1.18.1.5]) catalyze the reduction of Fd, Ad,

and Pd by NAD(P)H. Thus, the redox coupling of Fd-FNR-

NAD(P)?/NAD(P)H constitutes a key process of a wide-

spread redox network in living organisms. The physiolog-

ical direction of the process is assumed to be related to the

redox midpoint potentials of the reaction partner(s).

Each of FNR, AdR, and PdR has two nucleotide-binding

domains, one for FAD/FMN and the other for NAD(P)?/H

(Correll et al. 1993; Ziegler et al. 1999; Sevrioukova et al.

2004; Muraki et al. 2010; Medina and Gómez-Moreno 2004;

Aliverti et al. 2008). This protein topology is typical of flavin-

containing NAD(P)H-dependent oxidoreductases including

disulfide reductases (Dym and Eisenberg 2001; Aliverti et al.

2008). Based on structural and phylogenetic information,

FNRs, PdR, and AdR are classified into two major groups of

the flavoprotein superfamily, namely, the plant-type and the

glutathione reductase (GR)-type FNR superfamilies and

further divided into several subgroups (Aliverti et al. 2008;

Ceccarelli et al. 2004; Seo et al. 2004). Among FNRs, the

bacterial NADPH-thioredoxin reductase-type (TrxR-type)

FNR, a subgroup of the GR-type FNR superfamily, is unique

in their homodimeric form with high structural homology to

Escherichia coliTrxR (EcTrxR) (Muraki et al. 2010; Komori

et al. 2010; Waksman et al. 1994). TrxR-type FNR and its

homologs have been found in bacteria and archaea, including

green sulfur bacteria, Firmicutes, several a-proteobacteria
including Rhodospirillaceae and the archaeal genus Sul-

folobus (Seo et al. 2002, 2004, 2009; Yan et al. 2014;Mandai

et al. 2009), but it was not found in eukaryotes (Kyoto

Encyclopedia of Genes and Genomes, Kanehisa et al. 2016).

Among members of the TrxR-type FNR subfamily, the pro-

tein from the photoautotrophic green sulfur bacterium

Chlorobaculum tepidum (formerly Chlorobium tepidum;

CtFNR) has been isolated as a component required for

NAD(P)? photoreduction (Seo and Sakurai 2002). C.

tepidum carries out nonoxygenic photosynthesis using vari-

ous sulfur compounds as the electron sources (Ogawa et al.

2008; Sakurai et al. 2010) and has a type I photosynthetic

reaction center that can reduce Fds directly (Kjær and

Scheller 1996; Seo et al. 2001; Tsukatani et al. 2004). In vitro,

purifiedCtFNRcan catalyze the reduction ofNAD(P)? in the

presence of the photosynthetic reaction center and Fd fromC.

tepidum (Seo and Sakurai 2002). The unique features of the

green sulfur bacteria among phototrophs are that they use the

reductive TCA cycle as the main carbon assimilation path-

way (Buchanan and Arnon 1990; Tang and Blankenship

2010), which have been found among several bacterial

groups (Hügler and Sievert 2011), and that FNR and Fds are

phylogenetically unrelated to their counterparts in oxygenic

photosynthetic organisms/organelles but related to those

from several bacterial groups described above. These would

provide useful information on the origin and evolution of

photosynthesis.

Although the redox reaction catalyzed by FNR is theo-

retically reversible, it is generally accepted that under

physiological conditions, the direction of the reaction is

optimized to either NAD(P)? reduction in many photosyn-

thetic organisms, or NAD(P)H oxidation in nonphotosyn-

thetic organisms and tissues. Indeed, previous studies on the

TrxR-type FNR from the heterotroph Bacillus subtilis

(BsFNR) revealed that BsFNR preferentially oxidizes

NADPH to reduce Fd from the same organism at a high rate

(*50 s-1), rather than reducing NADP? with electrons

from the reduced Fd (Seo et al. 2004, 2014). Pre-steady state

reaction analysis of BsFNR with NADP?/NADPH revealed

that the hydride transfer rate for NADPH oxidation direction

is much larger than that of NADP? reduction direction (Seo

et al. 2016). Therefore, research on CtFNR is important

because green sulfur bacteria constitute a unique group

among photoautotrophic organisms in that they contain

TrxR-type FNRs that support NAD(P)? photoreduction at a

high rate (Seo and Sakurai 2002). Some differences between

CtFNR and other TrxR-type FNRs have been revealed from

deduced amino acid sequences and crystal structures of

TrxR-type FNRs, for example, the residue stacking on the re-

face of the isoalloxazine ring moiety of the FAD prosthetic

group is Phe337, and C-terminal extension region in CtFNR

is longer and richer in Lys and Glu residues (Fig. 1a, b)

(Muraki et al. 2010; Komori et al. 2010). It is expected that

comparative studies of CtFNR with other members of the

TrxR-type FNR family will provide valuable information on

the structure–function relationships of this family and other

flavin-containing NADPH-dependent oxidoreductases. In

this work, we performed pre-steady state kinetic analyses of

reactions of CtFNR with NADP? and NADPH. Our studies

confirmed that the reaction between C. tepidum FNR and

NADP?/NADPH is reversible as often been reported among

plant-type FNR from photosynthetic organisms.
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Materials and methods

Preparation of C. tepidum FNR

CtFNR was expressed in E. coli cells as described in

Muraki et al. (2008). Purification of the CtFNR was per-

formed basically according to the methods used for BsFNR

(Seo et al. 2014), except that precipitate obtained by the

addition of ammonium sulfate between 35 and 80 %

saturation was used for purification in place of that

obtained from 0 to 40 % saturation.

Stopped-flow spectrophotometry

Stopped-flow spectrophotometry was performed in a glove

box under a nitrogen atmosphere containing hydrogen gas

(ca. 5 %) to decrease the residual O2 (\50 ppm) with a

palladium catalyst as previously described (Seo et al.

si-face

b

bsu_BSU32110       43...GGQLSALYPEKYIYDVAG...
rpa_RPA3954        42...GGQCAELYPEKPIYDIPG...
ttj_TTHA0465       41...GGQLTALYPEKYIYDVAG...
cte_CT1512         50...GGQLAALYPEKHIYDVAG...
cli_Clim_1719      50...GGQLAALYPEKHIYDVAG...
                        *** : ***** ***:.*  

su_BSU32110       313...YMDPKARVQPLHSTSLFENK
rpa_RPA3954        317...YVYPDKRVVFQYTTSSTNLQKKLGVN
ttj_TTHA0465       315...YANPALKVNPGHSSEKAAPGT
cte_CT1512         326...YIKPGEKIRNVFSSVKMAKEKKAAEAGNATENKAE
cli_Clim_1719      326...YIRPGEKIRHTFSSVKMAKQKKNEQ
                         *  *  ::   .::                     

re-face

(a)

(b)

Fig. 1 a Close-up view around the isoalloxazine ring moiety of the

FAD prosthetic group and NADP?-binding domain in the crystal

structure of CtFNR (PDB code: 3AB1). Main chains of subunit A,

which includes the FAD prosthetic group, and C-terminal region of

subunit B (I327 to A348) in CtFNR are colored in green and purple,

respectively. NADP? is superimposed based on the superposition of

NADPH-binding domain of BsFNR which binds NADP? (Komori

et al. 2010, PDB code 3LZW) against CtFNR on UCFS Chimera

package (Pettersen et al. 2004). Side chains of Tyr57, Asp64, and

Asp177 in subunit A, and Phe337 and Ser339 in subunit B are

depicted as a ball and stick model. Hydrogen bondings between Tyr57

and O20 hydroxyl group of ribitol moiety of FAD, Asp64, and N3 of

isoalloxazine ring portion, Asp177 and N7 of nicotinamide ring

portion of NADP?, and Ser339 and N5 of isoalloxazine ring portion

of FAD are depicted as red dotted lines. Figure was prepared using

Discovery Studio 4.0 Visualizer (Accelrys Inc., USA). b Partially

aligned amino acid sequences around the si-face and re-face residues

in TrxR-type FNRs. The number of the first amino acid residue in

each row is indicated at the left. The positions of the Tyr57, Asp64,

Phe337, and Ser339 residues in CtFNR sequence are indicated by

arrows at upside. bsu_BSU32110: Bacillus subtilis subsp. subtilis str.

168 FNR, rpa_RPA3954: Rhodopseudomonas palustris CGA009

FNR, ttj_TTHA0465: Thermus thermophilus HB27 FNR,

cte_CT1512: Chlorobaculum tepidum FNR, cli_Clim_1719: Chloro-

bium limicola DSM245 FNR
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2016). The reaction was initiated by mixing equal volumes

of solutions in a single-mixing mode at 10 �C. The dead

time of the setup was estimated to be about 1 ms (Seo et al.

2016). Spectra were collected every 1 ms (Figs. 1–3, 4a–c)

or 5 ms (Fig. 4e). All protein and substrate concentrations

are given as the final concentrations after mixing unless

otherwise stated.

Reduced CtFNR (CtFNRred) was obtained using sodium

dithionite and methyl viologen as the reductant and redox

mediator, respectively, under anaerobic conditions in the

glove box. Two milliliters of approximately 200 lM
CtFNR solution in 20 mM HEPES–NaOH buffer (pH 7.0)

were reduced by the addition of an excess of sodium

dithionite (0.4 mg/ml final concentration) in the presence

of 10 lM methyl viologen. After a few minutes of incu-

bation at 4 �C, excess dithionite and methyl viologen were

removed by size exclusion chromatography (Bio-Gel P-4

gel, Bio-Rad Laboratories, USA) pre-equilibrated with

20 mM HEPES–NaOH buffer (pH 7.0) containing 0.32 lg/
ml sodium dithionite in the glove box. The concentration of

CtFNR in the solution was estimated from the absorbance

of air-reoxidized CtFNR.

A deuterated form of NADPH, (4S-2H)-NADPD (re-

ferred to hereafter as NADPD) was prepared according to

published methods (Viola et al. 1979, Ottolina et al. 1989,

Pollock et al. 2001) as previously described (Seo et al.

Wavelength (nm)

A
bs

or
ba

nc
e

A
bs

or
ba

nc
e

0.10

0.05

0.00
800700600500400

Wavelength (nm)

Time (ms)

A
59

0

a
b

0.01

0.00
5000

0.10

0.05

0.00
800700600500400

Time (ms)

a

bc
d
e

A 46
0

0.10

0.04
500

0.05

0.00
5000

[NADPH] (μM)

k
)

s(
s bo

-1

50

0
5000

(a) (b)

(c) (d)

Fig. 2 a, b Transient spectra induced by mixing 9.0 lM CtFNRox

with a. 100 lM or b. 500 lM NADPH. The reaction was performed

in 20 mM HEPES–NaOH buffer (pH 7.0) at 10 �C. The spectra at 0

and 2000 ms are shown as thin continuous lines. The spectra shown

by thin dotted lines from the top to the bottom at 450 nm correspond

to those at 2, 4, 9, 19, 49, 99, 199, and 499 ms, respectively. The

spectrum of CtFNRox in the absence of NADPH is shown as a thick

continuous line and that of CtFNRred (see Fig. 4) as a thick dashed

line. Arrows indicate the directions of the absorbance change at the

respective wavelengths; the dashed parts of the arrows indicate

change that occurred within the first data acquisition period (1 ms).

The inset in b shows the time course of A590 at a. 100 lM and

b. 500 lM NADPH. The data of the inset are the average of five

measurements. c The time course of A460 after mixing CtFNRox with

NADPH. The measurement conditions were the same as those in a,
except the NADPH concentrations of a: 0 lM, b: 50 lM, c: 100 lM,

d: 200 lM, and e: 500 lM. The data are an average of four to five

measurements. The time course in the short-time range is shown in

the inset. Double exponential decay curves based on the data for each

NADPH concentration in the time range 5–500 ms are indicated by

continuous red lines. d NADPH concentration dependency of kobs of

the slow phase. The observed rate constant at each NADPH

concentration was obtained as shown in c. One standard deviation

of each observed rate constant was less than 0.6 s-1
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2016). NADP? and NADPH were purchased from Oriental

Yeast Co., Ltd.

The values of A460, A590, e460, and e590 in Figs. 2b–c, 3a–
c and 4c, e were obtained by subtracting A800 to compen-

sate for signal drift.

Kinetic data analysis

Data collection and basic arithmetic operations on the tran-

sient spectra obtained from stopped-flow experiments were

performed using Unispec (ver. 2.51, Unisoku Co., Ltd.) and

Excel (ver. 14 and 15, Microsoft Corporation, Redmond,

WA, USA) software. Curve fitting to the transient absorp-

tions at a single wavelength was performed using Igor Pro

ver. 6.3 software (Wavemetrics, Portland, OR, USA).

Miscellaneous methods

UV–Vis spectra were measured using a double beam

spectrophotometer (UV-560, JASCO, Japan). Protein and
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Fig. 3 a, b Transient spectra induced by mixing 11 lM CtFNRox

with a. 100 lM or b. 500 lM NADPD. The reaction was performed

in 20 mM HEPES–NaOH buffer (pH 7.0) at 10 �C. The spectra at 0

and 1999 ms are shown as thin continuous lines. The spectra shown

by thin dotted lines from the top to the bottom at 450 nm correspond

to those at 2, 4, 9, 19, 49, 99, 199, and 499 ms, respectively. The

spectra of 11 lM CtFNRox in the absence of NADPD and CtFNRred

in 20 mM HEPES–NaOH buffer (pH 7.0) are shown as a thick

continuous line and a thick dashed line, respectively. Arrows indicate

the directions of change in absorbance at the respective wavelengths;

the dashed parts of arrows indicate change that occurred within the

first acquisition period (1 ms). The insets in a, b show time courses of

e460 (a) and e590 (b) after mixing CtFNRox with 100 lM NADPH

(open circle) and NADPD (open triangle) shown in Fig. 2a and a,
respectively. The absorbance was normalized by CtFNR concentra-

tion. The dotted line in the inset of a represents the absorption of

CtFNRox. c The time course of A460 after mixing CtFNRox with

NADPD. The measurement conditions were the same as those in a,
except the NADPD concentrations of 0 lM (closed circle), 100 lM
(open circle), 200 lM (open triangle), and 500 lM (open square).

The data are an average of four to five measurements. The time course

in the short-time range is shown in the inset

FNR + NADPHox
+FNR    -NADPred

CTC-1 CTC-2

FNR -NADPHox
+FNR    + NADPred

k1

k2

Scheme 1 .
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substrate concentrations were determined from the extinc-

tion coefficients: CtFNRox, e466 = 10.3 mM-1 cm-1 (Seo

and Sakurai 2002), and NADPH and NADPD, e340 -
= 6.2 mM-1 cm-1. NADP? concentration was determined

in NADPH form using glucose-6-phosphate dehydrogenase

and excess amount of glucose-6-phosphate.

Results

Reduction of CtFNRox by NADPH

Reduction/oxidation reactions catalyzed by NAD(P)H-de-

pendent flavoproteins are generally accompanied by the
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formation of charge transfer complexes (CTCs), namely,

FNRox-NADPH (CTC-1) and FNRred-NADP
? (CTC-2)

before the hydride transfer step, which exhibit a charge

transfer (CT) absorption band in the 500–800 nm region

(Scheme 1; Massey et al. 1970; Blankenhorn 1975; Batie

and Kamin 1984; Lennon and Williams 1997; Tejero et al.

2007).

The reaction after mixing 9 lM CtFNRox with

50–500 lM NADPH was measured by stopped-flow

spectrophotometry (Fig. 2). Mixing CtFNR with NADPH

resulted in a decrease in flavin absorption band I with a

peak around 460 nm within 1 ms (at the end of dead time),

and then the absorption of this band decreased gradually

with time (Fig. 2a, b). The Dabsorbance of this band region

contains at least three distinctive kinetic components,

namely, the fast, slow, and very slow phases (Fig. 2c). The

fast phase observed as a rapid drop in 0–5 ms was too fast

to estimate the rate constant. Dabsorbance of this phase

was almost independent of the NADPH concentrations

used (50–500 lM, inset of Fig. 2c). A460 in 5–500 ms time

region can be approximated by a two-step reaction model

(Fig. 2c, red continuous lines). Dabsorbance of the slow

phase observed as a decay component in 5–200 ms time

region increased with increasing NADPH concentration,

and its observed rate decreased with increasing NADPH

concentration (Fig. 2d). kobs of the very slow phase was

uncertain as the slight absorbance change seemed to con-

tinue beyond the measurement time scale. Although an

increase in NADPH concentration decreased the total

Dabsorbance of the flavin absorption band I (Fig. 2a, b),

the absorbance change after 499 ms was only *45 % of

that expected for fully reduced protein even with 500 lM
NADPH (Fig. 2b).

The absorbance around 600 nm rapidly increased within

1 ms and reached itsmaximum intensity by 5 ms (Fig. 2a, b).

The spectroscopic and kinetic properties of this absorption

band centered at 600 nm are typical of the formation of CTCs

as reported in stopped-flow works on BsFNR, plant-type

FNRs, andEcTrxR (Seo et al. 2016;Massey et al. 1970; Batie

and Kamin 1984; Tejero et al. 2007; Lennon and Williams

1997). Subsequently, the absorption intensity of this CT

absorption band decreased with time (Fig. 2a, b), but even

with 500 lM NADPH, about 70 % of the maximum

absorption intensity remained after 2 s (Fig. 2b). No signif-

icant peak shift of the CT absorption band was observed

within 2 s duringCtFNRox reduction byNADPH (Fig. 2a, b).

An increase in NADPH concentration did not significantly

affect the maximum absorption intensity of the CT band, but

Dabsorbance of the decay increased with increasing NADPH
concentration (inset of Fig. 2b).

Reduction of CtFNRox by NADPD

We studied the primary kinetic isotope effect by measuring

the reactions mixing 11 lM CtFNRox with 100 (Fig. 3a),

200, and 500 lM (Fig. 3b) NADPD. Mixing CtFNRox with

NADPD resulted in a rapid drop in the flavin absorption

band I within 1 ms (Fig. 3a, b), but the Dabsorbance of the
drop after 1 ms was much smaller than that with NADPH

(Fig. 2a, b), and the subsequent absorption changes in

0–10 ms were slower than those with NADPH. These

results indicated that deuterium substitution significantly

affected the kinetics of the fast phase in the reduction of

CtFNRox (inset of Fig. 3a). The kobs of the fast phase in the

reaction with NADPD was nearly independent of NADPD

concentration; its values were 372 ± 12, 434 ± 11, and

391 ± 11 s-1 at 100, 200, and 500 lM NADPD, respec-

tively (inset of Fig. 3c). These values contain large errors

as they are near the upper limit of the detection of the

equipment. Kinetic analyses of the absorbance changes in

time region 10–1000 ms provided similar rate constant

bFig. 4 a, b Transient spectra induced by mixing chemically reduced

12 lM CtFNR with a. 100 lM and b. 500 lM NADP?. The reaction

was performed in 20 mM HEPES–NaOH buffer (pH 7.0) at 10 �C.
The spectra of 12 lM of CtFNRox and chemically reduced CtFNRred

in 20 mM HEPES–NaOH buffer (pH 7.0) are represented by thick

dashed and thick continuous lines, respectively. Spectra for 0 and

3999 ms are indicated by thin continuous lines, and for 9, 19, 49, 99,

199, 499, 999, and 1999 ms, respectively, by thin dotted lines from

the bottom to the top at 450 nm. Arrows indicate the direction of

change in absorbance. c The time course of A460 after mixing

CtFNRred with NADP?. The measurement conditions were the same

as those in a, except the NADP? concentrations of a: 0 lM, b:

50 lM, c: 100 lM, d: 200 lM, and e: 500 lM. The data are an

average of four to five measurements. The time course in the short-

time range is shown in the inset. Double exponential decay curves

based on the data for each NADP? concentration are indicated by

continuous red lines. d NADP? concentration dependency of the

observed rate of the faster phase. The observed rate constant at each

NADP? concentration was obtained as shown in c. One standard

deviation of each observed rate constant was less than 0.2 s-1.

e Transient spectra induced by mixing chemically reduced 24 lM
CtFNR with 25 lM NADP?. The reaction was performed in 20 mM

HEPES–NaOH buffer (pH 7.0) at 10 �C. The spectra of 24 lM of

CtFNRox and chemically reduced CtFNRred in 20 mM HEPES–NaOH

buffer (pH 7.0) are represented by thick dashed and thick continuous

lines, respectively. Spectra for 0 ms, 1, and 20 s are indicated by thin

continuous lines, and for 9, 19, 49, 99, 199, 499 ms, 2, 5, and 10 s,

respectively, by thin dotted lines from the bottom to the top at

450 nm. Arrows indicate the direction of change in absorbance. Inset

of e represents the time course of A460 (circle) and A590 (square). The

data are average of four measurements. Double exponential decay

curves based on the data for both wavelengths are indicated by

continuous red lines

FNR   _NADPoxFNR   + NADPox

Scheme 2 .
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values for the slow phase in the reaction with NADPH

(36 ± 8 s-1, 22.3 ± 0.4 s-1, and 19.1 ± 0.3 s-1 at 100,

200, and 500 lM NADPD, respectively), which also

decreased with increasing NADPD concentration.

The absorption in the CT band region increased rapidly

(within 1 ms) and reached its maximum within 5 ms

(Fig. 3a, b). Although the reduction of significant amount

of FAD prosthetic group occurred in 1–10 ms time period

(Fig. 3c), the peak wavelength and intensity of CT band

were nearly stable (Fig. 3a, b). Increased NADPD con-

centration did not significantly affect the maximum inten-

sity of the CT band absorption (Fig. 3a, b). Subsequently, a

slight decrease in the absorbance occurred (by 100 ms) to a

similar extent as was observed in the reaction with NADPH

(inset of Fig. 3b). These results, almost the same as those

with NADPH, indicate that the formation of CTC-1 was

not affected significantly by the deuterium substitution.

Oxidation of CtFNRred by NADP1

CtFNRred was prepared with dithionite in the presence of

methyl viologen followed by the removal of the latter by

size exclusion chromatography. The spectrum of the

reduced CtFNR thus prepared is shown as the thick con-

tinuous line in Fig. 4a, b. Mixing CtFNRred (12 lM) with

NADP? resulted in a very slow increase in the flavin

absorption band I (Fig. 4a, b), indicating that CtFNRred

oxidation by NADP? was very slow. A460 in 0–2 s time

region can be approximated by a two-step reaction model

(Fig. 4c). The kobs of the faster component decreased with

increasing NADP? concentration (Fig. 4d). The total

absorption changes at near equilibrium (i.e., at 2 s) showed

a significant dependency on NADP? concentration in the

range 100–500 lM (Fig. 4a, b). From DA460 at 2 s, the

oxidation level of CtFNR was estimated to be about 70 %

(thick broken line in Fig. 4a, b).

In contrast to the reduction of CtFNRox by NADPH/

NADPD (Figs. 2 and 3), no significant absorption change

was observed in the CT absorption band region

(550–800 nm) during the reaction of CtFNRred with NADP?

in the NADP? concentration range 100–500 lM (Fig. 4a, b).

As the formation of CtFNRox-NADP
? complex

(Scheme 2) can decrease the amounts of CTCs at the

equilibrium when NADP? is excess (Batie and Kamin

1986; Seo et al. 2016), the reaction mixing CtFNRred

(24 lM) with near equimolar NADP? (25 lM) was mea-

sured (Fig. 4e). Obtained transient spectra exhibited a

gradual increase in the CT band absorption with time after

1000 ms following accumulation of oxidized CtFNR spe-

cies. A460 predicted that the reaction was approximated by

a two-step reaction model with similar kobs in excess

NADPH (3.40 ± 0.02 s-1 and 0.426 ± 0.001 s-1) (inset

of Fig. 4e). The change of A590 can be approximated by

two-step reaction model with kobs of 0.75 ± 0.01 s-1 and

0.123 ± 0.002 s-1 (inset of Fig. 4e).

Discussion

Previous pre-steady state kinetic studies on flavins and

other types of flavin-dependent NADP(H) oxidoreductases

revealed that mixing with NADPH yielded formations of

CTC-1 (FADox-NADPH) and CTC-2 (FADred-NADP
?)

with the appearance of CT absorption bands centered at

550–750 nm (Massey et al. 1970; Blankenhorn 1975;

Lennon and Williams Jr 1997; Tejero et al. 2007). The pre-

steady state kinetic study of TrxR-type BsFNR catalyzing

reaction with NADP?/NADPH revealed that formations of

both CTC-1 and CTC-2 exhibited the appearance of CT

absorption bands centered at approximately 600 nm (Seo

et al. 2016). In the NADPH oxidation reaction by

CtFNRox, the CT band centered at approximately 600 nm

appeared within the experimental dead time. Its maximum

intensity was not significantly affected by the NADPH

concentration, indicating a formation of Michaelis com-

plex (NADPH-FNRox, MC-1) occurred before the forma-

tion of CTC-1 as frequently reported among flavin-

containing NAD(P)H-dependent dehydrogenases (Lennon

and Williams Jr 1997; Tejero et al. 2007), and 100 lM
NADPH gave near saturation (Seo et al. 2016). After the

rapid formation of the CTC-1, reduction of the flavin

prosthetic group occurred (Figs. 2a, b and 3a, b). In the

reaction, the apparent rate of the fast phase was affected by

deuterium substitution (inset of Fig. 3a), indicating that the

rate-limiting step in the NADPH oxidation reaction by

CtFNRox is the hydride transfer during CTC-2 formation

(Scheme 1) in the experimental conditions used. In the

course of the reaction, CtFNRox reduction proceeded sig-

nificantly, while the CT absorption band intensity (A590)

did not change in a corresponding amount. Based on

Scheme 1, if CTC-2 has no absorption in the CT band

region, a decrease in a CTC-1 amount reduces the absor-

bance in the CT band region. Thus obtained results could

be explained by the presence of a CT absorption band

centered at similar wavelength for CTC-2 as observed in

BsFNR works (Seo et al. 2016). In the NADPH oxidation

reaction by CtFNRox, kobs and DA460 of the slower phase

affected by the NADPH concentration (Fig. 2c, d). As the

NADPH concentration -dependent second-order reaction

step in Scheme 1 (i.e., formation of MC-1) was rapid, such

the dependency could be explained by the formation of

FNR    _NADPHredFNR    + NADPHred

Scheme 3 .
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NADPH-CtFNRred complex (Scheme 3) (Batie and Kamin

1986).

For NADPH oxidation by CtFNRox, we could not

determine the rate constants of the hydride transfer step in

both direction (k1 and k2 in Scheme 1), because the fast

phase was too rapid even at 50 lM NADPH (Fig. 2c). If

we assume that CtFNRox and CTC-1 have a similar

extinction coefficient at 460 nm (inset of Fig. 2a) and that

the hydride transfer step is the rate determining, Scheme 1

can be approximated by the two-component reversible

reaction model CTC-1 ¢ CTC-2, where the rates of the

forward and reverse directions corresponds to the respec-

tive hydride transfer rates in Scheme 1. According to this

approximation, the ratio of CTC-1:CTC-2 at equilibrium at

low NADPH concentration (Fig. 1a) corresponds to the

ratio of k1:k2. From the spectrum at 4 ms in Fig. 1a, we can

estimate a CTC-1: CTC-2 ratio of 3:7, suggesting that k2 is

comparable to k1. This result is in contrast to that of BsFNR

where the hydride transfer rate in NADPH oxidation

direction was much larger than that of NADP? reduction

direction (*500 s-1 and\10 s-1, respectively, (Seo et al.

2016)). Similar reversibility has been reported on plant-

type FNRs from photosynthetic organisms (Sánchez-Az-

queta et al. 2012; Tejero et al. 2007).

Generally, formations of CTCs are considered to lead

the stacking of the two-ring system, the isoalloxazine ring,

and the nicotinamide ring moieties of FAD and NAD(P)?/

NAD(P)H, respectively, which enables efficient hydride

transfer between C4 of nicotinamide ring portion of

NAD(P)?/NAD(P)H and N5 of isoalloxazine ring portion

of FAD in the reaction catalyzed by flavin-dependent

NAD(P)H-oxidoreductases (Blankenhorn 1975; Tejero

et al. 2007; Peregrina et al. 2010; Sánchez-Azqueta et al.

2014). The pre-steady state reaction analyses of WT and

mutated plant-type Anabaena FNRs with NADP?/NADPH

revealed a significant correlation between the absorbance

of CT bands and hydride transfer rates (Peregrina et al.

2010). In present work, NADPH oxidation by CtFNRox

with larger kobs (Fig. 2) was accompanied by an appear-

ance of a CT absorption band, whereas NADP? reduction

reaction with smaller kobs did no obvious CT absorption

band (Fig. 4). In the NADP? reduction by CtFNRred, as the

slope of the initial increasing phase in A460 was not

affected by the NADP? concentrations used (Fig. 4c), it

seemed that the rate of the complex formation with

NADP? was saturated with respect to NADP? concentra-

tion. Accordingly, the rate-limiting step in NADP?

reduction by CtFNRred would be present after the forma-

tion of CtFNRred-NADP
? complex. If the process of

NADP? reduction by CtFNRred occurred along the same

conformations in NADPH oxidation by CtFNRox, i.e.,

kinetically reversible, the hydride transfer process in

NADP? reduction by CtFNRred would be rapid the same as

in the NADPH oxidation by CtFNRox (kobs = k1 ? k2).

According to this scenario, the transition of CtFNRred-

NADP? complex to CTC-2 would be the rate-limiting and

CTC-2 would not accumulate during the reaction, but the

rapid formation of CTC-1 would give an absorption in CT

band region in the NADP? reduction by CtFNRred.

Obtained results, however, provided almost no CT

absorption bands during the NADP? reduction by

CtFNRred. One can consider that rapid and strong

CtFNRox-NADP
? complex formation will decrease the

absorbance of CT band region (Scheme 2). But mixing

CtFNRred with near equimolar of NADP? exhibited a faster

formation of CtFNRox followed by a slower formation of

CTCs (Fig. 3e). These results seem to indicate a difference

in the conformation of CTCs between in the NADP?

reduction by CtFNRred and in the NADPH oxidation by

CtFNRox. In the NADPH oxidation reaction, the nicoti-

namide ring reacts with the oxidized isoalloxazine ring,

whereas in the NADP? reduction reaction, the nicoti-

namide ring reacts with the reduced isoalloxazine ring. The

crystal structure analysis of BsFNR with NADP? revealed

that the nicotinamide ring portion of NADP? attached on

the surface of the NADPH-binding domain with substantial

electron density and within a hydrogen bonding distance to

Asp177 (Fig. 1a). In this conformation, S-2H at C4 of the

nicotinamide moiety of NADPD can face to the N5 of

isoalloxazine ring portion by the domain motion, which is

consistent with the results of the primarily kinetic isotope

effect (Seo et al. 2016). Similarly, structurally related

EcTrxR also provided a substantial isotope effect in steady

state assay with 4S-2H NADPD (Williams 1995). The

crystal structure analyses of EcTrxR revealed that the

isoalloxazine ring portion of the reduced FAD hydro-

quinone was in a bent conformation, whereas that in the

oxidized FAD quinone was in a planar one (Lennon et al.

1999), suggesting that a conformational change of the

isoalloxazine ring portion of FAD prosthetic group can

occur during the redox transition. In the crystal structure of

BsFNRox and CtFNRox, the isoalloxazine ring portion was

in a planer conformation (Komori et al. 2010; Muraki et al.

2010), but we have no structural information about the

conformation of isoalloxazine ring portion in the reduced

TrxR-type FNR. On the UV–vis spectra, BsFNRred had an

apparent small absorption band with a peak at 430 nm,

which red shifted in the presence of NADP? (Seo et al.

2016), whereas in this work, CtFNRred had only a small

shoulder at 410 nm (Fig. 4a, b). According to the previous

reports discussing the relation between the spectroscopic

properties and the conformation of the isoalloxazine ring

portion of the reduced flavin hydroquinone (Ghisla et al.

1974; Blankenhorn 1975), it is likely that the isoalloxazine

ring moiety in BsFNRred was in a more planer conforma-

tion, whereas that in CtFNRred was in a bent one (Ghisla
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et al. 1974). Actually BsFNR demonstrated the rapid for-

mation of CTC-2 with an apparent CT absorption band in

the NADP? reduction reaction (Seo et al. 2016), indicating

that the conformation of the isoalloxazine ring portion

would affect the accessibility and/or distance of the

nicotinamide ring portion to the isoalloxazine ring moiety.

In addition, the positioning of the C-terminal extension

region might play an important role during the reaction as

this region hamper the stacking of the rings (Fig. 1a).

Further works especially focused on the C-terminal region

should be performed to reveal the mechanism of the redox

reactions between TrxR-type FNRs and NADP?/H.

Redox equilibrium between NADP?/NADPH and

CtFNR shows that CtFNR can catalyze NADP?/NADPH

reduction/oxidation reversibly, which is in accordance with

previous report (Seo and Sakurai 2002) and its physiological

requirements. However, in our in vitro experiments in the

absence of Fd, the rate of NADP? reduction was rather slow

compared to those by plant-type FNRs (Batie and Kamin

1984; Tejero et al. 2007) and steady state assay (Seo and

Sakurai 2002). In the report by Batie and Kamin (1984), the

rate of NADP? reduction was enhanced by the presence of

Fd, which led to the conclusion that ternary complex for-

mation is involved in the reaction. The effects of Fd on the

kinetics of CtFNR reactions remain to be investigated.
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a b s t r a c t

H2 photoproduction by growing cultures of hup� mutant and parental strain RL2 of Rubri-

vivax gelatinosus was compared. We checked the influence of different substrates, presence

of air and N2, culture shaking, inoculum concentrations. At low inoculum concentration,

hup� strain demonstrated significant advantage over the parental strain in microaerobic

conditions, while under N2eAr atmosphere it was lower and vanished in anaerobic con-

ditions (Ar only). This advantage was evident when using substrates with low degree of

reduction (malate and succinate). Culture shaking under microaerobic conditions and in

presence of N2 completely prevented H2 production by both strains. The high inoculum

concentration inhibited H2 production under microaerobic conditions and in presence of

N2, unlike to anaerobic conditions. With inoculum concentration increase, H2 production

decreased not gradually but stepwise which means some metabolic shift. H2 production by

hup� strain seems to be more tolerant to air traces than by parental strain.

© 2016 Published by Elsevier Ltd on behalf of Hydrogen Energy Publications LLC.

Introduction

Molecular hydrogen is a valuable alternative source of energy

since it can be generated from water, and water is the end

product of it practical utilization. Several technologies for H2

production including photobiological ones are under consid-

eration. Purple nonsulfur bacteria (PNSB) can photoproduce

H2 at high rates via nitrogenase reaction. However, these rates

are still insufficient for practical application [1,2]. There are

several ways to address this problem based mainly on genetic

modification of bacteria: using strains with reduced pigment

content, strains incapable of Calvin cycle flux, insensitive to

ammonium, incapable of storage compound synthesis [3e8].

One of the ways explored is using mutants with deletion of

uptake hydrogenases (Hup) or even double mutants that lack

both uptake hydrogenase and poly-hydroxybutyrate (PHB)

synthase. Hup hydrogenase re-directs electrons from H2 to

bacterial metabolism while PHB synthesis is a process

competing with H2 production for electrons. In hup� strains of

Rhodobacter capsulatus, Rhodobacter sphaeroides, Rhodop-

seudomonas palustris an increase in total H2 production varied

* Corresponding author. Fax þ7 4967 330532.
E-mail address: ttt-00@mail.ru (A. Tsygankov).

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.elsevier .com/locate/he

i n t e rn a t i o n a l j o u rn a l o f h y d r o g e n en e r g y x x x ( 2 0 1 7 ) 1e8

http://dx.doi.org/10.1016/j.ijhydene.2016.12.074
0360-3199/© 2016 Published by Elsevier Ltd on behalf of Hydrogen Energy Publications LLC.

Please cite this article in press as: Laurinavichene T, et al., Effect of growth conditions on advantages of hup� strain for H2 photopro-
duction by Rubrivivax gelatinosus, International Journal of Hydrogen Energy (2017), http://dx.doi.org/10.1016/j.ijhydene.2016.12.074

─ 204 ─



from 0 to above 100% [5,9e15]. The reasons of variability are

not clear. The hup� mutant of R. capsulatus was successfully

applied in large-scale photobioreactors in outdoor conditions

[16].

On the basis of general consideration one can suggest that

the difference in H2 production rate, yield and total accumu-

lation between parental and hup� strains might depend on a

number of factors. For example, the degree of reduction of

substrate can define the need to recycle H2. Actually, the

demonstration of hup� strain advantages was mainly done

using more oxidized substrate, malate [5,10,11]. The compar-

ison of different substrates for H2 production by both strains

was reported by Wu [15], but no correlation could be found

between reduction degree and H2 production rate. On the

contrary, Rey [10] showed that the difference between H2

production by hup� and hupþ strains was huge when using

substrates with higher O/H ratio (malate and succinate vs

acetate).

Another factor to take into account is the substrate con-

centration at given N-source concentration. The lower the

substrate concentration, the higher the relative substrate

portion appears in biomass and lower relative portion goes to

H2 production. As far as H2 recycling resulted in somewhat

increase in biomass production [5,11,17,18], it can be reason-

ably expected that H2 production in hup� strain would in-

crease substantially as compared to minute H2 production in

parental strain. To illustrate this, the impressive improve-

ment of H2 production in hup� strain of R. palustris was ach-

ieved by Rey [10]. In this work, the increase amounted to even

5e100-fold when using succinate or malate. However, it

should be noted that substrate concentrations were as low as

10 mM. Unfortunately, this concentration is too low if we take

into consideration the large-scale process of intensive H2

production. H2 production by two strains at different substrate

concentrations was not compared yet.

We hypothesize that H2 recycling and consequently the

negative role of Hup hydrogenase in H2 production should be

higher under microaerobic conditions, at which point an

advantage of hup� strain in H2 production should increase. In

addition, higher H2 uptake can be expected under conditions

of culture shaking (mixing) and at high inoculum

concentration.

The aim of this study was to verify some factors deter-

mining the improvement of H2 production in hup� strain

compared to parental strain of Rubrivivax gelatinosus. For this

purpose, we explored the influence of substrate degree of

reduction, microaerobic growth conditions, presence of N2,

inoculum concentration and culture shaking on H2 accumu-

lation by both strains.

Materials and methods

Bacterial strains and media

The strains of purple phototrophic bacteria R. gelatinosus

RL2 [19] and RL2hup�, were provided by K.V.P. Nagashima.

The latter hup� mutant lacking hupSL without any in-

sertions of antibiotics-resistant cartridges was created

using the pJPCm plasmid and the plasmid pJPDhupSL-Skm

followed by kanamycin screening and by sucrose resistance

screening, which will be detailed elsewhere [20]. R. gelati-

nosus RL2 was shown to synthesize reaction centers and

antenna pigment complexes even under semiaerobic con-

ditions [19]. Both strains of R. gelatinosus, RL2 and RL2hup�,
were pre-grown photosynthetically on YPS medium sup-

plemented with Na succinate (5 g/l) and K-phosphate buffer

(10 mM, pH 7.0).

H2 production by growing cultures

For H2 photoproduction experiments, bacteria were inocu-

lated into Ormerod mineral medium [21] with glutamate

(5 mM), yeast extract (0.4 g/l), K-phosphate buffer (20 mM, pH

7.0) and NaCl (0.23 g/l). The medium was supplied with suc-

cinate or other organic acid (as indicated in the text and Ta-

bles) with equal concentration of carbon atoms, 90 mM.

Medium aliquots (8 ml) were placed in Hungate culture tubes

(16 ml) supplied with butyl rubber stoppers and screw caps.

For inoculum, one-day-old cultures were centrifuged asepti-

cally in Eppendorf tubes (10,000 rpm, 3min), the cell pellet was

resuspended in Ormerodmediumand added to Hungate tubes

at 0.4e5% v/v, bacteriochlorophyll (BChl) concentration was

specified in Tables and Figures. Depending on the aim of

experiment, tubes were incubated under air or Ar gas phases

(microaerobic or anaerobic conditions, correspondingly). In

the latter case, tubes were repeatedly evacuated and filled

with Ar or Arþ 50% N2 using sterile filters. Cultivation was

carried at 30 �C for 7e14 days until H2 production ceased, light

intensity of 30 W m�2 (incandescent lamps). Tubes were

placed at the angle ~30
�
to horizon and shakenmanually once

a day. In some experiments tubes were placed horizontally on

the platform and permanently shaken at 70 rpm (as indicated

in Tables). Gas production was measured manometrically,

and H2 production was calculated on the basis of H2 percent-

ages measured by gas chromatography. H2 amounted to

approximately 85% of the produced gas. Each independent

experiment wasmade in duplicates or triplicates (two or three

tubes with identical composition in identical conditions).

Number of experiments is specified in figure legends and table

footnotes.

Short-term H2 production/consumption

The observation of short-term H2 production/consumption

was performed in 9-ml vials. Culture aliquots (2 ml) were

transferred anaerobically to the vials filled with Ar, repeatedly

evacuated, refilled with Ar and supplied with ~25% H2. Addi-

tions of N2 or air were made as indicated in Figure legends.

Vials were incubated at 30 �C under light (30 W m�2) on a

shaker platform (70 rpm). Experiments continued up to 10 h.

The initial and final H2 percentage was measured in each vial.

Other measurements

The total content of saccharides (as glucose residues) was

analysed in the medium at the end of experiments and in cell

pellet by anthrone assay [22]. BChl concentrations were

measured spectrophotometrically at 772 nm following

extraction in a 7:2 (v/v) acetone:methanol mixture [23].

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 7 ) 1e82

Please cite this article in press as: Laurinavichene T, et al., Effect of growth conditions on advantages of hup� strain for H2 photopro-
duction by Rubrivivax gelatinosus, International Journal of Hydrogen Energy (2017), http://dx.doi.org/10.1016/j.ijhydene.2016.12.074

─ 205 ─



Results

H2 photoproduction by growing cultures of RL2 and hup¡

strains

Preliminary characterization of hup� strain of R. gelatinosus

RL2 showed that bacteria grew well on lactate, malate, suc-

cinate, pyruvate. Unlike it, utilization of other short-chain

fatty acids (acetate, propionate, butyrate, valerate) resulted

in initial lag-period about 2 days, however, the final biomass

concentration was not affected (not shown). As far as H2

production experiments were long-term, we used different

substrates independent on the initial inhibition of growth.

Cultures of R. gelatinosus, RL2 and hup� strains grown under

conditions described in Section “H2 production by growing

cultures” produced H2 using different organic acids under

the light (Table 1) like other purple non-sulfur bacteria. Under

Ar phase (anaerobic conditions), H2 photoproduction by RL2

and hup� was quite similar independent of the substrate.

Under air gas phase (microaerobic conditions), we observed

somedecrease inH2 production in both strains. However, hup�

strain demonstrated reliably higher H2 production compared

to the parent RL2 strain when using succinate and malate

(Table 1). Inmost cases, the duration of H2 productionwas ~14

days, but it stopped in ~7e8 days and turned into H2 con-

sumption under air on malate or succinate (Fig. 1).

It is well-known that oxygen causes a repression of nitro-

genase synthesis. However, under microaerobic conditions

employed (air gas phase), pO2 value in medium should be

minimal due to absence of shaking, slow diffusion of gas into

liquid and its consumption via respiration. That is why

nitrogenase was synthesized (and H2 production took place)

under our experimental conditions. On the other hand, under

oxidized conditions H2 recycling is supposed to be maximal.

This point is supported by kinetics of H2 production where we

can see H2 consumption in the late growth phase of RL2 strain

unlike to hup� strain (Fig. 1, Curve 2 vs Curve 4).

H2 production rate by RL2 strain during 2e5 days was

somewhat higher under anaerobic conditions compared to

microaerobic ones (Fig. 1, Curves 1 vs 2). Unlike that, in hup�

strain, the rates were about the same under anaerobic and

microaerobic conditions and were close to H2 production rate

by RL2 strain under anaerobic conditions (Fig. 1, Curves 3, 4, 1).

Effect of oxygen on nitrogenase synthesis and activity is

supposed to be the same in both strains. So, the decreased rate

in RL2 strain under microaerobic conditions probably means

that H2 consumption took place during the intermediate

phase of the process in addition to the late growth phase.

Another data onH2 consumption are presented below (Section

“Short-term H2 photoproduction/consumption by cell

suspensions of RL2 and hup� strains”).

The termination of H2 production after 6th day in hup�

strain under microaerobic conditions (Fig. 1, Curve 4) was

presumably determined by the shortage of substrate due to

enhanced biomass synthesis.

To compare different organic acids as substrates for H2

production, we used the concept “degree of reduction”, g [24].

The degree of reduction of biomass (CHxNyOz) or organic acid

(CHxOz) was calculated in relation to 1 C atom according to

equation:

g ¼ 4þ xþ 3y� 2z;

where x, y, z e numbers of H, N, O atoms, correspondingly,

based on biomass composition [24]. For R. capsulatus with

Table 1 e H2 photoproduction (ml/ml of culture) under Ar
or air gas phase by RL2 and hup¡ strains of R. gelatinosus
grown on different substrates (90 mM C). Initial BChl
0.6 ± 0.2 mg/l.a

Growth
substrate

RL2 hup�

Ar Air Ar air

Malate 2.7 ± 0.2 1.2 ± 0.2 2.9 ± 0.3 2.2 ± 0.2

Succinate 3.0 ± 0.1 1.3 ± 0.2 2.9 ± 0.2 2.1 ± 0.2

Lactate 3.8 ± 0.4 3.2 ± 0.4 3.5 ± 0.2 3.6 ± 0.2

Acetate 3.9 ± 0.4 2.6 ± 0.6 4.0 ± 0.3 2.9 ± 0.5

a Table represents average values (±95% confidence interval) from

8 independent experiments on succinate, 3e4 on other sub-

strates. Values given in Table refer to maximal H2 production,

prior to H2 consumption began, if any.

Fig. 1 e H2 photoproduction by growing cultures of RL2 (A) and hup� (B) strains on succinate under Ar (1, 3) or air (2, 4) gas

phase (initial BChl 0.5 mg/l). The figure presents results of a typical experiment in triplicates.
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biomass composition СН1.89О0.506N0.181P0.048 the degree of

reduction was earlier estimated as 4.335 [25]. The degree of

reduction of organic acids was calculated in a similar way

with exception of N atom. Consequently, organic acids have

the following g values:

Malic acid С4Н6О5 or СН1.5О1.25: g ¼ 3.0

Succinic acid С4Н6О4 or СН1.5О: g ¼ 3.5

Lactic acid С3Н6О3 or СН2О: g ¼ 4.0

Acetic acid С2Н4О2 or СН2О: g ¼ 4.0

Assuming that R. gelatinosus biomass has similar degree of

reduction, one can see that only malate and succinate have

reliably lower degree of reduction compared to biomass. It

correlated with relatively higher H2 accumulation by hup�

strain using these two acids. Thus, in these cases, the Hup

hydrogenases in RL2 strain were essential to save reducing

power. For the most part, the following experiments were

made with succinate-grown cultures.

Bacterial growth under different conditions was estimated

by final BChl concentration. Under anaerobic conditions, BChl

concentration was similar in RL2 and hup� strains (Fig. 2A).

Under microaerobic conditions, BChl concentration increased

in both strains, being reliably higher in RL2. In addition,

glucose content in cells (Fig. 2B) and relative glucose content

per 1 mg BChl was higher in RL2. Thus, the higher H2 pro-

duction in hup� strain under microaerobic conditions corre-

lated with lower biomass synthesis and lower content of

storage polysaccharides.

Short-term H2 photoproduction/consumption by cell
suspensions of RL2 and hup¡ strains

To demonstrate the possibility of H2 consumption by RL2

strain and to clarify conditions for this process, we took and

degassed cultures at the end of H2 production (Fig. 1). Aliquots

were incubated under Ar, Arþ 50% air, Arþ 50% N2 with

shaking. Around 25% of hydrogen was added into each vial.

The rates of H2 consumption/production varied depending on

duration of growth, but the responses to air andN2 presence in

anaerobically and microaerobically grown cultures were

reproducible. Typical examples are shown on Fig. 3.

H2 consumption occurred in RL2 strain (Fig. 3A, C) in

contrast to hup� strain (Fig. 3B, D). Air addition provided

maximal H2 consumption (Fig. 3, Curves 3, 9). H2 consumption

under the Ar phase was negligible if culture was grown under

Ar (Fig. 3, Curve 7). If culture was grown under air phase, H2

consumption in previously degassed suspension took place

even under 75% Arþ 25% H2 (Fig. 3, Curve 1). It means that

some non-gaseous acceptor (i.e., not O2) was available for H2

uptake in this case.

The question was whether O2 or N2 (the main air con-

stituent) plays role in H2 consumption process. In RL2 strain

the addition of 50% N2 somewhat stimulated this process, if

endogenous H2 consumption under the Ar was absent

(Fig. 3C, Curve 8 vs 7). In contrast, N2 did not stimulate

already occurring endogenous H2 consumption (Fig. 3A,

Curve 2 vs 1).

In hup� strain we did not observe H2 consumption under

any conditions (Fig. 3B), but in some cases H2 production

continued under Ar (Fig. 3D, Curve 10). At this point addition of

air or N2 inhibited H2 production substantially up to complete

stop of H2 production under air-containing phase (Fig. 3D,

Curve 12). This differed from results on growing culture (Table

1) where no inhibition of H2 production by succinate-grown

hup� strain was observed under microaerobic conditions.

Evidently, it was governed by distinctions between experi-

mental conditions: permanent shaking of cell suspensions in

short-term test (Fig. 3) and only periodic mixing of growing

culture (Table 1; Fig. 1). Therefore, we studied the effect of

shaking on growing cultures under anaerobic and micro-

aerobic conditions, and with N2 addition. Besides, in order to

augment the difference in H2 production between RL2 and

hup� strains we checked the effect of high inoculum concen-

tration, suggesting that H2 consumption in RL2 strain would

grow in concentrated suspensions.

Fig. 2 e Final BChl concentration (A) and glucose equivalents measured in cell pellet (B) in RL2 and hup� cells grown on

succinate under anaerobic (dark bars) or microaerobic (light bars) conditions. Initial concentration of BChl was 0.6 mg/l.

Figure presents average values (±95% confidence interval) from 4 independent experiments (out of 8 given in Table 1).
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Influence of inoculum concentration, presence of N2 and
shaking on H2 photoproduction by growing cultures of RL2
and hup¡ strains

At low inoculum concentration effect of culture shaking on H2

production under Ar gas phase was not significant in both

strains (Table 2). Alternatively, the shaking of culture under

microaerobic conditions suppressed H2 production by both

strains to zero. It can be due to intensive gas exchange and

higher pO2 in medium when shaking which resulted in the

absence of nitrogenase synthesis and H2 production in both

strains.

As far as the main part of air is nitrogen, the effects of N2

were also checked. Addition of N2 to the gas phase resulted in

decreased H2 production in both strains with minor domina-

tion (if at all) in hup� strain (Table 2). However, the effect of N2

was weaker than that of air. Shaking the culture also

enhanced negative effect of N2 in both strains.

Under anaerobic conditions, the increase in initial BChl

concentration caused a non-significant decrease in H2 pro-

duction by RL2 and hup� strains when grown without shaking

(Table 2). In contrast, the effect undermicroaerobic conditions

was severe: ~90 and ~40% inhibition in case of high biomass

concentration of RL2 and hup� strain, respectively. Almost

Fig. 3 e H2 consumption/production by RL2 (A, C) and hup� (B, D) suspensions of R. gelatinosus under illumination. (A, B)

Cultures were grown for 17 days under air, then incubated under Ar (1, 4), Arþ 50% N2 (2, 5) or Arþ 50% air (3, 6). (C, D)

Cultures were grown for 14 days under Ar, then incubated under Ar (7, 10), Arþ 50% N2 (8, 11) or Arþ 50% air (9, 12).

Table 2 e Effect of different inoculum (BChl) concentration and culture shaking on H2 photoproduction (ml/ml of culture) in
RL2 and hup¡ strains of R. gelatinosus grown on succinate under different gas phases.a

Initial BChl,
mg/l

Shaking RL2 hup�

Ar air Ar þ N2 Ar air Ar þ N2

0.6 ± 0.2 e 3.0 ± 0.1 1.3 ± 0.2 1.9 ± 0.4 2.9 ± 0.2 2.1 ± 0.2 2.2 ± 0.3

0.6 ± 0.2 þ 2.8 ± 0.2 0 nsb 2.9 ± 0.3 0 nsb

1.8 ± 0.4 e 2.7 ± 0.2 0.1 ± 0.1 0.1 ± 01 2.5 ± 0.2 1.3 ± 0.4 0.2 ± 0.3

a Table represents average values (±95% confidence interval) from 3 to 10 independent experiments.
b Non-significant, <2% from maximum; the absence of oxygen in Ar þ N2 phase was proved by gas chromatography.
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total inhibition was observed in both strains with high

biomass content when N2 was available. However, this effect

in hup� strain could not result from enhanced H2 uptake.

Apparently, it was not due to self-shading at high biomass

concentration because there was no such inhibition by high

initial BChl concentration under the Ar phase.

In both strains, the decrease in H2 production under air or

Ar þ N2 gas phase corresponded to increased biomass syn-

thesis, maximum being in RL2 strain under microaerobic

conditions (Table 3). The increase in initial BChl resulted in the

increase in final BChl (Table 3). Thus, the absence of H2 pro-

duction did not correlate with absence of growth.

Furthermore, if we plotted all data on H2 production under

microaerobic conditions as a function of initial BChl concen-

tration, gradual decrease in H2 production with BChl increase

was not observed (Fig. 4). One can see rather a stepwise

decrease in both strains. In RL2 strain H2 production dropped

to ~0 (at BChl ~1.0 mg/l) while in hup� e to ~1 ml/ml (at BChl

~1.3mg/l). In the latter case, only initial BChl as high as 2.8mg/

l completely prevented H2 production. It proves that the

decrease in H2 production with inoculum concentration in-

crease was not due to the increased H2 consumption. Results

rather indicate the occurrence of some metabolic shift trig-

gered by certain inoculum concentration. Metabolic pathways

involved in such shift are unclear. Nevertheless, a reliable

difference between RL2 and hup� strains proved the role of

Hup hydrogenase in H2 uptake under microaerobic conditions

over the most part of inoculum concentrations.

Discussion

Numerous data on H2 production by hup� mutants of PNSB

clearly demonstrate their capability of enhanced H2 produc-

tion compared to parental strains. However, the stimulation

effect varied in different studies and it was not clear what

conditions are crucial. It should be noted, that the absolute

maximum of H2 production rate was not achieved using

particularly these strains. Nevertheless, the extremely high H2

yield of 10 mol/mol of glucose was demonstrated during

continuous cultivation of R. capsulatus JP91 (hup�) [26] but no
comparison was made with hupþ strain under the same

conditions.

We studied the influence of substrate reduction degree,

microaerobic conditions, presence of N2, inoculum concen-

tration and culture shaking on H2 accumulation by two strains

of R. gelatinosus (RL2 and hup�) which were not studied before.

As it was expected, the stimulation of H2 production was

observed when using substrates (malate and succinate) with

lower reduction degree than estimated biomass reduction

degree. However, this was only true under microaerobic con-

ditions (Table 1). It was not stated before while unlike to our

data the stimulation effect was observed usingmalate or even

acetate and lactate under reportedly anaerobic conditions

[5,17]. Through our study, we used Hungate tubes. Even

though it is far from large-scale cultivation, it still allowed to

maintain strictly anaerobic conditions because these screwed

tubes were designed specifically for anaerobic cultivation.

Probably, it helped us to discriminate between strictly anaer-

obic andmicroaerobic conditions and find the difference in H2

production. Nevertheless, the distinctions between various

PNSB species can not be excluded.

An adverse oxygen effect on nitrogenase synthesis and

activity is well-known [27]. Nevertheless, this enzyme can

tolerate oxygen up to 4.6 mmol [28]. The reported H2 produc-

tion under air gas phase is probably microaerobic process in

which oxygen is currently removing from suspension by

respiration [29e31]. The increase in Hup-hydrogenase role in

H2 uptake under oxidative conditions is understandable.

However, various air concentrations have different negative

impact on H2 production in RL2 strain. Culture shaking or

stirring might transform the slight effect into the complete

repression of nitrogenase synthesis, which is quite predict-

able. In this work, we attempted to reveal whether N2 as a

main air constituent causes an impact on H2 production.

Table 3 e Effect of different inoculum (BChl) content on final BChl content (mg/l of culture) in RL2 and hup¡ strains of R.
gelatinosus grown on succinate under different gas phases.a

Initial BChl,
mg/l

RL2 hup�

Ar air Ar þ N2 Ar Air Ar þ N2

0.6 ± 0.2 3.3 ± 0.4 4.9 ± 0.3 4.0 ± 0.2 3.1 ± 0.3 4.0 ± 0.2 3.9 ± 0.2

1.8 ± 0.4 4.5 ± 0.9 5.7 ± 1.4 6.2 ± 2.1 4.7 ± 0.8 6.6 ± 1.2 6.3 ± 3.2

a Table represents average values (±95% confidence interval) from 3 to 8 independent experiments.

Fig. 4 e H2 photoproduction under microaerobic conditions

by RL2 (dark circles) and hup� (open circles) strains grown

on succinate and inoculated at different BChl

concentrations. Figure presents results of independent

experiments.
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Previously we reported that in both growing cultures and

suspensions the increase in N2 concentration resulted in

decreased H2 production [32]. It was suggested that N2 brings

about the requirement in reductants for synthesis of N-con-

taining compounds. Our data show that N2 partly inhibited H2

production in growing cultures of both strains under standard

conditions (low inoculum concentration, Table 2). On the

other hand, it can be governed by higher portion of organic

acids utilized for biomass synthesis and lower portion for H2

production (Table 3). In short-term experiments N2 somewhat

enhanced H2 consumption in RL2 strain while inhibited H2

production by hup� strain (Fig. 3). Evidently, N2 can reduce H2

production due to decreased nitrogenase activity in hydrogen

production under nitrogen atmosphere since 75% of electrons

are allocated to ammonium formation. Also, N2 presence can

stimulate H2 consumption due to enhanced demand of re-

ductants for nitrogen compounds synthesis. Additionally,

there is a possibility of decreased substrate availability for H2

production. Finally, excess of nitrogen might downregulate

the nitrogenase itself. The important role of Hup hydrogenase

under N2 gas phase is indirectly supported by Rey [10] where

the maximal ever difference between hup� and parental

strains was demonstrated exactly under N2 gas phase.

Currently, we suggest that effect of air (microaerobic condi-

tions) on H2 production was partly governed by N2.

In addition, we observed the inhibitory effect of high

inoculumconcentration (>1mg BChl/l) onH2 photoproduction

in succinate-grown cultures (Table 2). This effect was low and

quite similar in both strains under anaerobic conditions.

Theoretically, the expenditure of substrate for biomass syn-

thesis was similar at high and low inoculum concentration,

expenditure for culture maintaining must increase with

biomass increase. Thus, lower portion of substrate is available

at higher inoculum concentration. However, under micro-

aerobic conditions this effect grew, being maximal in hupþ

strain. Apparently, we have the superposition of two effects:

increased H2 uptake in parental strain and metabolic shift

from H2 production to another process (possibly storage

product synthesis) in both strains (Section “Influence of

inoculum concentration, presence of N2 and shaking on H2

photoproduction by growing cultures of RL2 and hup�

strains”). Under N2 phase, the effect of high inoculum con-

centration was dramatic in both strains. It should be empha-

sized that a similar effect was observed earlier in co-culture of

Clostridium butyricum and R. sphaeroides [33] as well as in R.

sphaeroides monoculture (our unpublished data). The inhibi-

tory effect of high inoculum concentration was reported by

Argun [34] in H2 photoproduction experiments with co-culture

containing PNSB. The authors attributed this effect to flocks

formation and limited substrate penetration inside the flocks.

High inoculum concentration was also found to reduce the

yield and productivity of dark fermentation [35].

H2 recycling may be important under microaerobic native

conditions or under shift from anaerobic to aerobic condi-

tions. At this point, hupþ wild type might take advantage due

to higher biomass accumulation. From the other hand, in

large-scale H2 production in bioreactors the strictly anaerobic

conditions are difficult to maintain. Input of air traces may be

not fatal for nitrogenase synthesis but result in drastic

decrease in H2 yield when using hupþ strain, whereas hup�

strain would keep a rather high H2 yield. Even minimal air

penetration due to some drawbacks of equipment (for

example, using plastic gas syringe for cultivation or bioreactor

with air-permeable components) can be important. Thus, H2

production by hup� mutant is more tolerant to presence of air

traces. However, it seems from our data that under strictly

anaerobic conditions this advantage would disappear. It is the

matter of future study to compare H2 production at different

pO2 and various low-rate air flow under controlled continuous

cultivation of both strains.

Conclusions

At low inoculum concentration, H2 production by two strains

of R. gelatinosus, RL2 and hup�, was similar under anaerobic

conditions independent on the substrate. Under microaerobic

conditions, hup� strain produced more H2 compared to RL2

strain when using only succinate and malate, substrates with

lower degree of reduction than biomass. Presence of N2

caused some decrease in H2 production by both strains, which

is partially due to enhanced H2 consumption via Hup hy-

drogenase. At high inoculum concentration, H2 production by

two strains was similar under anaerobic conditions. Under

microaerobic conditions, H2 production by succinate-grown

cultures decreased in both strains, especially in RL2 strain

where it went to zero. Thus, the absence of Hup hydrogenase

resulted in higher resistance of H2 production process to

minor air penetration.
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Abstract The effects of increasing the heterocyst-to-
vegetative cell ratio on the nitrogenase-based photobiological
hydrogen production by the filamentous heterocyst-forming
cyanobacterium Anabaena sp. PCC 7120 were studied.
Using the uptake hydrogenase-disrupted mutant (ΔHup) as
the parent, a deletion-insertion mutant (PN1) was created in
patN, known to be involved in heterocyst pattern formation
and leading to multiple singular heterocysts (MSH) in Nostoc
punctiforme strain ATCC 29133. The PN1 strain showed het-
erocyst differentiation but failed to grow in medium free of
combined-nitrogen; however, a spontaneous mutant (PN22)
was obtained on prolonged incubation of PN1 liquid cultures
and was able to grow robustly on N2. The disruption of patN
was confirmed in both PN1 and PN22 by PCR and whole
genome resequencing. Under combined-nitrogen limitation,
the percentage of heterocysts to total cells in the PN22

filaments was 13–15 and 16–18% under air and 1% CO2-
enriched air, respectively, in contrast to the parent ΔHup
which formed 6.5–11 and 9.7–13% heterocysts in these con-
ditions. The PN22 strain exhibited a MSH phenotype, normal
diazotrophic growth, and higher H2 productivity at high cell
concentrations, and was less susceptible to photoinhibition by
strong light than the parent ΔHup strain, resulting in greater
light energy utilization efficiency in H2 production on a per
unit area basis under high light conditions. The increase in
MSH frequency shown here appears to be a viable strategy
for enhancing H2 productivity by outdoor cultures of
cyanobacteria in high-light environments.

Keywords Cyanobacteria . Heterocyst . Anabaena .

Hydrogen production . patN . Nitrogenase

Introduction

Increasing awareness of the danger of ever-rising greenhouse
gases, notably CO2, on global climate change led the parties to
the United Nations Framework Convention on Climate
Change to adopt the Paris Agreement in December of 2015
(UNFCCC 2016) to hold the global average temperature in-
crease at the above pre-industrial (1850–1900) levels. It is
evident that we need to develop viable renewable energy tech-
nologies that substantially reduce CO2 emissions from burn-
ing fossil fuels.

Photobiological production of H2 by cyanobacteria is con-
sidered by many to be an ideal source of renewable energy
because the inputs, water as the electron donor and sunlight as
the energy source, are readily available and abundant (Bothe
et al. 2010; Prince and Kheshgi 2005; Sakurai and Masukawa
2007; Sakurai et al. 2013; Sakurai et al. 2015; Tamagnini et al.
2007). H2 is a clean energy source that generates electricity in

Electronic supplementary material The online version of this article
(doi:10.1007/s00253-016-8078-3) contains supplementary material,
which is available to authorized users.

* Hajime Masukawa
masukawa@ocarina.osaka-cu.ac.jp

1 The OCU Advanced Research Institute for Natural Science and
Technology (OCARINA), Osaka City University, 3-3-138 Sugimoto,
Sumiyoshi-ku, Osaka 558-8585, Japan

2 Research Institute for Photobiological Hydrogen Production,
Kanagawa University, Hiratsuka, Kanagawa 259-1293, Japan

3 Department of Microbiology and Molecular Genetics, Michigan
State University, East Lansing, MI 48824, USA

4 Department of Biochemistry and Molecular Biology, Michigan State
University, East Lansing, MI 48824, USA

5 Department of Biological Sciences, Kanagawa University,
Hiratsuka, Kanagawa 259-1293, Japan

Appl Microbiol Biotechnol
DOI 10.1007/s00253-016-8078-3

Author's personal copy

─ 214 ─



fuel cells at high efficiencies while producing water as the sole
product without emitting the greenhouse gas CO2.

Cyanobacterial production of H2 can be accomplished
by hydrogenases and nitrogenases, both of which are sen-
sitive to inactivation by O2 (Bothe et al. 2010; Sakurai and
Masukawa 2007; Sakurai et al. 2013; Tamagnini et al.
2007). In contrast to hydrogenase that catalyzes a revers-
ible reaction (2 e− + 2 H+ ↔ H2) without the need for ATP,
nitrogenase catalyzes an irreversible reaction that requires
four molecules of ATP per electron pair, essentially
allowing for the unidirectional production of H2. Under
optimal conditions for N2 reduction, nitrogenase catalyzes
the following reaction: N2 + 8 e− + 8 H+ + 16 ATP → H2 +
2 NH3 + 16 (ADP + Pi); whereas in the absence of N2 (e.g.,
under Ar), all electrons are directed to H2 production: 2
e− + 2 H+ + 4 ATP → H2 + 4 (ADP + Pi). Most N2-fixing
heterocyst-forming cyanobacteria possess uptake hydroge-
nase (Hup) which consumes H2, thus decreasing the con-
version efficiency of H2 production by nitrogenase
(Masukawa et al. 2009). Genetic inactivation of Hup
(ΔHup) in the heterocyst-forming cyanobacteria
Anabaena and Nostoc leads to three to seven-fold increases
in H2 production rates (Happe et al. 2000; Masukawa et al.
2002), allowing H2 to accumulate to high concentrations
(about 7–30%) in photosynthetically growing cells under
an Ar atmosphere (Kitashima et al. 2012; Masukawa et al.
2010; Yoshino et al. 2007).

Synthesis of active nitrogenase in cyanobacteria requires
that the appropriate genes be expressed and that the enzyme
be protected from oxygen. When a source of combined-
nitrogen such as nitrate or ammonia is available from the
environment, the cells do not fix nitrogen; thus, limiting
combined-nitrogen is used to induce the nitrogenase genes
to fix N2. Depending on the genus, the O2 sensitivity of nitro-
genase is overcome by: 1) spatial separation of photosynthesis
and nitrogenase as occurs in heterocyst-forming cyanobacteria
(see below) (e.g. Anabaena and Nostoc), 2) temporal separa-
tion with photosynthesis occurring in the day time and nitro-
gen fixation at night as in unicellular (e.g. Cyanothece) or
filamentous non-heterocyst-forming cyanobacteria (e.g.
Oscillatoria), and 3) seemingly sporadic expression of photo-
synthesis and nitrogenase activity in some cells of the same
filament by some filamentous non-heterocyst-forming
cyanobacteria (e.g. Trichodesmium) (Finzi-Hart et al. 2009)
(summarized by (Sakurai et al. 2013)).

The cyanobacterial strain used in this work is the filamen-
tous and heterocyst-forming Anabaena sp. strain PCC 7120
(also called Nostoc sp. PCC 7120). When placed in media
deprived of combined-nitrogen, the filaments develop special-
ized cells called heterocysts separated by approximately 10–
20 vegetative cells. Heterocysts lack the O2-evolving photo-
system II, contain nitrogenase, and are surrounded by a thick
cell envelope composed of glycolipids and polysaccharides

that impede the entry of O2 and help to maintain a microoxic
environment (Wolk et al. 1994). Heterocysts receive sugars as
the electron donors necessary for the nitrogenase reaction
from the neighboring vegetative cells that possess typical
O2-evolving photosynthetic activity. Heterocysts in turn pro-
vide the vegetative cells with fixed nitrogen, likely in the form
of glutamine and a dipeptide, beta-aspartyl-arginine (Burnat
et al. 2014).

Given that nitrogenase is located only in the heterocysts of
Anabaena sp. PCC 7120 (Peterson and Wolk 1978), increas-
ing the heterocyst frequency is a potential strategy to enhance
the use of this cyanobacterium for photobiological H2 produc-
tion. Heterocyst frequency is known to increase during nitro-
gen starvation when using an Ar/CO2 atmosphere, high light
intensity (Sarma 2013), molybdenum deficiency (Fay and
Vasconce 1974), photo-heterotrophic growth (Ungerer et al.
2008), and in symbiotic association with plants (Meeks 1998;
Meeks and Elhai 2002); however, in most cases, these condi-
tions lead to multiple contiguous heterocysts (MCH). Because
vegetative cells provide photosynthate (probably in the form
of sucrose (Lopez-Igual et al. 2010; Vargas et al. 2011)) to
heterocysts, a regular spacing pattern of heterocysts (multiple
singular heterocysts, MSH) will be more effective for photo-
biological H2 production.

Heterocyst pattern formation is genetically governed. For
example, an activator-inhibitor system establishes concentra-
tion gradients along the filament of the activator HetR and the
two inhibitors PatS and HetN (Risser and Callahan 2009).
HetR is a master transcriptional regulator protein required
for the expression of many genes involved in heterocyst dif-
ferentiation and pattern formation (Black et al. 1993; Buikema
and Haselkorn 1991; Khudyakov and Golden 2004).
Additional genes also participate in heterocyst differentiation
and function (Christman et al. 2011; Ehira et al. 2003), with
mutations in several of these genes resulting in increased het-
erocyst frequency (Herrero et al. 2013; Kumar et al. 2010);
however, most of the mutants produce filaments with MCH in
the absence of combined-nitrogen. In contrast, MSH filaments
were observed in mutants overexpressing patA (Young-
Robbins et al. 2010) or impaired in patN (Meeks et al. 2002;
Meeks and Elhai 2002; Risser et al. 2012). PatA is suggested
to attenuate the inhibitory effects of PatS and HetN on differ-
entiation (Orozco et al. 2006) and PatN is thought to function
as a negative regulator of differentiation by limiting the ex-
pression of patA (Risser et al. 2012). Mutation of patN in-
duced by transposon mutagenesis was shown to uniquely
cause the MSH phenotype in Nostoc punctiforme strain
ATCC 29133 (Meeks et al. 2002). A patN in-frame deletion
mutant of N. punctiforme exhibits a three-fold increase in
heterocyst frequency and four-fold decrease in the vegetative
cell interval between heterocysts, whereas the diazotrophic
growth rates and nitrogenase activity are reduced compared
with those of the wild-type cells (Risser et al. 2012).
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We evaluated the effects of a MSH increase on the photo-
biological H2 production of a mutant disrupted in patN using
the parental strain Anabaena sp. PCC 7120ΔHup. The initial
mutant exhibited fragile filaments, but a derived isolate was
similar to that from N. punctiforme in its MSH phenotype. On
the basis of investigations comparing the effects of mutation
on photosynthetic pigment composition, cell density, and light
intensity on photobiological H2 production, we demonstrated
that the mutant exhibited higher H2 productivity when grown
under the conditions of high light intensity and high cell den-
sity due to a decreased susceptibility to photoinhibition than
the parental ΔHup strain.

Materials and methods

Bacterial strains and growth conditions

The strains and plasmids used in this study are described in
Supplementary Table S1. Cyanobacterial strains derived from
Anabaena sp. PCC 7120 were grown at 28 °C in an eight-fold
dilution of Allen and Arnon (AA/8) liquid medium or non-
diluted AA agar (Allen and Arnon 1955) without or with 5 or
10 mM nitrate or 2 mM NH4Cl (final concentrations). The
cultures were bubbled with air or 1% (vol/vol) CO2-enriched
air under continuous illumination using cool white fluorescent
lamps at 50 or 90–100 μmol photons m−2 s−1 of photosynthet-
ically active radiation (PAR), essentially as described previ-
ously (Masukawa et al. 2002), unless otherwise indicated. The
media were supplemented with either 5 or 20 mM N-
tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid-
KOH buffer (pH 8.2) for bubbling with air or 1% CO2-
enriched air, respectively. Escherichia coli cells were grown
in lysogeny broth (Bertani 1951) medium at 37 °C.

The chlorophyll a (Chl a) concentrations of the cultures
were determined by the method of Porra (Porra 1991). The
absorption spectra from 400 to 750 nm of the whole cells were
measured (Shimadzu UV-1800) using 2-mm path quartz
cuvettes.

Construction of plasmids and creation of Anabaena patN
mutants

Based on the complete genomic sequence of Anabaena sp.
PCC 7120 (Kaneko et al. 2001), a patN (alr4812) region of
2.3 kb (Supplementary Fig. S1a) was amplified by PCR with
the primer pairs alr4812-F/alr4812-R using the genomic DNA
of the strain and cloned into pBluescript II SK(+), yielding
pRL3724. The amplified region in pRL3724 was confirmed
by sequencing. The 0.17 kb EcoRI internal sequence of patN
of pRL3724 was deleted and replaced by the 1.3-kb npt (Kmr/
Nmr gene)-bearing EcoRI fragment of pUC4K, yielding plas-
mid pRL3730. The resulting plasmid was digested with XbaI,

and the 3.4-kb XbaI fragment containing the patN5'-npt-
patN3' region was ligated into pRL271 (Black et al. 1993) that
had been digested with the same enzyme, producing the plas-
mid pRL3736. This product was introduced into the ΔHup
strain by conjugation. Single-crossover recombinant cells
were isolated on an AA-plus-nitrate agar plate containing
5 μg/ml erythromycin (Em) and subsequent double-
crossover cells were selected by sucrose insensitivity (Cai
and Wolk 1990; Masukawa et al. 2002). Among the latter
cells, Em-sensitive isolates were selected to identify fully seg-
regated cells. The disruption of patN by insertion of the 1.3-kb
npt sequence and complete segregation of the wild-type ver-
sion of patN were confirmed by the presence/absence of the
longer/smaller sizes of PCR-amplified DNA fragments with
the primer pair alr4812-F/alr4812-R (Supplementary
Table S1b) and by whole genomic resequencing. The patN-
disrupted mutant designated PN1 was able to form heterocysts
but unable to grow diazotrophically. On further incubation of
PN1 cells in AA/8 liquid medium for about 1 month, a spon-
taneous mutant able to grow on N2 was obtained (as described
in detail in BResults^ and BDiscussion^) and designated
PN22; disruption of patN in PN22 was confirmed by PCR
(Supplementary Fig. S1b) and by whole genome
resequencing.

H2 production and acetylene reduction assays

Photobiological H2 production and acetylene reduction to
ethylene were measured essentially as described previous-
ly (Masukawa et al. 2002). The cells were grown in AA/
8-plus-nitrate (5 mM) medium supplemented with 2 mM
NH4Cl to suppress development of heterocysts and nitro-
genase activity completely while bubbling with air under
illumination (cool white fluorescent lamps, 90–100 μmol
photons m−2 s−1 of PAR). The cultures were subjected to
a combined-nitrogen (N) step-down by washing twice,
suspending in AA/8 medium to a final concentration of
0.2–0.3 mg Chl a liter−1, and growing autotrophically
while bubbling with air or 1% CO2-enriched air.
Portions (1 ml containing ca. 2–6 μg of Chl a) of the
cultures (after N step-down at the day indicated in
Fig. 4) were transferred to 7.5-ml sealed serum bottles
and incubated under illumination at the same light inten-
sity on a rotary shaker (80–90 rpm) for 1–1.5 h. The
headspace gases in these vials were replaced with Ar for
assay of H2 production or with 15% (vol/vol) C2H2 in Ar for
assay of C2H2 reduction, and the bottles were incubated
under illumination for an additional 2–3 h. The concen-
trations of H2 in the vial headspaces were measured by gas
chromatography (GC; GC-2010 Plus, Shimadzu Co., Ltd.,
Kyoto, Japan) equipped with a thermal conductivity
detector and a Rt-Msieve 5A PLOT capillary column (I.D.
0.53 mm × 50 m, Restek Co., Ltd., USA). Similarly, the

Appl Microbiol Biotechnol

Author's personal copy

─ 216 ─



concentrations of C2H4 were assessed by GC (Shimadzu
GC-8A) equipped with a flame-ion detector and a
Porapak N-packed column (80/100 mesh, 2 m by
1/8 in.) as described previously (Masukawa et al. 2010).
The activities of H2 production and C2H2 reduction to
C2H4 were normalized to Chl a or to the turbidity
(A750) of the cell suspension.

For assays of cumulative H2 production, cells were grown
in AA/8-plus-nitrate (5 mM) medium supplemented with
2 mM NH4Cl and incubated for 1 day while bubbling with
1% CO2-enriched air under continuous illumination (using
blue- and red-enhanced fluorescent lamps (Type FL 40
SBR-A, NEC Lighting Co., Ltd., Tokyo, Japan) at 90–
100 μmol photons m−2 s−1 of PAR. These cells were washed
and transferred to an AA/8 medium lacking combined-
nitrogen at a Chl a concentration of 0.5–1.0 mg liter−1 and
grown while bubbling with 1% CO2-enriched air for 2 days to
induce heterocysts and nitrogenase activity. The cells were
washed and suspended in BG110 medium (Rippka 1988), es-
sentially as previously described (Masukawa et al. 2014).
Portions of the cultures (8 ml, containing 30–100 μg of Chl
a) were transferred into 25-ml sealed serum bottles. The bot-
tles were flushed with Ar, followed by CO2 addition to a final
concentration of 5%. Duplicate or triplicate samples were pre-
pared for each assay, using illumination at the intensities indi-
cated in Figs. 5 and 6 while on a rotary shaker (70–80 rpm).
The concentrations of H2 accumulated in the headspaces were
measured by GC, and the headspace gases were renewed to
the initial gas composition every day.

Determination of glycogen and sucrose

The contents of glycogen in whole filaments were determined
using glucoamylase from Rhizopus sp. (Wako Pure Chemical
Industries, Ltd., Osaka, Japan) and a mixture of hexokinase/
glucose-6-phosphate dehydrogenase from yeast (Roche,
Mannheim, Germany). The levels of sucrose in filaments were
assessed usingβ-fructosidase from yeast (Roche). These mea-
surements were carried out according to (Suzuki et al. 2010).

Microscopy

Heterocysts were stained with 0.5% Alcian blue (Sigma),
which binds specifically to the polysaccharide layer of hetero-
cyst envelopes. Heterocyst frequency was determined by
counting over 500 cells per sample using a microscope, with
a dividing vegetative cell counted as two cells. The images
were captured with a DP80 digital camera (Olympus, Tokyo,
Japan) mounted on an Olympus BX53 microscope. The
values are the averages of at least five independent
experiments.

Genome resequencing and analysis

Six isolates of the patN mutants of Anabaena sp. PCC 7120
producing robust filaments and the PN1 reference strain were
subjected to genome resequencing by the Department of
Energy (DOE) Joint Genome Institute. Secondary mutations
found in at least three of the isolates were analyzed by creating
homology models of the encoded proteins using the Phyre2
server (data not shown) (Kelley et al. 2015).

Results

Creation of two patN-disrupted mutants

Two patN-disrupted mutants were derived from the parental
ΔHup strain of Anabaena sp. PCC 7120 (hereafter referred to
as the parental strain) by the following two steps. First, the
double-crossover deletion-insertion mutant of patN was iso-
lated and designated PN1. When transferred to AA/8 (N-free)
medium lacking combined-nitrogen, heterocyst development
was delayed by about 1 day for the PN1 mutant compared to
the parental strain. This mutant strain formed MSH; however,
during further incubation, the filaments fragmented, even
when using static liquid culture, with the majority of the
PN1mutant cells appearing to become extinct. About 1 month
after nitrogen deprivation, these cells were observed to be
growing in the AA/8 (N-free) medium, and a single-colony
isolate, referred to as PN22, was selected using an AA (N-
free) agar plate. The disruption of patN in both PN1 and PN22
was confirmed by PCR (Supplementary Fig. S1b).

In an effort to identify the secondary mutation(s) that con-
ferred a more robust phenotype on the PN1mutant, we carried
out whole genome resequencing of the PN22 and five other
isolates generated in the same manner, but we could not point
out the common mutation(s) thus far (data not shown).

Heterocyst frequency and diazotrophic growth of the patN
mutant

The PN22 strain is similar to PN1 in exhibiting the MSH
phenotype (Fig. 1). Of great importance, the PN22 isolate
grew diazotrophically, after an initial ~2-day lag phase, at rates
almost equivalent to those of the parental strain when aerated
with air or 1% CO2-enriched air (hereafter referred to as under
low and high CO2 conditions, respectively) as measured by
Chl a content or A750 (Fig. 2a–d): N2-fixing specific growth
rate constants on the basis of Chl a under low and high CO2

conditions were, respectively, 0.24 and 0.17 day−1 in PN22
and 0.27 and 0.19 day−1 in the parental ΔHup strain. The
frequencies of heterocysts were greater in the PN22 filaments
(13–15%) than in the parental strain (6.5–11%) under low
CO2 conditions (Fig. 2e). This result causes the average
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heterocyst interval in the PN22 filaments to be shorter than
those of the parental strain. ThisMSH phenotype is essentially
consistent with the previous reports on the patN mutants of
N. punctiforme strain ATCC 29133, although the
N. punctiforme mutants have double the heterocyst frequen-
cies (26–30%) compared with those of the PN22 strain
(Meeks et al. 2002; Meeks and Elhai 2002; Risser et al.
2012). Under high CO2 conditions, the heterocyst frequencies
of both Anabaena samples were further increased: 16–18% in
the PN22 and 9.7–13% in the parental ΔHup strain (Fig. 2f).
Whereas the addition of 1% CO2 to air resulted in an increase
in the frequency of double heterocysts in the parental culture
(note the bar corresponding to zero vegetative cells between
heterocysts in Supplementary Fig. S2), with occasional triple
heterocysts (data not shown), the PN22 filaments maintained
the regular pattern of MSH (Supplementary Fig. S2).

A color change from blue-green to yellow-green, such as
observed here, is well known to occur after N step-down of
cyanobacterial cells due to phycobiliprotein degradation
(Allen and Smith 1969; Wood and Haselkorn 1980), a phe-
nomenon termed Bnitrogen chlorosis^ (Boresch 1910). After
development of nitrogen fixation activity, phycobiliproteins
were regained and the blue-green color was recovered in the
parent ΔHup cells, but continued bleaching was apparent in
the PN22 culture, especially when grown under high CO2

conditions (Fig. 3). The absorption peak at 620 nm associated
with phycocyanin (the most abundant phycobiliprotein in
Anabaena) gradually increased in the parental strain under
both conditions after the initial loss of the absorbance. In

contrast, the peak level in the PN22 cells recovered much
more slowly.

Activities of H2 production and nitrogenase

Induction of H2 production and nitrogenase activities (deter-
mined by acetylene reduction to ethylene) in the PN22 cells
was delayed by about 1 day compared with the rates in the
parental strain (Fig. 4). Thus, these activities for the PN22
strain peaked at 3–4 days under either low or high CO2 con-
ditions and then gradually decreased with time. Notably, the
rate of the decrease after peaking was slower in the PN22
strain than in the parental strain. The maximum H2 production
and nitrogenase activities of the PN22 strain (normalized on
the basis of Chl a content and using light intensities of 90–
100 μmol photons m−2 s−1 of PAR) under low CO2 conditions
at 3 days were approx. 75% of those of the parental strain at
2 days (p < 0.01, t test) (Fig. 4a). Under high CO2 conditions,
however, the latter strain reached the maximum activities ear-
lier than 2 days after N step-down and the activities before
2 days were not measured (Fig. 4b); thus, we could not com-
pare the maximum levels of the parental strain with those of
the PN22.

We found that the levels of sucrose, a source of reductant
for nitrogenase, when measured on the Chl a basis in whole
filaments of the PN22 cells were less than half of those in the
parental strain (Fig. 5a, b). On the other hand, the glycogen
content, also a source of reductant for nitrogenase in hetero-
cysts, exhibited a sustained higher level in whole filaments of

PN22ΔHup

Fig. 1 Heterocyst differentiation in the parental ΔHup strain (left) and
the PN22 mutant (right). The strains were grown for 2 and 3 days,
respectively, in medium lacking combined-nitrogen. Alcian blue stains
heterocyst-specific polysaccharide layers in the envelope, while

heterocysts in PN22, even after longer diazotrophic growth, were less
stained than those in the parental strain, implying the presence of fewer
polysaccharide layers in PN22
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the PN22 than measured in the parental strain, with both
strains showing a dramatic increase in the levels of glycogen
after N step-down (Fig. 5c, d).

Effect of cell densities and light intensities on cumulative
H2 production

In order to compare the H2 productivity per unit of illuminated
area, varied amounts of Chl a contents (8 ml containing 30–
100 μg Chl a in 25-ml sealed serum bottles) were incubated in
closed bottles under 5% CO2 in Ar for 4 days, with the

headspace gas renewed every day (Fig. 6). In the absence of
N2, both the ΔHup and PN22 cultures continued to produce
H2 at high rates over 4 days, similar to the results in our
previous study using the ΔHup cultures (Masukawa et al.
2014). H2 production of the PN22 strain increased as the
Chl a content increased from 30 to 100 μg, whereas that of
the parental strain leveled off when Chl a contents exceeded
50 μg under the conditions tested. The cumulative volume of
H2 produced by the PN22 cultures with 100 μg Chl a for
4 days was about 1.7-fold greater than that of the correspond-
ing parental strain (p < 0.05, t test).
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Fig. 2 Time courses of the rates of diazotrophic growth (a, b, c, d) and
heterocyst frequencies (e, f) after N step-down. Cultures of the parental
ΔHup strain (open circles) and the PN22 mutant (closed circles) were
grown in AA/8 (N-free) medium while bubbling with air (left column) or
1% CO2-enriched air (right column). Diazotrophic growth was measured
on the basis of Chl a concentrations (a, b) or by A750 (c, d). The specific
growth rate constant (i.e., 0.301/doubling time) was calculated over a

24-h period (between 2 and 3 days for the parental ΔHup strain; 3 and
4 days for the PN22 mutant). Heterocyst frequencies were observed
microscopically and the maximum frequencies under low and high CO2

conditions were significantly higher in the PN22 than in the parental
strain (p < 0.01, t test). Data points and bars represent the
means ± standard deviation of four to five independent experiments
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We examined the effects of varying light intensity on H2

productivity by the two strains at different culture densities.
H2 production of the PN22 mutant was generally greater than
for theΔHup strain at the same Chl a concentration. Up to an
initial Chl a content of 50 μg per bottle, the levels of cumula-
tive H2 produced by these two cultures under 5% CO2 in Ar
for 2 days increased for light intensities ranging from 25 to
100 μmol photons m−2 s−1 (Fig. 7). The H2 production of both
cultures was enhanced with increasing light intensity up to
100 μmol photons m−2 s−1. When further increased to
160 μmol photons m−2 s−1, H2 production by theΔHup strain
was greatly inhibited, whereas the PN22 culture showed a
relatively slight decrease in H2 productivity.

Discussion

We created a patN-disrupted mutant using the parental strain
Anabaena sp. PCC 7120 ΔHup. The initial mutant (PN1)
exhibited fragile filaments and failed to grow in medium free
of combined-nitrogen. However, a spontaneous mutant
(PN22) was obtained on prolonged incubation of PN1 liquid
cultures and shown to be able to grow robustly on N2. In
another heterocyst-forming cyanobacterium, N. punctiforme
strain ATCC 29133, patNmutants were generated by transpo-
son mutagenesis (Meeks et al. 2002; Meeks and Elhai 2002)
or by in-frame deletion (Risser et al. 2012) with neither

situation resulting in a similar observation of filament fragility.
This observation may relate to the localization and role of
PatN; this protein is localized to the cytoplasmic membrane
of one-half of the cell before cell division on the basis of
predicted membrane spanning segments and fluorescence lo-
calization for PatN-GFP (Risser et al. 2012).

The PN22 cells exhibited about a 1-day delay in develop-
ment of heterocysts and induction of nitrogenase activity com-
pared to the parental strain and increase in the heterocyst fre-
quency up to 16–18% under high CO2 conditions (Fig. 2f)
while maintaining the regular spacing pattern of MSH
(Supplementary Fig. S2). Other investigators (Risser et al.
2012) have shown by microarray and qPCR studies of the
ΔpatN strain of N. punctiforme ATCC 29133 that the strain
exhibits greatly decreased expression of many heterocyst-
related and nitrogenase structural genes along with a signifi-
cant increase in expression of patA, whose product is involved
in proper patterning of heterocysts during the initial period
(between 6 and 24 h) after N step-down (Young-Robbins et al.
2010). Similar changes in expression of the corresponding
genes during early stages of differentiation of Anabaena sp.
PCC 7120may correspond to the observed delay in heterocyst
development and may be related to the regular spacing pattern
of heterocysts in the PN22 strain even under high CO2

conditions.
The slightly lower growth rate of both theΔHup and PN22

strains, on the basis of Chl a contents, under high CO2
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effects of CO2 on the whole cell
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conditions than under low CO2 conditions (Fig. 2a, b) is likely
due to the increase in the number of heterocysts that require
substantial amounts of photosynthate for their development

(Murry and Wolk 1989) and also to the degradation of
phycobilins (Fig. 3). After N step-down of the parental
ΔHup cells, phycobiliprotein is degraded, followed by
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gradual increase in phycobiliprotein after development of ni-
trogen fixation activity (Fig. 3). In contrast, levels of
phycobilin contents in the PN22 recovered muchmore slowly,
resulting in continued bleaching especially when grown under
high CO2 conditions. The PN22 cells were capable of
diazotrophic growth, so this continued bleaching is unlikely
to result from severe nitrogen starvation; rather, this color
effect reflects the phenomenon of phycobilin degradation that
is widely observed during heterocyst development in various
strains of cyanobacteria (Wolk et al. 1994).

The maximum H2 production activities of the PN22 strain,
when measured on the basis of Chl a content, under low and
high CO2 conditions were comparable to or not somuch lower
than those of the parental strain (Fig. 4a, b). As the Chl a and
phycobilins were degraded to a greater extent in the PN22
culture than in the ΔHup cells on the turbidity basis, the H2

production rates on the Chl a basis may be overestimated for
the mutant cells. From the above considerations and analysis
of the ratio of the activities to heterocyst frequency
(Supplementary Fig. S3), the results indicate that the activity
per heterocyst is probably decreased in the PN22 mutant.
Nitrogenase activity in heterocysts depends on sucrose and
glycogen as sources of reductant (Wolk et al. 1994). The levels
of sucrose and glycogen, on the Chl a basis in whole filaments

of the PN22 cells, were less than half of and sustained at
higher levels than those in the parental strain (Fig. 5). The
diminishment in the levels of sucrose might be caused by
the decrease in the frequency of vegetative cells relative to
heterocysts. Glycogen is known to accumulate in heterocysts
that are isolated from the filaments at about eight-fold higher
levels than in the vegetative cells of Anabaena sp. PCC 7120
when bubbled with 1% CO2-enriched air (Valladares et al.
2007). These results suggest that although the sucrose levels
in the PN22 filaments were significantly reduced, sufficient
amounts were present to allow the accumulation of glycogen
at high sustained levels comparable to those in the parental
strain.

It is interesting that the patN mutants of N. punctiforme
strain ATCC 29133 exhibit a greater decrease in diazotrophic
growth and about 60% of the maximum nitrogenase activity
of the wild-type cells, on a Chl a basis, with a ~2-week delay
in reaching the maximum enzyme level (Risser et al. 2012).
The reason for the phenotypic differences in the
N. punctiforme versus Anabaena patN mutants is uncertain.

The H2 productivity per unit of illuminated area by varied
amounts of Chl a contents under 5% CO2 in Ar were com-
pared (Fig. 6). H2 production of the PN22 strain increased
with increasing the Chl a content ranging from 30 to
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100 μg, leading to about 1.7-fold greater cumulative volume
of H2 produced by the PN22 cultures with 100 μg Chl a for
4 days than that of the corresponding parental strain. These
results are consistent with an increase in heterocyst frequency
leading to increased H2 production per unit of light-receiving
area under these conditions. The effects of varying light inten-
sity on H2 productivity of the two strains at different culture
densities were examined. The PN22 mutant generally showed
greater H2 production than theΔHup strain at the same Chl a
concentration (Fig. 7). In addition, when light intensity in-
creased up to 160 μmol photons m−2 s−1, H2 production by
theΔHup strain was greatly inhibited, whereas H2 productiv-
ity by the PN22 culture was relatively slightly decreased.
These results indicate the PN22 cells were much less suscep-
tible to photoinhibition by strong light than the parental strain.

In order to maximize the photosynthetic efficiency and
culture productivity, truncation of the antenna pigment has
been shown to be an effective strategy in cyanobacteria
(Nakajima et al. 1998; Nakajima and Ueda 1997) and in other
photosynthetic microalgae (summarized in (Melis 2009)). It
was explained that in those mutants, light absorption by indi-
vidual cells is minimized, allowing for less photoinhibition
and greater penetration of irradiance through the culture and
consequently enhanced photosynthetic productivity by a high-
density culture (Melis 2009).

In conclusion, we have shown that a non-fragile variant of
the patN deletion mutant formed MSH and maintained het-
erocyst spacing even under high CO2 conditions, in contrast to
the parental ΔHup strain which formed relatively frequent
double heterocysts under such conditions. The PN22 mutant
was capable of normal diazotrophic growth compared to the
parental strain, with about a 1-day delay in development of
heterocysts and expression of nitrogenase activity.
Furthermore, the PN22 strain was less susceptible to inhibi-
tion by strong light than the parent ΔHup cells. In addition,
the PN22 culture showed higher light energy utilization effi-
ciency inH2 production activity on a per unit culture area basis
compared to the ΔHup culture. The increase in heterocyst
frequency shown here appears to be a viable strategy for en-
hancing H2 productivity by outdoor cultures of cyanobacteria
in high-light environments.
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ABSTRACT: We describe the preparation of ε-Keggin-type cobaltomolyb-
da te -ba sed 3D f rameworks w i th sod ium ca t ions , NaH9[ε -
CoIIMoV8MoVI4O40Co

II
2], and their characterization by high-resolution high-

angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) and X-ray absorption fine structure (XAFS) spectroscopy. Atomic-scale
HAADF-STEM images of ε-Keggin compounds were obtained for the first
time, and positions of Mo and Co were confirmed. Furthermore, clear evidence
of the presence of a CoO4 tetrahedron was obtained by X-ray absorption near-
edge structure (XANES) analysis. Their characterization clearly revealed that ε-
Keggin-type cobaltomolybdate units, [ε-CoMo12O40]

n−, constructed by a
central CoIIO4 tetrahedron and 12 surrounding MoO6 octahedra, are linked
with CoII to form 3D frameworks.

■ INTRODUCTION

Polyoxometalates (POMs) are anionic metal oxide clusters
comprised of early transition metals such as tungsten (W) and
molybdenum (Mo) as main metals. POMs show multielectron
transfer properties and strong acidic properties, and their
molecular properties are tunable by changing their structures
and component elements.1,2 They have therefore been used as
functional materials such as catalysts and electrode materials.1,2

Recently, much attention has been paid to the ε-isomer of
Keggin-type polyoxomolybdates composed of one central XO4

tetrahedron and 12 surrounding MoO6 octahedra with Td

symmetry (Figure 1a and 1b).3 The ε-isomer is formed by

rotation of four edge-sharing Mo3O13 units of the most well-
known α-isomer. Three oxygen atoms of four hexagonal faces
of the ε-Keggin POM are able to bind to many metal ions such
as transition metals and lanthanide metals (Figure 1c), and the
rest of the coordination sites of the transition metals and
lanthanide metals are bound to other ligands.
The four transition metals and lanthanide metals can also be

coordinated by organic ligands, resulting in the formation of
organic−inorganic hybrid materials. It is also possible to
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connect the ε-isomer of Keggin-type polyoxomolybdates by
multidentate organic ligands to form a 3D framework, and
Dolbecq’s group and others have reported the ε-isomer of
Keggin-type polyoxomolybdate-based organic−inorganic hy-
brid framework materials.3,4 Ohkoshi’s group reported a
framework material in which [Fe(CN)6]

4− bridged the ε-
isomer of Keggin-type [PMo12O36(OH)4(La(H2O)5)4] to form
(Fe(CN)6)[PMo12O36(OH)4(La(H2O)5)4].

5

Recently, we reported the first all-inorganic 3D framework
composed of ε-Keggin polyoxovanadomolybdate, [ε-
VMo9.4V2.6O40], with a Bi linker (denoted as Mo−V−Bi
oxide) (Figure 1d).6,7 One VO4 tetrahedron (V occupying the
central site) is surrounded by 12 MoO6 octahedra (M
occupying surrounding sites) of Mo and V to form [ε-
VMo9.4V2.6O40] which is linked by BiIII cations (Bi occupying
linker sites) to form a 3D framework. This structure was
confirmed by single-crystal structure analysis, bond valence sum
calculation, elemental analysis, and X-ray photoelectron
spectroscopy (XPS). Ten [ε-VMo9.4V2.6O40] units and Bi
linders surround a cage that is connected by channels, forming
a zigzag 3D pore system. Compared with organic−inorganic
POM-based framework compounds, Mo−V−Bi oxide is
thermally more stable, and it is stable up to 350 °C, a
temperature at which most organic derivatives start to
decompose.6 Thus, water and ammonium cations present in
the pores can be removed by thermal treatment, and the
opened pores are analyzable by the gas adsorption−desorption
technique. This compound can be used as an acid catalyst6 and
Li-battery cathode material.8

One of the important properties of POMs is diversity of the
elements in the structures, and it is desirable for many kinds of
elements to be incorporated in the structures of ε-Keggin
POM-based 3D frameworks. We have reported the synthesis

and characterization of ε-Keggin-type polyoxomolybdates with
Zn and Mn (denoted as Mo−Zn oxide and Mo−Mn oxide,
respectively).9,10 We could not grow a single crystal large
enough for single-crystal structure analysis. Therefore, in these
oxides, we proposed that one ZnO4 or MnO4 tetrahedron is
surrounded by 12 MoO6 octahedra to form ε-Keggin 1-zinc-12-
molybdate or 1-mangano-12-molybdate that is linked by ZnII or
MnII, respectively, for the following two reasons. (1) Elemental
ratios of Zn: Mo and Mn: Mo were 3:12 and 2.2:12 for Mo−
Zn oxide and Mo−Mn oxide, respectively. These results are
consistent with the surrounding site of ε-Keggin units being
occupied by Mo and the central site and linker sites being
occupied by Zn or Mn. (2) Simulated XRD profiles obtained by
using the proposed models were close to the observed XRD
profiles. However, it is necessary to show additional
confirmation of these structures because XRD profiles are
decided by the heaviest metal, Mo, and effects of relatively light
elements such as Zn and Mn on the XRD profile are too small
to be distinguished.
Here, we describe the preparation and structural character-

ization of a new member of all-inorganic ε-Keggin POM-based
3D frameworks with cobalt ions (CoII), NaH9[ε-
CoIIMoV8MoVI4O40Co

II
2], denoted as Na−Mo−Co oxide.

First, the effects of synthesis conditions on formation of the
desired product are described. Then the results of detailed
structural analysis by using atom-level HAADF-STEM together
with powder X-ray diffraction, FT-IR, Raman spectroscopy,
XPS, XAFS, magnetic measurement, and elemental analysis are
presented. The results clearly indicate that CoII ions are located
exclusively on both the central site and the linker site and that
Mo is exclusively located on the surrounding sites.

Figure 1. Structure of ε-Keggin-type POM: (a and c) ball-and-stick representations, (b) polyhedral representation, and (d) ball-and-stick
representation of the 3D framework structure produced by connection of ε-Keggin-type POM with a metal linker. Blue balls, green balls, and red
balls represent central sites, surrounding sites, and linker sites, respectively.
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■ EXPERIMENTAL SECTION
Materials. Chemicals were reagent grade and used as supplied, and

house-made distilled water was used throughout. The Mo−Zn oxide
(Na1.5H11.4[ε-Zn

IIMoV10.9MoVI1.1O40Zn
II
2]) was prepared according to

our previous paper.9 ZnCo2O4 and CoAl2O4 for Co-K-edge XAFS
were prepared according to a previous report,11 and formation of the
desired phase was confirmed by powder XRD.
Synthesis of NaH9[ε-Co

IIMoV8MoVI4O40Co
II
2]·8H2O (Na−Mo−Co

oxide). Na2MoO4·2H2O (2.823 g, 11.7 mmol based on Mo) was
dissolved in 40 mL of distilled water. Metal Mo (0.2 g, 2.1 mmol) and
CoCl2·6H2O (0.785 g, 3.3 mmol) were added to the mixture
sequentially, and the mixture was stirred for 10 min at room
temperature, followed by adjustment of pH to 4.8 with 1 M H2SO4.
The mixture was introduced into a 50 mL Teflon liner of a stainless-
steel autoclave (TAF-SR 50 mL, TAIATSU Techno. Japan). The
autoclave was placed in an oven heated at 170 °C for 24 h. After the
autoclave had been cooled down to room temperature, most of the
upper solution was removed to obtain the solid on the bottom of the
Teflon liner. Water was added to the solid until the amount of the
mixture was ca. 90 mL. The mixture was stirred and then centrifuged
at 3500 rpm for 3 min using a KOKUSAN H-27F centrifugation
apparatus. Most of the upper solution was removed to obtain the solid.
Water was added to the solid until the amount of mixture was ca. 90
mL. The mixture was stirred and then centrifuged at 1700 rpm for 2
min using a KOKUSAN H-27F centrifugation apparatus. Most of the
upper solution was collected. Addition of water, mixing, centrifugation
at 1700 rpm for 2 min, and collection of the upper solution were
repeated 3 times. The collected solution was centrifuged at 1700 rpm
for 60 min, and the separated solid was dried at 70 °C overnight. Then
ca. 0.5 g of Na−Mo−Co oxide (yield 66% based on Mo) was
obtained. Anal. Calcd for NaCo3Mo12O48H25: Co, 8.25; Mo, 53.69;
Na, 1.07; H, 1.18. Found: Co, 8.24; Mo, 53.42; Na, 1.29; H, 1.19.
Characterization. XRD patterns were obtained on a D8

ADVANCE (Bruker) with Cu Kα radiation (tube voltage: 40 kV,
tube current 40 mA). Scanning electron microscopy (SEM) images
were obtained with S-4800 (HITACHI). FT-IR analysis was carried
out on a NICOLET 6700 FT-IR spectrometer (Thermo Fisher
Scientific) as KBr pellets. Raman spectra were recorded with a T64000
(Horiba-JY). XPS was performed on a JPS-9010MC (JEOL). The
spectrometer energies were calibrated using the C 1s peak at 284.8 eV.
Elemental compositions were determined by an inductive coupling
plasma (ICP-AES) method (ICPE-9000, Shimadzu). CHN elemental
composition was determined at Instrumental Analysis Division,
Equipment Management Center, Creative Research Institution,
Hokkaido University. High-resolution TEM and spherical aberration
(Cs)-corrected HAADF-STEM were performed by the National
Institute of Advanced Industrial Science and Technology (AIST) using
an ARM-200F electron microscope (JEOL, Japan) with a cold field
emission gun and a CEOS probe aberration corrector.12 High-
resolution TEM images were obtained at 200 kV using an object lens
with Cs = 1 mm. Cs-corrected HAADF-STEM images were obtained
at 200 kV with a probe convergence semiangle of 14 mrad and a
collection angle of 54−175 mrad. Solids were deposited on a holey
carbon-coated copper grid by attaching powder directly on the grid
and blowing of excess powder. Obtained images were treated with a
Local 2D Wiener Filter in the HREM-Filters Pro software (HREM
Research Inc., Japan) for noise removal. Image simulations were
performed with the multislice simulation software WinHREM (HREM
Research Inc., Japan). Nitrogen sorption isotherms were obtained by a
BELSORP MAX (BEL Japan Inc.) sorption analyzer at −197 °C.
Surface area was calculated by the BET method using an adsorption
branch. Co K-edge XAFS spectra were measured in transmission mode
using an Si(111) double-crystal monochromator at the BL9A and
BL12C beamlines of the Photon Factory in the High Energy
Accelerator Research Organization (KEK-PF), Japan. Magnetic
susceptibility measurements were performed on a superconducting
quantum interference device (SQUID) magnetometer (MPMS-5S,
Quantum Design).

■ RESULTS AND DISCUSSION
Conditions for Preparation of Na−Mo−Co Oxides.

Mo−Zn oxide was prepared by hydrothermal reaction of a
solution (pH 4.8) containing Na2MoO4, Mo metal, and ZnCl2
at 170 °C for 1 day, and Mo−Mn oxide was prepared by the
same hydrothermal reaction with MnO. First, we performed
reactions with other transition metal chlorides including CuCl2,
NiCl2, CoCl2, FeCl3, and MnCl2. After the hydrothermal
reactions, the obtained solids were collected by filtration and
examined by powder XRD (Figure S1). We obtained ε-Keggin-
based Mo oxides not only with Zn and Mn but also with Co.
We performed the reactions with different Co sources

including CoSO4, Co(OAc)2, Co(NO3)2, CoO, and Co3O4,
and the desired ε-Keggin-based Mo oxides were obtained when
we used CoCl2, CoSO4, and Co(OAc)2 (Figure 2b, Figure S2).

In the case of preparation of the Mo−Zn oxide, the main side
product was ZnMoO4.

9 In the case of Co-based materials, the
main side product was CoMoO4·0.75H2O.

13−15 Eda’s group
reported that CoMoO4·0.75H2O is a hydrated mixed-metal
oxide with CoII−O octahedra and MoVI−O tetrahedra.13

The effect of pH of the starting reaction mixture was
examined by changing the pH value by addition of 1 M H2SO4
(Figure S3). The pH value of the reaction mixture of
Na2MoO4, Mo metal, and CoCl2 without pH adjustment was
ca. 6.6. Hydrothermal reaction of this solution produced
NaCo2(MoO4)2OH·H2O

16,17 that has CoIIO octahedra and
MoVIO tetrahedra as the main product, and a large XRD peak
of Mo metal was observed (Figure S3i). Hydrothermal
reactions of reaction mixtures with pH values between 1.6
and 6.0 produced the desired ε-Keggin-based Mo oxides. The
main side products were MoO2 and CoMoO4·0.75H2O at
lower pH values (1.6−4.2) and at higher pH values (4.8−6.0),
respectively. When pH was less than 1.3, only MoO2 was
detected.
The effect of the amount of Mo metal was examined (Figure

S4). Without Mo metal, CoMoO4·0.75H2O was obtained, and
an increase in the amount of Mo metal resulted in the
production of ε-Keggin-based Mo oxides and MoO2. It has
been reported that the valence of Mo in Mo−V−Bi oxide,

Figure 2. Powder XRD profiles of (a) purified cubic-Mo−Co oxide
and (b) as-synthesized solid. Red, blue, and green arrows and black
lines indicate diffraction of Mo−Co oxide, CoMoO4·0.75H2O, MoO2,
and Mo metal, respectively.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.6b02748
Inorg. Chem. 2017, 56, 2042−2049

2044

─ 228 ─



Mo−Zn oxide, and Mo−Mn oxide is a mixture of 5+ and 6+,
and Mo metal is needed as a reducing reagent. Mo metal was a
suitable reducing agent for obtaining ε-Keggin-based Mo
oxides, and reactions with other reducing reagents such as
ascorbic acid and hydrazine sulfate produced nondesired
amorphous products (Figure S5).
We also checked the effect of pH without Mo metal (Figure

S6). Without Mo metal, MoO3, CoMoO4·0.75H2O, and
NaCo2(MoO4)2OH·H2O were obtained from the reaction
mixtures with pH ranges of less than 1.0, between 1.2 and 5.5,
and more than 5.5, respectively.
The effect of reaction time was also examined (Figure S7). A

reaction time of more than 9 h was needed to produce the
desired ε-Keggin-based Mo oxides. With shorter reaction time,
CoMoO4·0.75H2O and Mo metal were detected. By increasing
the reaction time, the amount of the desired ε-Keggin-based
Mo oxides increased despite decreases in the amounts of
CoMoO4·0.75H2O and Mo metal.
The effect of reaction temperature was also examined (Figure

S8). At room temperature, only Mo was recovered after the
reaction. By increasing the temperature, CoMoO4·0.75H2O was
obtained, but the desired ε-Keggin-based Mo oxides were
obtained only when the temperature was increased to 170 °C.
These results indicate that it takes some time for Mo metal to
dissolve at 170 °C and that the once-produced CoMoO4·
0.75H2O is transformed by a reduction to the desired ε-Keggin-
based Mo oxide (Scheme 1). Further increase of temperature to

200 °C resulted in the formation of MoO2 as the main product.
We also confirmed that the once-produced CoMoO4·0.75H2O
without Mo metal was transferred to the desired ε-Keggin-
based Mo oxide by heating at 170 °C for 24 h in the presence
of Mo metal.
Isolation of Na−Mo−Co Oxide. Despite the various

reaction condition investigations, we could not find a reaction
condition to produce the desired ε-Keggin-based Mo oxides in
pure form, and the obtained solid always contained crystalline
side products such as CoMoO4·0.75H2O, MoO2, Na-
Co2(MoO4)2OH·H2O, and Mo metal. Therefore, we purified
the obtained solids by centrifugation. After purification, we
obtained a solid that showed only an XRD profile

corresponding to the desired ε-Keggin-based Mo oxides
(Figure 2).

Characterization by IR, Raman Spectroscopy, XPS,
Elemental Analysis, XRD, SEM, and Gas Adsorption. IR
spectra and Raman spectra of the obtained ε-Keggin-based Mo
oxides are almost identical to those of Mo−Zn oxide and
similar to those of [ε-Mo12O28(OH)12(Co(H2O)3)4] reported
by Kögerler’s group (Figure 3) in which ε-Keggin polyox-
omolybdate has four Co ions on the four hexagonal faces,18

indicating that the obtained ε-Keggin-based Mo oxides have ε-
Keggin type [Mo12O40]

n− units.
XPS of the ε-Keggin-based Mo oxides indicated that the

valence of Co is 2+ and that the valence of Mo is 5+ and 6+
with an Mo5+/Mo6+ ratio of ca. 2 (Figure S9).
Elemental analysis revealed that Mo:Co is 12:3. This result

agrees with the fact that the central metal and linker metal are
Co. From elemental analysis and XPS results, the formula of
desired ε-Keggin-based Mo oxides was estimated to be
NaH9[ε-Co

IIMoV8MoVI4O40(Co
II)2].

Rietveld analysis with a model in which Co occupied both
the central and the linker sites and Mo occupied the
surrounding sites gave an XRD profile similar to the observed
XRD profile of Na−Mo−Co oxide (Figure S10 and Table S1).
Furthermore, there were no additional peaks in the
experimental data, indicating that the powder sample of Na−
Mo−Co oxide was pure. An SEM image indicates that each
particle of Na−Mo−Co oxide has octahedral morphology that
is similar to the shape of Mo−V−Bi oxide and Mo−Zn oxide
particles (Figure S11).
Na−Mo−Co oxide was thermally stable after heating at 200

°C as was Mo−Zn oxide. N2, CO2, and CH4 adsorption
measurements indicated that Na−Mo−Co oxide has a
micropore volume (1.77 and 0.75 molecules per one POM
unit for CH4 and CO2, respectively) similar to that (1.84 and
0.86 molecules per one POM unit for CH4 and CO2,
respectively)10 of Mo−Zn oxide (Figure S12 and Table S2).

Characterization by HR-TEM and HAADF-STEM. The
structure of Na−Mo−Co oxide was further confirmed by TEM
techniques. HR-TEM images of both Mo−V−Bi oxide and
Na−Mo−Co oxide along the [110] direction showed an
ordered arrangement of rhombic dark units that corresponds to
two overlapping ε-Keggin units (Figure S13 and Figure 4a and
4b). The images of Mo−V−Bi oxide and Na−Mo−Co oxide
were in good agreement with images simulated from the
proposed structures. The 3D channel of the material can be
clearly observed. These HR-TEM images are the first atomic-
scale TEM images for ε-Keggin compounds.
HAADF-STEM is a useful method for analyzing the position

of each metal because the intensity of the white spot is roughly
proportional to the square of the atomic number (Z), providing
an enhanced Z-contrast image.19 HAADF-STEM has been used
to characterize metal positions in Mo-based oxides.20−22 As
shown in Figure 4a and 4b, there are two kinds (indicated by
red and orange circles) of linker metal sites in the [110]
projection where the red linker metal is surrounded by 4
surrounding metals (light green circles), 2 central metals (blue
circles), and 10 surrounding metals (dark green circles) to form
the rhombus units. The rhombus units are connected by other
linker sites (orange circles). The number ratio of red linker
metal, orange linker metal, dark green surrounding metal, light
green surrounding metal, and blue central metal along the
[110] direction is 4:2:4:2:2 (Figure 4b). The white intensity of
each spot increases with increasing atomic number and number

Scheme 1. Relationship between pH and Products of
Hydrothermal Reactions of Aqueous Solutions of Na2MoO4
and CoCl2 at 170 °C for 24 h with and without Mo Metal
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of metals, and detection of the metal positions of Mo, V, Co,
and Bi with atomic numbers of 42, 23, 27, and 83, respectively,
is possible.
In Mo−V−Bi oxide, the presence of V and Bi in the central

site and linker site, respectively, was confirmed by single-crystal
X-ray structure analysis.6 Furthermore, it was shown that the
surrounding sites are occupied by both Mo and V with an
Mo:V ratio of ca. 9.4:2.6. The most intense and second most
intense spots (Figures 4c and S14) correspond to Bi sites (red
and orange Bi in Figure 4a and 4b) because the atomic number
of Bi is much larger than those of Mo and V. Other than the
most intense and second most intense spots, 10 white spots
corresponding to the dark green surrounding metal were
recognizable. The light green surrounding metal was not clearly
observed because the number of light green surrounding metals

is one-half that of the dark green surrounding metals along the
[110] direction. In addition, central V was also unrecognizable
because central V has a much smaller atomic number than that
of Mo, and the number of central V (blue spots) along the
[110] direction is the same as that of the invisible light green
surrounding site. The simulated image (Figure 4c, inset)
obtained by using the single-crystal X-ray structure model of
Mo−V−Bi oxide is similar to the observed image.
In the HAADF-STEM image of Na−Mo−Co oxide (Figure

4d), the intensities of the linker site and central site are much
weaker than those of surrounding sites, indicating that the
atomic number of the linker and central metal is smaller than
the atomic number of the surrounding metal. These results
together with the results of elemental analysis (Mo:Co = 12:3)
confirm that the central and linker sites are occupied by Co and

Figure 3. (Left) IR and (right) Raman spectra of (a) [ε-Mo12O28(OH)12(Co(H2O)3)4], (b) Na−Mo−Co oxide, and (c) Mo−Zn oxide.

Figure 4. Ball-and-stick representation of Na−Mo−Co oxide along (a) the [110] axis and (b) four ε-Keggin [CoMo12O40]
n− units connected by Co.

Dark and light green balls represent surrounding Mo, red and orange balls represent linker Co, and blue balls represent central Co. Numbers of
overlapping dark green balls, light green balls, red balls, orange balls, and blue balls along the [110] axis are 4, 2, 4, 2, and 2, respectively. HAADF-
STEM images of (c) Mo−V−Bi oxide and (d) Na−Mo−Co oxide. (Insets) Simulated images.
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that the surrounding site is occupied by Mo. The simulated
image obtained using this model (Figure 4d, inset) is similar to
the observed image.
Characterization by XAFS. In order to obtain more

information about the valence and coordination environments
of Co sites, we measured the Co K-edge X-ray absorption near-
edge structure (XANES) spectra of Na−Mo−Co oxide and
reference samples (Figure 5). CoO and CoAl2O4 were chosen

for reference samples of CoII, and ZnCo2O4 was chosen for a
reference sample of CoIII. Co3O4 contains Co

II and CoIII with a
1:2 ratio. The adsorption edge shifted to higher energy (Co foil
< CoO, CoAl2O4 < Co3O4 < ZnCo2O4) with an increase in the
valence, and the adsorption edge of Na−Mo−Co oxide was
similar to those of CoO and CoAl2O4, indicating that the
valence of Co is 2+. In K-edge XANES spectra of 3d transition
metal oxides, the pre-edge features are associated with mainly
electric dipole transition from 1s to the p components in 3d−
4p hybridized orbitals, and the intensity is affected by both the
valence states and the coordination environments of the central
metal atom.23−25 It is known that the pre-edge peak intensity
for Td symmetry is larger than that for Oh symmetry when
comparing samples with the same valence.23,25 As shown in
Figure 5, the pre-edge peak intensity of Na−Mo−Co oxide was
between those of CoAl2O4 (Co

IIO4 tetrahedra, Td symmetry)
11

and CoO (CoIIO6 octahedra, Oh symmetry). This result
supports our model of Na−Mo−Co oxide having two Co
sites of the central site with tetrahedral coordination and the
linker site with octahedral coordination.
Magnetic Measurement. Magnetic susceptibility measure-

ments of Mo−Zn oxide and Na−Mo−Co oxide were carried
out in the temperature range of 2−300 K under an external
magnetic field of 10 000 Oe. Plots of χMT versus T, where χM is
the molar magnetic susceptibility, are shown in Figure 6. In the
case of Mo−Zn oxide (Na2H11[ε-Zn

IIMoV
11MoVI

1-
O40(Zn

II)2]),
9 no magnetic moment is observed, although

Mo−Zn oxide contains paramagnetic MoV, indicating that
there is an even number of electrons in one ε-Keggin
ZnMo12O40 unit and spins of the electrons are coupled. The
formula indicates that there is a single paramagnetic MoV in one
Keggin unit but that the bulk material has no magnetic

moment. This phenomenon can be explained by disproportio-
nation (2[CoMoIV11MoV1O40] → [CoMoIV12O40] + [Co-
MoIV10MoV2O40]) and there are at least two kinds of Keggin
units in the bulk material: one with two MoV where electrons
are paired and the other without MoV. Couplings of spins of
two electrons in one Keggin-type tungstate have been
confirmed by ESR and 1H NMR.26 In the case of Na−Mo−
Co oxide, the room-temperature χMT value of 8.99 emu K
mol−1 is much higher than that expected for three isolated CoII

ions (1.88 emu K mol−1, S = 3/2, g = 2), indicating that a
significant orbital contribution is involved at a high temper-
ature. On lowering the temperature, the value of χMT gradually
decreases down to the value of 5.65 emu K mol−1 at 20 K, due
to thermal depopulation of the exited Kramers state of the CoII

ion. Below 20 K, χMT drops rapidly to 2.10 emu K mol−1 at 2 K
as a result of antiferromagnetic interactions between CoII ions.
Thus, the even number of electrons in one ε-Keggin unit are
coupled as in Mo−Zn oxide.

■ CONCLUSION

A new ε-Keggin polyoxomolybdate-based 3D framework
material with Co as a heteroatom has been successfully
synthesized and characterized. Structure characterization using
high-resolution HAADF-STEM, XANES, IR, Raman spectra,
elemental analysis, and powder XRD revealed that ε-Keggin
cobalt-centered cobaltomolybdate, [ε-CoMo12O40], is linked by
Co to form 3D diamond-like frameworks. XPS, XANES, and
magnetic measurement indicated that the valence of Co is 2+.
HAADF-STEM images were so clear that atomic-scale images
with different spot intensities were obtained, and the positions
of Mo and Co were determined. XANES spectra confirmed the
presence of a CoO4 tetrahedron. The results clearly indicated
that the CoO4 tetrahedron is surrounded by 12 MoO6
octahedra to form the ε-Keggin cobaltomolybdate that was
connected by CoO6 octahdera to form the 3D framework
structure. Studies to search for new ε-Keggin polyoxometalate-
based 3D framework materials with other elements and
applications as adsorption materials and for catalysis are
undergoing in our group.

Figure 5. XANES spectra of Na−Mo−Co oxide and reference
samples: (red line) Na−Mo−Co oxide, (black line) Co foil, (blue
line) CoAl2O4, (dark green line) CoO, (light green line) Co3O4, and
(pink) ZnCo2O4. (Inset) Extended spectra for pre-edge area.

Figure 6. Plot of χmT product versus temperature for (white circles)
Na−Mo−Co oxide and (black circles) Mo−Zn oxide in an applied
field of 10000 Oe.
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The Assembly of an All-Inorganic Porous Soft Framework from
Metal Oxide Molecular Nanowires

Zhenxin Zhang,*[a, b] Masahiro Sadakane,[c] Shin-ichiro Noro,[d] Norihito Hiyoshi,[e]

Akihiro Yoshida,[a] Michikazu Hara,[b] and Wataru Ueda*[a]

Abstract: An all-inorganic soft framework is rare but inter-

esting for both fundamental research and practical applica-

tions. Here, an all-inorganic soft framework based on a transi-
tion metal oxide is reported. The periodic connection of

a one-dimensional anionic tungstoselenate molecular wire
building block with a CoII ion is used to construct the crystal-

line material. The crystal structure of the material was deter-
mined by high-angle annular dark-field scanning transmis-

sion electron microscopy combined with several characteri-

zation techniques. The soft framework of the material en-

ables water adsorption/desorption with a change in its struc-
ture, leading to a high level of water adsorption. The

framework of the material is flexible, and the structure of
the molecular wire building block is stable during the water

adsorption/desorption process.

Introduction

Crystalline materials with soft frameworks have received signifi-
cant attention. The unique structural feature of a soft frame-

work material is not only of great interest and importance in
fundamental research, but also leads to various practical appli-

cations. Soft frameworks have been designed and developed

in recent years. The assembly of metal ions with organic li-
gands provides a well-defined approach to obtain a sub-cate-

gory of metal–organic frameworks (MOFs),[1] some of which are
flexible and are denoted as soft porous crystals (SPCs).[2] The

advantages of soft frameworks are a flexible structure with an
easy fabrication, that is dependent on different operation con-
ditions. These materials have the property that the crystalline

frameworks reversibly vary under external physical or chemical
processes, such as molecule adsorption, temperature change,

and mechanical force application. The current soft framework
materials are mainly based on organic compounds (organic

frameworks or metal–organic frameworks). A more inventive
approach is to use an all-inorganic composition to construct

soft frameworks, because an all-inorganic composition shows

advantages such as structural stability, composition complexity,
acidity, and redox properties. The materials are however very

rare and difficult to obtain, which leaves a nearly open field
that is full of challenges.

The assembly of metal-oxygen octahedra is a well-defined
methodology for constructing new transition-metal oxides

with unique structural features, such as crystalline porous

frameworks based on metal oxides,[3] molecular metal oxides
(polyoxometalates, POMs),[4] metal oxide molecular sheets,[5]

metal oxide molecular wires,[6] and organic–inorganic hybrids.[7]

Among the above examples, POMs are widely used as sub-
units to obtain new transition-metal oxides. There are a few
examples showing the synthesis of microporous frameworks,

based on transition-metal oxides by means of a bottom-up
process using POMs as building blocks.[3b,c, 8] It is therefore
a promising approach to obtain inorganic soft frameworks

based on transition-metal oxides. To date, however, no suc-
cessful example has been achieved.

We recently reported new crystalline transition-metal
oxides constructed by anionic metal oxide molecular

wires, {[TeMo6O21]
2�}n, {[SeMo6O21]

2�}n, {[TeW6O21]
2�}n, and

{[SeW6O21]
2�}n. The molecular wires are orderly and assembled

by NH4
+ in a hexagonal fashion to form crystals (Figure 1a–

d).[6] Our strategy for constructing all-inorganic soft framework
materials is to link the molecular wires with metal cations.

Here, we report the synthesis of a soft framework based on
tungsten oxide and Co ions, denoted as CoWSeO·H2O.
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The material was constructed using building blocks of

{[SeW6O21]
2�}n molecular wires linked by Co ions in a hexagonal

manner. The structure of the material was confirmed using

high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) combined with other characteriza-
tions, powder X-ray diffraction (XRD), Fourier transform infrared
(FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS),
thermal analysis, and scanning electron microscopy (SEM). The
structure change of CoWSeO·H2O is reversible during hydra-
tion and dehydration without a change in the basic structure
of the building blocks.

Results and Discussion

Synthesis and characterization of CoWSeO·H2O soft frame-
work

The molecular wire-based three-dimensional (3D) framework
composed of W, Se, and Co was synthesized in a hot aqueous

solution. In the precursor solution, (NH4)6H2W12O40·nH2O (AMT),
SeO2, and Co(OAc)2, were used as the W source, Se source, and

transition metal ion linker, respectively. After heating the solu-
tion at 100 8C for 17 h, CoWSeO·H2O was recovered from the

solution. As shown in Figure 2a, CoWSeO·H2O was a well-crys-

tallized compound, and the XRD pattern of the material was
different from that of WSeO, indicating that the crystal struc-

ture of CoWSeO·H2O was different.
The IR band at 1620 cm�1 demonstrated the existence of

water in the material (Figure 2b). The peak at 1400 cm�1 was
ascribed to NH4

+ . CoWSeO·H2O had a relatively weak NH4
+

signal compared with that of WSeO. IR bands below

1000 cm�1, which were derived from the frameworks of the
metal oxide moiety, were similar to those of WSeO (Fig-

ure 2b, c),[6b] indicating that the bonding state of the materials
were similar. The Raman spectra of CoWSeO·H2O and WSeO
were also similar, indicating the presence of the {[SeW6O21]

2�}n
building blocks in CoWSeO·H2O (Figure 2d,e).

The elemental analysis of CoWSeO·H2O showed N: Co: W:

Se=0.4: 1.3: 6: 1. XPS revealed that the valences of W, Se, and
Co were WVI, SeIV, and CoII, respectively (Figure S1 in the Sup-

porting Information). The chemical composition of CoWSeO·
H2O can be described as (NH4)0.4[Co

II
1.3(OH)Se

IVWVI
6O21]·11H2O.

The charge of a hexagonal unit of [SeIVWVI
6O21]

2� was �2,
whereas the sum of the positive charge of the counter-cations

(Co2+ and NH4
+) was 3. Therefore, additional negative charge

was necessary. The IR spectrum and elemental analysis indicat-

ed that there was no acetate anion from the Co source
(Co(OAc)2). Thus, OH

� was proposed to compensate the addi-
tional positive charge and might coordinate to Co.

The powder diffraction peaks of CoWSeO·H2O were indexed,
and the hexagonal system with P6 space group was obtained

(Table S1 and Table S2). The charge flipping algorithm high-
lighted most of the atoms of the building blocks for CoWSeO·
H2O, showing that the arrangement of the heavy metal ions in

the material was likely the same as that of WSeO. There were
three sites in the material with high electron densities, these

are the linker site, the surrounding site, and the central site,
where the ratio of the linker site: the surrounding site: the cen-

tral site=3:6:1 in the unit cell (Table S1). Elemental analysis
showed that Co/W/Se=1.3:6:1, and thus W and Se were esti-

Figure 1. a) Polyhedral, and ball-and-stick representation of the hexagonal
building block of [SeW6O21]

2�, b) polyhedral representation of the
{[SeW6O21]

2�}n molecular wire, c) 3D structure of WSeO, d) CPK (Corey, Paul-
ing, and Koltun) representation of the ab plane of WSeO, e) the connection
of the {[SeW6O21]

2�}n molecular wires with Co ions, f) 3D structure of CoW-
SeO·H2O, g) CPK representation of the ab plane of CoWSeO·H2O ; (W: light
blue, Se: yellow, Co: green, O: red, N: deep blue), and h) A comparison of
the experimental XRD pattern with the simulated XRD pattern of
CoWSeO·H2O by Rietveld refinement.
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mated to be in the surrounding site and central site, respec-

tively. Co might occupy the linker site with a partial occupancy
of 0.4. The initial structure was refined by Rietveld refinement.
The framework of the material is formed by the connection of

the {[SeIVWVI
6O21]

2�}n building blocks with the Co ions in a hex-
agonal fashion (Figure 1e, f). A Co ion might connect the termi-

nal W=O bond in the ab plane. The packing of the molecular
wire building blocks ({[SeW6O21]

2�}n) in the crystal was in

a “corner-to-corner” manner (Figure S2). The micropore sur-

rounded by three molecular wire building blocks and Co link-
ers (Figure 1g) was occupied by water or NH4

+ in the original

material, as indicated by FTIR (Figure 2b). The (100) plane was
ascribed to the packing of the molecular wire building blocks,

and the (001) plane was derived from the stacking of the hex-
agonal units ([SeW6O21]

2�) along the c-axis. The simulated XRD

pattern of the material matched the experimental pattern (Fig-
ure 1h and Table S3). No additional peaks were observed from
the experimental data when compared with the simulated pat-
tern, indicating that the powder sample of CoWSeO·H2O was

pure.
The IR band at 960 cm�1 and the Raman peak at 970 cm�1

corresponded to the terminal W=O bond. The IR band and
Raman band of CoWSeO·H2O shifted to a higher wavenumber

compared with those of WSeO (Figure 2c, e), which indicated
that the length of the W=O bond increased after the incorpo-
ration of Co ions into the structure and suggested the exis-
tence of an interaction between Co and the terminal W=O
bonds of the molecular wire building blocks. Therefore, Co
ions connected the molecular wires to form a 3D network of
the material.

Thermal analysis (temperature-programmed desorption

mass spectrometry, TPD-MS and thermogravimetric-differential
thermal analysis, TG-DTA) showed the desorption of guest mol-

ecules in the original material during heating (Figures S3 and
S4 in the Supporting Information). The TG-DTA of CoWSeO·
H2O showed two main weight loss processes (Figure S4a). The
weight loss below 200 8C was ascribed to water desorption,

which was confirmed by TPD-MS (Figure S3a). The water con-

tent in the as-synthesized material estimated by TG was about
10%, which was in good agreement with the elemental analy-

sis. The second weight loss at about 520 8C might be due to
material decomposition and SeO2 desorption because no de-

sorption of water or NH3 was observed in the TPD-MS profile.
The SeO2 weight loss was estimated to be 4.7%, which was

close to the elemental analysis (ca. 6.1%). Compared with

WSeO, the water desorption of CoWSeO·H2O occurred at
a lower temperature.

The soft framework of CoWSeO·H2O during the hydration
and dehydration process

The space surrounded by the molecular wire building blocks

and Co ions was originally occupied by water and NH4
+ in

CoWSeO·H2O. The water and NH4
+ in the material were re-

moved by the heat treatment, which left micropores in the
material that were suitable for the adsorption of small mole-

cules.
CoWSeO·H2O was treated under dehydrating conditions (to-

gether with WSeO) at 100 8C for 24 h, and the resulting dehy-
drated material was denoted as CoWSeO. CoWSeO was ob-
served by SEM, revealing a flower-shaped morphology (Fig-

ure S5 in the Supporting Information). The XRD patterns of the
hydrated and dehydrated CoWSeO were different, indicating

that the crystal structure of the material varied during the pro-
cesses. This difference was investigated by in situ and ex situ

XRD experiments.

The in situ XRD experiments on CoWSeO·H2O were first car-
ried out under dehydration conditions and then under hydra-

tion conditions. The material was heated with a temperature
ramp increase of 10 8Cmin�1 under a nitrogen atmosphere

with a flow rate of 40 mLmin�1. The material was monitored
by powder XRD. As shown in Figure 3a,b, when the tempera-

Figure 2. a) XRD patterns, b) FTIR spectra, c) enlarged FTIR spectra, d) Raman
spectra, and e) enlarged Raman spectra of WSeO and CoWSeO·H2O.
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ture was low (<45 8C), the peak for the (100) plane was at

about 78, and the main phase was the hydrated material
(CoWSeO·H2O). As the treatment temperature was further in-

creased, this peak shifted to a higher angle (ca. 88), indicating
the formation of the dehydrated material (CoWSeO) and a de-

crease in the distance between {[SeIVWVI
6O21]

2�}n building
blocks. Other diffraction peaks also changed except for the

peak for the (001) plane, which corresponded to the stacking
of the hexagonal unit ([SeW6O21]

2�) in the c-axis. This indicated
that the crystal structure changed, whereas the building blocks

({[SeIVWVI
6O21]

2�}n) were stable.
After the dehydrated sample had been cooled to 25 8C,

water vapor was introduced by N2 bubbling (80 mLmin�1).
CoWSeO was monitored by powder XRD (Figure 3c,d). As the

water vapor was introduced, the diffraction peak of the (100)

plane gradually shifted to a lower angle. After 132 min, an in-
termediate phase was generated (see below). Finally, all of the

peaks returned to those of the original material (CoWSeO·
H2O). The in situ XRD study demonstrated that the structure of

the material reversibly changed with the water content in the
material.

For the ex situ XRD study, when CoWSeO·H2O was heated

at 100 8C for 24 h to form the dehydrated material, CoWSeO,
the diffraction peak for the (100) plane-shifted to a higher
angle, indicating that the molecular wires were closer and the
lattice parameter (a) of the material decreased (Figure 3e–h).

CoWSeO was then placed under 100% humidity at room tem-
perature, which caused a recovery of the original XRD peaks of

CoWSeO·H2O. The structure of the material returned to CoW-
SeO·H2O after the re-adsorption of water. The lattice parameter
(a) changed corresponding to a reversible change in the water

amount of the material. For the (001) plane, corresponding to
the lattice parameter (c) (Figure 3), the water adsorption did

not affect the value, maintaining a constant value of about
0.4 nm during the process; this indicated that the stacking

hexagonal unit did not change and that the molecular wire

building blocks were stable. The Raman spectra of CoWSeO·
H2O and CoWSeO were nearly the same and demonstrated

that the structure of the material was stable (Figure S6 in the
Supporting Information).

In contrast, WSeO, based on the same building block as
CoWSeO·H2O (Figure 1c,d), did not exhibit similar behavior to

Figure 3. In situ XRD of CoWSeO·H2O during heat-treatment: a) enlarged XRD patterns at low angle and b) full patterns. In situ XRD of CoWSeO during water
adsorption: c) enlarged XRD patterns at low angle and d) full patterns. XRD patterns of hydrated and dehydrated CoWSeO : e) full patterns, f) enlarged pat-
terns of the peak for the (100) plane, g) enlarged patterns of the peak for the (001) plane, and h) lattice parameter change during the hydration–dehydration
process.
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CoWSeO·H2O after the same process (Figure S7). The material
was stable under heating and water vapor. The XRD peaks for

the (100) plane and the (001) plane nearly remained constant.
The result indicated that WSeO was not a soft framework ma-

terial. In this case, the critical factor to form a porous soft
framework might be the interaction between the transition-

metal ion and molecular wire. For CoWSeO·H2O, Co ions con-
nected the molecular wire building blocks. For WSeO, the ma-
terials formed by attaching the molecular wire building blocks

through ionic interactions between the counter-cation (NH4
+)

and the {[SeIVWVI
6O21]

2�}n molecular wires.
The structure of CoWSeO was confirmed by the atomic reso-

lution HAADF-STEM (high-angle annular dark-field scanning

transmission electron microscopy) images (Figure 4). The cross-
sectional image of the (001) plane of CoWSeO revealed the

hexagonal unit of [SeW6O21]
2� and its “edge-to-edge” packing

manner with a periodicity of about 1.2 nm (Figure 4b). The
side view of CoWSeO (Figure 4c) revealed that the hexagonal

units, [SeW6O21]
2�, were stacked with a layer distance of about

0.4 nm to form a molecular wire. The atomic positions in the

molecular wire building blocks observed in the HAADF-STEM
images were in good agreement with the structure of CoW-
SeO·H2O. The packing of the molecular wires in CoWSeO (the

“edge-to-edge” manner) was however different from CoW-
SeO·H2O (the “corner-to-corner” manner). The Co site cannot

be distinguished by HAADF-STEM, which might be due to the
disordered distribution and low occupancy.

Water adsorption properties and flexible framework

The porous soft framework material, CoWSeO, was used for
water adsorption at room temperature (25 8C). Before the mea-

surement, the material was heated at 100 8C under high
vacuum to remove the water molecules in the micropores. The

water adsorption isotherm of CoWSeO (Figure 5) demonstrat-
ed that the material adsorbed water with increasing water

pressure, and the total adsorbed water amount was about

11 molmol�1 (11 mol of water per 1 mol of [SeW6O21]
2�). There

were three stages during the whole process. The first stage
consisted of a pressure range from 0 to 1.75 kPa. The adsorbed
amount was about 3 molmol�1, and a sudden increase in the

adsorbed amount indicated a strong interaction between the
water and the material framework. The second stage was from

1.75 to 2.5 kPa, and the adsorbed amount was about

4.5 molmol�1. The final stage was up to 3 kPa, and the ad-
sorbed amount was about 3.5 molmol�1. The adsorbed water

could be desorbed from the material by decreasing pressure.
The isotherm of water desorption from CoWSeO·H2O did not

overlap with the adsorption isotherm, which indicated that the
adsorption process was not fully reversible. The water adsorp-

tion isotherm of CoWSeO·H2O indicated a structural change

during the process, and the unique adsorption isotherm was
related to the soft framework of the material based on the

connection of the molecular wire building blocks with the Co
ions.

Figure 4. HAADF-STEM images of a) CoWSeO in the ab plane (Scale bar in inset=2 nm�1), b) enlarged CoWSeO in the ab plane (left) with the proposed struc-
ture (right), and c) CoWSeO along the c-axis (left) with the proposed structure (right). Dashed line indicates the unit cell of the material ; W: blue, Se: yellow,
Co: green.
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A relative humidity-dependent powder XRD study was car-
ried out to understand the structural change of CoWSeO·H2O
during the water adsorption. First, CoWSeO·H2O was dehydrat-
ed at 100 8C under high vacuum for 2.5 h. Then the dehydrat-

ed material was exposed to different relative humidity condi-

tions for 24 h to reach the equilibrium state at 25 8C (Figure 6).
The relative humidity was controlled by saturated aqueous sol-

utions of different salts, ZnCl2 (17%), NaBr (65%), NaCl (78%),
and KBr (84%), and the corresponding water vapor pressure

values at 25 8C using these aqueous solution were 0.54, 2.1,
2.5, and 2.7 kPa. There were three stable phases observed with

increasing humidity. The XRD pattern of each stable phase was

indexed, and the structures were refined by Rietveld refine-
ment. Under a low humidity condition (17%), the molecular

wire building blocks were arranged in the “edge-to-edge”
manner, and the distance between the nanowires was close, as

confirmed by the Rietveld analysis (Figure S8 and Table S4 in
the Supporting Information). With the increase in humidity to

65%, another stable phase was generated with the same pack-

ing manner but an increase in lattice parameter a (13.4397 �;
Figure 6, Figure S9, and Table S5). The arrangement of the mo-

lecular wires in the crystal retained the “edge-to-edge” config-
uration. This result demonstrated that the lattice of the materi-

al expanded with the increase in humidity. This intermediate
phase was also observed in the in situ XRD study (Figure 3c,d).

A further increase in the humidity (78–85%) produced a mixed
phase, and the third stable phase did not form completely

until the humidity reached 100%; the final phase had the
same structure as that of CoWSeO·H2O, and the arrangement
of the {[SeIVWVI

6O21]
2�}n molecular wires converted to the

“corner-to-corner” manner. The result of the humidity-depen-
dent powder XRD analysis demonstrated that the structure of
the material changed during water adsorption.

The position of Co in CoWSeO was investigated by theoreti-
cal calculations, where the Co ion was connected to the termi-
nal W=O bond in CoWSeO·H2O. After dehydration, the packing

of the {[SeIVWVI
6O21]

2�}n molecular wires transitioned to the

“edge-to-edge” arrangement, as shown by HAADF-STEM
(Figure 4). In situ IR revealed that even the material heated at

200 8C retained the signal at about 3500 cm�1, indicating that
O�H (derived from OH� or H2O) probably existed as a ligand

for Co (Figure S10). TPD and TG also showed that, after 100 8C,
water desorption was still observed, although the amount was

low (Figure S3 and Figure S4). There were two possible sites

for Co in CoWSeO (Figure 7a). The system energy calculation
of the optimized structures with Co in different sites indicated

that the Co ion was at position A (Figure 7c,d). The optimized
structure of CoWSeO exhibited three W=O terminal bonds and

H2O acting as ligands of Co to form a CoO4 tetrahedron that
connected the molecular wires to construct the material (Fig-

ure 7c).

DFT calculations investigated the adsorbed structures for the
initial stage of water adsorption. There were two possible sites

for water adsorption, the A site (Co site) and B site (Figure 7a).
The energy of the optimized models with the water at the A

site was lower than that of the water at the B site, indicating
the coordination of water molecules to Co ions (Figure 7e–h)

at the beginning of the adsorption. After adsorbing two water

molecules per hexagonal unit, the coordination state of Co
turned from a CoO4 tetrahedron to a CoO6 octahedron. This

simulated water coordination process was in good agreement
with the adsorbed amount observed during the initial fast ad-

sorption (2 molmol�1). Furthermore, the bond distance be-
tween Co and the W=O terminal bonds changed with an in-

crease in the amount of coordinated water, according to the
simulation (Figure 7b). As more water adsorbed at the Co site,
the W=O1�Co became longer, and the other two became

shorter. This indicated that the water adsorption changed the
coordination state of Co and was probably the driving force to

changing the entire crystal structure. The time-dependent DR-
UV/Vis (diffuse reflectance) spectra of the material (Figure 8) at

a relative humidity of about 50% showed that the absorbance

changed while the sample was exposed to water vapor. The
UV/Vis spectra of the material changed continuously due to

the change in coordination of water at the Co site.[9] This ex-
periment indicated that the first step of water adsorption was

Co coordination, which agreed with the result of the DFT cal-
culation.

Figure 5.Water vapor adsorption (black) and desorption (red) isotherms of
CoWSeO.

Figure 6. a) Relative humidity-dependent XRD patterns of CoWSeO. b) En-
larged XRD patterns, and c) corresponding structures of CoWSeO at differ-
ent humidity values; the experiments were carried out at 25 8C. W (“edge-to-
edge” manner): blue, W (“corner-to-corner” manner): purple, Se: yellow, Co:
green, O: red.
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A Monte Carlo (MC) simulation was carried out to further in-
vestigate the adsorbed structure of water in CoWSeO after the

adsorption of 2 molmol�1 of water (Figure 7c). The MC simula-
tion was conducted by introducing water molecules one by

one into the model of the material with the CoO6 octahedron
(Figure 7c), and water continually filled the micropores of the

material (Figure S11 in Supporting Information). The adsorption

energy was estimated by the MC simulation. As the water
loading amount in the material was over 3 molmol�1 (similar

to the first stage of water adsorption) and continuously in-
creased, the adsorption energy decreased, indicating that the

structure might change upon the adsorption of more water. As
indicated in the humidity-dependent XRD study, the change

might manifest as an expansion of the lattice. When the simu-
lated adsorbed amount reached 7 molmol�1, which approxi-

mated the second adsorption stage, the simulated adsorption

energy became negative, indicating that the current structure
of CoWSeO was unable to further adsorb water molecules. The

material structure probably changed to the “corner-to-corner”
structure for the adsorption of more water, as indicated in the

humidity-dependent XRD study.
With consideration of the results mentioned above, a water

adsorption-induced structural change of CoWSeO was pro-

posed (Figure S12). First, the water molecules adsorbed at the
Co site of CoWSeO, in which the {[SeIVWVI

6O21]
2�}n building

blocks were in the “edge-to-edge” manner, and the coordina-
tion state of the Co ions changed from the CoO4 tetrahedron

to the CoO6 octahedron. As the adsorbed amount of water
continually increased, the lattice parameter (a) of CoWSeO in-
creased to about 13.4 �. Finally, when the material was fully

saturated by water, the packing of {[SeIVWVI
6O21]

2�}n building
blocks transitioned to the “corner-to-corner” manner with a fur-
ther increase of the lattice parameter (a) (ca. 14.7 �).

CoWSeO·H2O was stable during the water adsorption-de-
sorption process. After the water adsorption–desorption ex-
periment, the used material was characterized by XRD and

FTIR (Figure S13), and the results exhibited all of the character-
istic peaks for CoWSeO·H2O, thus demonstrating that the ma-
terial structure was stable.

Conclusions

In summary, an all-inorganic 3D porous soft framework of

CoWSeO based on a transition metal oxide was synthesized by

a bottom-up approach using a 1D anionic metal oxide as
a building unit and a Co ion as a linker. The structure of the

material was confirmed using HAADF-STEM images combined
with powder X-ray diffraction. The unique structural feature of

the porous soft framework material resulted in a unique water
adsorption property, and a high amount of adsorbed of water

Figure 7. a) Structural representation of CoWSeO, A site: dashed line, B site:
full line. b) Distance change of Co�O with different water loading amounts
in CoWSeO with Co at the A site, c) CoWSeO, Co at the A site, d) CoWSeO,
Co at the B site, e) CoWSeO adsorbed 1 molmol�1 of water with Co at the A
site, f) CoWSeO adsorbed 1 molmol�1 of water with Co at the B site,
g) CoWSeO adsorbed 2 molmol�1 of water with Co at the A site, h) CoWSeO
adsorbed 2 molmol�1 of water with Co at the B site, W: blue, Se: yellow, Co:
green, O: red, H: white.

Figure 8. DR-UV/Vis spectra of CoWSeO during exposure to water vapor
with a relative humidity of about 50%. Inserted image: photographs of
CoWSeO (left) and CoWSeO·H2O (right).
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was achieved. The Co coordination changed, the lattice param-
eter increased, and eventually the structure altered with the

change of the water loading amount. The structure of the ma-
terial changed reversibly with changes to the water content in

the structure.
Materials with microporous/porous soft frameworks are

abundant in the organic field of study, but they rarely appear
in the inorganic field. This research provides an opportunity to

further explore material science in the inorganic world to

obtain new porous soft frameworks with fully inorganic com-
positions. Because of the combination of the unique properties

of a porous soft framework and an inorganic composition, the
materials are expected to have important applications in the

near future.

Experimental Section

Materials

All chemicals were reagent grade and were used according to the
suppliers’ protocols. Homemade de-ionized water (DIRECT-Q 3UV)
was used. Molecular wires of (NH4)2[SeW6O21] (denoted as WSeO)
were prepared according to the published procedure[6b] and con-
firmed by XRD and FTIR spectroscopy.

Material synthesis

Synthesis of CoWSeO·H2O : (NH4)6H2W12O40·nH2O (1.983 g, 7.8 mmol
based on W) was dissolved in 30 mL of water, followed by the ad-
dition of SeO2 (0.142 g, 1.3 mmol) and Co(OAc)2·4H2O (0.198 g,
0.77 mmol) to the (NH4)6H2W12O40·nH2O solution. The solution was
heated in a flask at 100 8C for 17 h with stirring. After the mixture
had been cooled to room temperature, the resulting solid was re-
covered from the solution by filtration. The obtained solid was
washed with 10 mL of water three times and dried at room tem-
perature overnight. Finally, 0.205 g of CoWSeO·H2O was obtained
(yield of 9.8%). Elemental analysis : calcd for Co1.3N0.4W6Se1O33H24.6 :
Co, 4.22; N, 0.31; W, 60.71; Se, 4.35; H, 1.35, Found: Co, 4.12; N,
0.30; W, 60.27; Se, 4.70; H, 1.48.

Dehydration–hydration treatment : The fresh as-synthesized material
was placed in an oven and dried at 100 8C for 24 h. to dehydrate.
For hydration, the dried material was placed in a 100% humidity
container for 24 h at 25 8C.

Characterization

XRD patterns were obtained on an Ultima IV X-ray diffractometer
(Rigaku, Japan) with CuKa radiation (tube voltage: 40 kV, tube cur-
rent: 40 mA). FTIR spectroscopy was carried out on a PerkinElmer
PARAGON 1000. Diffuse-reflectance ultraviolet-visible (DR-UV/Vis)
spectra were obtained using a JASCO V-570 spectrophotometer
equipped with an ISN-470 reflectance spectroscopy accessory. XPS
was performed on a JPS-9010MC (JEOL, Japan). The spectrometer
energies were calibrated using the Au 4f7/2 peak at 84 eV. Raman
spectra were recorded using a Renishaw inVia Raman microscope.

Temperature-programmed desorption mass spectrometry (TPD-MS)
measurements were carried out from 40 to 600 8C at a heating rate
of 10 8Cmin�1 under He flow (flow rate: 50 mLmin�1). Samples
were set up between two layers of quartz wool. A TPD apparatus
(BEL Japan, Inc.) equipped with a quadrupole mass spectrometer
(M-100QA; Anelva) was used to detect NH3 (m/z 16) and H2O (m/z
18). Thermal analysis (TG-DTA) was carried out up to 600 8C at

a heating rate of 10 8Cmin�1 under nitrogen flow (flow rate:
50 mLmin�1) with a Thermo Plus TG-8120 (Rigaku, Japan).

HAADF-STEM images were obtained with an ARM-200F electron
microscope (JEOL, Japan) operated at 200 kV with a CEOS probe
aberration corrector (CEOS, Germany). The probe convergence
semi-angle was 14mrad and the collection angle of the HAADF de-
tector was 54–175mrad. The obtained images were treated with
the Local 2D Wiener Filter in the HREM-Filters Pro software (HREM
Research Inc. , Japan) for noise removal. Solid samples were depos-
ited on carbon-coated copper grids.

Elemental compositions were determined by an inductively cou-
pled plasma (ICP-AES) method (ICPE-9000, Shimadzu). CHN ele-
mental composition was determined at the Instrumental Analysis
Division, Equipment Management Center, Creative Research Institu-
tion, Tokyo Institute of Technology.

Structure determination using powder X-ray diffraction

The structure of CoWSeO·H2O was determined from powder XRD.
First, the powder XRD pattern was indexed by the DICVOL06[10]

and X-cell[11] programs. After performing a Pawley refinement, the
most reasonable space group was obtained. Then, the LeBail
method[12] was applied for intensity extraction with the EdPCR pro-
gram in the FullProf software package. The initial structure was
solved by a charge-flipping algorithm in JANA2006.[13] The posi-
tions and types of atoms were obtained by analyzing the generat-
ed electron density maps (Table S1). The initial structure was re-
fined by Rietveld analysis.

Rietveld refinement and powder diffraction pattern simula-
tion

The structures of CoWSeO·H2O and CoWSeO at different humidity
levels were refined by powder XRD Rietveld refinements.[14] The ini-
tial structure of CoWSeO at different humidity levels was obtained,
by considering the CoWSeO·H2O structure. The pattern and lattice
parameters of the materials were refined by the Pawley method.
Then, isotropic temperature factors were given for every atom in
the initial structures. The Rietveld analysis was started with the ini-
tial models of the materials, and the lattice parameters and pattern
parameters were from the Pawley refinement. Every atom position
was refined. The occupancy of atoms in the framework was fixed
without further refinement, and occupancies of atoms for water
and cations were refined, with consideration of the results of the
elemental analysis. Finally, the pattern parameters were refined
again to obtain the lowest Rwp value. The crystallographic parame-
ters and atom position of the materials are shown in Tables S2–S5.
Material modeling, X-cell program, Pawley refinement, and Rietveld
refinement were performed with the Materials Studio package (Ac-
celrys Software Inc.).

DFT calculations and Monte Carlo simulation

Monte Carlo (MC) simulations were performed to predict the ad-
sorbed structure of the guest molecule in a super cell of (1�1�2)
with the adsorption locator program in the Materials Studio pack-
age. First, the structure of CoWSeO and H2O were optimized by
using the DMol3 program.[15] The optimized structure of the materi-
al is given in Table S6. We employed the Perdew–Burke–Ernzerhof
(PBE) generalized gradient functional and DND basis set. The calcu-
lated Mulliken atomic charge was applied for the Monte Carlo sim-
ulation. The partial atomic charges analyzed for H2O were H=
+0.405e and O=�0.810e. The Monte Carlo simulation and DFT
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calculation were performed with the Materials Studio package (Ac-
celrys Software Inc.).

Evaluation of water adsorption/desorption properties

The water adsorption and desorption isotherms were recorded at
25 8C on a BELSORP-aqua volumetric adsorption instrument (Micro-
tracBEL Corp.). Before the measurements, the samples were heated
at 100 8C under reduced pressure (1–2 Pa).
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Hydrothermal synthesis of a layered-type W–Ti–O
mixed metal oxide and its solid acid activity†

Toru Murayama,*ab Kiyotaka Nakajima,bc Jun Hirata,b Kaori Omata,bd

Emiel J. M. Hensene and Wataru Uedabf

A layered-type W–Ti–O mixed oxide was synthesized by hydrothermal synthesis from an aqueous solution

of ammonium metatungstate and titanium sulfate. To avoid the formation of titania, oxalic acid was used

as a reductant. Optimized synthesis led to rod-like particles comprised of MO6 (M = W, Ti) octahedra

connected in a corner-sharing fashion in the c-direction and in the form of micropore-containing {W6O21}

units in the a–b plane. The surface area, acidity and acid catalytic activity (alkylation) increased with the

amount of the layered-type W–Ti–O phase. Strong Brønsted acid sites formed due to the thermal release

of ammonia from the uncalcined precursor. Calcination at 400 °C led to the highest acidity and alkylation

activity. Alkylation of benzyl alcohol and toluene led to heavy product formation due to over-alkylation of

the product. The selectivity to the mono-alkylated product was improved by the addition of water, which

competes with the selectively formed products for adsorption on the acid sites. FT-IR measurements

showed that the layered-type W–Ti–O possesses Brønsted acid sites and at least two different Lewis acid

sites. The stronger Lewis acid sites can be converted into Brønsted acid sites in the presence of water, and

the weaker Lewis acid sites functioned in the presence of water. This water tolerance of Lewis acid sites is

an important characteristic of layered-type W–Ti–O, as it allows the bifunctional catalyst to convert

1,3-DHA into lactic acid in water.

Introduction

Mixed metal oxides of transition metals are important inor-
ganic materials which amongst others can serve as catalysts
and ceramics. The demand for solid acid catalysts is expected
to increase because such catalysts are reusable and can be
readily separated from the reaction mixture. Many inorganic
oxides including zeolites and metal oxides, which have Lewis
acid sites, have been found to be nearly inactive for reactions
in water because of the strong coordination of water to Lewis
acid sites.1 Therefore, the development of a Lewis acid cata-
lyst that exhibits excellent catalytic activity and selectivity for

various organic reactions in the presence of water is
desirable.2

An area in which solid acid catalysts operating in water
are required is biomass conversion, involving reactions such
as the formation of 5-hydroxymethylfurfural from hexoses
and lactic acid from trioses. Furfural derivatives are raw ma-
terials for polymers. Accordingly, the conversion from sugars
to furfural, which is the main component of woody biomass,
has been targeted in an effort to make the transition to a sus-
tainable economy.3 Lactic acid is also a bio-based commodity
chemical with many applications, including the rapidly
expanding use of polylactate as a bio-plastic.4 Lactic acid can
be synthesized from glyceraldehyde or 1,3-dihydroxyacetone
(DHA) over acid catalysts.5–7 These molecules are readily pro-
duced by the oxidation of glycerol, the main by-product in
biodiesel production. Therefore, an efficient catalytic system
that converts GLA and DHA into lactic acid would be promis-
ing for lactic acid production.8

One of the typical solid acid catalysts is niobium oxide,
which has Lewis acidity and Brønsted acidity. Niobium oxide
(or hydrated niobium oxide) has been used as a water-
tolerant solid acid catalyst.1,9–12 Titania is also known for its
combined Lewis and Brønsted acid properties. Kasuga et al.
reported that nanotube-type titania can be easily obtained by
heating titania in a concentrated aqueous alkali solution.13
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Titania nanotubes have been shown to function as acid cata-
lysts. The structural distortion of the nanotube structure is
thought to give rise to solid acidity, a feature which is absent
in the nanosheet structure.14,15 The presence of acid sites
was confirmed by 31P MAS NMR and COads IR measurements,
demonstrating the enhanced Brønsted acidity of the bridging
Ti–OH–Ti groups in the nanotube structure. These catalysts
showed already good performance in the Friedel–Crafts alkyl-
ation reactions with toluene and benzyl chloride at room
temperature.

We have studied the relationship between the crystalline
structure of W-based oxide mixed metal oxides (W–M–O (M =
Nb, Ta, V)) and their catalytic activity.16–22 These catalysts
were found to function as solid acids, and the acidic and
structural properties have been discussed from the viewpoint
of crystalline metal oxide structures. Tungsten oxides are a
class of solid acids that form tungsten bronze based on
W-centered oxygen octahedra.23 The formation of mixed ox-
ides between Ti and W or the substitution of W in WO3 by Ti
will enhance the acidity and catalytic performance,24 as
strong Brønsted acid sites, attributed to bridging hydroxyl
groups M–(OH)–M′ (M = Ti, Nb or Ta, M′ = W or Mo) in previ-
ous studies25–27 and W–(OH)–Ti in this study, will appear in
such materials.

We report herein the synthesis of a W–Ti–O mixed oxide
by a hydrothermal process from ammonium metatungstate
and titaniumĲIII) sulfate precursors. The W–Ti–O mixed oxide
is synthesized by the assembly of MO6 (M = W, Ti) units,
which gives rise to octahedra-based layered materials. This
layered mixed W–Ti–O contains Brønsted acid and Lewis acid
sites at its surface. The promise of the W–Ti–O as a Lewis
acid catalyst is demonstrated in a water-mediated reaction.

Experimental
Preparation of W–Ti–O samples

W–Ti–O oxides were synthesized by a hydrothermal method
from ammonium metatungstate (AMT, (NH4)6H2W12O40

·nH2O, Nippon Inorganic Colour & Chemical) and titanium
sulfate (Ti2ĲSO4)3·nH2O, Mitsuwa Chemical) precursors. Typi-
cally, Ti2ĲSO4)3·nH2O (1.27 mmol based on Ti) was added to
25 mL of water and stirred for about 20 min until it was
dissolved. AMT (5 mmol W) was dissolved in 20 mL of deion-
ized water, and then the W precursor solution was added to
the Ti-containing solution. Oxalic acid (5 mmol, Wako) was
added to the solution, and the mixture was stirred for 5 min.
Then, the solution was sealed in a 60 mL Teflon liner
stainless-steel autoclave. Hydrothermal reaction was carried
out at 175 °C for 24 hours. The obtained solid was filtered,
washed thoroughly with deionized water, and dried at 80 °C
overnight and then calcined at 400 °C for 2 h.

Catalytic activity measurements

A 50 mL round-bottom three-neck flask equipped with a re-
flux condenser was used as a stirred bed reactor to evaluate
the catalytic performance of the solids. For alkylation, a mix-

ture of benzyl alcohol (10 mmol), anisole or toluene (100
mmol), and an internal standard (decane, 5 mmol) was
added to the reactor and the reaction temperature was ad-
justed to 100 °C. Then, 0.2 g of the catalyst and a Teflon-
coated magnetic stir bar were loaded into the reactor. Ali-
quots (each 0.1 mL) were collected at regular intervals. The
concentrations of the reactant and product were measured by
gas chromatography using a flame ionization detector (GC-
FID, GL science GC390B) with a ZB-1 column. To study hy-
drolysis, 5 wt% of an ethyl acetate aqueous solution (30 g, 17
mmol ethyl acetate) or 1 wt% o-toryl acetate aqueous solution
(60 g, 4.03 mmol methyl phenyl acetate) with acetonitrile as
an internal standard was introduced into the reactor. The re-
action temperature was 60 °C and 0.8 g of the catalyst was
used. The concentrations of the reactant and product were
measured by GC-FID with a TC-WAX column. For pyruv-
aldehyde and 1,3-DHA transformations, an aqueous solution
(2 mL) of the substrate (100 mM) and 0.1 g of the catalyst
were used at 120 °C for 6 h by using a glass-type pressure
tight vial (3 mL). The catalyst was removed after the reaction,
and the solution was diluted with aqueous H2SO4. The con-
centrations of the reactant and product were measured by
HPLC (JASCO, LC-2000 plus) equipped with an Aminex HPX-
87 H column (diameter: 300 mm × 7.8 mm, eluent: 0.005 M
H2SO4 0.5 mL min−1, temperature: 35 °C), with refractive in-
dex (RI) and photodiode array (PDA) detectors.

Characterization

The catalysts were characterized by the following techniques.
Powder XRD patterns were measured with a diffractometer
(RINT Ultima+, Rigaku) using Cu-Kα radiation (tube voltage:
40 kV, tube current: 20 mA). Diffractions were recorded in
the range of 4–60° with 5° min−1. The morphology was inves-
tigated by using a transmission electron microscope (JEM-
2100F, JEOL) at 200 kV. The samples were dispersed in etha-
nol by an ultrasonic treatment for several minutes, and drops
of the suspension were placed on a copper grid for TEM ob-
servations. Raman spectra were obtained using a spectrome-
ter (inVia Reflex, Renishaw, with a spectral resolution of 2
cm−1) under the conditions of a wavelength of 532 nm and
collection time of 10 s. N2 adsorption isotherms at liquid N2

temperature were measured by using an automatic
physisorption apparatus (BELSORP MAX, BEL JAPAN) for the
samples. Prior to N2 adsorption, the catalysts were evacuated
under vacuum at 300 °C for 2 h. The external surface area
was calculated by the Brunauer–Emmett–Teller (BET)
method. Temperature-programmed desorption (TPD) of am-
monia (NH3-TPD) was used to determine the acidity. These
measurements were done in an automated chemisorption ap-
paratus (BEL JAPAN). The experimental procedure was as fol-
lows. The catalyst (ca. 50 mg) was placed between two layers
of quartz wool in a quartz reactor and pre-heated in a helium
flow (50 mL min−1) at 400 °C for 1 h. Then, ammonia was in-
troduced at 100 °C for 30 min. The desorption profile from
100 to 700 °C was recorded with a mass spectrometer in a
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helium flow (50 mL min−1). Temperature-programmed de-
composition mass spectrometry (TPD-MS) measurements
were performed from 40 to 700 °C at a heating rate of 10 °C
min−1 in a helium flow (50 mL min−1). The decomposed gas
molecules were monitored by a mass spectrometer (ANELVA,
Quadrupole Mass Spectrometer, M-100QA, BEL Japan),
collecting several mass fragments: CO2 (44), O2 (32), CO and
N2 (28), H2O (18, 17, 16) and NH3 (17, 16, 15). The acidity of
the catalysts was measured by FT-IR spectroscopy (JASCO) of
adsorbed pyridine or CO using a furnace cell with CaF2 win-
dows containing a self-supporting disk of a sample. The sam-
ples were pretreated in a vacuum at 350 °C. Pyridine was
adsorbed onto the samples at 100 °C, and the adsorption
spectrum was recorded after evacuation at 250 °C for 1 h.
The spectrum of the adsorbed pyridine on the sample in the
presence of water vapor (4.6 Torr) was also recorded. CO was
adsorbed at −183 °C and the adsorption spectrum was
recorded with degassing.

Results and discussion
Synthesis of octahedra-layered W–Ti–O mixed metal oxide

In order to discuss the relationship between the crystalline
structure of the W–Ti–O catalyst and its catalytic activity, vari-
ous types of W–Ti–O mixed metal oxides and WO3 were pre-
pared. The synthesis conditions were optimized in an at-
tempt to obtain as pure as possible samples of a single
phase. Fig. 1 shows the XRD patterns of the most important
W–Ti–O samples obtained in this study (further XRD patterns
are shown in the ESI† (Fig. S1–S4)). The W/Ti ratio in the pre-
cursor solution was first investigated (Fig. S1†). The XRD pat-
tern of W–Ti–O mixed oxides showed weak diffraction peaks
at 2θ = 23° and 47°, when the atomic W/Ti ratio was between
3/2.84 and 3/1.42 (Fig. S1a–c†). Pure hexagonal WO3 was
obtained when there was no Ti in the precursor solution (Fig.
S1f†). When Ti was added to the synthesis solution (W/Ti =

3/0.5), hexagonal W–Ti–O mixed oxides were obtained with-
out the formation of anatase TiO2 (Fig. S1e†). When the W/Ti
ratio was lower than 3/1.42, anatase TiO2 was formed (Fig.
S1c†) and the intensity of the diffraction peaks of the hexago-
nal phase decreased and broadened. The diffraction peaks at
2θ = 23° and 47° observed in W–Ti–O mixed oxides when the
atomic W/Ti ratio was between 3/1.42 and 3/2.84 were differ-
ent from the peak derived from the (001) crystal plane of hex-
agonal WO3 (d001 = 3.898 Å) and hexagonal W–Ti–O mixed ox-
ide (d001 = 3.896 Å). The d-spacing corresponding to this
value of the new phase W–Ti–O mixed oxides was 3.940 Å, in-
dicative of a new layered-type W–Ti–O mixed oxide based on
MO6 (M = W, Ti) octahedra connected in the c-axis direction.
This conclusion is based on our earlier report on a similar
W-based mixed oxide having a layered-type structure based
on MO6 octahedra and pentagonal bipyramidal {M6O21} (M =
W or Nb) units.19–22,28

The oxidation state of Ti in the precursor (Ti2ĲSO4)3·nH2O)
is 3+, which changed to 4+ during the mixed oxide formation
as confirmed by XPS analysis. The TiIII species acted as a re-
ductant for the formation of the pentagonal bipyramidal
{W6O21} units, which are essential in the formation of the
layered-type structure. Hexagonal WO3 consists of WO6 octa-
hedra. The presence of a reductant is essential for the forma-
tion of the pentagonal bipyramidal {W6O21} units. Accord-
ingly, the presence of a reductant will suppress the formation
of the hexagonal structure of tungsten oxide. The formation
of pentagonal bipyramidal {W6O21} units was confirmed by
Raman spectroscopy. Fig. S5† shows the Raman spectra of
the layered-type W–Ti–O and hexagonal WO3 samples. For
hexagonal WO3, Raman bands at 642 cm−1, 688 cm−1, and
817 cm−1 are assigned to the symmetric stretching modes of
the W–O–W linkage.29 The Raman band at 781 cm−1 of the
layered-type W–Ti–O is assigned to the symmetric stretching
mode of the polyhedra, supporting the formation of penta-
gonal bipyramidal {W6O21} units.

Although the formation of the hexagonal tungsten oxide
phase was increased by the addition of more TiIII precursor,
it led to the formation of anatase titania when there was too
much Ti in the precursor solution. In an attempt to avoid the
formation of titania, we added oxalic acid as an additional re-
ducing agent (Fig. S2 and S3†). This greatly suppressed the
formation of the crystalline hexagonal structure already by
the addition of 5 mmol of oxalic acid (Fig. 1b). TiIV can form
a four-coordinate structure with a carboxyl group. The Ti pre-
cursor composed of TiIV coordinated with four oxalic acid
molecules accelerates the self-assembly of the mixed oxide
based on octahedra under hydrothermal conditions. Fig. S4†
shows the influence of the concentration of the precursor so-
lution on the phases obtained. The W–Ti–O samples obtained
with the higher precursor concentration (W/Ti ratio between
4/0.925 and 15/3.56) showed intense and sharp peaks at 2θ =
23° and 47°, evidencing the formation of the layered W–Ti–O
without formation of hexagonal WO3 and titania. The higher
precursor concentration increases the rate of nucleation dur-
ing hydrothermal synthesis and improves phase purity by

Fig. 1 XRD patterns of W–Ti–O samples: (a) W/Ti = 5/1.27 mmol (5
mmol oxalic acid), (b) W/Ti = 3/0.711 mmol (5 mmol oxalic acid), (c) W/
Ti = 3/0.5 mmol, (d) W/Ti = 3/0 mmol in 45 mL of precursor solution.
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avoiding the formation of other hexagonal (WO3) and anatase
(TiO2) phases.

A representative TEM image of the layered-type W–Ti–O
mixed oxide is shown in Fig. S6.† The layered-type W–Ti–O
mixed oxide appeared as rod-like crystals with a diameter of
5–10 nm and lengths of 30–50 nm.

By varying the concentrations in the precursor, we were
able to obtain a phase-pure layered-type structure based on
octahedra MO6 (M = W, Ti), showing two diffraction peaks at
2θ = 23 and 47°, without the formation of hexagonal WO3

and titania (Fig. 1). The crystalline motif of the layered-type
W–Ti–O in the a–b plane is due to the interconnection of
MO6 (M = W, Ti) octahedra and {M6O21} (M = W) pentagonal
units. However, the atomic ordering in the a–b plane is not
sufficient to give rise to strong diffraction peaks of the sam-
ple, which is in line with the nanosized morphology of the
rod-shaped particle visible by TEM.

Characterization of the W–Ti–O sample

We then proceeded to characterize the optimal phase-pure
layered-type W–Ti–O sample, which was prepared at an
atomic W/Ti ratio of 5/1.27 in the presence of oxalic acid. Fig.
S7† shows the nitrogen adsorption–desorption isotherm and
the corresponding Barrett–Joyner–Halenda (BJH) plot of the
layered-type W–Ti–O mixed oxide. The adsorption isotherms
displayed type IV hysteresis, suggesting the presence of meso-
pores. The BET surface area was 107 m2 g−1. The TEM image
suggests that the layered-type W–Ti–O mixed oxide sample
seemed to be composed of the aggregates of nanosized crys-
tal particles, and the mesopores are formed by the intra-
particle voids. The insert highlights the adsorption at low
pressure. Uptake starts at P/P0 = 10−7, showing that the
layered-type W–Ti–O sample has micropores.12,30 Thus, by
combining results of physisorption, XRD, Raman spectra and
TEM, we demonstrate that the layered-type W–Ti–O sample
contains nanosized rod-like crystals comprised of a crystal-
line motif of W–Ti–O in the a–b plane made up of inter-
connected units of MO6 (M = W, Ti) octahedra and {W6O21}
pentagonal units that hold micropore channels (Fig. S8†).

In order to understand the solid acid properties of the lay-
ered W–Ti–O sample, we determined the influence of the cal-
cination temperature on the amount of ammonia released
during NH3-TPD. The calcined samples were also evaluated
in alkylation reactions that require Brønsted acid sites. The
results of these experiments are shown in Fig. 2. The highest
activity for the alkylation of benzyl alcohol and anisole to
benzylanisole was observed for the sample calcined at 400
°C. At lower calcination temperature (300 °C), ammonium
cations remained in the sample originating from the precur-
sor. This leads to a higher than expected ammonia release
during NH3-TPD. This is supported by the TPD patterns of
the uncalcined layered W–Ti–O sample and the sample after
calcination at 400 °C shown in Fig. S9.† The desorption peak
of the ammonia derived from the ammonium cation precur-
sor was at around 390 °C for the uncalcined sample. We ar-

gue that the Brønsted acid sites are formed due to desorption
of ammonia from the layered W–Ti–O sample. From the TPD
of the sample calcined at 400 °C, which shows no further re-
lease of ammonia, we infer that all ammonium cations have
decomposed. Thus, the increase in alkylation activity from
calcination at 300 °C to 400 °C is due to ammonia release,
generating Brønsted acid sites. A possible reason for the de-
creasing catalytic activity observed for calcination tempera-
tures higher than 400 °C is the phase transition of tungsten
oxide to monoclinic WO3. This is clear from the XRD patterns
shown in the ESI.† Therefore, the layered W–Ti–O sample was
calcined at 400 °C for 2 h.

We also compared the performance of the layered W–Ti–O
sample to that of hexagonal W–Ti–O and hexagonal WO3.
The hexagonal W–Ti–O mixed oxide sample was obtained by
using W/Ti = 3/0.5 without oxalic acid. Table 1 shows the re-
sults of alkylation reactions of anisole (or toluene) and benzyl
alcohol. The alkylation activity of the layered-type W–Ti–O
sample was much higher for both alkylation reactions than
that of the hexagonal W–Ti–O sample. Fig. S11† shows the IR
spectrum of pyridine adsorbed at 100 °C followed by evacua-
tion at 250 °C for 1 h. Clearly, the layered W–Ti–O sample
contains Brønsted and Lewis acid sites, whereas these sites
are not observed in the hexagonal W–Ti–O sample. These re-
sults indicate that the amount of acid sites for hexagonal W–

Ti–O was much smaller than that for the layered W–Ti–O
sample. Hexagonal WO3 was the least active among the three
tested samples.

Solid acid reactions in the presence of water

The prospect of using the W–Ti–O mixed metal oxides as cat-
alysts in aqueous phase reactions was investigated. First, al-
kylation of toluene with benzyl alcohol was investigated for

Fig. 2 Relationships of calcination temperature of the layered-type
W–Ti–O catalyst with alkylation activity (cat., 0.1 g; reaction time, 1 h;
anisole, 100 mmol; benzyl alcohol, 10 mmol) and the amount of NH3

desorbed by NH3-TPD.
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the layered W–Ti–O sample. Fig. 3 shows the influence of wa-
ter on the time course of the benzyltoluene and dibenzyl
ether yields. In spite of the addition of water (5 mmol) into
the mixture of reactant solution with the catalyst, the sub-
strate solution was apparently homogeneous because of the
bare solubility of benzyl alcohol to water (7.15 g/100 g-H2O at
90 °C) and an adsorptive property of the catalyst (2.35
mmol g−1). For the alkylation of toluene and benzyl alcohol
without the addition of water, dibenzyl ether was only
obtained directly after the start of the reaction, followed by
an increase of the benzyltoluene yield with reaction time. The
benzyltoluene and dibenzyl ether yields stabilized after 1 h of
reaction when water was not present. On the other hand, in
the presence of water (5 or 10 mmol), the yield of dibenzyl
ether decreased only after 30 min and the yield of
benzyltoluene increased as reaction time proceeded. In an-
other experiment shown in Fig. 3, we added 10 mmol of wa-
ter after 70 min of reaction. This led to a decrease of the
dibenzyl ether yield and an increase of the benzyltoluene
yield. We speculate that water promotes desorption of the
products from the acid sites on the layered W–Ti–O catalyst.
From the TPD spectrum (Fig. S12†) for the layered-type W–

Ti–O catalyst used in the absence of water, it is clear that the
surface contains heavy products, containing toluene groups.

The peak at low temperature is due to toluene, the peak at
high temperature is due to decomposition of heavier prod-
ucts, which likely originate from multiple alkylations. From
the analysis of the reactant solution by GC-FID and GC-MS
(Fig. S13†), heavy alkylation products such as dibenzyltoluene
and tribenzyltoluene were observed. The strong Brønsted acid
sites of the layered-type W–Ti–O catalyst adsorb the alkylation
products on the surface of the catalyst and promote their suc-
cessive alkylation. On the other hand, the addition of water
to the reactant solution leads to competitive adsorption with
the reactants and in this way decreases by-product formation.
The other function of the addition of water would be shifting
the equilibrium between benzyl alcohol and dibenzyl ether
(C14H14O + H2O → 2C6H5CH2OH), resulting in a higher alkyl-
ation rate.

Next, solid acid activity was examined by several catalytic
reactions in water by using typical model reactions of hydro-
lysis of ethyl acetate and o-toryl acetate (Table 2 and Table
S1†).31 Hydrolysis of ethyl acetate by using the layered-type
W–Ti–O catalyst resulted in the formation of ethanol at a rate
of 18.7 μmol g−1 min−1 for 2 h. ZSM-5 and WO3/TiO2 prepared
by the impregnation method were tested for comparison in
the same reaction conditions. The formation rates of ethanol
were 19.8 μmol g−1 min−1 for ZSM-5 and 2.1 μmol g−1 min−1

Table 1 Physical properties of catalysts and results of alkylation

Catalyst
Crystalline
phase dĲ001)

BET surface
area/m2 g−1

NH3 desorbed
amount/mmol g−1

Alkylation of anisolea Alkylation of tolueneb

Conv.c/% Yield4/% Conv.c/% Yieldd/%

W–Ti–O Layered-type 3.940 107 0.451 48 43 (5) 78 32 (46)
h-W–Ti–O Hexagonal 3.896 79 0.277 6 5 (1) 32 12 (20)
h-WO3 Hexagonal 3.898 11 0.036 4 2 — —

a Reaction conditions: benzyl alcohol (10 mmol), anisole (100 mmol), catalyst (0.2 g), 100 °C, 10 min. b Reaction conditions: toluene (10
mmol), anisole (100 mmol), catalyst (0.2 g), 100 °C, 20 min toluene. c Conversion of benzyl alcohol. d Yield of benzyl anisole or benzyl toluene.
Parentheses show the yield of dibenzyl ether.

Fig. 3 Influence of the amount of water on the formation of benzyltoluene by alkylation reaction of toluene with benzyl alcohol over the layered-
type W–Ti–O sample: (i) yield of benzyltoluene, (ii) yield of dibenzylether, (iii) and the influence of water addition on the alkylation reaction (water
added after a reaction time of 70 min).
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for WO3/TiO2. For the hydrolysis of the more bulky ester
o-toryl acetate, the formation rates of o-cresol were 8.3 μmol
g−1 min−1 for the layered-type W–Ti–O catalyst, 3.3 μmol g−1

min−1 for WO3/TiO2 and 0.3 μmol g−1 min−1 for ZSM-5. The
catalytic activities based on both catalytic weight and acid
site of the layered-type W–Ti–O catalyst were competitive
compared to those of the other typical solid acids such as
Cs2.5H0.5PW12O40, SO4

2−/ZrO2 and Nb2O5.
31 The bulkiness of

the reactant, in this case, prevents diffusion into the small
zeolite micropores. Yet, the layered-type W–Ti–O can act as a
solid acid in an aqueous solution for the hydrolysis of both
large and small esters. The reactant solution was analyzed by
ICP-AES to check for possible leaching of the layered-type W–

Ti–O catalyst. The results of ICP-AES showed that the
amounts of leaching of the layered-type W–Ti–O catalyst were
negligible.

Then, the layered-type W–Ti–O catalyst was applied to
pyruvaldehyde conversion to lactic acid. The formation rate
of lactic acid was slow at 100 °C. The conversion after 2 h
was 18%, with nearly 100% lactic acid selectivity. The reac-
tion at 120 °C enhanced the rate of pyruvaldehyde conversion
at the expense of lactic acid selectivity. The conversion of
pyruvaldehyde was 70% with 40% lactic acid yield for 2 h at
120 °C. The by-products of the reaction were dimers and tri-
mers of the carbonyl compounds formed by the aldol con-
densation reaction. This performance was much better than
that with sulfuric acid, which is a strong Brønsted acid (10%
conversion with 6% selectivity to lactic acid at 120 °C for 2
h). Lactic acid synthesis from 1,3-DHA proceeds by dehydra-
tion reaction of 1,3-DHA to pyruvaldehyde followed by hy-
dride transfer of pyruvaldehyde. The layered-type W–Ti–O cat-
alyst showed full conversion with 38% selectivity to lactic
acid. These values were corresponding to approximately 238
mol (m2 mol-acid−1) h−1 of the conversion rate and 88 mol
(m2 mol-acid−1) h−1 of the formation rate based on acid den-
sity. This result shows that the layered-type W–Ti–O catalyst
contains Brønsted acid sites and Lewis acid sites suitable for
the transformation of 1,3-DHA. The Lewis acid sites are effec-
tive in water for pyruvaldehyde transformation.32,33 Below, we
will show by pyridine IR that this sample contains such sites.

Solid acidity analysed by FT-IR

Fig. 4 shows the IR spectra of CO adsorbed at −183 °C on the
layered-type W–Ti–O sample. The negative feature at 3660
cm−1 due to OH groups becomes weaker with increasing CO
coverage and is replaced by a shift in the OH stretch band at
3450 cm−1. This OH frequency shift upon interaction with
CO, indicates that the OH groups are strongly Brønsted
acidic. The absorption at 2170 cm−1 is attributed to the vibra-
tion of CO adsorbed on these Brønsted acid sites. The ab-
sorption band at 2179–2205 cm−1 is attributed to the vibra-
tions of CO adsorbed on Lewis acid sites. The adsorption at
around 2180 cm−1 observed at 4 Torr shifted to a higher
wavenumber with the decrease in CO pressure. The presence
of various absorption bands shows that the layered-type W–

Ti–O sample possesses at least two kinds of Lewis acid sites
of different strengths.

Fig. 5 shows the ratio of Brønsted acid sites and Lewis
acid sites calculated by the integral IR absorbance of pyridine
adsorbed on the layered-type W–Ti–O sample. The absorption
bands at 1450 cm−1 and 1540 cm−1 were calculated as Lewis
acid sites and Brønsted acid sites, respectively. After pyridine

Table 2 Catalytic activity over the layered-type W–Ti–O sample in the presence of watera

Reaction Catalyst/g Reaction temp./°C Conv./% Yield/%

CH3COOC2H5 + H2O → CH3COOH + C2H5OH 0.8 60 (18.7 μmol g−1 min−1)
0.2 60 (8.3 μmol g−1 min−1)

0.1 100b 18 18
0.1 120c 70 40

0.1 120c >99 37 (3)d

a Details of reaction conditions are shown in the Experimental section. b Reaction time, 6 h. c Reaction time, 2 h. d Parentheses show the yield
of pyruvaldehyde.

Fig. 4 FT-IR spectra of CO adsorbed (−183 °C) on the layered-type
W–Ti–O catalyst.
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was adsorbed onto the samples at 100 °C, the parameters of
the desorbed temperature of pyridine, the measurement tem-
perature of FT-IR and the measurement atmosphere (in a vac-
uum or in the presence of water) were controlled and shown
as desorbed temperature/°C, measurement temperature/°C,
and measurement atmosphere, respectively. A comparison of
the conditions (150, 150, vacuum) with the conditions (150,
150, water) shows that the area of the adsorption peak at 1450
cm−1 decreased and that of the peak at 1540 cm−1 increased
by the addition of water. This demonstrates that a part of the
Lewis acid sites was converted to Brønsted acid sites at 150 °C
upon interaction with water. Tentatively, this can be
expressed by M(L) + MO + H2O → 2M–OHĲB). The amount
of Lewis acid sites that changed to Brønsted acid sites in-
creased with increasing desorption temperature of pyridine. It
is interesting to compare the IR spectra for the conditions
(400, 400, vacuum), (400, 400, water) and (400, 150, water).
These show that the Lewis acid sites changed to Brønsted acid
sites in the presence of water and that additional Lewis acid
sites were changed to Brønsted acid sites by a decrease of the
temperature to 150 °C. These results suggest that weak Lewis
acid sites, which were observed in the presence of water at
lower temperature, act as a Lewis acid in water and that
strong Lewis acid sites, which adsorbed pyridine at a higher
temperature, were easily changed to Brønsted acid in the pres-
ence of water. The two peaks observed in the FT-IR spectrum
of CO adsorbed corresponded to different behaviors of Lewis
acid observed by FT-IR of pyridine adsorbed.

Conclusions

Layered-type W–Ti–O mixed oxides were synthesized from
ammonium metatungstate and titanium sulfate precursors

with oxalic acid by a hydrothermal method. By optimization
of the preparation conditions, the formation of a hexagonal
structure and anatase TiO2 was suppressed in the hydrother-
mal synthesis. The addition of oxalic acid as a reducing agent
suppressed the formation of hexagonal W–Ti–O mixed oxide.
Higher concentration of the precursors is favorable for the
formation of the layered-type W–Ti–O catalyst. In general, the
surface area, acidity and acid catalytic activity (alkylation) in-
creased with the amount of the layered-type W–Ti–O phase.
Strong Brønsted acid sites are obtained due to the thermal re-
lease of ammonia from the uncalcined precursor. Optimum
acidity and alkylation activity were achieved by calcination at
400 °C. Alkylation of benzyl alcohol and toluene led to heavy
product formation due to multiple alkylations of the product
due to its strong adsorption on the catalytic surface. The se-
lectivity could be improved by the addition of water, which
competes with the products for the acid sites. FT-IR measure-
ments showed that the layered-type W–Ti–O possesses
Brønsted acid sites and at least two different Lewis acid sites.
The stronger Lewis acid sites can be converted into Brønsted
acid sites in the presence of water, and the weaker Lewis acid
sites functioned in the presence of water. This water toler-
ance of Lewis acid sites is an important characteristic of
layered-type W–Ti–O, as it allows the conversion of 1,3-DHA
into lactic acid in water.

Acknowledgements

This work was financially supported by the European Union
FP7 NMP project NOVACAM (Novel cheap and abundant ma-
terials for catalytic biomass conversion, FP7-NMP-2013-
EUJapan-604319). And this study was supported by the Coop-
erative Research Program of Institute for Catalysis, Hokkaido
University (13A1002) and the Cooperative Research Program
of Materials and Structures Laboratory, Tokyo Institute of
Technology (2013-53).

References

1 K. Nakajima, Y. Baba, R. Noma, M. Kitano, J. N. Kondo, S.
Hayashi and M. Hara, J. Am. Chem. Soc., 2011, 133,
4224–4227.

2 S. Kobayashi and K. Manabe, Acc. Chem. Res., 2002, 35,
209–217.

3 M. Hara, K. Nakajima and K. Kamata, Sci. Technol. Adv.
Mater., 2015, 16, 34903.

4 C. B. Rasrendra, B. A. Fachri, I. G. B. N. Makertihartha, S.
Adisasmito and H. J. Heeres, ChemSusChem, 2011, 4,
768–777.

5 R. M. West, M. S. Holm, S. Saravanamurugan, J. Xiong, Z.
Beversdorf, E. Taarning and C. H. Christensen, J. Catal.,
2010, 269, 122–130.

6 F. De Clippel, M. Dusselier, R. Van Rompaey, P. Vanelderen,
J. Dijkmans, E. Makshina, L. Giebeler, S. Oswald, G. V.
Baron, J. F. M. Denayer, P. P. Pescarmona, P. A. Jacobs and
B. F. Sels, J. Am. Chem. Soc., 2012, 134, 10089–10101.

Fig. 5 Ratio of Brønsted acid sites and Lewis acid sites calculated by
the peak area of pyridine-adsorbed FT-IR spectra of the layered-type
W–Ti–O catalyst. (The numbers and conditions in parentheses show the
desorption temperature of pyridine (°C), measurement temperature
(°C) and atmosphere, respectively.)

Catalysis Science & Technology Paper

Pu
bl

ish
ed

 o
n 

29
 N

ov
em

be
r 2

01
6.

 D
ow

nl
oa

de
d 

on
 1

6/
03

/2
01

7 
02

:4
1:

37
. 

View Article Online

─ 249 ─



250 | Catal. Sci. Technol., 2017, 7, 243–250 This journal is © The Royal Society of Chemistry 2017

7 E. Taarning, S. Saravanamurugan, M. S. Holm, J. Xiong,
R. M. West and C. H. Christensen, ChemSusChem, 2009, 2,
625–627.

8 Y. Hayashi and Y. Sasaki, Chem. Commun., 2005, 2716–2718.
9 T. Iizuka, K. Ogasawara and K. Tanabe, Bull. Chem. Soc. Jpn.,

1983, 56, 2927–2931.
10 C. Tagusagawa, A. Takagaki, A. Iguchi, K. Takanabe, J. N.

Kondo, K. Ebitani, T. Tatsumi and K. Domen, Chem. Mater.,
2010, 22, 3072–3078.

11 I. Nowak and M. Ziolek, Chem. Rev., 1999, 99, 3603–3624.
12 T. Murayama, J. Chen, J. Hirata, K. Matsumoto and W.

Ueda, Catal. Sci. Technol., 2014, 4, 4250–4257.
13 T. Kasuga, M. Hiramatsu, A. Hoson, T. Sekino and K.

Niihara, Langmuir, 1998, 14, 3160–3163.
14 M. Kitano, K. Nakajima, J. N. Kondo, S. Hayashi and M.

Hara, J. Am. Chem. Soc., 2010, 132, 6622–6623.
15 M. Kitano, E. Wada, K. Nakajima, S. Hayashi, S. Miyazaki, H.

Kobayashi and M. Hara, Chem. Mater., 2013, 25, 385–393.
16 T. Konya, T. Katou, T. Murayama, S. Ishikawa, M. Sadakane,

D. Buttrey and W. Ueda, Catal. Sci. Technol., 2013, 3,
380–387.

17 S. Ishikawa, X. Yi, T. Murayama and W. Ueda, Appl. Catal.,
A, 2014, 474, 10–17.

18 S. Ishikawa, X. Yi, T. Murayama and W. Ueda, Catal. Today,
2014, 8–13.

19 K. Omata, S. Izumi, T. Murayama and W. Ueda, Catal.
Today, 2013, 201, 7–11.

20 K. Omata, K. Matsumoto, T. Murayama and W. Ueda, Chem.
Lett., 2014, 43, 435–437.

21 K. Omata, K. Matsumoto, T. Murayama and W. Ueda, Catal.
Today, 2015, 259, 205–212.

22 T. Murayama, N. Kuramata and W. Ueda, J. Catal.,
2016, 339, 143–152.

23 C. Yue, X. Zhu, M. Rigutto and E. Hensen, Appl. Catal., B,
2015, 163, 370–381.

24 M. Hino, M. Kurashige, H. Matsuhashi and K. Arata, Appl.
Catal., A, 2006, 310, 190–193.

25 T. Kitano, S. Okazaki, T. Shishido, K. Teramura and T.
Tanaka, Catal. Today, 2012, 192, 189–196.

26 T. Shishido, T. Kitano, K. Teramura and T. Tanaka, Catal.
Lett., 2009, 129, 383–386.

27 T. Kitano, T. Hayashi, T. Uesaka, T. Shishido, K. Teramura
and T. Tanaka, ChemCatChem, 2014, 6, 2011–2020.

28 T. Murayama, N. Kuramata, S. Takatama, K. Nakatani, S.
Izumi, X. Yi and W. Ueda, Catal. Today, 2012, 185, 224–229.

29 Y. Chen and I. E. Wachs, J. Catal., 2003, 217, 468–477.
30 T. Konya, T. Katou, T. Murayama, S. Ishikawa, M. Sadakane,

D. Buttrey and W. Ueda, Catal. Sci. Technol., 2013, 3, 380–387.
31 M. Kimura, T. Nakato and T. Okuhara, Appl. Catal., A,

1997, 165, 227–240.
32 T. Komanoya, A. Suzuki, K. Nakajima, M. Kitano, K. Kamata

and M. Hara, ChemCatChem, 2016, 8, 1094–1099.
33 Y. Koito, K. Nakajima, M. Kitano and M. Hara, Chem. Lett.,

2013, 42, 873–875.

Catalysis Science & TechnologyPaper

Pu
bl

ish
ed

 o
n 

29
 N

ov
em

be
r 2

01
6.

 D
ow

nl
oa

de
d 

on
 1

6/
03

/2
01

7 
02

:4
1:

37
. 

View Article Online

─ 250 ─



NH3-efficient ammoxidation of toluene by hydrothermally synthesized
layered tungsten-vanadium complex metal oxides

Yoshinori Goto a, Ken-ichi Shimizu a,b,⇑, Kenichi Kon a, Takashi Toyao a,b, Toru Murayama a,c,
Wataru Ueda d,⇑
a Institute for Catalysis, Hokkaido University, N-21, W-10, Sapporo 001-0021, Japan
b Elements Strategy Initiative for Catalysts and Batteries, Kyoto University, Katsura, Kyoto 615-8520, Japan
cResearch Center for Gold Chemistry, Graduate School of Urban Environmental Sciences, Tokyo Metropolitan University, 1-1 Minami-osawa, Hachioji, Tokyo 192-0397, Japan
dKanagawa University, Rokkakubashi 3-27-1, Yokohama 221-8686, Japan

a r t i c l e i n f o

Article history:
Received 30 May 2016
Revised 26 August 2016
Accepted 16 October 2016
Available online 4 November 2016

Keywords:
Ammoxidation
Complex metal oxides
Hydrothermal synthesis
Vanadium
Tungsten

a b s t r a c t

Hydrothermally synthesized WAVAO layered metal oxides (WAVAO) are studied for the vapor phase
ammoxidation of toluene to benzonitrile (PhCN). Under similar conversion levels at 400 �C, WAVAO
shows higher selectivity (based on toluene) to PhCN and lower selectivity to COx than conventional V-
based catalysts (V2O5 and VOx/TiO2). Under the conditions of high contact time, WAVAO shows 99.7%
conversion of toluene and 93.5% selectivity to PhCN. Another important feature of WAVAO is high
NH3-utilization efficiency in ammoxidation, which originates from the lower activity of WAVAO for
NH3 oxidation than that of V2O5. In situ infrared (IR) study shows that toluene is oxidized by the surface
oxygen species of W83V17 to yield benzaldehyde which undergoes the reaction with adsorbed NH3 to
give benzonitrile. Model reaction studies with WAVAO suggest that the rate of NH3 conversion to
PhCN in the benzaldehyde + NH3 + O2 reaction is 3 times higher than the rate of NH3 oxidation to N2

in the NH3 + O2 reaction. It is shown that the high NH3-efficiency of WAVAO is caused by the preferential
reaction of NH3 in PhCHO + NH3 + O2 over NH3 + O2 reaction.

� 2016 Elsevier Inc. All rights reserved.

1. Introduction

Ammoxidation of methyl-substituted aromatics such as toluene,
xylene and methylpyridine to their corresponding nitriles is an
industrially important reaction, and numerous reports have been
dealt with this reaction [1–4]. The vapor phase ammoxidation of
toluene to benzonitrile has been extensively studied as a model
reaction [5–16]. Various metal oxide-based catalysts, including
vanadium (V)-based catalysts (V2O5 [5], VOx/TiO2 [6,7], VOx/ZrO2

[8], V2O5/Nb2O5ATiO2 [9], (VO)2P2O7 [10–13]) and other catalysts
(MoOx/Nb2O5 [13], MoOx/ZrO2 [15], Fe-based mixed oxides [16])
have been reported to show moderate to good yields (44–77%) of
benzonitrile (based on toluene) at around 400 �C [5–16]. The cat-
alytic efficiency in the ammoxidation of toluene has been discussed
in terms of the selectivity or yield of benzonitrile based on toluene.
In addition to the non-selective oxidation of toluene to COx, another
undesired side-reaction in the ammoxidation is non-selective

oxidationof ammonia (NH3) toN2. In order to establish a sustainable
ammoxidation process, NH3 consumption during the reaction
should also be minimized. However, quite a few reports have dis-
cussed the benzonitrile selectivity based on the NH3 consumed, or
in other words, the efficiency of NH3 utilization in ammoxidation
of benzonitrile. Mechanistic studies on vanadium oxides-catalyzed
ammoxidation of toluene [6,7,11–13] suggested bifunctional catal-
ysis as a catalyst design concept. It is proposed that the VOx sites cat-
alyzepartial oxidationof toluene to benzaldehyde-like intermediate
and acid sites act as adsorption site of NH3 [3,11–13]. If one designed
a V-basedmixed oxide catalyst havingNH3 adsorption sites (such as
acidic WOx sites) in close proximity to the redox sites (VOx), the
aldehyde intermediate formed on the redox site would have react
preferentially with NH3 on the acid site, resulting in high efficiency
of NH3 utilization in the ammoxidation reaction.

Our research group has focused on the hydrothermal synthesis
of single crystalline MoAVAO based catalysts [17–19]. Particularly,
single phasic orthorhombic Mo3VOx, having a microporous and
layered structure, is of importance because its structure is basically
the same as that of so-called ‘‘M1 phase” which is well known as
active phase in the industrial selective oxidation catalysts [18].
We have found that the MoAVAO catalysts, as a structurally well

http://dx.doi.org/10.1016/j.jcat.2016.10.013
0021-9517/� 2016 Elsevier Inc. All rights reserved.
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defined catalytic phase for ‘‘M1 phase”, catalyzed the selective
oxidative dehydrogenation of ethane at low temperature (300 �C)
[18]. The single phase MoAVAP catalyst with similar structure also
catalyzed the ammoxidation of propane [19]. Recently, we have
extended the hydrothermal synthetic methodology to metal oxides
consisted of various groups 5 and 6 elements [20–23], and pre-
pared a series of binary metal oxides (such as WATaAO [20,23],
WANbAO [21] and WAVAO complex oxides [22]) with similar
microporous and layered structure as the orthorhombic Mo3VOx

[18]. Considering the fact that WOx is a well known acidic co-
catalyst of V-based catalysts [24–27], we have hypothesized that
theWAVAO oxides act as effective catalysts for the ammoxidation.
In this regard, we have recently reported the WAVAO-catalyzed
highly selective ammoxidation of 3-picoline to 3-cyanopyridine
[22]. We report herein a highly selective gas-phase ammoxidation
of toluene by the hydrothermally prepared WAVAO layered oxi-
des. The catalysts show high efficiency of NH3 utilization in
ammoxidation as well as high selectivity of benzonitrile based on
toluene. In situ IR study shows that the reaction of benzaldehyde
with NH3 is a main pathway to benzonitrile on this catalytic sys-
tem. Model reaction studies are also conducted to discuss the rea-
son why the WAVAO catalyst shows high efficiency of NH3

utilization.

2. Experimental

2.1. Catalyst preparation

Inorganic materials were purchased from Wako Pure Chemical
Industries. According to our previous report [22], the complex
metal oxide of W and V (WAVAO) with W/V molar ratio of
83/17, named W83V17, was prepared by a hydrothermal synthesis
method as follows. An aqueous solution (40 mL) of (NH4)6[H2W12-
O40]�nH2O (10.4 mmol), VOSO4�nH2O (4.16 mmol) and oxalic acid
(0.10 mmol) was introduced into a stainless steel autoclave with
a Teflon inner tube (50 mL), followed by filling the inner space of
the tube by Teflon thin sheet (50 mm � 1000 mm). Then, N2

(20 mL min�1) was fed into the solution for 10 min to remove
residual oxygen. The autoclave attached to a rotating machine
was installed in an oven, and the mixture underwent hydrothermal
reaction at 175 �C for 24 h under mechanical rotation (1 rpm). The
solid formed was filtered, washed with ion-exchanged water (1 L),
dried at 80 �C overnight and then heated at 400 �C for 2 h under N2

flow. W64V36 withW/Vmolar ratio of 64/36 was prepared accord-
ing to the method in our previous study [22]. Bulk composition of
the catalysts (Table 1) was determined by an inductively coupled
plasma (ICP-AES) method (ICPE-9000, Shimadzu). Na+-exchanged
W83V17 (designated as Na-W83V17) was prepared by mixing
WAVAO (2.0 g) with 100 mL of aqueous solution of Na2SO4

(19.1 mmol) for 5 h at room temperature, followed by centrifuging
and washing with ion-exchanged water four times, drying at 80 �C

overnight and heating at 400 �C for 2 h under N2 flow. The Na con-
tent in Na-W83V17 (0.74 mmol g�1) was determined by ICP-AES
analysis. WO3-supported vanadia (VOx/WO3) with W/V molar ratio
of 85/15 was prepared by impregnation method; a suspension of
WO3 (20.0 mmol) in an aqueous solution (50 mL) of NH4VO3

(3.5 mmol) was heated to 90 �C for 30 min to evaporate water, fol-
lowed by drying at 80 �C overnight, and by heating at 400 �C for 2 h
under N2 flow. The bulk compositions and surface area of the
WAVAO and VOx/WO3 catalysts are listed in Table 1. V2O5 and
WO3 for catalytic studies were commercially supplied from Wako
Pure Chemical Industries. Vanadia loaded TiO2 with V loading of
5.9 wt%, named VOx/TiO2, was prepared by impregnation method
[22]; a suspension of anatase TiO2 (4 g, Wako Pure Chemical Indus-
tries) in aqueous oxalic acid solution (50 mL) of NH4VO3

(4.9 mmol) was evaporated at 50 �C, followed by drying at
100 �C, and by heating at 450 �C for 6 h under air.

2.2. Catalyst characterization

The BET surface areas of the catalysts were determined by N2

adsorption at �196 �C using BELCAT (MicrotracBEL). Prior to the
measurement, the samples were heated under He flow at 400 �C
for 1 h. Powder X-ray diffraction (XRD) pattern of the catalysts
were recorded on a Rigaku MiniFlex II/AP diffractometer with Cu
Ka radiation. Scanning electron microscope (SEM) images were
taken using a JEOL JSM-7400F field emission scanning electron
microscope.

The pyridine-adsorption infrared (IR) spectra were measured at
100 �C by a JASCO FT/IR-4200 spectrometer equipped with an MCT
detector. The IR disk (38 ± 1 mg, / = 2 cm) of a catalyst in the flow-
type IR cell. (CaF2 windows), connected to a flow system, was first
dehydrated under He flow (30 cm3 min�1) at 500 �C for 0.5 h, fol-
lowed by cooling to the measurement temperature under He. For
the adsorption of organic compounds, 0.3 mmol gcat�1 of liquid pyri-
dine, toluene, benzaldehyde or benzonitrile was injected to the He
flow preheated at 200 �C, and the vaporized organic compound
was fed to the IR cell. For the adsorption of NH3, NH3(2%)/He
(50 cm3 min�1) was fed to the sample. Then, the IR disk was purged
with He for 600 s, and IR measurement was carried out. Spectra
were measured accumulating 15 scans at a resolution of 4 cm�1.
A reference spectrum of the catalyst wafer in He taken at the mea-
surement temperature was subtracted from each spectrum.

2.3. Catalytic reactions

Vapor phase ammoxidation of toluene was carried out at atmo-
spheric pressure using a fixed-bed flow reactor (Pyrex glass tube)
with an inner diameter of 9 mm. Catalyst powders were pressed
to pellets, crushed, and sieved. To maintain a constant reaction
temperature, the catalyst pellets (0.25–0.50 mm size; typically
1.5 g (1.1 cm3) of W83V17) were diluted with quartz
(0.2–0.4 mm size; 1.5 cm3) to fill the reactor (2.6 cm3). Use of the
same volume (2.6 cm3) of the pellets with the same size range will
result in the same pressure drop for different catalyst loadings. The
reaction temperature was measured inside the catalyst bed by a
thermocouple, whose tip was inside the upper side of the catalyst
bed. The gas stream (NH3/O2/He) was fed to the reactor with mass
flow controllers. Toluene was fed continuously into the gas stream
at 150 �C from a syringe pump with a micro-feeder. The reactor
was fed with toluene/NH3/O2/He mixture in the molar ratio of
1/10/4/34 with total flow rate (F) of 49 mL min�1. Under the low
NH3 concentration conditions in Fig. 7, the molar ratio of
toluene/NH3/O2/He was 1/5/4/39 (F = 49 mL min�1). CH4 was fed
into outlet gas as external standard for GC-TCD analysis.

As a model reaction (Fig. 9), benzaldehyde + NH3 + O2 reaction
by 0.1 g of the catalyst, diluted with the quartz pellets (2.5 cm3),

Table 1
Surface area, composition and reaction rates of the catalysts.

Catalyst Sa (m2 g�1) W/Vb Vc (mmol h�1 g�1) Vd (mmol h�1 m�2)

W64V36 27.7 64/36 1.51 0.055
W83V17 41.9 83/17 1.40 0.031
Na-W83V17 38.5 83/17 1.29 0.005
VOx/WO3 14.2 85/15 1.12 0.041
V2O5 4.8 – 3.03 0.631
WO3 16.8 – 0.09 0.003

a BET surface area determined by N2 adsorption.
b Composition determined by ICP-AES.
c Rate of BN formation per weight of the catalysts.
d Rate of BN formation per surface area of the catalysts.
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was carried out with the same reactor which was fed with ben-
zaldehyde/NH3/O2/He mixture in the molar ratio of 1/10/4/34
(F = 49 mL min�1). A model reaction (Fig. 9) of NH3 + O2 by 0.1 g
of the catalyst was carried out using NH3/O2/He mixture in the
molar ratio of 10/4/35 (F = 49 mL min�1).

The gas phase products (CO, CO2 and N2) in the outlet gas were
analyzed by GC-TCD (GL Sciences GC-3200, 6 m SHINCARBON-ST
packed column). Organic products, trapped in ethanol at 0 �C, fol-
lowed by adding n-octane as an external standard, were analyzed
with GC-FID (Shimadzu GC-14B with TC-5 capillary column). The
carbon balance values for all the catalytic results were in a range
of 95.9–101.6%.

For the ammoxidation of toluene in the present system, the
nitrogen containing products were N2 and benzonitrile (PhCN)
with very small amount of benzamide (amide). GC-TCD analysis
showed no formation of N2O. Thus, the efficiency of NH3 utilization
in ammoxidation (gNH3) is defined as

gNH3 ¼ yPhCNnPhCN=ðyPhCNnPhCN þ yamidenamide þ yN2NnN2Þ;

where yPhCN, yamide and yN2 are the molar amounts of nitrogen con-
taining products, and nPhCN, namide and nN2 are the number of nitro-
gen atoms in each product.

3. Result and discussion

3.1. Catalyst characterization

In our recent report [22], we synthesized a WAVAO catalyst
with W/V ratio of 67/33 and studied its structure by various char-
acterization methods: XRD, scanning transmission electron micro-
scopy (STEM) and N2-adsorption isotherm. Briefly, the results
showed three structural features: (i) layered-type structure along
c-axis direction characterized by diffraction peaks at 2h = 23� and
46� (XRD), (ii) long rod-shaped crystal morphology due to stacking
of the layers along the c-axis by sharing the apex oxygen (STEM),
and (iii) the presence of micropore (N2-adsorption). Considering
the structural model that we have proposed for the similar binary
metal oxides consisted of groups 5 and 6 elements [17–23], the
structural model of WAVAO is proposed in Fig. 1. In this paper,
WAVAO catalysts with different compositions (W64V36 and
W83V17) were prepared. As shown in Fig. 1, their XRD patterns
have essentially the same feature: two sharp diffraction peaks
around 23� and 46� assignable to the (001) and (002) planes of
the layered structure along c-axis direction. The XRD pattern of
Na-W83V17 also has the same diffraction peaks at 23� and 46�.
Although the intensities of Na-W83V17 are lower than those of
W83V17, the XRD results indicate that the Na+-exchanged
W83V17 (Na-W83V17) has basically the same crystal structure
as W83V17. The SEM image of W83V17 (Fig. 2) showed the rod-
shaped crystal probably due to stacking of the layers along the c-
axis. Before calcination of the hydrothermally prepared binary
metal oxides NH4

+ is located in the 6 and 7-membered ring pores,
and thermal desorption of NH3 from the precursor results in the
formation of Brønsted acid sites in the pores [18]. The proton is
exchangeable to various cations in aqueous solution [18].

Fig. 3 shows IR spectra (the ring-stretching region) of pyridine
adsorbed on W83V17 and Na-W83V17. The spectrum for
W83V17 shows the adsorption band at 1536 cm�1 due to pyri-
dinium ion (PyH+) produced by the reaction of pyridine with
Brønsted acid sites and the adsorption band at 1447 cm�1 due to
coordinatively bound pyridine on Lewis acid sites [28]. The results
indicate that the surface of W83V17 has both Brønsted and Lewis
acid sites. Note that the weight of the catalyst disk for the IR exper-
iment was the same for different catalysts, so the differences in the
peak area at 1536 cm�1 and at 1447 cm�1 between samples

corresponds to the difference in the amount of Brønsted and Lewis
acid sites. The spectrum for Na-W83V17 shows lower intensities of
these bands, which indicates that the H+/Na+ cation exchange
results in decrease in the number of Brønsted and Lewis acid sites
of W83V17. It should be noted that the results of XRD show that
the crystal structures of Na-W83V17 and W83V17 are similar to
each other, and the surface area (Table 1) of Na-W83V17
(38.5 m2 g�1) is close to that of W83V17 (41.9 m2 g�1). These
results indicate that the structure of W83V17 is essentially very
close to that of Na-W83V17 except for acidity; W83V17 has larger
amount of Brønsted and Lewis acid sites than Na-W83V17. The
result also shows that W83V17 has larger amount of Brønsted
and Lewis acid sites than V2O5.

3.2. Catalytic performance

Fig. 4 shows the effects of contact time on the properties of
ammoxidation by W83V17 at 400 �C. Experiments were carried
out by changing the catalyst weight (0.15, 0.75, 1.9, 1.5, 2.0 g) with
the same inlet gas flow rate. The conversion of toluene increased
with the contact time. The increase in the conversion resulted in
slight decrease in the selectivity to benzonitrile (SPhCN) and slight
increase in the COx selectivity (SCOx). The selectivities to benza-
mide (Samide) were below 0.9%. Hence, NH3 can be consumed by
two of the competitive reactions: (1) ammoxidation with toluene
to produce benzonitrile and (2) NH3 oxidation to N2. Interestingly,
the increase in the contact time resulted in the increase in the NH3-
efficiency (gNH3). This indicates a preferential promotion of the
ammoxidation by W83V17 over the non-selective NH3 oxidation.

We tested various V-based catalysts (1.5 g of W83V17,
W64V36, Na-W83V17, VOx/WO3 and WO3 and 0.5 g of V2O5) for
the ammoxidation of toluene. To compare the selectivities of
V2O5 and WAV complex oxide catalysts under the similar conver-
sion levels, the catalyst amount of V2O5 was decreased. For repre-
sentative catalysts, the effects of temperature on the toluene
conversion, selectivity to various products and NH3-efficiency are
plotted in Fig. 5. Under the similar conversion levels, W83V17
showed higher selectivity to benzonitrile (SPhCN) than the conven-
tional V-based catalysts (V2O5 and VOx/TiO2). V2O5 and VOx/TiO2

showed higher selectivity to COx than W83V17.
Table 2 compares the conversions of toluene and selectivities to

benzonitrile (SPhCN), benzamide (Samide), benzoic acid (Sacid), ben-
zene (SBz) and COx (SCOx) at 400 �C. A conventional catalyst, V2O5,
showed 71.2% selectivity to benzonitrile at a conversion level of
87.2%. WO3 showed only 9.2% conversion of toluene. This indicates
that vanadium is an indispensable element for this catalytic sys-
tem. W83V17, W64V36 and VOx/WO3 show higher selectivities
to benzonitrile than V2O5. This indicates that tungsten oxides as
co-catalysts increase the selectivity to benzonitrile. The hydrother-
mally prepared catalysts (W83V17 and W64V36) showed higher
selectivity to benzonitrile than VOx/WO3. Na-W83V17 showed
low conversion (12.6%) than W83V17 (85.1%). Combined with
the IR results in Fig. 3, we can conclude that Brønsted and/or Lewis
acid sites of W83V17 significantly improve the ammoxidation
activity in the present system.

Another remarkable feature of the hydrothermally prepared
WAVAO catalysts (W83V17, W64V36) is highly efficient utiliza-
tion of NH3 in ammoxidation. The results in Fig. 5 and Table 2
demonstrated that W83V17 showed high NH3-efficiency (gNH3)
than other V-based catalysts. As shown in Table 2, the order of
the NH3-efficiency (gNH3) of V-based catalysts is as follows:
W83V17 (56.9%) �W64V36 (44.8%) > VOx/TiO2 (42.2%) > VOx/
WO3 (36.4%) > V2O5 (34.9%). The result indicates that the WAVAO
catalysts (W83V17, W64V36) preferentially promote the ammoxi-
dation over the non-selective NH3 oxidation, while the classical
and conventional V-based catalysts show moderate activity for

348 Y. Goto et al. / Journal of Catalysis 344 (2016) 346–353

─ 253 ─



the oxidation of NH3 to N2. The catalytic results in Table 2 are con-
verted to the rate of benzonitrile formation per surface area of the
catalysts listed in Table 1. The reaction rates for WAVAO catalysts
(W83V17, W64V36) are lower than those of V2O5. It is obvious that
the main advantages of the WAVAO catalysts are high selectivity
to benzonitrile (low selectivity to COx) and highly efficient utiliza-
tion of NH3.

Most of the previous reports on ammoxidation of toluene
adopted excess NH3 feed conditions. The reaction with lower level
of NH3 feed will lead to more sustainable and economical produc-
tion of benzonitrile. Fig. 6 shows the results for the W83V17-
catalyzed ammoxidation with different amounts of NH3 (2, 5, 10
and 15 equiv. with respect to toluene). The selectivity to benzoni-
trile decreased with decreasing NH3 concentration, but NH3-
efficiency (gNH3) increased with decreasing NH3 concentration. At
the NH3 molar ratio of 2 equiv. (NH3/toluene = 2/1), the NH3-
efficiency was 73.9% and the yield of benzonitrile was 70.2%. This
indicates that the present system can produce benzonitrile with
high NH3-efficiency and high yield under low NH3 feed conditions.
However, it is important to note that the ammonia levels required
for achieving good benzonitrile yields are still several times above
that required for the stoichiometric reaction. Further studies are
necessary to address this issue.

Fig. 7 shows the catalytic results by 1.5 g of W83V17 and 0.5 g
of V2O5 for the ammoxidation of toluene with lower NH3 molar
ratio (5 equiv.) than the standard conditions in Fig. 5 (10 equiv.).
The general trends were basically similar to those for the standard
conditions in Fig. 5, but the difference between W83V17 and V2O5

was more significant in Fig. 7. At 440 �C, where the toluene conver-
sion reached 100% for both catalysts, V2O5 showed 52.1% selectiv-
ity to benzonitrile and 29.6% of NH3-efficiency, while W83V17
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Fig. 1. XRD patterns (left) and polyhedral model (right) of microporous and layered WAVAO oxides. The top layer of the model is highlighted in yellow.

Fig. 4. Ammoxidation of toluene by W83V17 at different contact times (400 �C):
conversion of toluene (+), selectivities of benzonitrile (s), benzamide (}) and COx

(d) and NH3-efficiency, gNH3, (h): toluene/NH3/O2/He = 1/10/4/34.

Fig. 2. SEM image of W83V17.

Fig. 3. IR spectra of pyridine adsorbed on the catalyst disk (38 ± 1 mg) at 100 �C.
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showed 84.9% selectivity to benzonitrile and 80.5% of NH3-
efficiency. The results clearly demonstrate that W83V17 shows
high efficiency of NH3 utilization in ammoxidation as well as high
selectivity to benzonitrile based on toluene. For the reaction with
W83V17 at 420 �C, the yield of benzonitrile is 85.2%, corresponding
to the benzonitrile productivity of 129 g L-cat�1 h�1. The yield and the
productivity of this system are not high compared with the yields
(67–92%) and the productivities (52–342 g L-cat�1 h�1) of the bench-
mark V-based catalysts in the patents for ammoxidation of toluene
[1].

Fig. 8 shows the stability versus time-on-stream of W83V17-
catalyzed ammoxidation of toluene under the standard conditions
at 400 �C. The toluene conversion slightly decreased from 98.6% to
95.1% during the 45 h of the continuous reaction. Then, the catalyst
was heated at 500 �C for 1 h under He flow. The heat-treatment
increased the toluene conversion to 97.6%, and the catalytic system
showed high conversions (>95.9%) for the next 30 h. The benzoni-

trile selectivity (90.2–90.4%) and NH3-efficiency (50.9–53.1%) were
nearly constant throughout the experiment. We also studied the
effects of co-feeding of water on the catalytic performance of
W83V17. As compared in Table 2, co-feeding of water vapor did
not essentially change the toluene conversion, the selectivity to
benzonitrile and NH3-efficiency (gNH3). These results suggest that
the present catalytic system is tolerant to water vapor.

3.3. Mechanistic and in situ IR studies

Previous studies [3,11] on the mechanism of ammoxidation of
toluene by V-based catalyst suggest that benzonitrile is produced
via a benzaldehyde intermediate, which then reacts with NH3 on
the surface to yield benzylimine surface species. Finally, the ben-
zylimine intermediate undergoes oxidative dehydrogenation to
give benzonitrile [3,11]. We carried out a model reaction of ben-
zaldehyde + NH3 + O2 by W83V17 and V2O5 catalysts. The results

Fig. 5. Temperature dependence of the conversion of toluene (+), selectivities of benzonitrile (s), benzamide (}) and COx (d) and NH3-efficiency, gNH3, (h) for ammoxidation
of toluene by 1.5 g of W83V17: toluene/NH3/O2/He = 1/10/4/34.

Table 2
Catalytic results at 400 �C under the conditions in Fig. 5.

Catalyst Cat. wt. (g) Conv. (%) SPhCN (%) Samide (%) Sacid (%) SBz (%) SCOx (%) gNH3 (%)

W83V17 1.5 85.1 93.6 0.9 0 0 5.5 56.9
W83V17a 1.5 83.3 93.4 1.5 0 0 5.1 56.0
Na-W83V17 1.5 12.6 99.1 0 0 0 0.9 15.4
W64V36 1.5 99.9 93.0 0.3 0 0.1 6.6 44.8
VOx/WO3 1.5 83.9 82.5 2.1 0 0 15.4 36.4
VOx/TiO2 1.0 92.5 76.2 0.8 1.3 1.1 20.6 42.2
V2O5 0.5 87.2 71.2 1.3 1.9 1.8 23.8 34.9
WO3 1.5 9.2 57.2 42.1 0 0 0.7 8.1

a Water vapor was co-fed to the catalyst: toluene/NH3/O2/H2O/He = 1/10/4/10/24 (F = 49 mL min�1).
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in Fig. 9 (left) were consistent with the proposed mechanism in the
literature [3,11]; the formation rates of benzonitrile by ammoxida-
tion of benzaldehyde were more than 6 times higher than those by
ammoxidation of toluene (right) for both catalysts. This suggests
that the ammoxidation of toluene by W83V17 is also driven by
the proposed mechanism in the literature [3,11], Eq. (1), including
the partial oxidation of toluene to benzaldehyde as a rate-limiting
step.

To verify the hypothetical mechanism, we studied formation
and reaction of intermediates on the W83V17 catalyst using
in situ IR spectroscopy. First, adsorption of toluene and benzalde-
hyde was studied in order to identify the adsorbed species that

could arise on the surface of W83V17 during the ammoxidation
of toluene. Gaseous toluene or benzaldehyde (0.3 mmol gcat�1) was
introduced to the flow-type in situ IR cell at various temperatures
under He flow, followed by purging with He flow for 600 s to
obtain the IR spectra in Fig. 10. The spectrum of toluene adsorbed
on W83V17 at ambient temperature showed two ring vibration
bands of aromatics (1498 and 1588 cm�1) [29] but no band due
to C@O or CAO stretching modes, indicating that toluene was not
oxidized by the surface oxygen of W83V17 but physically adsorbed
on the surface at ambient temperature. At higher temperature
(200 �C), a weak band at 1705 cm�1 assignable to C@O stretching
modes (mCO) of benzaldehyde [11] and ring vibration bands of aro-
matics (1498 and 1588 cm�1) were observed. The mCO band at
1705 cm�1 was also observed for benzaldehyde adsorbed on
W83V17 at ambient temperature. These results indicate that
toluene is oxidized by surface oxygen species of W83V17 to yield
benzaldehyde even at lower temperature (200 �C) than the reac-
tion temperature (400 �C) of the catalytic ammoxidation in this
study. In the spectrum of benzonitrile on W83V17, a band at
2262 cm�1 due to C„N stretching modes (mCN) of adsorbed ben-
zonitrile was observed.

As shown in Fig. 11, the adsorption of NH3 at 330 �C resulted in
the formation of IR bands due to protonated ammonia (NH4

+) on
Brønsted acid sites at 1410 cm�1 [28] and coordinated ammonia
on Lewis acid sites at 1256 cm�1 [28]. Then, we studied the reac-
tion of the adsorbed NH3 species with toluene at 330 �C under
He flow. Soon after the introduction of gaseous toluene
(0.3 mmol gcat�1) to the NH3-preadsorbed W83V17, the band at
2250 cm�1 due to mCN of benzonitrile was observed, and the inten-
sity of the mCN band increased with time. The introduction of
toluene decreased the intensities of the bands of NH4

+

(1410 cm�1) and coordinated NH3 (1256 cm�1). These results indi-
cate that benzonitrile is produced by the reaction of adsorbed NH3

and toluene with oxygen atoms on the surface of W83V17 at
330 �C.

ð1Þ

Fig. 7. Ammoxidation of toluene by 1.5 g of W83V17 and 0.5 g V2O5 in the low NH3 concentration conditions (toluene/NH3/O2/He = 1/5/4/39): conversion of toluene (+),
selectivities of benzonitrile (s), benzamide (}) and COx (d) and NH3-efficiency, gNH3, (h).

Fig. 6. Effect of the amount to NH3 with respect to toluene on the conversion of
toluene (+), selectivities of benzonitrile (s), benzamide (}) and COx (d) and
NH3-efficiency, gNH3, (h) for ammoxidation of toluene by 2 g of W83V17 at 400 �C:
toluene/NH3/O2/He = 1/10/4/34.
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The same NH3 adsorption experiment for V2O5 (Fig. 11B) shows
that the amount of adsorbed NH3 on V2O5 is negligible at 330 �C.
Comparison of the results for W83V17 and V2O5 indicates that
the acid sites originate from W in W83V17 act as adsorption sites
of NH3 during the ammoxidation reaction. The same experiment
for VOx/WO3 shows that it shows adsorbed NH3 mostly on
Brønsted acid sites probably on the surface of WO3. However, the
introduction of toluene to the adsorbed NH3 on VOx/WO3 did not
result in the formation of adsorbed PhCN. Considering the struc-
tural difference between the W83V17 (mixed oxide) and VOx/
WO3 (VOx islands supported on WO3), one could conclude that
proximity between W (acid) sites and V (redox) sites is important
for the surface reaction between the adsorbed NH3, toluene and a
reactive oxygen atom on the surface to give PhCN.

Fig. 12 shows the reaction of toluene-derived surface species
with NH3 monitored by in situ IR at 200 �C. After the observation
of the benzaldehyde (1705 cm�1) on W83V17, the flowing gas
was switched from He to 2% NH3/He and the IR spectra were
observed as a function of the time of NH3 flowing at 200 �C. The
mCN band of adsorbed benzonitrile species (2256 and 2232 cm�1)
appeared, and the intensity of the mCN band increased with time.
Summarizing the IR results in Figs. 10–12, the following pathway
is proposed; toluene is oxidized by the surface oxygen species of
W83V17 to yield benzaldehyde which undergoes the reaction with
adsorbed NH3 to give benzonitrile possibly via benzylimine. This
pathway is consistent with that proposed in the literature [3,11]
shown in Eq. (1).

Fig. 9 compares the reaction rates for benzaldehyde + NH3 + O2

(left), NH3 + O2 (center) and toluene + NH3 + O2 (right) reactions by
W83V17 and V2O5. From the results in Fig. 9 and the pathway in
Eq. (1), the origin of the higher NH3-efficiency (gNH3) of W83V17
than that of V2O5 is explained as follows. For V2O5, the rate of
NH3 conversion to PhCN in the benzaldehyde + NH3 + O2 reaction
is 1.5 times higher than the rate of NH3 oxidation to N2 in the
NH3 + O2 reaction. For W83V17, the rate of NH3 conversion to
PhCN is 3 times higher than the rate of NH3 oxidation to N2. These
results indicate that, especially on W83V17, NH3 consumption in
the condensation of benzaldehyde with NH3 is faster than NH3

Fig. 9. Formation rates of PhCN, COx and N2 for ammoxidation of benzaldehyde (left), oxidation of ammonia (center), and ammoxidation of toluene (right) by W83V17 (top)
and V2O5 (bottom) at 400 �C.

Fig. 8. Time course of ammoxidation of toluene by 1.5 g of W83V17 at 400 �C:
conversion of toluene (+), selectivities of benzonitrile (s), benzamide (}) and COx

(d) and NH3-efficiency, gNH3, (h), toluene/NH3/O2/He = 1/10/4/34. After 45 h of the
reaction, the catalyst was heated at 500 �C for 1 h under He flow, followed by re-
starting the ammoxidation reaction.

Fig. 10. IR spectra of adsorbed species on W83V17 at various temperatures.
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consumption in NH3 oxidation to N2. Comparison of Fig. 9 (left) and
Fig. 9 (center) shows that, for both catalysts, the presence of ben-
zaldehyde in the feed decreases the rate of the unselective oxida-
tion of NH3 to N2. This indicates that ammoxidation of
benzaldehyde competes with NH3 oxidation to N2 during ammox-
idation of toluene. W83V17 showed lower rate of NH3 oxidation in
the NH3 + O2 reaction than V2O5 (Fig. 6, center). From these results,
we could conclude that the high NH3-efficiency of WAVAO for
ammoxidation of toluene is caused by the preferential reaction of
NH3 in the ammoxidation of benzaldehyde over NH3 oxidation to
N2 as illustrated in Eq. (2):

ð2Þ

On the surface of theWAVAO complex oxide, a VO6 octahedron as a
redox site is adjacent to WO6 octahedra as NH3 adsorption sites. The
benzaldehyde adspecies, once formed by the oxidation of toluene
by the VO6 site, can react preferentially with NH3 adspecies on
the neighboring WO6 sites, which can result in high efficiency of
NH3 utilization in the present catalytic system.

4. Conclusion

The layered-type WAVAO metal oxides (WAVAO), synthesized
by hydrothermal method, selectively catalyzed the gas-phase
ammoxidation of toluene to benzonitrile. Under similar conversion

levels, WAVAO showed higher selectivity to benzonitrile and
lower selectivity to COx than conventional V-based catalysts
(V2O5 and VOx/TiO2). Additionally, WAVAO was less active for
the undesired oxidation of NH3 to N2, resulting in the high
NH3-utilization efficiency in ammoxidation than the conventional
V-based catalysts. WAVAO showed high durability and high toler-
ance to co-fed water vapor, demonstrating promising catalytic
properties of the present system. Model reaction studies suggested
that the high NH3-efficiency of WAVAO was caused by the prefer-
ential reaction of NH3 in PhCHO + NH3 + O2 over undesired
NH3 + O2 reaction.
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Deposition of Gold Nanoparticles on Niobium Pentoxide
with Different Crystal Structures for Room-Temperature
Carbon Monoxide Oxidation
Toru Murayama,*[a] Wataru Ueda,[b] and Masatake Haruta[a]

Nanoparticulate gold catalysts (NPGCs) supported on niobium

oxides (Nb2O5) were prepared by different deposition methods.
Au nanoparticles (NPs) with a mean diameter of approximately

5 nm were deposited by conventional deposition methods,
which include the deposition-precipitation (DP) and deposi-

tion-reduction (DR) methods, on layered-type Nb2O5 that pos-

sesses a deformed orthorhombic structure. Moreover, Au NPs
with a mean diameter of approximately 2.7 nm could be de-

posited by the sol immobilization method on several crystal-
line forms of Nb2O5 (deformed orthorhombic, pseudohexago-

nal, and orthorhombic). NPGCs deposited on deformed ortho-
rhombic Nb2O5 had a higher catalytic activity for CO oxidation.

The temperature for 50% CO conversion was 11 8C for 1 wt%

Au/Nb2O5 (deformed orthorhombic) prepared by the sol immo-
bilization method, and the CO conversion was 91% at 28 8C.
As far as we know, this is the first report of highly active Au
NPGCs (smaller than 3 nm in diameter) supported on Nb2O5.

NPGCs supported on acidic metal oxides will expand the uti-
lization of gold catalysts for new applications.

Nanoparticulate gold catalysts (NPGCs) have attracted much

attention over the past few decades.[1–5] The most important
type of Au catalyst is Au nanoparticles (NPs) supported on

a base metal oxide. Small Au NPs with diameters of 5 nm or
less are required to increase the surface boundary between

the Au NPs and the support.[6, 7] Many kinds of supported Au

catalysts have been developed as their catalytic properties are
often different depending on the kind of metal oxide support
used. Au catalysts are usually prepared by a deposition
method, such as the deposition precipitation (DP) or deposi-

tion reduction (DR) methods, to disperse nano-scale Au parti-
cles on the support. The control of the charged state of the

metal oxide surface is essential to deposit Au NPs with high
and uniform dispersion. However, in previous studies, it was

difficult to prepare NPGCs if the isoelectric point of the sup-

port was below pH 5. A solid acid, which typically shows a low
isoelectric point, is attractive as a support, but there have been

only a few reports of Au supported on acidic oxides other than
silica and zeolite supports.[8–10]

Niobium oxide (or hydrated niobium oxide) is used widely in

catalysis and in electrochromic and photoelectrochemical
devices.[11,12] Niobium oxide (Nb2O5·nH2O, niobic acid) has been

used especially as a water-tolerant solid acid catalyst for many
reactions such as alkylation, esterification, hydrolysis, dehydra-

tion, and hydration.[13,14] Niobium oxide forms different poly-
hedral structures and transforms its phase depending on the

heat treatment performed. Recently, we reported a new crys-

talline niobium oxide that consists of NbO6 octahedra, NbO7,
and micropores based on the seven-membered ring in its

structure with corner-sharing in the c direction.[15] This de-
formed orthorhombic niobium oxide, denoted as Nb2O5-DO,

was synthesized by a hydrothermal process, and the catalytic
activity this crystalline structure was compared with that of

pseudohexagonal (TT-Nb2O5), orthorhombic (T-Nb2O5), and py-

rochlore (denoted as Nb2O5-P) niobium oxides. Nb2O5-DO
showed a high catalytic activity as a solid acid. A notable fea-

ture of Nb2O5-DO is its high surface area, which exceeds
200 m2g�1. Nb2O5 is classified as an n-type semiconductor and

has redox properties, which indicates that it could show a high
catalytic activity as a support for a NPGC if Au NPs are
deposited on Nb2O5. We assumed that Au could be deposited

on the surface of Nb2O5-DO as nanoparticles smaller than
5 nm. Moreover, the effect of the crystalline structure will be
discussed by using simple Au/Nb2O5 catalysts in this work.
Sobczak et al. reported Au (or Au-Cu) on Nb2O5 and Nb/MCF
(silica) supports by modification of the niobium oxide surface
by an amino group.[16,17] Tong et al. and Ko et al. reported

a simple Au/Nb2O5 catalyst ; however, the mean diameter of
the Au particles was larger than 5 nm.[18,19] As far as we know,
this is the first report on highly active NPGCs (smaller than

5 nm) supported on Nb2O5.
Several deposition methods have been used to deposit Au

on an Nb2O5 support. Among them, the impregnation method
facilitates the coagulation of Au NPs during calcination. The

coprecipitation method is effective only if both Au and the

support can be deposited simultaneously. Thus, the DP and DR
methods, which are used commonly for the preparation for

NPGCs, were used for the first time in this work to prepare
Au/Nb2O5.

The results of catalytic CO oxidation over Au/Nb2O5-DO(DR),
Au/Nb2O5·nH2O(DR), and Au/Nb2O5(DR), which were prepared

[a] Prof. T. Murayama, Prof. M. Haruta
Research Center for Gold Chemistry
Tokyo Metropolitan University
1-1-F203 Minami-Osawa
Hachioji, Tokyo, 192-0397 (Japan)
E-mail : murayama@tmu.ac.jp

[b] Prof. W. Ueda
Department of Material and Life Chemistry, Faculty of Engineering
Kanagawa University
3-27, Rokkakubashi
Kanagawa-ku, Yokohama (Japan)
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by the DR method, are shown in Table 1 (see also Figure S1).
The Au precursor used was Au(en)2Cl3 (en =ethylenediamine),

and the Au loading was 1 wt%. An unsupported Nb2O5-DO
catalyst showed no activity for CO oxidation even at 400 8C.

In contrast, the activity of Au/Nb2O5-DO(DR) for CO oxidation
was high, and the temperature for 50% CO conversion (T1/2)

was 73 8C. The catalytic activities of Au supported on the com-
mercially available Nb2O5·nH2O (Au/Nb2O5·nH2O(DR)) and

Nb2O5 (Au/Nb2O5(DR)) were lower than that of Au/Nb2O5-

DO(DR). The value of T1/2 was 194 8C for Au/Nb2O5·nH2O(DR),
and the conversion was 29% at 250 8C for Au/Nb2O5(DR).

TEM images of Au/Nb2O5-DO(DR), Au/Nb2O5·nH2O(DR), and
Au/Nb2O5(DR) are shown in Figure S2. The mean diameter of

the Au particles on Au/Nb2O5-DO(DR) was 4.9 nm (standard de-
viation; SD, 1.4 nm), which is smaller than that of

Au/Nb2O5·nH2O(DR) (13 nm; SD, 8.1 nm) and Au/Nb2O5(DR)

(14 nm; SD, 6.4 nm). XRD measurements showed that the
mean diameter of the Au particles of Au/Nb2O5-DO(DR) was

4.9 nm as calculated by the Scherrer equation, which agreed
well with the TEM observations. These data suggested that the

morphology and the high surface area (208 m2g�1) of Nb2O5-
DO make it possible to form Au NPs dispersed on Nb2O5-DO.
The conventional DR method was used to deposit Au as NPs

(smaller than 5 nm) on Nb2O5-DO.
Several deposition methods were then tested by using

a Nb2O5-DO support to obtain smaller Au NPs. The DP method,
solid grinding (SG) method,[9,20] and sol immobilization (SI)
method[21–24] were used to prepare Au/Nb2O5-DO catalysts. TEM
images and the distribution of Au NPs on these catalysts are

shown in Figure S3, and the catalytic activities for CO oxidation
are shown in Figure 1. The mean diameter of the Au NPs was
7.0 nm (SD, 2.1 nm) for Au/Nb2O5-DO(DP), 4.1 nm (SD, 1.1 nm)

for the catalyst obtained by SG, and 2.7 nm (SD, 0.7 nm) for
the catalyst obtained by the SI method. The catalytic activities

of these catalysts corresponded to the Au particle size, and the
catalytic activity decreased in the order of SI>SG>DR>DP.

The catalytic activity of Au/Nb2O5-DO(SG) was higher than that

of the catalysts obtained by DR; however, the Au precursor
dimethylacetylacetonatogold (Me2Au(acac)) is currently too ex-

pensive to use widely. Au/Nb2O5-DO(SI) showed the highest
catalytic activity and its particles were small with a narrow dis-

tribution. The T1/2 was 11 8C for Au/Nb2O5-DO(SI), and the CO
conversion was 91% at 28 8C. Nb2O5-DO alone showed no

activity even at 400 8C (Table 1); therefore, the enhancement of
catalytic activity shown at room temperature by Au NPs is

remarkable.
The relationship between the particle diameter and turnover

frequency (TOF) and the CO conversion rate based on surface

Au atoms at 20 8C is shown in Figure S4. These results show
clearly that smaller Au NPs exhibit a higher catalytic activity for

CO oxidation. The TOF was increased if the size of the Au NPs
was minimized in a manner similar to that for other reported

metal oxide supports. Therefore, as for other supported Au cat-
alysts,[25] active sites for CO oxidation can be assumed to be at

the perimeter of the Au NPs. The results suggest that a much
higher activity of the Au/Nb2O5 catalyst will be achieved if
a catalyst with tiny cluster size particles (smaller than 2 nm in

diameter)[26] can be prepared.
As niobium oxide with several crystalline structures has

been reported, the effects of the crystalline form were investi-
gated. Four different crystalline Nb2O5 samples (Nb2O5-DO,
TT-Nb2O5, T-Nb2O5, and Nb2O5-P) were prepared, and the XRD

patterns of these supports are shown in Figure S5. Au was de-
posited by the SI method, and the physical properties and cat-
alytic activities for CO oxidation of the materials are shown in
Table 2 and Figure S6, respectively. Au/Nb2O5-DO(SI), as shown
above, showed a high activity, and the loading of Au on the
support was the same as the preparation amount. The mean

diameters of the Au particles and the distribution of the parti-
cle diameters in the obtained catalysts are shown in Figure S7.
The mean diameters of Au/TT-Nb2O5(SI) (2.6 nm; SD, 0.8 nm)

and Au/T-Nb2O5(SI) (2.7 nm; SD, 0.9 nm) were almost the same
as that of Au/Nb2O5-DO(SI) (2.7 nm; SD, 0.7 nm); however, the

catalytic activity of Au/Nb2O5-DO(SI) for CO oxidation was
much higher than that of Au/TT-Nb2O5(SI) and Au/T-Nb2O5(SI).

The T1/2 values were 11 8C for Au/Nb2O5-DO(SI), 79 8C for

Au/TT-Nb2O5(SI), and 59 8C for Au/T-Nb2O5(SI). The TOF based
on surface Au atoms at 20 8C for Au/Nb2O5-DO(SI) was more

than three times higher than that of Au/T-Nb2O5(SI), and
Au/Nb2O5-P(SI) was less active. The catalytic activity of Au sup-

ported on commercially available Nb2O5·nH2O (entry 9) was
less than that of Au/Nb2O5-DO(SI), which was prepared with

Table 1. CO oxidation on Au/Nb2O5 catalysts[a] prepared by the DR
method and Au particle diameters.

Entry Catalyst T1/2
[b] [8C] Particle diameter[b] [nm]

1 Au/Nb2O5-DO(DR) 73 4.9�1.4
2 Au/Nb2O5·nH2O(DR) 194 13�8.1
3 Au/Nb2O5(DR) (29% at 250 8C)[c] 14�6.4
4 Nb2O5-DO (0% at 400 8C)[c] –

[a] Catalyst, 0.15 g; Au loading, 1 wt%; flow rate, 50 mLmin�1 (1 vol% CO/
air). [b] Measured by using TEM. [c] CO conversion.

Figure 1. Effects of the deposition method on catalytic activity over Au/
Nb2O5-DO (loading of Au, 1 wt%; catalyst, 0.15 g; 1 vol% CO in air at a flow
rate of 50 mLmin�1).
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a 1 wt% Au loading. It was difficult to deposit all of the Au

atoms on the Nb2O5 supports (entries 10 and 11), and their cat-

alytic activities were lower. The catalytic activity of Au/ Nb2O5-
DO(SI) was comparable to that of Au/TiO2 (Table 2, entry 12)

and was much higher than that of Au/SiO2 (Table 2, entry 13),
which was an acidic support. These results show that the affini-

ty of niobium oxide for the colloidal Au plays an important
role in the deposition of Au on the support surfaces. The crys-

talline form of the support affects the reactivity even with the

same Au particle diameter, which indicates that the reactivities
of the active sites formed around the perimeters of the Au par-

ticles were different.
The results of the diffuse reflectance infrared Fourier trans-

form spectroscopy (DRIFT-IR) of CO adsorbed on Au/Nb2O5-DO,
Nb2O5-DO, Au/SiO2, and Au/TiO2 are shown in Figure 2. Both
Au/Nb2O5-DO and Nb2O5-DO showed an adsorption band at

ñ=2170 cm�1, which was attributed to the adsorption of CO
on the acidic sites of niobium oxide. The adsorption peaks ob-
served at ñ=2130 and 2116 cm�1 in the spectrum of

Au/Nb2O5-DO are attributed to CO adsorption on Au sites. In

the case of NPGCs on an acidic support, the CO adsorption

peak on Au sites shifts to a higher wavenumber.[27] A compari-
son of the wavenumbers of CO adsorption on Au/Nb2O5-DO

(ñ=2130, 2116 cm�1), Au/SiO2 (ñ=2158 cm�1), and Au/TiO2

(ñ=2116, 2104 cm�1) suggested that Au species on Nb2O5-DO

possessed a positive charge compared to Au/TiO2. The results
of the DRIFT-IR of adsorbed CO and X-ray photoelectron spec-

troscopy (XPS) for the obtained catalysts are shown in

Figures S8 and S9, respectively. No FTIR adsorption peak
was observed for Au/P-Nb2O5(SI) for adsorbed CO, which

indicates the modification of the surface of Au particles by
strong metal–support interactions (SMSI). The spectra of

Au/T-Nb2O5(SI) and Au/TT-Nb2O5(SI) showed peaks at ñ=2130
and 2116 cm�1, similar to Au/Nb2O5-DO(SI), which suggests
that the same kinds of Au species were formed on these

Nb2O5 supports. The differences of the catalytic activity for CO
oxidation were thought to be because of the different redox
properties based on the crystalline structure of Nb2O5.

To confirm the effect of the crystalline form of the niobium

oxide support on the catalytic activity, the density of the Au
atoms on the surface and the amount of Au used were con-

trolled by adjusting the loading weight and the amount of the
catalyst (Table 3). The order of the catalytic conversion rate
and TOF based on the surface Au atoms at 20 8C is Au/Nb2O5-

DO(SI) (0.055 s�1) > Au/T-Nb2O5(SI) (0.028 s�1) >

Au/TT-Nb2O5(SI) (0.018 s�1) > Au/Nb2O5-P(SI) (0.000 s�1). We can

conclude that the deformed orthorhombic structure of niobi-
um oxide is favorable for the deposition of Au as NPs and for

their reactivity.

The apparent activation energy of Au/Nb2O5-DO(SI) was
32.0 kJmol�1 and those of Au/TT-Nb2O5(SI), Au/T-Nb2O5(SI), and

Au/Nb2O5-P(SI) were almost the same (Figure S10 and
Table S1). These values are similar to those reported for other

metal oxide supports, which indicates that CO oxidation takes
place between lattice oxygen at the perimeters of the Au NPs

Table 2. Physical properties of supported Au catalysts prepared by the SI method and their catalytic activities for CO oxidation.[a]

Entry Support
(crystalline phase)

BET surface area Au loading [wt%] Au T1/2
[e] TOF@208C[f] Particle

diameter[g]

[m2g�1] Prepared Obtained[d] [mmolm�2] [8C] [�102 s�1] [nm]

5 Nb2O5-DO
(deformed orthorhombic)

208 1 1.01 7.69 (0.247) 11 5.5 2.7�0.7

6 TT-Nb2O5

(pseudohexagonal)
43 1 1.07 8.15 (1.26) 79 0.37 2.6�0.8

7 T-Nb2O5

(orthorhombic)
24 1 0.788 6.00 (1.67) 59 1.5 2.7�0.9

8 Nb2O5-P
(pyrochlore)

30 1 0.764 5.82 (1.29) 165 0.26 6.1�3.1

9 Nb2O5·nH2O
[b] 19 1 1.02 7.77 (2.73) 90 0.79 4.3�1.4

10 Nb2O5
[b] 5.8 1 0.237 1.80 (2.07) 168 0.94 3.5�1.0

11 Nb2O5
[c] 2.3 1 0.050 0.381 (1.10) 340 0.21 3.3�0.8

12 TiO2
[h] 54 1 0.96 7.31 (0.902) 7 12 4.1�2.2

13 SiO2
[h] 256 1 1.00 7.61 (0.198) (33%, 2508C) 1.1 6.6�2.7

[a] Catalyst, 0.15 g; flow rate, 50 mLmin�1 (1 vol% CO/air) ; H2O concentration at T1/2, 22–49 ppm. [b] Commercial product. [c] Ammonium niobium oxalate
calcined at 400 8C. [d] Measured by using atomic absorption spectroscopy (AAS). [e] Temperature at 50% conversion. [f] Based on surface Au atoms.
[g] Measured by TEM. [h] Commercial product prepared by the DP method (Au/TiO2) and DR method (Au/SiO2).

Figure 2. DRIFT-IR spectra of CO adsorbed at �190 8C on Au/Nb2O5-DO(SI),
Nb2O5-DO, Au/SiO2, and Au/TiO2.
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and CO adsorbed on the Au NPs. Nb2O5-DO consists of 1D

nanorods with diameters of approximately 10 nm and lengths
of 50–100 nm. The ab plane comprises interconnected crystal

structure motifs of {Nb6O21} units and micropore channels with-
out long-range order. The side surfaces of the nanorods, which

are located on the Au NPs, seem to possess coordinative unsa-
turation sites of niobium oxide. The lattice oxygen species of

these sites will accelerate catalytic reactions.

In conclusion, Au NPs of 2.7 nm in diameter were supported
on niobium oxide. The catalytic activity for CO oxidation in-

creased with a decrease of the Au particle size. DRIFT-IR meas-
urements showed that Lewis acid sites exist on the surface of

the Au/Nb2O5 catalyst after the deposition of Au NPs. There-
fore, the application of the Au/Nb2O5 catalyst can be expanded

in the future to many reactions by the utilization of the combi-

nation of acidic sites and oxidation reaction sites.

Experimental Section

Different kinds of niobium oxides were prepared according to our
previous study.[15] Layered-structure-type (deformed orthorhombic)
niobium oxide was synthesized by a hydrothermal method from
ammonium niobium oxalate (NH4[NbO(C2O4)2(H2O)2]·nH2O, Aldrich)
and was denoted as Nb2O5-DO. The Nb precursor was dissolved in
distilled water, and the solution was treated by hydrothermal syn-
thesis for 1 day at 175 8C. The resultant solid was separated careful-
ly and washed with distilled water under filtration, and the solid
was dried at 80 8C. The dried solid was crushed in an agate mortar
and heat-treated for 2 h at 400 8C in air. Orthorhombic niobium
oxide was obtained by the calcination of Nb2O5-DO at 650 8C for
2 h and was denoted as T-Nb2O5. Pseudohexagonal and pyrochlore
niobium oxides were also synthesized by a hydrothermal method
using a niobic acid (Nb2O5·nH2O, Soekawa Chemicals) precursor,
and they were denoted as TT-Nb2O5 and Nb2O5-P, respectively.
Niobic acid was dispersed in deionized water (40 mL) at a concen-
tration of 4 mmol, based on Nb, for Nb2O5-P and at a concentration
of 0.25 mmol for TT-Nb2O5. The hydrothermal conditions and the
following process were the same as those used for Nb2O5-DO.
Commercially available Nb2O5 (Wako) and Nb2O5·nH2O (Soekawa)
were used for comparison.

Au catalysts were prepared by the DP and DR methods. Au(en)2Cl3
(0.0507 mmol) was dissolved in water (51 mL), and then niobium
oxide (1 g) was added. The mixture was stirred for 1 h with the pH
adjusted to 10 by using NaOH solution. In the DR method, NaBH4

was added to the mixture, and the suspension was washed by suc-
tion filtration and dried at 80 8C. The dried catalyst was calcined at
300 8C for 4 h in air.

In the SG method, the Nb2O5 sample (1 g) and Me2Au(acac) (1 wt%
based on Au) were ground in an agate mortar in air for 15 min at
RT followed by calcination at 300 8C for 4 h.

SI was performed according to previous reports.[21–23] Tetraoctylam-
monium bromide (0.3 g) was dissolved in toluene (16 mL), and
then HAuCl4 solution (0.153 mmol in 5 mL deionized water) was
added. The resulting solution was stirred for 10 min at RT. Dodeca-
nethiol (72.4 mL) was added to the solution, and the solution was
stirred for 10 min at 0 8C. The reaction solution was then stirred
vigorously, and NaBH4 (76 mg) in deionized water (5 mL) was
added over 3 min. The solution was further stirred at 0 8C for
30 min and at RT for another 3 h. The organic phase was collected,
and the solvent was removed by using a rotary evaporator. The
solid was dissolved in hexane (50 mL) and filtered, and then the
solvent was removed from the filtrate by using a rotary evaporator.
The black product was suspended in ethanol (40 mL) and washed
three times. The solid was dissolved in hexane (40 mL), and the so-
lution was added dropwise into hexane solution in which Nb2O5

(3 g) was dispersed. The obtained catalyst was collected by filtra-
tion and dried at 80 8C. The dried catalyst was calcined at 300 8C
for 2 h in air. Au/TiO2 and Au/SiO2 were purchased from HGI
(Haruta Gold Incorporated).

The catalytic activity was tested for the oxidation of CO. The cata-
lyst (0.15 g) was placed in a fixed-bed reactor, and a flow of 1 vol%
CO in air was used (50 mLmin�1). The H2O concentration in the gas
flow was monitored by using a dew-point meter, and the concen-
trations were 20–100 ppm at T1/2 in all experiments. For Au/Nb2O5

samples prepared by the SI method, the temperature was held for
1 h at 100% CO conversion for stabilization before the measure-
ments. The catalytic activities were compared by the reaction rate
per surface Au atoms (TOF, mmol(CO)mmol(Au surface)�1 s�1), which
was obtained under the conditions at which the conversion of CO
is below 15% for a differential reactor condition. Other characteri-
zation methods are described in the Supporting Information.

Keywords: gold · heterogeneous catalysis · nanoparticles ·
niobium · oxidation
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a b s t r a c t

To investigate the effects of the porous structure of carbon support for bimetallic PtRu PEFC

anode catalysts on their CO tolerance, a series of Resorcinol-formaldehyde carbon gels

with different resorcinol to catalyst (R/C) ratios (i.e., 200, 800 and 1000) were synthesized

and used to support Pt2Ru3 nanoparticles. Synthesized catalysts were characterized by

powder X-ray diffraction, N2 gas adsorption/desorption experiments, and scanning

transmission electron microscopy. CO tolerances were evaluated by using a single cell in a

H2 feed in the presence of CO ranging from 100 to 2000 ppm. The potential difference of the

cell using Pt2Ru3/RC1000ac58 anode catalyst was 0.655 V whereas the cell using a com-

mercial Pt2Ru3/C catalyst showed a voltage of 0.570 V in the presence of 500 ppm CO. The

results reveal that high modal size and volume of mesopore enhance diffusivity of CO

resulted in effectively oxidization of CO.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The most convenient way to obtain H2 for residential polymer

electrolyte fuel cell (PEFC) is through reforming of methane

with steam, because the methane supply systems for resi-

dential consumption are viable everywhere. However, the

generation of carbon monoxide (CO), which poisons the Pt

catalyst surface and inhibits the H2 oxidation reaction, is un-

avoidable. PteRu alloy can enhance the CO tolerance of the

catalyst presumably by the bifunctional mechanism and/or

ligand effect [1,2]. However, the CO acceptant limit is lower

than 100 ppm [3e6]. Many studies searching for the possibility

to enhance the CO tolerance of the anode catalyst for PEFCs

have been conducted, for example by adjusting the Pt:Ru ratio

[7e10], by varying PtRu particle size [11e14], and by changing

the support of the bimetallic catalyst. Various materials such

as carbon nanofibers and graphitic carbon (including carbon

nanotubes and graphene) [15e18], surface modified carbon

[19e22], and other metal oxides were tested as supports for

PEFC catalysts [23e25]. Although the effect of the support still

remains unclear, many studies focus on its porous structure.

The effects of porous structure of many carbon supports on

cell voltage were investigated and the porous structure of the

support was found to significantly affect the efficiency of the

electrocatalyst and its CO tolerance [26e30].

One of the most interesting materials to be used as a sup-

port is resorcinol-formaldehyde carbon gels (RFC). Their
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surface area, pore diameter, and structure are tunable by

varying synthesis conditions. There are many reports of using

RFC as supports for energy conversion and storage electro-

catalysts. In addition, there are some studies using RFC as a

support for electrode catalysts of the cathode [28,31,32] as well

as the anode [33e38]. The two simple ways to control the

porous structure of RFCs are to adjust the ratio of resorcinol to

catalyst (R/C) of its starting solution and to adjust its activa-

tion degree [39,40]. The effect of activation degree has already

been reported [41].

To synthesize RFC, first resorcinol and formaldehyde are

polymerized using a base catalyst. The main reaction is a

condensation reaction which leads to the formation of com-

pounds. Such oligomers form clusters that agglomerate to

colloidal particles. These particles coagulate and form a wet

gel (hydrogel). Next the hydrogel is dried to remove the solvent

trapped in its gel structure. Then the dried gel is heat-treated

in an inert atmosphere and is transformed to carbon. Gener-

ally a higher carbonization temperature leads to a lower pore

volume of the resulting carbon. Finally the carbon is activated

by gases such as steam or CO2 to increase its pore volume,

pore size and surface area [41e45]. Moreover, activation pro-

cess can also change electrochemical properties, significantly.

By changing the R/C molar ratio in the starting solution used

for RFC synthesis, the microstructure of the final carbons can

be varied [43,45]. A lower R/C ratio results in small polymer

particles (3e5 nm) which have a higher density. Polymeric RF

gels, formed by small-sized polymer particles, generally have

a high surface area and high compressive modulus but the

gels tend to shrink when dried. Whereas RF gels synthesized

at high R/C ratios are formed by large polymer particles

(16e200 nm) the gels have low surface area and low

compressive modulus, but they are hardly shrink when they

are dried.

In this study, the effect of the R/C ratio of the starting so-

lution on the electrochemical performance of the resulting

catalyst was investigated. As the R/C ratio hardly affects the

surface area of the resulting RFC, the direct effect of pore

structure on electrochemical property can be clarified.

Material and methods

Resorcinol-formaldehyde carbon gel (RFC) preparation

A resorcinoleformaldehyde (RF) solution was prepared from

resorcinol (R), formaldehyde (F), sodium carbonate (C), and

distilled water (W). The molar ratios of resorcinol to formal-

dehyde (R/F) and the mass-to-volume ratio of resorcinol to

water (R/W) were fixed to 0.5 mol/mol and 0.5 g mL�1,

respectively. The molar ratios of resorcinol to catalyst (R/C)

were varied as 200, 800, and 1000 mol/mol. The prepared RF

solutions were first aged and were transformed to hydrogels

at room temperature. After that, RF hydrogels were aged at

60 �C for another 3 days. The water in the hydrogels was then

exchanged to t-butanol by immersing the hydrogels in con-

tainers including this alcohol and placing the containers in a

shaking water bath kept at 50 �C for 3 days. The t-butanol in

the containers was replaced every day. Then, RF hydrogels

were dried at 120 �C for 3 days before being carbonized.

Carbonization was conducted in a 100 cm3 min�1 flow of ni-

trogen gas. Samples were heated up from 25 �C to 250 �C
within 1 h, and were maintained at this temperature for 2 h.

The temperature was then increased to 1000 �C at a ramp rate

of 250 �C h�1 and then the temperature was maintained at

1000 �C for 4 h. Activation was carried out under a

20 cm3 min�1 CO2 and 100 cm3 min�1 N2 flow at 1000 �C.
Activation degree (or burn off ratio) was calculated from

weight loss after activation by weight before activation.

RFC samples RC200ac58, RC800ac62 and RC1000ac58 were

prepared. The number following RC (200, 800, and 1000) in-

dicates the R/C ratio at which the samples were prepared, and

that following ac (58 and 62) indicates the activation degree.

Preparation of Pt2Ru3 anode catalysts

First, Pt/RC1000ac58 (40 wt%Pt/C) was prepared by mixing

RC1000ac58 with Pt(NH3)2(NO2)2 (4.554 wt% Pt, Tanaka Kikin-

zoku Kogyo), and distilled water in a three-neck flask and

stirring vigorously at room temperature (20 �C) for 1 h. Pt was

then reduced by ethanol and kept at 95 �C overnight. After

that, the catalyst was filtered andwashedwith distilled water,

followed by drying in air at 80 �C for 10 h. Second, RuCl3$nH2O

(99.9%,Wako) was dissolved in distilledwater and RC1000ac58

supporting Pt was added. The Pt:Ru molar ratio of was

adjusted to 2:3. Themixture was kept at room temperature for

1 h. Then the Ru in the catalyst was reduced by keeping the

catalyst overnight inmethanolmaintained at 70 �C. After that,
the obtained catalyst was, again, filtered and washed with

distilled water. Then the catalyst was dried in N2 at 80 �C for

10 h. At last, the catalyst was reduced in a H2/Ar (5%H2) flow at

room temperature for 1 h, followed by rapid heating to 880 �C
within 12 min in He. The oven was turned off once the tem-

perature reached 880 �C in order to allow the catalyst to cool

down immediately. The catalyst was heated again at 150 �C for

2 h in a H2/Ar (5% H2) flow. Other samples (i.e., Pt2Ru3/

RC200ac58 and Pt2Ru3/RC800ac62) were prepared by the same

method. Commercial catalyst, Pt2Ru3/TKK TEC61E54 (Pt 29.6%,

Ru 23.0%, Tanaka Kikinzoku Kogyo), was used as a reference.

Physical characterization

Nitrogen adsorption isotherms of all of the samples were

measured at �196.15 �C using an adsorption apparatus (BEL-

SORP-mini II surface area and pore size analyzer, BEL Japan).

Specific surface area was calculated from BET plots. Pore size

distributions and mesopore volumes were calculated using

the DollimoreeHeal (DH)method. Heremesopores are defined

as pores with a diameter between 2 and 50 nm. The diffusivity

was calculated using Knudsen's equation based on the modal

size of the meropores of the catalyst after Nafion mixing. XRD

patterns of PtRu metal crystallites within the catalyst were

obtained by a powder X-ray diffractometer (PXRD; RIGAKU,

RINT 2000). The tube current used for Cu Ka radiation was

40 mA and the tube voltage was 40 kV. The angular region of

the 2q scanwas set between 10� and 85�, and the scan rate was

1� min�1. The crystallite sizes were evaluated from the

Scherrer equation using the peak of the (220) reflection of Pt

fcc structure. Catalyst structure was investigated by using a

Hitachi HD-2000 scanning transmission electron microscope
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(STEM) instrument with electron energy of 200 kV and a beam

current of 30 mA. Please note that the size of at least 200 PtRu

particles of each sample was measured to obtain the average

PtRu particle size.

MEA preparation

In the membrane electrode assembly (MEA) preparation pro-

cess, carbon paper (P50T) was used as the backing layers of the

anode and the cathode. Anode catalyst inks were prepared by

dispersing PtRu/RFCs catalysts in distilled water and ethanol

mixed with Nafion solution (5 wt% dispersion, Aldrich).

Cathode catalyst ink was prepared by dissolving commercial

Pt/C (46 wt%, TKK TEC10E50) in distilled water and ethanol

including Nafion. In both electrodes, the catalyst ink was

painted to achieve a metal loading of 0.5 mg cm�2 followed by

a coating of 0.5 mg cm�2 Nafion. Finally, the anode and cath-

ode (22 � 22 mm) were placed onto the two sides of a Nafion®

NRE-212 membrane (Aldrich) and hot-pressed at 135 �C and

10 MPa for 20 min to form the MEA.

Single cell performance testing and CO tolerance experiment

The MEA was assembled into a single cell (FC05-01SP, Elec-

troChem, Inc.) having flow field plates made of graphite and

end plates made of copper. The end plates of the cell were

attached to a heater. The single cell was connected to a fuel

cell test apparatus (Chino Corp.). Fig. 1 shows the setting of

single cell test. Pure H2 (or H2/CO mixture) and O2 were sup-

plied at flow rates of 80 cm3 min�1 to the anode and cathode,

respectively, at ambient pressure. During measurements, the

anode and cathode humidifiers were set at 70 and 68 �C,
respectively, and the single cell was maintained at 70 �C. CO
tolerance experiments were performed under the same con-

ditions as single cell performance tests. The current density

was set to 0.2 A cm�2. First, pure H2 was fed to the cell for 1 h

and then 100 ppmof COwasmixed toH2. The concentration of

CO was increased every 2 h to 500 ppm, 1000 ppm and finally

2000 ppm.

Results and discussion

Characterization of textural properties of synthesized
carbon gels and supported Pt2Ru3 catalysts

Nitrogen gas adsorption data are summarized in Table 1. The

synthesized RFC samples have similar BET surface areas

ranging from 2140 to 2490 m2 g�1, larger than the commercial

catalyst (823 m2 g�1). Although the activation degree and the

surface area of the samples are similar. The pore size distri-

bution derived using the DH method differed significantly.

RC800 had the largest mesopore volume among the prepared

carbon supports.

PXRD and STEM characterization of supported Pt2Ru3

catalysts

Fig. 2 shows the PXRD (powder X-ray diffractometer) pat-

terns of Pt2Ru3/RFC catalysts with various R/C ratios ranging

from 200 to 1000 and the commercial Pt2Ru3 catalyst.

Diffraction peaks corresponding to the (220) plane were used

to calculate PtRu crystallite sizes because there are no

interference of peaks arising from the structure of carbon.

The Pt (220) plane refer to the face-centered cubic (fcc)

crystal structure of the Pt metal. The PXRD pattern of Pt/

RC1000ac0 has been used as a reference for the Pt (220). The

peak was shown at 2Ө ¼ 67.5�. In contrast, the PXRD data for

Pt2Ru3/RFC catalysts and the commercial catalyst show

similar peaks position at 69.2�. Thus, the results indicate all

of the samples have a similar degree of alloying of Pt with

Ru. The PtRu crystallite size is calculated by using the

Scherrer equation (Table 1). The commercial catalyst has an

average PtRu crystallite size of 3.4 nm. The average PtRu

crystallite sizes of the synthesized Pt2Ru3/RFC samples

(1.9e2.7 nm) are slightly smaller than that of the commercial

catalyst.

Fig. 3 shows STEM images of commercial and prepared

catalysts. The average PtRu particle size of the commercial

catalyst (Fig. 3A, 3.9 nm) is larger than that of Pt2Ru3/

RC200ac58 (Fig. 3B, 3.2 nm) and larger than the crystallite size

calculated from PXRD data. This indicates that PtRu nano-

particle consists of crystallites. The average PtRu particle size

of Pt2Ru3/RC800ac62 (Fig. 3C, 2.6 nm) and Pt2Ru3/RC1000ac58

(Fig. 3E, 2.7 nm) are almost the same. However, compare with

Fig. 1 e PEFC single cell performance testing and CO

tolerance experiment set-up.

Table 1 e The following expressions should be used.
Physical properties of carbon supports and crystallite
sizes of PtRu alloy.

Sample Surface area
of carbon
gel support
(m2 g�1)

Volume of
mesopore of
carbon gel
support
(cm3 g�1)

Crystallite size
of alloy (nm)

(As-synthesized
catalyst)

RC200Ac58 2180 0.76 2.7

RC800Ac62 2470 2.29 1.9

RC1000Ac58 2140 2.08 2.3

Commercial

catalyst

820 N/A 3.4
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the commercial catalyst, the PtRu particle size is not much

different (2.6e3.9 nm).

Single cell test and CO tolerance

Fig. 4 shows the performance of commercial and prepared

catalysts. All catalysts are prepared under the same conditions

except for the R/C ratios the carbon support. Themetal loading

on the anode for MEA are fixed to 0.5 mg cm�2. First, pure H2 is

fed to the anode side at 80 cm3 min�1, and the current density

is set to 0.2 A cm�2. After feeding pure H2 for 1 h, the cell using

Pt2Ru3/RC1000ac58 generate the highest voltage of 0.787 V. The

order of the cell voltage are as follows: 0.787 V (Pt2Ru3/

RC1000ac58) > 0.775 V (Pt2Ru3/RC800ac62) > 0.748 V (commer-

cial catalyst) > 0.666 V (Pt2Ru3/RC200ac58).

The cell using Pt2Ru3/RC200ac58 generate the lowest

voltage among the catalysts tested. After 100 ppmCO ismixed

with the H2 flow. The cell voltage of Pt2Ru3/RC1000ac58 is

slightly decreased by 4%, from 0.787 V to 0.758 V, after 2 h.

Voltage of Pt2Ru3/RC800ac62 is also decreased by 8%, from

0.775 V to 0.721 V, after 2 h. The cell voltage of the commercial

Pt2Ru3 catalyst and Pt2Ru3/RC200ac58 are 0.719 V and 0.287 V,

respectively.

The cell voltage of the commercial catalyst significantly

decreased when the CO concentration is increased to

500 ppm. Constant current densitywas kept at 0.2 A cm�2 with

feeding H2 contaminated with 500 ppm CO for 2 h. Potential

difference decrease by 24%, from 0.748 V in pure H2 to 0.567 V.

Interestingly, voltage of Pt2Ru3/RC1000ac58 and Pt2Ru3/

RC800ac62 slightly decrease by 8% and 11% to 0.726 V and

0.721 V, respectively. On the other hand, cell voltage of Pt2Ru3/

RC200ac58 drastically decreases.

Finally, H2 contaminated with 2000 ppm CO is fed. The cell

using Pt2Ru3/RC1000ac58 showed the highest CO tolerance;

potential difference decreased by 17%, from 0.787 V in pure H2

to 0.655 V. The cell voltage of Pt2Ru3/RC800ac62 decreased

from by 21%, 0.775 Ve0.615 V, while the voltage for the com-

mercial catalyst significantly decreases by 47.3%, from 0.748 V

to 0.394 V.

Fig. 2 e PXRD patterns of commercial Pt2Ru3 catalyst and

prepared catalysts.

Fig. 3 e STEM images: (A) commercial Pt2Ru3/C, (B) Pt2Ru3/RC200ac58, (C) Pt2Ru3/RC800ac62 and (D) Pt2Ru3/RC1000ac58.
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The cell voltage of Pt2Ru3/RC1000ac58 and Pt2Ru3/

RC800ac62 are higher than that of the commercial catalyst at

all levels of CO contamination. Especially, in the presence of

2000 ppm CO, the potential difference of Pt2Ru3/RC800ac62 is

about 0.22 V higher than that of the commercial catalyst.

Effect of PtRu loading and Nafion mixing on pore volume

As the results showed above, there are no significant differ-

ences in crystallite size, alloying degree, and surface area

among the catalysts, but their CO tolerance was significantly

different. In order to explain this difference, the pore volume

of the samples at each preparation step (carbon support, after

PtRu loading and after mixing with Nafion) is measured.

As shown in Table 2, the mesopore volumes of all RFCs

(calculated by DH plot) decrease by 50e60% after PtRu loading.

The volume of mesopores after PtRu loading of commercial

Pt2Ru3 catalyst (0.77 cm3 g�1) is larger than that of Pt2Ru3/

RC200ac58 (0.34 cm3 g�1). The pore size distribution is shown

in Fig. 5. All samples were mixed with Nafion. The mesopore

volume of both the commercial Pt2Ru3 catalyst and Pt2Ru3/

RC200ac58 decrease drastically, by 94% and 68%, respectively.

On the other hand, the mesopore volumes of Pt2Ru3/

RC800ac62 and Pt2Ru3/RC1000ac58 decrease by 49% and 50%

aftermixingwith Nafion, respectively. Themesopore volumes

of Pt2Ru3/RC800ac62 and Pt2Ru3/RC1000ac58 are about 5 times

larger than that of Pt2Ru3/RC200ac58 at this stage. Fig. 6 shows

that Pt2Ru3/RC800ac62 and Pt2Ru3/RC1000ac58 still have a

large volume of mesopores after mixing with Nafion. By

contrast, the mesopore volume of the commercial catalyst

after mixing with Nafion is very low. Pt2Ru3/RC200ac58 con-

tains only small mesopores (smaller than 10 nm).

Diffusivity

As explained in the previous section, catalysts on synthesized

using carbons with larger mesopore volumes exhibited a

higher CO tolerance. It remains elusive why the catalysts

having large mesopore volume exhibit a higher CO tolerance.

However, because mass transfer within mesopores is gener-

ally dictated by Knudsen diffusion, which is proportional to

the diameter of mesopores, faster mass transfer of reactants

and products may account for it.

After the catalyst had been mixed with Nafion, the meso-

pore volume increased with the increasing R/C ratio. Fig. 7

Fig. 4 e Effect of CO concentration on cell voltage at

0.2 A cm¡2. Cell temp.: 70 �C; Electrolyte: Nafion® NRE 212;

Cathode: Pt/C (0.5 mg cm¡2); O2 humidified at 68 �C; Flow
rate: 80 mL min¡1; Anode: Pt2Ru3/C (0.5 mg-PtRu cm¡2); H2

containing 0, 100, 500, 1000 and 2000 ppm CO humidified

at 70 �C; Flow rate: 80 mL min¡1. (A) Pt2Ru3/C commercial

catalyst, (B) Pt2Ru3/RC200ac58, (C) Pt2Ru3/RC800ac58, (D)

Pt2Ru3/RC1000ac58.

Table 2 e Mesopore volumes of the catalysts at different synthesis stages.

Sample Volume of mesopore after
PtRu loading (cm3 g�1)

Decrease (%) Volume of mesopore after
Nafion mixing (cm3 g�1)

Decrease (%)

RC200Ac58 0.34 55 0.11 68

RC800Ac62 0.92 60 0.47 49

RC1000Ac58 1.02 51 0.51 50

Commercial catalyst 0.77 N/A 0.05 94

Fig. 5 e Pore size distribution of all Pt2Ru3 catalysts after

deposition of PtRu: (A) Pt2Ru3/C commercial catalyst, (B)

Pt2Ru3/RC200ac58, (C) Pt2Ru3/RC800ac58 and (D) Pt2Ru3/

RC1000ac58.
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shows the effect of mesopore volume on CO tolerance and

diffusivity for all samples after Nafion mixing. The diffusivity

shown here is calculated using Knudsen's equation based on

the modal size of the meropores of the catalyst after Nafion

mixing. Diffusivity of CO within Pt2Ru3/RC1000ac58 and

Pt2Ru3/RC800ac62 are much higher (D ¼ 0.056 cm2 s�1) than

that within Pt2Ru3/RC200ac58 (D ¼ 0.007 cm2 s�1) and the

commercial catalyst (D ¼ 0.014 cm2 s�1).

It is clear that high-CO tolerant Pt2Ru3/RC1000ac58 and

Pt2Ru3/RC800ac62 have larger mesopores. The larger size of

mesopores enables faster diffusion of all gases when

compared with the mesopores in Pt2Ru3/RC200ac58 and the

commercial catalyst. The commercial catalyst has a bimodal

pore distribution, meaning it has two representative diffusion

parameters, but we will focus only on that of its mesopores

since macropores are not related to the diffusion near the

active sites. Consider the water gas shift reaction (WGSR);

COþH2O>CO2 þH2 (1)

By nature of exothermic reactions, the WGSR equilibrium

largely shifts to the right side at low temperature of 70 �C [46]

in the presence of excess water, yielding an empty surface site

on the PteRu alloy [47]. Moreover, the modal size and volume

of mesopores of Pt2Ru3/RC1000ac58 and Pt2Ru3/RC800ac62 are

much larger than those of others, resulting in a higher diffu-

sivity of CO. Pt2Ru3/RC1000ac58 has little lager volume of

mesopore than Pt2Ru3/RC1000ac58 and also better perfor-

mance than Pt2Ru3/RC1000ac58. Therefore, rate of water-gas

shift reaction was enhanced. Since CO is effectively oxidized

by this reaction, HOR progressed effectively even in the

presence of high-concentration CO.

Conclusions

Pt2Ru3 anode catalysts were prepared using RFCs prepared at

various R/C ratios (i.e., 200, 800 and 1000). The prepared cat-

alysts have similar physical properties such as alloying de-

gree, PtRu size and BET surface area, but the catalysts

exhibited significantly different CO tolerances. In addition, the

catalysts, which have large volumes of mesopores withmodal

size as large as 50 nmafter Nafionmixing, exhibited higher CO

tolerance, suggesting the importance of these mesopores for

CO tolerance. Effective CO removal due to the high diffusivity

in large mesopores enhances the CO tolerance of the MEA.
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Wataru Ueda*

Abstract: The application of nanocatalysis based on metal
oxides for biomass conversion is of considerable interest in
fundamental research and practical applications. New acidic
transition-metal oxide molecular wires were synthesized for the
conversion of cellulosic biomass. The ultrafine molecular wires
were constructed by repeating (NH4)2[XW6O21] (X=Te or Se)
along the length, exhibiting diameters of only 1.2 nm. The
nanowires dispersed in water and were observed using high-
angle annular dark-field scanning transmission electron mi-
croscopy. Acid sites were created by calcination without
collapse of the molecular wire structure. The acidic molecular
wire exhibited high activity and stability and promoted the
hydrolysis of the glycosidic bond. Various biomasses including
cellulose were able to be converted to hexoses as main
products.

The construction of molecular wires by polymerizing
a molecular fragment in length direction while maintaining
a molecular-level size in the other two dimensions has
attracted much attention. Organic molecular wires are
widely used.[1] However, inorganic molecular wires are rare
and difficult to obtain.[2] The assembly of metal–oxygen
octahedra is an ideal method for preparing well-crystallized
solids based on a one-dimensional (1D) molecular structure.[3]

Recent progress indicates that inorganic molecular wires can
be obtained using a “top-down” approach, resulting in a new
class of metal oxide molecular wires.[4] Therefore, this new
field, although full of challenges, is receiving intense inves-
tigation.

Biomass utilization is important, owing to increasing
attention on energy resource consumption for a sustainable
society and development.[5] The condensation of glycosidic
bonds forms a large class of cellulosic biomass, typically
cellulose, and the conversion of cellulosic biomass into useful
chemicals is one of the most important biomass conversion
routes.[6] The first step is hydrolysis of a glycosidic bond to
form hexoses, which can be further transformed to other
chemicals. Brçnsted acids are active for glycosidic bond
hydrolysis. Various Brçnsted acids have been utilized for the
hydrolysis of cellulose, including traditional liquid acids and
heteropoly acids[7] as homogeneous catalysts as well as carbon
materials,[8,10] sulfonated resins,[9] zeolites,[10] solid super
acids,[10] and transition-metal oxides[11] as heterogeneous
catalysts. However, the current catalytic systems suffer from
many problems that need to be overcome. These limitations
include low catalytic activity, high catalyst loading, high
reaction temperature, long reaction time, and difficulty with
catalyst recycling.

A molecular wire based on metal oxide shows promise as
solid acids owing to several advantages, such as nanosize, high
stability, structure diversity, composition complexity, and
tunable properties. The design and development of a metal
oxide molecular wire with high acidity and stability are
expected to exhibit high activity for catalytic cellulosic
biomass conversion.

Herein, we report the successful design and synthesis of
acidic solid molecular wires based on tungstotellurate (W-Te
oxide) and tungstoselenate (W-Se oxide) and their applica-
tion for cellulosic biomass conversion. The structure of the
materials was confirmed by high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
combined with other characterization techniques. Single
molecular wires with a diameter of 1.2 nm were observed by
electron microscopy and atomic force microscopy (AFM). W-
Te oxide shows high thermal and hydrothermal stability and
acted as a robust acid catalyst for hydrolysis of cellulosic
biomass to produce hexoses.

The hydrothermal reaction of (NH4)6[H2W12O40] and
TeO2 or SeO2 under low pH conditions (ca. 1.5) resulted in
gel-like yellow products, indicating that the particle size in the
materials was small. The as-synthesized materials adsorbed
a large amount of water. After the materials were dried at
80 8C, the volume of the material substantially decreased
(Supporting Information, Figure S1). Powder X-ray diffrac-
tion (XRD) patterns exhibited broad peaks, indicating that
the crystallinity of the materials was low (Figure 1). The
precursor pH affected the resulting products. As shown in the
Supporting Information, Figure S2, the W-Te oxide synthe-
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sized at a high pH (ca. 5) was a crystalline sample, denoted as
crystalline-W-Te oxide. A decrease in the pH value of the
precursor solution by less than 1.0 produced a material that
had a different phase from that of W-Te oxide. For W-Se
oxide, a high pH precursor did not yield a solid compound but
a low pH yielded the same crystalline phase that was obtained
for W-Te oxide.

The XRD pattern of the crystalline-W-Te oxide was
indexed with a hexagonal cell (a= 12.6798 �, c= 3.8192 �),
which was similar to that of Mo oxide molecular wire based
crystals (Supporting Information, Figure S3).[4] The main
XRD peaks of W-Te oxide and W-Se oxide can also be
indexed to nearly the same unit cell, indicating that these
materials have the same structure as that of crystalline-W-Te
oxide (Figure 1A). The broad diffraction peaks of the
materials may be due to the small size of the particles in the
material. The particle size of the materials was estimated by
Scherrer�s equation, showing ca. 15 nm in length along the c-
axis and ca. 9 nm in diameter across the a-b plane (Supporting
Information, Figure S4). The FTIR spectra of W-Te oxide, W-
Se oxide, and crystalline-W-Te oxide were identical (Fig-
ure 1B), and the FTIR spectra of the W-based oxide were
similar to those of the Mo-based oxide (Supporting Informa-
tion, Figure S3).[4] Therefore, the molecular structures of the
materials were basically the same.

Elemental analysis indicated that the N:W:Te or Se ratio
was 2:6:1. X-ray photoelectron spectroscopy (XPS; Support-
ing Information, Figure S5) showed that the W ions in both
materials wereWVI, and the Te and Se ions were TeIVand SeIV,
respectively, for the W-Te oxide and W-Se oxide, respectively.
The UV/Vis spectra of the materials also indicated that the W
ion in both materials was WVI, because no absorbance
between 500 and 800 nm was observed owing to the reduced
W species (Supporting Information, Figure S6).[12] The chem-
ical formulae for W-Te oxide and W-Se oxide were estimated
to be (NH4)2[Te

IVWVI
6O21] and (NH4)2[Se

IVWVI
6O21]. The

reactions for producing these materials can be expressed as
follows:

½H2W
VI

12O40�6� þ 2TeIVO2 Ð 2 ½TeIVWVI
6O21�2� þ 2OH�

½H2W
VI

12O40�6� þ 2 SeIVO2 Ð 2 ½SeIVWVI
6O21�2� þ 2OH�

The structure of crystalline-W-Te oxide was determined
by the XRD pattern (Supporting Information, Tables S1–S3).
The initial structure was refined by the Rietveld method. The
simulated pattern was similar to the experimental pattern,
indicating that the proposed structure was correct (Support-
ing Information, Figure S7).[4]

The structure was confirmed by HAADF-STEM.[13] The
cross sectional image of the W-Te oxide (Figure 2a) shows

hexagonal units attributable to [TeW6O21]
2� and their hex-

agonal array with a periodicity of ca. 1.2 nm. The side views of
W-Te oxide (Figure 2b,c) show that the hexagonal units are
stacked with a layer distance of ca. 0.4 nm to form a molecular
wire. The atomic positions observed in Figure 2a–c are in
good agreement with the proposed structures (Figure 2 right)
and that of crystalline-W-Te oxide. The side view of W-Se
oxide (Figure 2d) also shows a lattice fringe with a spacing of
ca. 0.4 nm owing to the stack of the hexagonal units
([SeW6O21]

2�). A single molecular wire with a diameter of
ca. 1.2 nm was observed in the end of a bundle of molecular
wire.

Themorphology of solid-stateW-Te oxide andW-Se oxide
was observed by scanning electron microscopy (SEM;
Supporting Information, Figure S8). The crystalline-W-Te
oxide had a uniform diameter of ca. 200 nm. The nanowire
samples exhibited irregularly shaped particle aggregation. N2

adsorption–desorption measurement indicated the presence
of nanoparticles in the solid states (Supporting Information,
Figure S9). After dispersal, the surface areas of the materials
are expected to increase substantially.

W-Te oxide and W-Se oxide easily formed nanowires by
simply dispersing the samples in water by ultrasound or
heating. The SEM and transmission electron microscopy
(TEM) images show the ultrathin nanowires after dispersal in
water (Figure 3; Supporting Information, Figure S10). Single
molecular wires with diameters of about 1–2 nm can be easily
obtained, as shown in the typical high-resolution (HR)-TEM
images (Figure 3e,f).

The diameters of the materials after dispersal were further
analyzed by AFM. The AFM images of the materials after

Figure 1. A) XRD patterns and B) FTIR spectra of a) W-Te oxide, b) W-
Se oxide, and c) crystalline-W-Te oxide.

Figure 2. High-resolution HAADF-STEM images (left) and proposed
structures (right) of a) W-Te oxide in the a-b plane, b) in the (100)
plane, c) in the (2�10) plane, and d) W-Se oxide along the c-axis
(dashed line indicates the unit cell ; W blue, Te/Se brown, O red).
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dispersal indicated the presence of nanowires (Figure 4). In
most cases, the nanowire consisted of an aggregation of
several single molecular wires with a diameter less than 5 nm.
A single molecular wire with the thickness of ca. 1.2 nm were
also observed. All of the microscopy observations were
conducted after the solution with the molecular wire was
dried, and therefore particle aggregation could not be
completely avoided.

FTIR spectra of the materials contained bands at ca. 1620
and 1400 cm�1, which correspond to H2O and NH4

+, respec-
tively (Figure 1). H2O and NH4

+ were near the molecular
wires and could be removed by calcination. Thermogravi-

metric-differential thermal analysis (TG-DTA) indicated that
8.5% and 10.7% weight losses were observed for W-Te oxide
and W-Se oxide, respectively, during the heat treatment
(Supporting Information, Figure S11). The desorption of NH3

(m/z= 16) reached a peak maximum at 400 and 430 8C for W-
Te oxide and W-Se oxide, respectively, in temperature-
programmed desorption-mass spectrometry (TPD-MS; Sup-
porting Information, Figure S12).

The thermal stability of W-Te oxide and W-Se oxide was
evaluated. The materials were calcined under air at different
temperatures for 2 h. W-Te oxide was stable at 350 8C. The
XRD patterns and FTIR spectra (Supporting Information,
Figure S13a,b) of the materials calcined below 350 8C did not
change. A further increase in the calcination temperature
generated material that exhibited different XRD peaks and
IR bands, which indicated damage to the original structure.
For W-Se oxide, the thermal stability was lower than that of
W-Te oxide. The material started to decompose at 300 8C
(Supporting Information, Figure S13c,d).

The amount of NH3 removed from W-Te oxide and W-Se
oxide by calcination at 350 8C and 300 8C, respectively, was
estimated by TPD-MS (Supporting Information, Figure S12),
and the calcined samples are referred to W-Te-AC350 and W-
Se-AC300, respectively. After calcination, about 50% of the
NH3 was removed. We assume that desorption of NH3 from
the material produced proton in the materials as acid sites.
The chemical formulae of the calcined materials were
estimated to be (NH4)[HTeW6O21] and (NH4)[HSeW6O21]
for W-Te-AC350 and W-Se-AC300, respectively.

Hydrothermal stabilities of W-Te-AC350 and W-Se-
AC300, were tested at 175 8C for 2 h. After the treatment,
the dispersed materials were recovered by evaporating all of
the H2O (Supporting Information, Figure S14). W-Te-AC350
was stable, and the structure did not change after the
hydrothermal treatment. By contrast, the structure of W-Se-
AC300 changed under the same conditions.

W-Te-AC350 was characterized and used as an acid
catalyst for biomass hydrolysis in an aqueous solution. TEM
(Supporting Information, Figure S10e,f) and AFM (Fig-
ure S15) images indicated that W-Te-AC350 formed well-
dispersed nanowires after hydrothermal treatment. Size
distribution based on TEM indicated that the distribution
maximum for diameter and length was 2–3 nm and 40–60 nm,
respectively (Figure S16). Oxidation states of W and Te were
WVI and TeIV (Figure S5). Elemental analysis and TG-DTA
(Figure S11c) showed the ratio N:W:Te was 1:6:1, which was
identical to the formula of (NH4)[HTeIVWVI

6O21]·2H2O.
Using NH3 as a probe molecule combined with TPD
showed that the acid amount of the material was
0.41 mmolg�1 in solid state (Figure S17). Titration showed
that the acid concentration of the dispersed material was
0.80 mmolg�1.

As shown in Table 1, cellobiose was hydrolyzed by W-Te-
AC350 at 130 8C for 4 h under hydrothermal conditions, and
glucose was obtained as the main product with a high yield
(90.5%). Other soluble polysaccharides, such as sucrose and
starch, were converted into glucose under the same conditions
(Table 1, entries 2,3). Compared with the reported catalyst,
W-Te-AC350 exhibited high activity for hydrolysis of poly-

Figure 3. Electron microscopy images of the dispersed materials:
a) SEM and b) TEM images of W-Te oxide; c) SEM and d) TEM images
of W-Se oxide; HR-TEM images of e) W-Te oxide and f) W-Se oxide.
The dispersed samples were prepared in water followed by sonication
for 1 h, and then the solution was dropped on a TEM grid and dried.

Figure 4. AFM images of a) W-Te oxide and b) W-Se oxide, top:
thickness analysis indicated by yellow dashed lines in the AFM images.
The sample was prepared using the same method as used for the TEM
images.
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saccharides (Supporting Information, Tables S4 and S5).
Cellulose is more difficult to convert and was hydrolyzed at
175 8C for 2 h. Hexoses (glucose and mannose) were the
primary products. Some other products were detected, such as
5-hydroxymethylfurfural (HMF), levulinic acid, and formic
acid. Ball-milling can decrease the crystallinity of cellulose
(Supporting Information, Figure S18) and activate the cellu-
lose.[14] The activity of the reaction increased using the ball-
milled cellulose (Table 1, entries 5,6). In the absence of the
catalyst, no products were detected (Table 1, entry 7).

The catalytic activities of different materials were inves-
tigated for comparison with W-Te-AC350. As shown in the
Supporting Information, Table S6, under the same conditions,
W-Te-AC350 was more active for microcrystalline cellulose
conversion than other solid acids based on the amount of acid.
Moreover, the activity of W-Te-AC350 was comparable to
homogeneous catalysts (Supporting Information, Table S6).

The calcination temperature affected the catalytic activity
of W-Te-AC350. As shown in the Supporting Information,
Figure S19, the as-synthesized material exhibited low activity,
and an increase in the calcination temperature enhanced the
activity. When the calcination was conducted at 350 8C, the
highest activity was obtained. This result demonstrated that
acid sites were generated by calcination. However, a further
increase in the calcination temperature (400 8C) deactivated
the catalyst, which was most likely due to structural decom-
position of the material at a high temperature. Therefore,
maintaining the nanowire structure is a key factor for high
catalytic activity.

The catalyst concentration was investigated. As the
catalyst concentration increased, the total detected products
increased, and hexoses tended to be further converted into
other products, such as levulinic acid and formic acid. A
decrease in the catalyst concentration effectively increased
the selectivity to hydrolysis products (Supporting Informa-
tion, Figure S20). Prolonging the reaction time yielded more
organic acids and HMF, although the total yield of detected
products increased (Supporting Information, Figure S21). A
decrease in the reaction temperature decreased the activity
and effectively suppressed the conversion of the generated
hexoses. The selectivity to hexose increased at a low reaction
temperature (Supporting Information, Figure S22).

The catalyst can be reused. Elemental analysis indicated
that 47% of the catalyst was recovered by a low-speed
centrifugation (9800 G, 1 h). The activity of the catalyst was

low (Supporting Information, Figure S23). TEM (Supporting
Information, Figure S10 i,j) and the size distribution (Sup-
porting Information, Figure S16) indicated that some nano-
wires were still in the solution. When a high-speed centrifu-
gation condition (48000 G, 24 h) was used, a higher activity of
the recovered catalyst was achieved.

The high catalytic activity of W-Te-AC350 was primarily
due to two factors: ultrafine nanosized catalyst particles after
dispersal and the strong interactions between the catalyst and
the biomass. W-Te-AC350 could be well dispersed in water
under hydrothermal conditions (175 8C, 2 h). After the
hydrothermal treatment, the photographic images indicated
that the solution containing the material became transparent
and exhibited laser scattering, which indicated that the
material dispersed and formed ultrafine nanowires in water
(Supporting Information, Figure S24a,b). For a sample with
a low concentration, the laser scattering phenomenon still
existed after the hydrothermal treatment (Figure S24c,d),
indicating that the material was not dissolved in water but
dispersed. Before and after the hydrothermal treatment,
dynamic light scattering (DLS) was conducted for W-Te-
AC350, and the results revealed that after the hydrothermal
treatment, the particle size of the material decreased (Sup-
porting Information, Figure S25). The SEM and TEM images
(Figure S10e,f) revealed that W-Te-AC350 remained a nano-
wire. After the hydrothermal treatment, W-Te-AC350 was
dried at �30 8C under high vacuum. The surface area of the
dispersed W-Te-AC350 (15 m2g�1) was higher than that of the
as-synthesized W-Te oxide (Supporting Information, Fig-
ure S9). The adsorption under low pressure demonstrated the
existence of micropores that may be due to the gap formed by
isolated molecular wires. The calcined crystalline-W-Te oxide
(Supporting Information, Figure S26) exhibited a lower activ-
ity than that of W-Te-AC350, which indicated that the
nanosized material exhibited improved activity for the
reaction (Supporting Information, Table S6, entry 2). All of
the results demonstrated that the hydrothermal treatment
promoted dispersal of the material in water and increase in
the surface area.

Four oxygen sites are present in W-Te-AC350, including
corner-sharing oxygen (O1), edge-sharing oxygen (O2), layer-
sharing oxygen (O3), and terminal oxygen (O4), for proto-
nation without considering the interactions between protons
with NH4

+ (Supporting Information, Figure S27). When O2
was protonated, the system energy was the lowest among all

Table 1: Biomass hydrolysis by W-Te-AC350 under different conditions.[a]

Entry Biomass t [h] T [8C] Conversion [%] Yield based on carbon [%] Total yield of organics [%]
glucose mannose formic acid levulinic acid HMF

1 cellobiose 4 130 93.1 90.5 0 0.1 0.1 0.7 91.4
2 sucrose 4 130 99 43.9 1.9 3.3 15.1 7.8 72.0
3 starch 4 130 – 78.4 0.2 0.5 1.0 1.2 81.3
4 microcrystalline cellulose[b] 2 175 – 8.8 2.9 0.5 1.1 0.7 14.0
5 ball-milled cellulose 2 175 – 19.0 7.2 0.7 2.5 1.2 30.6
6 ball-milled cellulose[c] 2 175 – 25.8 7.8 3.0 8.5 2.0 47.1
7 microcrystalline cellulose[d] 2 175 – 0 0 0 0 0 0

[a] Reaction conditions: biomass: 0.308 mmol based on glucose unit, W-Te-AC350: 0.05 g, water 0.5 mL. [b] Carbon balance was 86.7% (see details in
the Supporting Information). [c] cellulose: 0.185 mmol. [d] Without catalyst.
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of the models, which indicated that O2 was the most likely
position for protonation. The interaction between cellulose
and the materials was simulated using cellobiose as a model
molecule. The hexagonal unit with protonated O2 was used as
a model for the catalyst. A Monte Carlo simulation (Support-
ing Information, Figure S28) showed that cellobiose inter-
acted with the lattice oxygen, NH4

+, and the proton of the
molecular wire with the distance between O and H shorter
than 3 �, indicating that strong or medium hydrogen bonds
existed between the catalyst and cellobiose. The interaction
between W-Te-AC350 and cellobiose was investigated using
1H NMR (Supporting Information, Figure S29). When only
cellobiose was present, peaks corresponding to the hydroxyl
groups of cellobiose were observed by 1H NMR.[15] After the
addition of W-Te-AC350 to the cellobiose solution, the peaks
corresponding to hydroxyl group of cellobiose was broad-
ened, indicating fast proton exchange between the molecular
wire (W�OH) and cellobiose (�OH) as well as the existence
of an interaction between the catalyst and the biomass.

In summary, an acidic nanocatalyst based on a W-oxide
molecular wire was synthesized and characterized. The
structure of the molecular wire was confirmed using an
atomic-resolution HAADF-STEM image combined with
XRD, FTIR, XPS, TPD, TG, and elemental analysis, and
the result indicated that the growth of a hexagonal unit,
(NH4)2[TeW6O21] or (NH4)2[SeW6O21], resulted in the for-
mation of an inorganic 1D polymer. W-Te oxide exhibited
high thermal and hydrothermal stability and was acidified by
calcination. The acidic molecular wire was dispersed in water
and acted as an efficient catalyst for biomass hydrolysis to
produce hexoses.
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a b s t r a c t

Layered-type tungsten and tantalum oxides (W–Ta–O) were synthesized by the hydrothermal method.
The synthesized W–Ta–O showed characteristic peaks at 2h = 22.7� and 46.2� in an X-ray diffraction pat-
tern (Cu Ka), indicating linear corner sharing of MO6 (M =W, Ta) octahedra in the c-direction. The same
layered-type materials were obtained with a wide range of W and Ta composition ratios using soluble
Lindqvist-type tantalum polyoxometalate (Na8(Ta6O19)�24.5H2O). Na+ cations of as-synthesized W–Ta–
O were replaced with NH4

+ and then calcined at 500 �C to form Brønsted acid sites. The catalytic activity
of W–Ta–O increased with increasing W ratio, suggesting that strong acid sites were generated. From
Raman and adsorption measurements of W–Ta–O with various crystalline structures, it was revealed that
the crystalline motif of W–Ta–O in the a–b plane was an interconnection of MO6 (M =W, Ta) octahedra
and {M6O21} pentagonal units and micropore channels, but without long-range order.

� 2016 Elsevier Inc. All rights reserved.

1. Introduction

Complex metal oxides of transition metals are important
inorganic materials as catalysts and ceramics. It is expected that
the demand for solid acid catalysts will increase because they are
reusable and readily separable from the liquid phase. One of the
typical solid acid catalysts is niobium oxide. Hydrated niobium
oxide (Nb2O5�nH2O, niobic acid) has high acid strength
(H0 6 �5.6) and has Lewis and Brønsted acidity. Niobium oxide
(or hydrated niobium oxide) has been widely used as a water-
tolerant solid acid catalyst [1–5].

In parallel with studies on solid acid catalytic activity and the
structure of acid sites for Nb2O5�nH2O, interest has also been
shown in tantalum oxide (Ta2O5�nH2O). The formation mecha-
nisms of acid sites are similar for Ta2O5�nH2O and Nb2O5�nH2O
and, moreover, the strength of the acid and thermal stability of
Ta2O5�nH2O are higher than these of Nb2O5�nH2O [6]. Ushikubo
reported that a Lewis acid is formed mainly in the absence of water
for Ta2O5�nH2O and that a Brønsted acid is formed by steam treat-
ment at 100 �C [7]. Tanaka and Shishido and co-workers [8,9]
reported that a Ta2O5/Al2O3 catalyst prepared by an impregnation
method showed solid acidity and high thermal stability. Brønsted

acids were generated by a two-dimensional Ta–O–Ta network con-
sisting of TaO6 units having distorted octahedral symmetry.

To enhance the solid acidity, modification of Ta2O5�nH2O by sul-
fate and synthesis of a complex oxide catalyst have been investi-
gated. Domen et al. reported a W–(Nb, Ta)–O layered complex
oxide synthesized by a solid state method [10]. Brønsted acid sites
are formed on the monolayer surface by proton exchange treat-
ment. Tungsten oxide is a class of solid acids, which form tungsten
bronze based on octahedra structure [11]. The formation of com-
plex oxides between MV (Group 5 elements) and tungsten or the
replacement of W in theWO3 structure with MV enhances the solid
acidity and the catalytic performance [12]. The acidity of these cat-
alysts has been shown to be attributable to bridging hydroxyl
groups M–(OH)–M0 (M = Nb or Ta, M0 = Mo or W), representing a
strong Brønsted acid site [9,13,14].

We have studied the relationship between the crystalline struc-
ture of complex metal oxides and their catalytic activity [15–17].
Studies on crystalline metal oxides of Mo3VOx have demonstrated
that the oxidation activities depend on their crystalline arrange-
ment of pentagonal {Mo6O21} units and MO6 octahedra in the
a–b plane. These materials contain heptagonal channels in their
structures. For the synthesis of these catalysts, the formation of
pentagonal {Mo6O21} units in the precursor solution was impor-
tant, and the pentagonal units assembled further into a complex
metal oxide under hydrothermal conditions [18]. A complex metal
oxide that possess a similar layered structure in the c-direction by

http://dx.doi.org/10.1016/j.jcat.2016.04.007
0021-9517/� 2016 Elsevier Inc. All rights reserved.
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corner sharing of MO6 (M = Mo, W, V, Ta, Nb) octahedra has been
synthesized by a hydrothermal method [19–21]. These catalysts
were found to function as solid acids, the properties of which were
understood from a structural point of view.

We report here the synthesis of W–Ta–O by a hydrothermal
process from ammonium metatungstate and tantalic acid or
tantalum Lindqvist-type polyoxometalate (Na8(Ta6O19)�24.5H2O)
precursors. The Lindqvist-type polyoxometalate is a simple struc-
ture formed by TaO6 octahedra and it can be synthesized under
basic conditions [22,23]. The complex oxide W–Ta–O having a
novel crystal structure can be synthesized by the assembly of
MO6 units. The obtained W–Ta–O samples were octahedra-based
layered-type materials. We demonstrated the relationships
between their crystalline structure and their catalytic activity
and acidity.

2. Experimental

2.1. Synthesis of Na8(Ta6O19)�24.5H2O

Lindqvist-type polyoxometalate (Na8(Ta6O19)�24.5H2O) was
prepared according to the literature [23]. First, 2.5 g (5.7 mmol)
Ta2O5 was calcined with 4.3 g (0.11 mol) NaOH in an alumina cru-
cible at 400 �C for 5 h. The resulting sample was treated with 30 mL
of cold water and then stirred for 30 min while cooling in an ice
bath. Distilled water (120 mL) was added to the liquid, and the liq-
uid was separated by centrifugation for 10 min at 1500 rpm. The
obtained solid was dried under vacuum. The collected solid was
refluxed with distilled water (80 mL) at 80–85 �C until the solution
became clear. After the transparent solution was filtered,
the filtrate was placed in a refrigerator for 1 day. The obtained
Na8(Ta6O19)�24.5H2O crystal was filtered and dried in air overnight.

2.2. Preparation of W–Ta–O samples

W–Ta–O oxides were synthesized by a hydrothermal method
from ammonium metatungstate (AMT, (NH4)6H2W12O40�nH2O)
and several Ta precursors. Typically, the Ta precursor (2.7 mmol
based on Ta) was added to 25 mL of water and dispersed by ultra-
sonic agitation for 10 min. AMT (Nippon Inorganic Colour & Chem-
ical Co.) containing 2 mmol W was dissolved in 20 mL of deionized
water and then the W precursor solution was added to the Ta dis-
persed liquid. Then the mixture was sealed in a 60 mL Teflon liner
stainless steel autoclave. Hydrothermal treatment was carried out
at 175 �C for 3 days. The obtained solid was filtered, washed thor-
oughly with deionized water, and dried at 80 �C overnight.
Lindqvist-type polyoxometalate (Na8(Ta6O19)�24.5H2O), Ta2O5�
nH2O (Mitsuwa Chemical), Ta2O5 (Wako), TaCl5 (Wako), TaF5
(Wako), Ta oxalate solution (H. C. Stark), and K(TaO3) (Alfa Aesar)
were used as Ta precursors, and the obtained W–Ta–O samples
were denoted as WxTayO (TaL), WxTayO (TaA), WxTayO (TaO),
WxTayO (TaCl), WxTayO (TaF), WxTayO (TaOxa), andWxTayO (KTaO),
respectively. The elemental ratios (x =W/(W + Ta), y = Ta/(W + Ta))
were measured by ICP for the synthesized W–Ta–O samples. For
W–Ta–O(TaCl), the elemental ratio of the precursor was repre-
sented because the obtained sample did not dissolve in the mixed
solution of HF and HNO3. The samples were calcined at 500 �C for
2 h under air before use as catalysts. The rate of temperature
increase was 10 �C min�1 from room temperature.

As-synthesized material (WxTayO (TaL), 0.3 g) was dispersed in
15 mL of NaCl solution (0.1 mol L�1) for ion-exchange treatment.
The dispersed sample was stirred at 80 �C for 8 h. The resulting
solid was collected by filtration. Then the sample was washed with
water (3 � 100 mL) and dried at 80 �C overnight. The obtained
sample was denoted as Na+–WxTayO (TaL). A WxTayO (TaL) sample

treated with NH4Cl solution was denoted as NH4
+–WxTayO (TaL).

NH4
+–WxTayO (TaL) was prepared by ion-exchange treatment of

WxTayO (TaL) in 15 mL of NH4Cl solution (0.1 mol L�1) at 80 �C
for 8 h.

To compare the relationships between crystalline structure and
catalytic activity, various crystalline W–Ta–O samples were syn-
thesized. Tetragonal Ta16W18O94 was obtained by calcination of
W58Ta42O(TaA) at 1100 �C for 6 h. Orthorhombic Cs0.5[Ta2.5W2.5]
O14 was synthesized according to the literature for orthorhombic
Csx(Nb,W)5O14 [24]. Cs2CO3, Ta2O5�nH2O, and AMT (Cs:Ta:
W = 1:5:5) were dispersed in 40 mL of distilled water. The mixture
was stirred and dried at 60 �C, and Cs–W–Ta powder was obtained.
The powder was calcined at 1100 �C for 6 h to obtain orthorhombic
Cs0.5[Ta2.5W2.5]O14. Pyrochlore W–Ta–O was synthesized by a
hydrothermal method. AMT (W: 2 mmol) and Ta2O5�nH2O
(2.7 mmol) precursors were added to 45 mL of water and dis-
persed. The pH of the mixture liquid was adjusted to 10.3 using
NH3 solution. Then the mixture was sealed in a 60 mL Teflon liner
stainless steel autoclave. Hydrothermal treatment was carried out
at 175 �C for 3 days. Hexagonal WO3 was synthesized by the same
hydrothermal method from only the AMT precursor.

2.3. Alkylation reaction

A 50 mL round-bottomed three-necked flask equipped with a
reflux condenser was used as a stirred bed reactor to test the cat-
alytic activities. Typically, a mixture of benzyl alcohol (10 mmol),
anisole (100 mmol), and an internal standard, decane (5 mmol),
was added to the reactor and the reaction temperature was
adjusted to 100 �C. Then 0.1 g of a catalyst and a Teflon-coated
magnetic stir bar were loaded into the reactor. Aliquots (each
0.1 mL) were collected at intervals. The concentrations of the reac-
tant and product were measured by gas chromatography using a
flame ionization detector (GL Science GC390B) with a ZB-1 column.

2.4. Characterization

The catalysts were characterized by the following techniques.
Elemental compositions were determined by an inductive coupling
plasma (ICP-AES) method (ICPE-9000, Shimadzu). Samples were
dissolved in a mixed acid solution of HF and HNO3. CHN powder
XRD patterns were measured with a diffractometer (RINT Ultima
+, Rigaku) using CuKa radiation (tube voltage 40 kV, tube current
20 mA). Diffractions were recorded in the range of 4–60� at
5�min�1. Morphology was investigated using a scanning transmis-
sion electron microscope (HD-2000, Hitachi) at 200 kV. The
samples were dispersed in ethanol with ultrasonic treatment for
several minutes, and drops of the suspension were placed on a cop-
per grid for STEM observations. Raman spectra were obtained
using a spectrometer (in Via Reflex, Renishaw, 2 cm�1 spectral res-
olution) under conditions of wavelength of 532 nm and collection
time of 10 s. N2 adsorption isotherms at liquid N2 temperature
were measured using an auto adsorption system (Belsorp Max,
Bel Japan) for the samples. Prior to N2 adsorption, the catalysts
were evacuated under vacuum at 300 �C for 2 h. External surface
area was calculated by a multipoint Brunauer–Emmett–Teller
(BET) method and the t method. Temperature-programmed des-
orption (TPD) of ammonia, NH3 TPD, was used to measure oxide
surface acidity. The experiment was carried out using an auto
chemisorption system (Bel Japan). The experimental procedure
was as follows. The catalyst (ca. 50 mg) was set between two layers
of quartz wool and preheated under helium (50 mL min�1) at
400 �C for 1 h. Then ammonia was introduced at 100 �C for
30 min. The desorption profile from 100 to 700 �C was recorded
with a mass spectrometer under helium flow (50 mL min�1).
Temperature-programmed decomposition mass spectrometry
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(TPD-MS) measurements were performed from 40 to 700 �C at a
heating rate of 10 �C min�1 in helium flow (50 mL min�1). The
decomposed gas molecules were monitored by a mass spectrome-
ter (Anelva, quadrupole mass spectrometer, M-100QA, Bel Japan),
collecting several mass fragments: CO2 (44), O2 (32), CO and N2

(28), H2O (18, 17, 16), and NH3 (17, 16, 15).

3. Results

3.1. Effect of Ta precursor on W–Ta–O

Fig. 1 shows XRD patterns of the W–Ta–O complex oxides
synthesized using ammonium metatungstate (AMT) and various
tantalum precursors under hydrothermal conditions. Table 1
shows the elemental compositions measured by ICP for
the obtained W–Ta–O samples. The elemental compositions of
the W–Ta–O samples obtained from Lindqvist-type polyoxometalate
(Na8(Ta6O19)�24.5H2O), Ta2O5�nH2O, and TaF5 precursors were
almost the same as the precursor ratios. The W41Ta59O (TaL),
W58Ta42O (TaA), W25Ta75O (TaOxa), and W54Ta46O (TaF) samples
showed similar XRD patterns. These samples showed XRD peaks
at 2h = 22.8� and 46.8�, indicating (001) and (002) planes. These
samples were composed of corner-shared octahedra along the

c-direction. The layer interval of W41Ta59O (TaL), W58Ta42O (TaA),
W25Ta75O (TaOxa), and W54Ta46O (TaF) was 3.9 nm. The
W57Ta43O (TaCl), W1Ta99O (KTaO), and W5Ta95O (TaO) samples
also showed diffraction peaks around 23�. However, these peaks
were based on the (001) plane of orthorhombic WO3�0.5H2O for
the W57Ta43O (TaCl) sample, cubic K(TaO3) for the W1Ta99O (KTaO)
sample, and orthorhombic Ta2O5 for W5Ta95O (TaO). The structure
of W57Ta43O (TaCl) seems to be a mixture of orthorhombic
WO3�0.5H2O based on the sharp peaks and layered structure, based
on the broad peaks from the XRD pattern. The pH of the precursor
solution was about 1, and the low pH was the reason for the forma-
tion of orthorhombic WO3�0.5H2O. The XRD patterns of W5Ta95O
(TaO) and W1Ta99O (KTaO) showed diffraction peaks derived from
the corresponding Ta precursor, and the elemental ratios of Ta
were 95% and 99%, respectively, from ICP analysis. These precur-
sors did not form a complex oxide because of the low solubility
of the Ta precursor in water.

We have reported that solid acid catalysts that have a layered-
type structure show high catalytic activity as Brønsted acids. Fig. 2
shows the results of alkylation of benzyl alcohol and anisole. All of
the catalysts were calcined at 500 �C beforehand. W58Ta42O (TaA),
W25Ta75O (TaOxa), and W54Ta46O (TaF) showed catalytic activity,
and XRD patterns showed that these catalysts had a layered struc-
ture. W57Ta43O (TaCl) also showed catalytic activity. The conver-
sion of the W1Ta99O (KTaO) sample (cubic K(TaO3)) and that of
the W5Ta95O (TaO) sample (orthorhombic Ta2O5) was very low.
The W41Ta59O (TaL) sample showed no catalytic activity; however,
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Fig. 1. XRD patterns of W–Ta–O samples synthesized from various Ta precursors
under hydrothermal conditions. 4: orthorhombic WO3�0.5H2O; j: cubic K(TaO3);
s: orthorhombic Ta2O5.

Table 1
Elemental compositions of the obtained W–Ta–O samples.

Catalyst Atomic ratio of
precursor

Atomic ratio of W–
Ta–Oa

Crystalline phase d (001)

W Ta W Ta

W41Ta59O (TaL) 57 43 41 59 Octahedra-based layered type 3.889
W58Ta42O (TaA) 57 43 58 42 Octahedra-based layered type 3.884
W25Ta75O (TaOxa) 57 43 25 75 Octahedra-based layered type 3.887
W54Ta46O (TaF) 57 43 54 46 Octahedra-based layered type 3.887
W57Ta43O (TaCl) 57 43 –b –b Orthorhombic WO3�0.5H2O, octahedra-based layered type 3.857
W1Ta99O (KTaO) 57 43 1.4 98.6 Cubic K(TaO3) 3.998
W5Ta95O (TaO) 57 43 5.3 94.7 Orthorhombic Ta2O5 3.897

a Measured by ICP.
b Sample was insoluble in aqua regia.
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Fig. 2. Alkylation over various W–Ta–O catalysts. Reaction conditions: benzyl
alcohol (10 mmol), anisole (100 mmol), catalyst (0.1 g), 100 �C, 30 min.
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after ion-exchange treatment of W–Ta–O samples, NH4–W41Ta59O
(TaL) showed catalytic activity, as we describe later.

3.2. Effect of ratio of W and Ta on W–Ta–O

The structures of W–Ta–O samples obtained from Ta2O5�nH2O,
TaF5, Ta oxalate solution, and Lindqvist-type polyoxometalate
(Na8(Ta6O19)�24.5H2O) precursors were layered-type according to
the XRD patterns, and these catalysts showed catalytic activity
for the alkylation reaction. We focused on these layered-type
materials, especially the W–Ta–O samples synthesized from Ta2O5�
nH2O and Na8(Ta6O19)�24.5H2O precursors. Ta2O5�nH2O is easy to
handle and is widely available. Lindqvist-type Na8(Ta6O19)�
24.5H2O, which possesses TaO6 octahedra in its structure, can be
synthesized under basic conditions. We have reported that the
{M6O21} assembly and MO6 octahedra unit play an important role
in the formation of a complex metal oxide [18,25]. Thus, these two
precursors were used for detailed experiments, and their behavior
was compared by changing the elemental ratios of W and Ta.

Fig. 3 shows the effects of composition ratios of W and Ta on the
XRD patterns of W–Ta–O samples synthesized under hydrothermal
conditions. The amount of Na8(Ta6O19)�24.5H2O or Ta2O5�nH2O was
fixed to 2 mmol based on Ta, and AMT concentration was changed
from 0 to 0.31M based on W. Elemental composition was analyzed
by ICP for the obtained W–Ta–O samples. Peaks at 2h = 22.8� and
46.8� derived from (001) and (002) were observed in the XRD pat-
terns in the range of W ratios from 41% to 90% for the W–Ta–O
(TaL) samples (Fig. 3a). Pyrochlore H2Ta2O6 was obtained by
hydrothermal treatment from only Na8(Ta6O19)�24.5H2O (W0Ta100
(TaL)). A difference between the Na8(Ta6O19)�24.5H2O and Ta2O5�
nH2O precursors was observed in W–Ta–O at a high W ratio. For
the W–Ta–O (TaA) samples, peaks at 2h = 22.8� and 46.8� were
observed in the range of W ratios from 0% to 67% (Fig. 3b). Small
diffraction peaks based on the hexagonal phase were observed in
the W71Ta29O (TaA) sample in addition to peaks based on the
layered-type structure, and only a hexagonal phase was obtained
in the W79Ta21O (TaA) sample. The peak of the tantalum oxide
(W0Ta100O (TaA)) at 22.7� shifted to a lower angle. The value of d
(001) for W0Ta100O (TaA) was 3.910, based on the Ta octahedra.

STEM images of W–Ta–O (TaL) and W–Ta–O (TaA) are shown in
Figs. 4, 5, and S1 (in the Supporting Information). For W–Ta–O
(TaL), rod-shaped particles were observed regardless of the W
and Ta ratio. Particle size increased with an increase in the W com-
position ratio. The rod-shaped particles were less than 10 nm in
diameter and 50–100 nm in length for W41Ta59O (TaL), and they
were 50 nm in diameter and 100–400 nm in length for W90Ta10O
(TaL). Primary particles were also rodlike for W–Ta–O (TaA), and
dandelion-type secondary particles were obtained with W ratios
from 0% to 58% as shown in Fig. S1. Secondary particles irregularly
formed a network between rodlike particles in the W67Ta33O (TaA)
sample. In the W79Ta21O (TaA) sample, hexagonal WO3 forms were
observed as secondary particles. In the case of the Ta2O5�nH2O pre-
cursor, rod-shaped particles of tantalum oxide (W0Ta100O (TaA))
were also formed. It is thought that the rodlike crystalline struc-
ture of W–Ta–O (TaA) grew from the Ta oxide core through the dis
solution–crystallization mechanism. The solubility of Ta2O5�nH2O
is low under hydrothermal conditions, and the surface concentra-
tion of W for W–Ta–O (TaA) would therefore be higher than that
inside the particle. Thus, with an increase in the W ratio for
W–Ta–O (TaA), the formation of a complex oxide becomes difficult
and the formation of hexagonal WO3 proceeds.

For W–Ta–O (TaL), the same layered-structure material was
obtained even at higher W ratios. The following examination was
carried out to determine the formation mechanism of W–Ta–O
(TaL). The precursor solution (45 mL) was prepared by the mixture
of AMT (W: 0.08 M) and Na8(Ta6O19)�24.5H2O (Ta: 0.044 M). This
precursor solution was colorless and transparent. Then the solu-
tion was heated at 60 �C under nitrogen bubbling. A white suspen-
sion was formed after 25 min. The white precipitate and liquid
were separated by centrifugation, and both the precipitate and
solution were analyzed by ICP. TheW and Ta ratio of the white pre-
cipitate was W:Ta = 16:84 and that of the solution was W:
Ta = 99:1. The white precipitate was amorphous according to the
results of XRD, and the particle size was less than 10 nm (Figs. S2
and S3 in the Supplementary Information). The elemental ratio of
W52Ta48O (TaL) obtained by a hydrothermal method from the
precursor solution was W:Ta = 52:48. From these results, small
W–Ta–O particles were formed by condensation of [Ta6O19]8�
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anion and metatungstate anion as a core. Then layered-structure-
type W–Ta–O was formed from the W–Ta–O core through dissolu
tion–crystallization and tungstate anion in the solution. Thus, W
and Ta of W–Ta–O (TaL) samples would be mixed well compared
with W–Ta–O (TaA) samples, even at a high W ratio.

Adsorption analysis was carried out for the W–Ta–O (TaL) and
W–Ta–O (TaA) samples (Figs. S4 and S5 in the Supporting Informa-
tion). Figs. 6 and 7 summarize the effects of elemental ratio on
surface area, mesopore volume, and micropore volume for the
W–Ta–O (TaL) and W–Ta–O (TaA) samples. The surface area and
micropore volume were calculated by a t-plot, and the mesopore
volume was calculated by the BJH method. From the adsorption
isotherms (Figs. S4 and S5), hysteresis loops and adsorption at
low pressure (P/P0 < 1.0 � 10�5) were observed, indicating the
existence of mesopores and micropores, respectively. From the
BJH plot (Figs. S4 and S5), the radii of mesopores of both W–Ta–
O (TaL) and W–Ta–O (TaA) samples were less than 8 nm regardless

of the elemental ratio, and peak tops of the pore size distribution
were also the same (rp � 2 nm). STEM images suggested that meso-
pores were formed by the voids between the rod-shaped particles.
The behavior of the surface area was consistent with that of the
micropore volume. The micropore volume and surface area
decreased with increasing ratio of W for the W–Ta–O (TaL) and
W–Ta–O (TaA) samples. The surface area of W–Ta–O (TaL) became
stable at a W ratio of more than 66%. In the case of W–Ta–O (TaA)
samples, the formation of hexagonal WO3 decreased the micropore
volume and surface area. This is because hexagonal WO3 does not
possess micropores from a structural point of view.

3.3. Ion exchange properties of W–Ta–O (TaL) oxide

In the as-synthesized W–Ta–O (TaA) sample, ammonium
cations exist on the surface and in the micropores and were formed
by NH4–OM (M =W, Ta). These ammonium cations can be released

Fig. 4. STEM images of W–Ta–O (TaL).

Fig. 5. STEM images of W–Ta–O (TaA).
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by calcination, and Brønsted acid sites (HO–M) will be produced.
Since the precursor solution of W–Ta–O (TaL) contains NH4

+ and
Na+ cations, as-synthesized W–Ta–O (TaL) also contains both of
the cations, and Na+ will block the Brønsted acid sites. Therefore,
W41Ta59O (TaL) did not show catalytic activity in Fig. 2. In order
to exchange the Na+ cation for NH4

+, the ion-exchange capacity of

W–Ta–O (TaL) was examined. Fig. S6 in the Supporting Information
shows FT-IR spectra of as-synthesized W52Ta48O (TaL) and ion-
exchanged W52Ta48O (TaL) by NaCl or NH4Cl. From the IR spectra
of the W52Ta48O (TaL) sample, adsorption at 1400 cm�1 was
assigned to an asymmetric deformation vibration of the ammo-
nium cation, which came from the AMT precursor. The intensity
of the absorption band at 1400 cm�1 of NH4

+–W52Ta48O (TaL)
increased and that of Na+–W52Ta48O (TaL) decreased. Fig. S7 shows
TPD profiles ofm/z = 16 for as-synthesizedW52Ta48O (TaL) and ion-
exchanged W52Ta48O (TaL) by NaCl or NH4Cl. The amounts of des-
orbed NH3 were 1.14 mmol g�1 for as-synthesized W52Ta48O (TaL),
1.40 mmol g�1 for NH4

+–W52Ta48O (TaL), and 0.209 mmol g�1 for
Na+–W52Ta48O (TaL). The results of FT-IR and TPD indicated that
Na+ and NH4

+ cations on the W52Ta48O (TaL) surface can be
exchanged by ion-exchange treatment. After calcination treatment
at 500 �C, solid acid catalytic activity was demonstrated (Table 2).
The conversion of W52Ta48O (TaL) was almost zero for 1 h, and that
of NH4

+–W52Ta48O (TaL) was 71%. The W52Ta48O (TaL) sample con-
tains both NH4

+ and Na+ cations, and the Na+ cation therefore pre-
vents formation of strong acid sites. The conversion of W52Ta48O
(TaL) was 24% for 20 h by the contribution of weak Brønsted acid
sites of W52Ta48O (TaL) for the alkylation reaction. On the other
hand, the Na+–W52Ta48O (TaL) sample showed no catalytic activity
because almost all of the acid sites were blocked by Na+ cations.

3.4. Solid acidity of NH4
+–W–Ta–O (TaL) and W–Ta–O (TaA)

Solid acid catalytic activity was examined, and the relationship
between atomic ratio of W to Ta and catalytic activity was investi-
gated. Results for Friedel–Crafts alkylation reactions of anisole
with benzyl alcohol over NH4

+–W–Ta–O (TaL) and W–Ta–O (TaA)
samples are presented in Fig. 8. For comparison, hexagonal WO3
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Table 2
Effects of ion-exchange treatment of the W–Ta–O (TaL) sample on solid acid catalytic activity.

Catalyst Calcination temp./�C Amount of desorbed NH3/mmol g�1 Alkylation reaction

Reaction time/h Conv./%a Yield/%b

W52Ta48O (TaL) 500 1.14 1 0 0
20 24 12

NH4+–W52Ta48O (TaL) 500 1.40 1 71 60
2 100 95

Na+–W52Ta48O (TaL) 500 0.209 1 0 0
20 0 0

a Conversion of benzyl alcohol.
b Yield of benzyl anisole. Reaction conditions: benzyl alcohol (10 mmol), anisole (100 mmol), catalyst (0.1 g), 100 �C.
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was synthesized by a hydrothermal method and tested for the
alkylation reaction. The formation rate of benzyl anisole over the
hexagonal WO3 sample was 20 mmol h�1 g�1. For W–Ta–O (TaA),
the formation rate showed a maximum for W67Ta33O (TaA) and
W79Ta21O (TaA). W79Ta21O (TaA) contained a hexagonal WO3

phase in its structure (Fig. 1), and the hexagonal WO3 would be
the reason for the decrease in activity. For W–Ta–O (TaL), the for-
mation rate of benzyl anisole increased with an increase in the W
ratio. Catalytic activity drastically increased from W82Ta18O (TaL)
to W90Ta10O (TaL). The surface area of W–Ta–O (TaL) was almost
the same for both samples (Fig. 6), and another factor therefore
contributes to the improvement in catalytic activity. It was
reported that the alkylation reaction proceeds due to the presence
of strong Brønsted acid sites. A simple comparison of NH3 TPD
(Tables S1 and S2 in the Supporting Information) does not show
the relationship between acid amount from NH3 TPD and catalytic
activity because the NH3 TPD profile of these complex oxides
showed one broad peak. It is difficult to estimate the acid strength
and the amount of strong acid. Therefore, we focused on the
changes in alkylation activity between the NH4

+–W–Ta–O (TaL)
and W–Ta–O (TaL) samples.

By ion-exchange treatment using NH4Cl solution, Na+ cations
located in micropores and on the outer surface would be
exchanged by NH4+ cations. From the results shown in Table 2,
the reaction did not proceed for the heat-treated W52Ta48O (TaL)
sample but proceeded for the NH4

+–W52Ta48O (TaL) sample. This
suggests that the location of Na+ over the surface of W52Ta48O
(TaL) forms an acid site after the heat treatment following ion-
exchange treatment. Therefore, we considered that the amount
of desorbed NH3 of W–Ta–O (TaL) subtracted from NH4

+–W–Ta–O
(TaL) represents the number of acid sites for alkylation activity.
Thus, strong acidity of the catalyst was estimated by using the des-
orbed amounts of NH3 for NH4

+–W–Ta–O (TaL) and W–Ta–O (TaL)
samples, and the correlations of alkylation activity and acid site
density were compared. The acid site density was calculated by
the following equation:

Acid site density=nm�2

¼ ðAmount of desorbed NH3=mmol g�1Þa � ðNa=mol�1Þb � 10�3

ðSurface area=m2 g�1Þc � ðNa=mol�1Þ2 � 1018

aMeasured by TPD.
bAvogadro’s number.
cMeasured by N2 adsorption and calculated by the BET method.

Fig. 9 shows the relationship between the acid site density of
W–Ta–O (TaL) and the catalytic activity for alkylation. Alkylation

activity increased with increase in acid site density, suggesting that
strong Brønsted acid sites were formed on the surface of NH4

+–W–
Ta–O (TaL) after calcination and that the locations of Na+ of as-
synthesized W–Ta–O (TaL) are the strong Brønsted acid sites. The
number of strong acid sites increased with increasing W ratio,
and the acid sites catalyze the alkylation reaction.

3.5. Proposed structure of W–Ta–O (TaL) and its acid sites

To discuss the relationship between crystalline structure and
active sites, various crystalline W–Ta–O samples were synthesized.
Fig. 10 shows the XRD patterns and Raman spectra of W53Ta47O
(TaL), W58Ta42O (TaA), orthorhombic Cs0.5[Ta2.5W2.5]O14, tetrago-
nal Ta16W18O94, pyrochlore W–Ta–O, and hexagonal WO3. Lund-
berg et al. reported orthorhombic Csx(Nb,W)5O14 [24] that
possesses a tungsten or niobium bronze structure based on the
pentagonal unit. Based on that report, orthorhombic Cs0.5[Ta2.5-
W2.5]O14 was synthesized by solid state reaction at a high temper-
ature. Orthorhombic Cs0.5[Ta2.5W2.5]O14 possesses characteristic
diffraction peaks at 6.5� (020), 7.6� (120), 8.8� (210), 22.8�
(001), and around 27�. Tetragonal Ta16W18O94 was also synthe-
sized by heat treatment of W53Ta47O (TaL) at 900 �C. Pyrochlore
W–Ta–O and hexagonal WO3 were synthesized by a hydrothermal
method. XRD patterns of the obtained samples suggested that the
crystalline phase of the obtained samples was pure. Small and
broad peaks were also observed at 6.8� and 8.0� for W53Ta47O
(TaL). Small and broad peaks of less than 10� for W–Ta–O (TaL)
suggested the formation of a crystalline structure such as a
orthorhombic phase in the a–b plane with maintenance of the lay-
ered structure [15].

From the Raman spectra of hexagonal WO3, the Raman bands at
160 and 250 cm�1 are assigned to the bending modes of the W–O–
W linkage, the Raman bands at 642, 688, and 817 cm�1 are
assigned to the symmetric stretching modes of the W–O–W link-
age, and the Raman band at 950 cm�1 is assigned to the symmetric
stretching mode of the W@O surface sites [26]. The Raman band at
170 cm�1 was assigned to translational modes of W or Ta, and the
Raman bands at 870 and 960 cm�1 were assigned to the symmetric
stretching mode of terminal Ta–O or W–O for pyrochlore W–Ta–O
[27]. The Raman spectra of orthorhombic Cs0.5[Ta2.5W2.5]O14 and
tetragonal Ta16W18O94 were almost the same. The Raman bands
at 931 and 998 cm�1 were assigned to the symmetric stretching
mode of M@O (M =W, Ta). The Raman band of the symmetric
stretching modes of the M–O–M (M =W, Ta) linkage was broad
compared with that for hexagonal WO3. The Raman spectra of
W53Ta47O (TaL) and W58Ta42O (TaA) were similar to the spectra
of orthorhombic Cs0.5[Ta2.5W2.5]O14 and tetragonal Ta16W18O94,
suggesting that the framework of W53Ta47O (TaL) and W58Ta42O
(TaA) is based on the MO6 (M =W, Ta) octahedra and the
{M6O21} pentagonal unit.

The XRD pattern and Raman spectra of W–Ta–O (TaL) indicated
that it is a layered structure composed of MO6 octahedra and MO7

pentagonal bipyramids interconnected in the a–b plane. This struc-
ture can be regarded as a tungsten bronze structure based on pen-
tagonal {W6O21} building units. Orthorhombic Cs0.5[Ta2.5W2.5]O14

was synthesized by solid state reaction at a high temperature. A
small surface area (3 m2 g�1) is therefore inevitable, and it is diffi-
cult to remove the cesium cations in the heptagonal channel [20].
We have reported molybdenum bronze based on the pentagonal
{Mo6O21} unit of orthorhombic Mo3VOx obtained by a hydrother-
mal method. Ammonium cations derived from the precursor are
located in the heptagonal channel and they can be removed as
ammonia by calcination. After calcination, the heptagonal channel
acts as a micropore [15]. Therefore, the presence of micropores
confirms the formation of a bronze structure such as the
orthorhombic phase.
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The W–Ta–O (TaL) sample also showed N2 adsorption at low
pressure (1.0 � 10�6), suggesting the formation of micropores such
as heptagonal channels (Fig. S4 in the Supplementary Information).
After adsorption at 1.0 � 10�6, the amount of adsorbed nitrogen
gradually increased with increasing nitrogen pressure for W–Ta–
O (TaL), suggesting that the micropores formed within W–Ta–O
(TaL) are partially nonuniform. However, the results of XRD,
Raman, and adsorption analyses suggested that the a–b plane of
W–Ta–O (TaL) is a deformed crystalline structure, as illustrated
in Fig. 11. The deformed crystalline structure in the a–b plane per-
pendicular to the c axis is an interconnection of crystal structure
motifs such as {M6O21} (M =W, Ta) pentagonal units and microp-
ore channels, but without any long-range order. The arrangement
of MO6 octahedra and {M6O21} (M =W, Ta) pentagonal units may
produce a disordered connection compared with a hexagonal
structure (Fig. 11e).

Tetragonal Ta16W18O94 and pyrochlore W–Ta–O samples did
not show catalytic activity when these samples were used for the
alkylation reaction, and the catalytic activity of hexagonal WO3

was low. Therefore, strong Brønsted acid sites would be generated
around the open mouth of the heptagonal channel after desorption
of ammonia. The arrangement of MO6 around the heptagonal chan-
nel was slightly disordered from a structural point of view [28]. A
Brønsted acid site would be located around the open mouth of the
heptagonal channel and would form bridging hydroxy groups (W–
O(H)–Ta) connected by disordered octahedra after desorption of
ammonia.

4. Conclusions

W–Ta–O samples were synthesized by a hydrothermal pro-
cess. The composition ratio of W–Ta–O was changed by ammo-
nium metatungstate and Lindqvist-type tantalum
polyoxometalate (TaL) or tantalic acid (TaA) precursor. The syn-
thesized W–Ta–O showed characteristic peaks at 2h = 22.7� and
46.2� in an X-ray diffraction pattern (CuKa), indicating linear cor-
ner sharing of MO6 (M =W, Ta) octahedra in the c-direction. For
the tantalic acid precursor, hexagonal WO3 was observed with an
increase in the W ratio, suggesting that W and Ta were not
homogenously mixed. For the Lindqvist-type tantalum polyox-
ometalate precursor, the same layered-type materials were
obtained with a wide range of composition ratios of W and Ta.
As-synthesized W–Ta–O (TaA) contained NH4

+ cations in its struc-
ture, and NH3 was desorbed by calcination at 500 �C, forming
Brønsted acid without changing the structure. As-synthesized
W–Ta–O (TaL) contained Na+ and NH4

+ cations. After calcination,
W–Ta–O (TaL) showed weak acidity for alkylation reactions.
However, after ion exchange of Na+ cations with NH4

+ and calcina-
tion treatment at 500 �C, strong Brønsted acid sites were gener-
ated. The density of the strong acid sites increased with
increasing W ratio. From XRD, Raman, and adsorption measure-
ments, a comparison of W–Ta–O (TaL) with various crystalline
W–Ta–O revealed the crystalline motif of W–Ta–O (TaL). The
arrangement of the a–b plane was an interconnection of MO6

(M =W, Ta) octahedra and {M6O21} pentagonal units and microp-
ore channels, but without long-range order. MO6 octahedra
around the open mouth of the heptagonal channel were slightly
disordered, suggesting that Brønsted acid was formed as W–O
(H)–Ta around the open mouth of the heptagonal channel.
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The development of new complex metal oxides having structural complexity suitable for

solid-state catalysis is of great importance in fundamental catalysis research and practical

applications. However, examples of these materials are rare. Herein, we report two types

of crystalline complex metal oxides with new structures and their catalytic properties. The

first one is an all-inorganic 3-Keggin polyoxometalate-based material with intrinsic

microporosity. The framework of the material is formed by the assembly of 3-Keggin

polyoxomolybdate units with metal ion linkers in a diamondoid topology. The

micropores of the material can be opened without change of the structures, and the

material adsorbs small molecules. This material has both redox properties and acidity

and can be applied to O2 adsorption, selective oxidation of methacrolein, and hydrolysis

of cellobiose. The other material is a crystalline metal oxide based on molecular

nanowires. The hexagonal POM units stack along the c axis to form prismatic clusters

as molecular wires. The molecular wires further assemble in a hexagonal fashion to

form the crystals, and NH4
+ and water are present in between the molecular wires. The

material is active as an acid catalyst for cellobiose conversion.

Introduction

Transition metal oxides, mainly composed of metal–oxygen octahedra, show
interesting properties such as multi-electron redox properties, structural stability,
acidity, and elemental diversity and can be applied to many elds such as
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catalysis, photocatalysis, materials science, magnetism, biology, and medicine.
The design and development of new transition metal oxides with unique struc-
tural and functional features, such as porosity and nano-structure, are of great
interest and particularly important for catalysis.1

The assembly of early-transition metal–oxygen units forms inorganic molec-
ular metal–oxygen clusters known as polyoxometalates (POMs).2–5 POMs are well-
dened building blocks for the construction of POM-based materials,6,7 such as
covalent POM-based organic–inorganic hybrid frameworks,8,9 POM-based
complex metal oxides,10–14 and ionic porous organic–inorganic materials.15–19

Previous research shows that using POMs as sub-units is an effective approach to
obtain transition metal oxides with new structures. Actually, we have recently
succeeded in synthesizing two new kinds of structural materials of transition
metal-oxides using POM units. One is an all-inorganic crystalline 3-Keggin POM-
based framework with intrinsic microporosity20–24 and the other is a crystalline
metal oxide based on molecular nanowires.25 Their structural features are very
rare in the eld of metal oxides.

The all-inorganic crystalline 3-Keggin POM-based microporous materials are
formed by the connection of 3-Keggin POM units with transition metal ions as
linkers in a diamond-like topology (Fig. 1a–c). There are three sites in the
framework: surrounding sites, central sites, and linker sites (Fig. 1a). The
surrounding sites are mainly occupied by Mo ions, and the Mo ions can be
substituted by V ions. The central and linker sites are occupied by other metal
ions such as V, Bi, Zn, and Mn. The frameworks of the materials are anionic, and
there are cations in the bulk to neutralize the negative charge of the framework.
The chemical composition is readily tuned in each site mentioned above. Cages
and channels form the micropores of the materials. Ten 3-Keggin POM units and
the linker metal ions surround the cage. The cages are tetrahedrally connected
with the channels to form a periodical 3D pore system as FAU-type zeolites do,
and the tunnel of the pore was not straight but in a zig-zag fashion. Themicropore
can be opened using calcination that removes water and NH4

+ in the micropore
without collapsing the structures. The materials have interesting properties and
applications such as gas adsorption,20,23 gas separation,23 ion-exchange,20,21 and
redox properties.21 The 3-Keggin POM-based microporous material, Mo–V–Bi
oxide with a proton as the cation, showed catalytic activity for the etherication of
benzyl alcohol.20,22

Another example of the newly developed material is the crystalline metal
oxides derived from molecular nanowires (Fig. 1d–f). The structures of the
molecular wires are formed by the assembly of the hexagonal POM units,
[XMo6O21]

2� (X ¼ Se or Te), along the c axis, which further pack in a hexagonal
symmetry to form crystals with NH4

+ and water in between the molecular wires.
The molecular wires in the crystal are separable and isolable. In fact, ultrathin
molecular wire-based materials can be formed and act as acid catalysts for
esterication.25

In our previous research, 4 iso-structural all-inorganic crystalline 3-Keggin
POM-based microporous materials have been reported, which show different
properties and have been applied to different elds.20–23 Herein, we extended our
research and introduced two more iso-structural materials of 3-Keggin POM-
based materials, denoted as Na–Mo–Mn oxide and NH4–Mo–Fe oxide. The new
compositional materials were characterized using powder X-ray diffraction (XRD),
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Fourier transform infrared (FT-IR) spectroscopy, scanning electron microscopy
(SEM), high resolution transmission electron microscopy (HR-TEM), X-ray
photoelectron spectroscopy (XPS), and elemental analysis.

NH4–Mo–Fe oxide is found to adsorb O2 in its micropores at room tempera-
ture. The unique O2 adsorption is probably on the basis of the formation of
peroxo species in the Fe site in the material as indicated in the FT-IR spectra.
Mo–V–Bi oxide is found to be a new catalyst member, active and selective for
methacrolein oxidation to methacrylic acid using O2 as an oxidant. Since heat-
treatment removed NH3 from the materials to leave acid sites, the all-inorganic
crystalline 3-Keggin POM-based microporous materials and the hexagonal POM-
based molecular nanowires can be used as solid acid catalysts. Using these

Fig. 1 Structural representation of (a) an 3-Keggin core with four metal ions in the linker
site, (b) the connection of 3-Keggin POMunits with linker ions, (c) the framework of porous
crystalline 3-Keggin POM-based materials, blue sphere: surrounding site, central grey
tetrahedron: central site, purple octahedron: linker site, and red sphere: O, (d) a hexagonal
POM unit, (e) growing the hexagonal POM unit to form amolecular wire, and (f) the crystal
structure formed by a molecular wire, blue sphere: Mo, yellow sphere: Te or Se, and red
sphere: O.
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catalysts, hydrolysis of cellobiose is tested as a model reaction for biomass
conversion.

Experimental

All chemicals were reagent grade and used as supplied, and house made distilled
water was used throughout. Mo–V–Bi oxide,22 Na–Mo–Zn oxide,23 NH4–Mo–Zn
oxide,23 Mo–Te oxide,25 Mo–Se oxide,25 and well-crystallized Mo–V–Bi oxide20 were
synthesized according to our previous papers.

1. Synthesis of Na–Mo–Mn oxide

Na2MoO4$2H2O (2.823 g, 11.7 mmol based on Mo) was dissolved in 40 mL of
distilled water. Mo (0.2 g, 2.1 mmol) metal and MnO (0.235 g, 3.3 mmol) metal
were added to the solution sequentially. The pH value was adjusted to 4.8 using
H2SO4 (1 M). The mixture was introduced into a 50 mL Teon liner of a stainless-
steel autoclave. The autoclave was placed in an oven and heated at 175 �C for 24 h
with rotation (	1 rpm). Aer the hydrothermal reaction and cooling of the
autoclave, the crude solid was transferred into a 100 mL beaker and 60 mL of
water was added. For purication and solid recovery, the mixture was centrifuged
(1700 rpm, 2 min), and the suspension (containing the product) solution was
separated from the precipitate formed on the bottom aer centrifugation. Then,
aer the addition of 60 mL of water to the precipitate, the solution was centri-
fuged and the new upper suspension solution was separated. The addition of
water, centrifugation, and separation were carried out two more times. The
collected suspension (containing the product) was centrifuged (3500 rpm,
30 min), and the solid on the bottom of the centrifugation tube was collected. The
collected solid was washed with water by dispersion in 10 mL of water and
subsequent centrifugation (3500 rpm, 30 min). Aer the washing process had
been carried out two more times, the obtained solid was dried at 60 �C overnight.
Then, 0.94 g of Na–Mo–Mn oxide (yield: 46% based on Mo) was obtained.
Elemental analysis: calcd for Na2Mn2.6Mo12O47H24.8: Mn, 6.75; Mo, 54.39; Na,
2.17; H, 1.17, found: Mn, 6.65; Mo, 54.84; Na, 2.29; H, 1.08.

2. Synthesis of NH4–Mo–Fe oxide

(NH4)6Mo7O24$4H2O (2.060 g, 11.7 mmol based on Mo) was dissolved in 40 mL of
distilled water. Mo (0.2 g, 2.1 mmol) metal and Fe3O4 (0.258 g, 1.1 mmol) were
added to the mixture sequentially (pH was 5.1). The mixture was introduced into
a 50 mL Teon liner of a stainless-steel autoclave. The autoclave was placed in an
oven and heated at 175 �C for 48 h with rotation (	1 rpm). The purication
process was the same to that of Na–Mo–Mn oxide. Then, 0.87 g of NH4–Mo–Fe
oxide (yield: 44% based on Mo) was obtained. Elemental analysis: calcd for
N2Fe2.6Mo12O43H23.4: Fe, 7.10; Mo, 56.29; N, 1.37; H, 1.14, found: Fe, 7.14; Mo,
56.46; N, 1.29; H, 1.00.

3. Synthesis of Mo–V–Bi oxide

Mo–V–Bi oxide was synthesized in nano-size via the following method.22

Bi(NO3)3$5H2O (0.68 g, 1.40 mmol) was dissolved in a solution (1.7 mL) of glycerol
and water with a volume ratio of 1 : 1. (NH4)6Mo7O24$4H2O (1.471 g, 8.33 mmol

Faraday Discussions Paper

Faraday Discuss. This journal is © The Royal Society of Chemistry 2016

Pu
bl

ish
ed

 o
n 

05
 M

ay
 2

01
6.

 D
ow

nl
oa

de
d 

by
 H

ok
ka

id
o 

Da
ig

ak
u 

on
 0

7/
05

/2
01

6 
02

:1
0:

23
. 

View Article Online

─ 290 ─



based onMo) was dissolved in 20mL of water. VOSO4$5H2O (0.5365 g, 2.08mmol)
was dissolved in 20 mL of water. Aer the solids had been completely dissolved,
the solution of VOSO4$5H2O was rapidly poured into the solution of
(NH4)6Mo7O24$4H2O. Aer stirring at room temperature for 3 min, Bi(NO3)3
solution was added. Then, the mixture was stirred for 7 min. The pH of the
precursor was adjusted to 3.7 with 28% of ammonia aqueous solution. Aer the
mixture had been purged with N2 for 10 min, the mixture was reuxed for 48 h in
an oil bath with a setting temperature of 110 �C. The black solid was collected by
ltration, washed with 20mL of water 3 times, and dried at 353 K overnight. Then,
1.28 g of Mo–V–Bi oxide (yield: 56% based on Mo) was obtained.

4. Catalytic oxidation of methacrolein

The catalytic oxidation of methacrolein (MAL) to methacrylic acid (MA) was
conducted over the Mo–V–Bi oxide using a xed bed stainless tubular reactor at
atmospheric pressure. Prior to the catalytic reaction, the catalyst was heat-treated
at 350 �C under 40.5 mLmin�1 of N2 ow for 2 h (designated as Mo–V–Bi–NC350).
Aer the heat treatment, the catalyst (0.5 g) was mixed with 2.5 g of silica sand
introduced into the stainless tubular reactor. Then, the reactor was heated
gradually from room temperature to 280 �C at a rate of 10 �C min�1. When the
temperature reached 280 �C, a reaction gas with the composition of MAL/O2/(N2 +
He)/H2O¼ 1.2/8.0/71.0/18.5 mLmin�1 was fed in and stabilized for 30 min before
the start of the gas analysis. MAL was supplied by N2 bubbling with a ow rate of
20.6 mL min�1 to a MAL liquid at 0 �C. Water was fed by He bubbling with a ow
rate of 30.5 mL min�1 to a bottle of hot water (80 �C). The ow rates of MAL and
water were determined based on gas chromatographic analysis. The catalytic
reaction was carried out at setting temperatures of 280, 270, 260, 250 �C with the
reaction temperature decreasing stepwise, and the real reaction temperature was
monitored by the thermal-couple inserted in the middle of the catalyst zone. The
reactants and the products were analyzed with three online gas chromatographs
(Molecular Sieve 13X for O2, N2, and CO with a TCD detector, Gascropack54 for
H2O and CO2 with a TCD detector, and Porapak Q for MAL, CH3COOH, MA with
an FID detector). Blank runs showed that no reaction took place without the
catalyst under the experimental conditions in this study. Carbon balance was
always ca. 97–100% and selectivity was calculated based on the sum of the
products.

5. Cellobiose conversion

In a typical reaction, the catalyst (0.01 g), cellobiose (0.05 g), and H2O (0.5 mL)
were added into a 10 mL-test tube. The tube was sealed using a cap with a Teon
liner. The tube was packed in a 300 mL autoclave with a Teon liner, followed by
the addition of 20 mL of water in the autoclave to ensure the pressure-balance of
the test tube. The autoclave was heated at 160 �C in an oven for 2 h. Aer the
reaction, the solution in the tube was analyzed using high performance liquid
chromatography (HPLC). The products were identied by comparison of the
retention time with standard chemicals. The yield was calculated based on the
carbon number.
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Characterization

Nitrogen (at �196 �C) and oxygen (at 25 �C) adsorption–desorption isotherms
were obtained with a BELSORP MAX (BEL, Japan) sorption analyzer. BET surface
area was calculated via the BET method and the external surface area was
calculated by the t-plot method using the adsorption branch. The samples were
evacuated at 200 �C for 2.5 h before the measurement. The powder X-ray
diffraction (XRD) pattern was obtained on a RINT2200 (Rigaku, Japan) with Cu Ka
radiation (tube voltage: 40 kV, tube current: 20 mA). SEM images were obtained
with a HD-2000 (HITACHI, Japan). HR-TEM images were taken with a 200 kV TEM
(JEOL, JEM-2100F, Japan). FT-IR was carried out on a PARAGON 1000, Perkin
Elmer. Temperature-programmed desorption mass spectrometry (TPD-MS)
measurements were carried out from 30 �C to 600 �C at a heating rate of 10 �C
min�1 under helium (ow rate: 50 mL min�1). Samples were set up in between
two layers of quartz wool. A TPD apparatus (BEL, Japan) equipped with a quad-
rupole mass spectrometer (M-100QA, Anelva) was used to detect NH3 (m/z ¼ 16)
and H2O (m/z ¼ 18). For the TPD-MS measurements of the materials aer heat
treatment, the samples were heated at 200 �C under high vacuum for 2.5 h in the
TPD instrument before the measurements. XPS was performed on a JPS-9010MC
(JEOL, Japan). The spectrometer energies were calibrated using the C 1s peak at
284.8 eV. Elemental compositions were determined using an inductive coupling
plasma (ICP-AES) method (ICPE-9000, Shimadzu, Japan). CHN elemental
composition was determined at the Instrumental Analysis Division, Equipment
Management Center, Creative Research Institution, Hokkaido University.

1. Rietveld analysis

Rietveld renement was performed with the Materials Studio v6.1.0 package
(Accelrys Soware Inc.). The initial structures of Na–Mo–Mn oxide and NH4–Mo–
Fe oxide were rened by powder XRD Rietveld renement.26 The lattice parame-
ters and pattern parameters of the materials were rened by Pawley renement
rst. The initial structures were from Mo–V–Bi oxide.20 Then, isotropical
temperature factors were given for every atom in the initial structures. Rietveld
analysis was started with the initial models of the materials and lattice parame-
ters and pattern parameters from the Pawley renement. Every atom position was
rened. Occupancy of the atoms in the framework was xed without further
renement and occupancies of atoms in micropores were rened with consid-
eration of the elemental analysis results. Finally, the pattern parameters were
rened again to obtain the lowest Rwp value. The crystallographic data are
provided in Table S1–S3.†

Results and discussion
1. Synthesis of 3-Keggin POM-based porous metal oxides

The crystalline 3-Keggin polyoxomolybdate-based porous metal oxides were
synthesized via the hydrothermal method. Three kinds of precursor compounds,
the Mo source, the reducing agent, and the third metal ion, were necessary for the
materials. As shown in Table 1, different metal ions were used as the precursors
for the materials, which yielded 6 iso-structural materials with different chemical
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compositions. The Mo sources, (NH4)6Mo7O24$4H2O (AHM) and Na2MoO4$2H2O,
with reducing agents produced 3-Keggin POMs in aqueous solution, which is well-
known in POM chemistry.27 The produced 3-Keggin POMs were further connected
by metal ions to form the materials.

2. Structures of crystalline POM-based microporous materials

The 3-Keggin POM-based microporous materials can incorporate different tran-
sition metal ions. The chemical composition can be tuned in each site in the
materials. The iso-structural materials were synthesized. As shown in Fig. 2A, the
powder XRD patterns of the two new materials, Na–Mo–Mn oxide and NH4–Mo–
Fe oxide, were similar to those of the previously reported materials. The space
group of the materials was Fd�3m with slightly different lattice parameters (Table
2). The XRD patterns demonstrated that the basic structures of the materials were
similar. FT-IR spectra of the materials were also similar, indicating that the POM
molecular structures of the materials were similar (Fig. 2B).

The elemental analysis exhibited Na : Mn : Mo ¼ 2 : 2.6 : 12 for Na–Mo–Mn
oxide and N : Fe : Mo ¼ 2 : 2.6 : 12 for NH4–Mo–Fe oxide, respectively. The
proposed structures of Na–Mo–Mn oxide and NH4–Mo–Fe oxide were on the basis
of the 3-Keggin POM units (Mn0.6Mo12O40 or Fe0.6Mo12O40) where the central sites
were partially occupied with the Mn or Fe ions and the surrounding sites were
with the Mo ions. The POM units (Mn0.6Mo12O40 or Fe0.6Mo12O40) were linked by
Mn and Fe, respectively. Similar structure models of NH4–Mo–Zn oxide and NH4–

Mo–Mn oxide were reported.21 The frameworks of the materials were negatively
charged, so that there were cations, Na+ (Na–Mo–Mn oxide), NH4

+ (NH4–Mo–Fe
oxide), and water in the void spaces. The simulated XRD patterns using the
Rietveld renement were almost identical to the experimental patterns, indi-
cating that the proposed structures were correct (Fig. S1†). There was no addi-
tional peak being observed in comparison to the experimental pattern with the
simulated pattern, indicating that the powder samples were pure.

Table 1 Comparison of the synthetic conditions for the POM-based microporous
materials

Mo
sourcea Reductant

The third
metal ion

Additional
processb

Hydrothermal
conditions Reference

Mo–V–Bi oxide AHM VOSO4 Bi(OH)3 — 175 �C, 48 h 20 and 22
Na–Mo–Zn oxide Na2MoO4 Mo ZnCl2 pH 	 4.8 175 �C, 24 h,

rotation
21 and 23

NH4–Mo–Zn oxide AHM Mo ZnCl2 pH 	 4.8 175 �C, 24 h,
rotation

23

Na–Mo–Mn oxide Na2MoO4 Mo MnO pH 	 4.8 175 �C, 24 h,
rotation

This work

NH4–Mo–Mn oxide AHM Mo MnO pH 	 4.8 175 �C, 24 h 21
NH4–Mo–Fe oxide AHM Mo Fe3O4 — 175 �C, 48 h,

rotation
This work

a AHM: ammonium heptamolybdate. b In some cases, pH was adjusted by the addition of 1
M H2SO4.
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The oxidation states of the metal elements in Na–Mo–Mn oxide and NH4–Mo–
Fe oxide were studied using XPS (Fig. S2† and Table 2). The surrounding 12 Mo
ions weremostly reduced toMoV. In Na–Mo–Mn oxide, MnII was present (Table 2).
In the case of NH4–Mo–Fe oxide, the ratio of FeIII/FeII was 0.4/2.2. Considering the
results of the elemental analysis and the oxidation state analysis, the detailed
chemical formulae of the materials can be estimated (Table 2).

The SEM images (Fig. 3a and c) of Na–Mo–Mn oxide and NH4–Mo–Fe oxide
show that the materials are polyhedron-shaped crystallites with a particle size of

Fig. 2 (A) XRD patterns of (a) Mo–V–Bi oxide, (b) Na–Mo–Zn oxide, (c) NH4–Mo–Zn
oxide, (d) Na–Mo–Mn oxide, (e) NH4–Mo–Mn oxide, and (f) NH4–Mo–Fe oxide and (B) FT-
IR spectra of (a) Mo–V–Bi oxide, (b) Na–Mo–Zn oxide, (c) NH4–Mo–Zn oxide, (d) Na–Mo–
Mn oxide, (e) NH4–Mo–Mn oxide, and (f) NH4–Mo–Fe oxide.

Table 2 The chemical properties of Na–Mo–Mn oxide and NH4–Mo–Fe oxide

Na–Mo–Mn oxide NH4–Mo–Fe oxide

Crystal system Cubic Cubic
Space group Fd�3m Fd�3m
Lattice parameter 19.7047 19.4012
Surrounding site MoVI/MoV ¼ 2/10 MoVI/MoV ¼ 3/9
Central site MnII FeIII/FeII ¼ 0.4/2.2
Linker site MnII FeIII/FeII ¼ 0.4/2.2
Cation Na+ NH4

+

Chemical formula Na2H10.8[MnII
2.6MoVI2 MoV10O40]$

7H2O
(NH4)2H9.4[Fe

III
0.4Fe

II
2.2MoV9MoVI3 O40]$

3H2O
BET surface
area (m2 g�1)

22 20

Pore volume
(cm3 g�1)

0.0051 0.0058
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100–200 nm in diameter. The HR-TEM images further conrmed the structures of
the materials (Fig. 3b and d) and showed the clear lattice images of the materials,
illustrating that the materials are well-ordered sub-micrometer-sized single
crystals. Layers were observed in the HR-TEM images, which corresponded to the
(111) plane of the materials. The distances of the (111) plane obtained from the
HR-TEM images, ca. 11.7 Å for Na–Mo–Mn oxide and ca. 11.4 Å for NH4–Mo–Fe
oxide, were in good agreement with the results from the crystal structures of the
materials.

3. Microporosity of the materials

The presence of water and NH4
+ in the POM-basedmaterials was conrmed by FT-

IR analysis (Fig. 2B). NH4–Mo–Fe oxide showed peakmaxima at ca. 1630 cm�1 and
1400 cm�1, which corresponded to water and NH4

+, respectively. In Na–Mo–Mn
oxide, the peak at 1630 cm�1 that corresponded to water was observed. The TPD-
MS analysis showed that water and NH4

+ in the materials desorbed during
a temperature increase (Fig. S3†). The mass numbers of m/z ¼ 16 and m/z ¼ 18
were attributed to the signals of desorbed NH3 and water. Water desorbed from
thematerials from 30 �C to 600 �C in both cases. NH4–Mo–Fe oxide showed a peak
at 320–380 �C for NH3 desorption in the TPD prole (m/z ¼ 16).

The structure of Mo–V–Bi oxide remained aer calcination at 350 �C for 2 h,
denoted as Mo–V–Bi–NC350.20 On the other hand, Na–Mo–Mn oxide and NH4–

Mo–Fe oxide were stable aer calcination at 200 �C for 2 h under a N2 ow

Fig. 3 (a) SEM image and (b) HR-TEM image of Na–Mo–Mn oxide and (c) SEM image and
(d) HR-TEM image of NH4–Mo–Fe oxide.
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(Fig. S4†), and the calcined samples were denoted as Na–Mo–Mn–NC200 and
NH4–Mo–Fe–NC200. The remaining molecules in the materials aer calcination
were investigated by comparison of the TPD-MS proles before and aer calci-
nation (Fig. S3†). The peaks of water (m/z ¼ 18) and NH3 (m/z ¼ 16) decreased
remarkably aer calcination, indicating that the guest molecules in the micro-
pores were partly removed by the heat treatment.

Nitrogen adsorption–desorption measurements were conducted for Mo–V–Bi–
NC350, Na–Mo–Mn–NC200 and NH4–Mo–Fe–NC200 (Fig. 4). In the case of Mo–V–
Bi oxide, all guest molecules were removed by calcination at 350 �C without
structure collapse, and Mo–V–Bi–NC350 was a microporous material with a BET
surface area of 75 m2 g�1.22 In the case of the Na–Mo–Mn oxide and NH4–Mo–Fe
oxide the NH3 and water were partially removed. Nevertheless, the micropores of
Na–Mo–Mn–NC200 and NH4–Mo–Fe–NC200 were also opened (Fig. 4) and the
surface areas were calculated using the BET method to be 22 m2 g�1 and 20 m2

g�1, for Na–Mo–Mn–NC200 and NH4–Mo–Fe–NC200, respectively, which were
apparently smaller than that of Mo–V–Bi–NC350. The high BET surface area of
Mo–V–Bi–NC350 mainly resulted from the highly opened micropores due to the
high calcination temperature. The less opened micropores of Na–Mo–Mn–NC200
and NH4–Mo–Fe–NC200might be ascribed to the remaining NH4

+ and Na+, which
blocked the micropores.

4. Redox properties and O2 adsorption

The 3-Keggin POM-basedmicroporous materials show redox properties in heating
conditions under an H2 or O2 atmosphere, because the Mo ions in the materials
are a mixture of MoV and MoVI, which can be oxidized to MoVI and reduced to
MoV, respectively.21

An interesting O2 adsorption phenomenon of NH4–Mo–Fe oxide was observed.
The materials used for O2 adsorption were calcined at 200 �C for 2.5 h under high

Fig. 4 The N2 adsorption–desorption isotherms of Mo–V–Bi–NC350, Na–Mo–Mn–
NC200, and NH4–Mo–Fe–NC200.
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vacuum before the experiments were conducted, denoted as NH4–Mo–Fe–NC200.
Calcined Na–Mo–Zn oxide and NH4–Mo–Zn oxide were denoted as Na–Mo–Zn–
NC200 and NH4–Mo–Zn–NC200. NH4–Mo–Fe–NC200 showed an interesting O2

adsorption property at room temperature. The adsorption–desorption of O2

isotherms in Fig. 5a and b shows that the O2 adsorption in NH4–Mo–Fe–NC200
increased quickly in the initial adsorption step when the O2 pressure was low.
When the adsorbed amount reached the step, the O2 uptake in the material
almost stopped even when O2 pressure was still increasing. Most of the adsorbed
O2 in NH4–Mo–Fe–NC200 could not desorb from the materials. For other iso-
structural materials of NH4–Mo–Fe oxide, O2 adsorption behavior was completely
different from that of NH4–Mo–Fe oxide, although the surface areas (Table S4†)
and basic structures were similar. The result indicated that the unique O2

adsorption was dependent on the chemical composition, and only the Fe con-
tainingmaterial was active for O2 adsorption. The Fe site in thematerial played an
important role in O2 adsorption.

Fig. 5 O2 adsorption isotherms of different 3-Keggin POM-based microporous materials
under (a) normal pressure and (b) low pressure at 25 �C. O2 adsorption isotherms of NH4–
Mo–Fe oxide with different pre-treatment temperatures, at (c) normal pressure and (d) low
pressure at 25 �C.
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The pre-treatment temperature affected the amount of adsorbed O2 in NH4–

Mo–Fe oxide. As shown in Fig. 5c and d, as the pre-treatment temperature
increased, the total amount of adsorbed O2 increased. A high pre-treatment
temperature removed more water and NH3 from the material and opened the
micropores of the material (Fig. S3†). The result indicated that the O2 adsorption
occurred in the micropores of NH4–Mo–Fe–NC200.

Aer O2 adsorption, NH4–Mo–Fe oxide was characterized. XRD patterns
(Fig. 6a) show that the basic structure of the material did not change, because all
the characteristic diffraction peaks remained. The XRD peaks shied to a higher 2
theta value, indicating that the lattice parameter decreased aer O2 adsorption.

Adsorption of O2 in NH4–Mo–Fe–NC200 at room temperature gave rise to
a different FT-IR spectrum compared with that of the as-synthesized material in
Fig. 6b, which can be explained in terms of the binding state change in the
material. A new IR band emerged at ca. 797 cm�1, corresponding to a n(O–O)
vibrational mode, which indicated the formation of a peroxo species, and it might
coordinate to the Fe site (Fe–O–O).28,29 The band at 970 cm�1 corresponding to
Mo]O shied to a higher wavenumber (ca. 978 cm�1), which demonstrated that
the bond length of Mo]O shortened due to dehydration. The FT-IR spectra
indicated that the O2 adsorption in the material was not a simple oxidation
process, which formed an Fe peroxo species.

5. Methacrolein oxidation by Mo–V–Bi oxide

Methacrylic acid (MA) becomes a widely used intermediate in its extensive
applications to the production of methyl methacrylate and other derivatives.
Selective oxidation to produce MA is a two-stage process. Firstly, isobutene
oxidation of methacrolein (MAL), and then MAL to MA. For the second step of

Fig. 6 (a) XRD patterns, inset figure: enlarged XRD patterns and (b) FT-IR spectra of NH4–
Mo–Fe oxide before and after O2 adsorption.
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the reaction, both oxidation ability and solid acidity are essential, so that
Keggin type POM system has been widely used. However, the catalytic perfor-
mance of the POM catalysts is not satisfactory, although commercialized, and
still needs improvement. Therefore, new types of oxide catalysts have been long
desired for the reaction. Based on our recent discovery of a new 3-Keggin POM-
based porous material and considering that Mo–V–Bi oxide has constituents
necessary for the selective oxidation of MAL, we applied this material as
a catalyst to the reaction.

We rst tested the Mo–V–Bi oxide with crystal particles in nanosize (20–50 nm
in diameter22) for the MAL oxidation aer calcination at 350 �C in N2 stream
(designated as Mo–V–Bi–N350(nano)). Conversions of MAL and O2 and selectivity
to MA, acetic acid (AcOH), CO, and CO2 are shown in Fig. 7. Very interestingly, the
reaction appreciably occurred over the catalyst even at 228 �C and yieldedMA with
60% selectivity, which is comparable to that of a normal Keggin POM catalyst. The
MAL conversion increased with increasing reaction temperature and was 28.1% at
270 �C. The MA selectivity gradually decreased as the reaction temperature
increased. The AcOH selectivity, on the other hand, lineally increased with the
reaction temperature and was 21.2% and 31.4% at 220 �C and 270 �C, respectively.
The CO and CO2 selectivity also increased with increasing reaction temperature.
Aer the catalytic reaction, no changes in the XRD patterns and FT-IR spectra
were observed (Fig. S5†), indicating that the basic crystal structure of the catalyst
was maintained during the reaction. Evidently, the Mo–V–Bi oxide can be a new
member of the oxidation catalysts for the selective oxidation of MAL.

The pore size of Mo–V–Bi oxide is 3.4 nm,20 which is much smaller than the
size of MAL, for which themolecular size was calculated to be 4.9 nm inminimum
as calculated using the DMol3 program, and thus the reaction would take place on
the external surface of the material. To test that the catalytic activity was depen-
dent on the external surface area of the materials, a well-crystallized Mo–V–Bi–
NC350 with a large particle size (1 mm in diameter) was synthesized (Fig. S5Ac†)20

and used for comparison. The activity of Mo–V–Bi–NC350 (large) was poor as
expected. MAL conversion at 228 �C was ca. 5%, which was half of that of Mo–V–
Bi–NC350(nano). The selectivity to MA was a little affected by the size of the
catalyst particles.

Fig. 7 MAL oxidation catalyzed by Mo–V–Bi–NC350(nano) with O2 as an oxidant. The
conversion of MAL (closed circle) and O2 (open circle) in (a) and the selectivity (mol %) to
MA (closed circle), AcOH (closed square), CO (triangle), and CO2 (reverse triangle) in (b) as
a function of the reaction temperature.
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6. Synthesis and characterization of crystalline metal oxides based on
a molecular wire

Using the VI A group metal ions, such as Te and Se, a new POM-based molecular
wire structure was prepared. The hydrothermal synthesis of (NH4)6Mo7O24$4H2O
with TeIV and SeIV ions yielded novel metal oxides, Mo–Te oxide and Mo–Se oxide.
The XRD patterns and FT-IR spectra are shown in Fig. 8. Six MoO6 units surround
one Te or Se ion in the a–b plane, which form a unit of [XMo6O21]

2� (X¼ Te or Se).
The hexagonal units stack along the c axis to form prismatic clusters as molecular
wires. The molecular wires assembled in parallel in a hexagonal fashion to form
the crystalline material with NH4

+ and water, which existed in between the
molecular wires and interacted with them (Fig. 1d–f).

The existence of water and NH4
+ in Mo–Te oxide and Mo–Se oxide was

conrmed by FT-IR (Fig. 8B), which exhibited bands at ca. 1630 cm�1 for water
and at ca. 1400 cm�1 for NH4

+. Water and NH4
+ stabilized the crystal structures of

the Mo–Te oxide and the Mo–Se oxide. Proton-exchange with NH4
+ in the Mo–Te

oxide effectively cracked the crystal of the material, keeping the structure of
a molecular wire. The molecular wire can be isolated from the crystal and can be
observed.25

Aer calcination of the Mo–Te oxide at 300 �C and the Mo–Se oxide at 250 �C
for 2 h under N2 (designated as Mo–Te–NC300 and Mo–Se–NC250), the XRD
patterns of the materials showed that the peaks ascribed to the (100) plane shied
to a high angle, indicating that the distance between the molecular wires
decreased (Fig. 8A). The diffraction peaks for the (100) and (001) planes still
remained in the calcined material, indicating that the molecular wires were still
in the structures aer calcination. A comparison of the FT-IR spectra before and
aer calcination indicated that the molecular structure of the Mo–Te oxide was
stable aer calcination at 300 �C. Aer calcination, the IR peak for NH4

+

Fig. 8 (A) XRD patterns of (a) Mo–Te oxide and (b) Mo–Te–NC300 and (B) FT-IR spectra
of (a) Mo–Te oxide and (b) Mo–Te–NC300.
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(1400 cm�1) decreased remarkably, and NH3 was removed from the material to
leave protons as acid sites.

7. Catalytic hydrolysis of cellobiose

Biomass utilization is of great importance, because of increasing attention to the
consumption of energy resources for sustainable society and development.
Cellulose is a big class of biomass, and conversion of cellulose to useful chemicals
is one of the most important biomass conversion routes. The rst step of cellulose
conversion is hydrolysis of the glycosidic bond to form hexose that further
transforms to other chemicals under certain reaction conditions. Brønsted acids
are active for cellulose hydrolysis.30–32 Cellobiose, formed by two glucose mole-
cules, is an ideal model substrate for the investigation of glycosidic bond
hydrolysis, and the novel complex metal oxides mentioned above are expected to
be active for the reaction.

Aer calcination, NH3 desorbed from the porous POMs and the transition
metal oxide molecular wires, and protons emerged in the materials whichmay act
as acid sites. The materials were used as catalysts for the hydrolysis of cellobiose
(Table 3). The identied products in the resulting solution are glucose, mannose,
formic acid (FA), AcOH, and 5-hydroxymethylfurfural (HMF). Glucose was a direct
product formed by the hydrolysis of the glycosidic bond of cellobiose. Mannose
was formed by the isomerization of glucose in aqueous solution. HMFwas formed
by further dehydration of hexoses. The fragment molecules such as FA and AA are
formed by C–C bond cleavage. The undetectable products might be ascribed to
humin, which commonly forms in biomass conversion.33,34 Mo–V–Bi–NC350
showed the best performance among the 3-Keggin POM-based porous materials
(Table 3, entries 1–3). For Mo–Te–NC300 and Mo–Se–NC250, the conversion of
cellobiose and the yield of glucose andmannose were higher than all the 3-Keggin
POM-based porous materials (Table 3, entries 4 and 5), which might be due to
well-dispersed catalysts in the reaction media. The activity was low when no
catalyst was used (Table 3, entry 6). Aer the reaction, the XRD patterns and FT-IR
spectra of the porous POMs were identical, indicating that the materials were
stable (Fig. S6†). The nanowires were too small to be recovered.

Table 3 Hydrolysis of cellobiose catalyzed by different materialsa

Entry Catalyst
Conversion
(%)

Yield based on carbon (%)

Glucose Mannose FA AcOH HMF Other

1 Mo–V–Bi–NC350 50.7 14.9 12.9 2.8 0.5 1.3 18.3
2 NH4–Mo–Mn–NC200 37.6 4.1 4.5 0.6 0.4 0.7 27.3
3 NH4–Mo–Fe–NC200 50.4 10 10.3 0.9 0.3 1.0 27.9
4 Mo–Te–NC300 74.4 16.1 16.6 1.8 0.3 1.6 38.0
5 Mo–Se–NC250 90.0 18.1 20.4 1.9 0.4 2.3 46.9
6 — 7.4 6.8 0 0 0 0.6 0

a Reaction conditions: hydrolysis of cellobiose catalyzed by different materials, reaction
conditions: cellobiose (0.05 g), catalyst (0.01 g), water (0.5 mL), reaction time (2 h), and
reaction temperature (160 �C).
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Conclusion

Assembly of Mo POM units with octahedra of other elements forms POM unit-
structured materials. By this assembling methodology, two kinds of novel
complex Mo oxides are constructed, all-inorganic 3-Keggin POM-based 3D
microporous materials and molecular wire-based crystalline metal oxides. The
results strongly indicate that the use of POM units is an effective approach for the
design and development of novel transition metal oxide catalysts.

In this research, two new all-inorganic 3-Keggin POM-based 3D framework
materials, Na–Mo–Mn oxide and NH4–Mo–Fe oxide, were synthesized and char-
acterized. Structural analysis clearly demonstrates that 3-Keggin POMs are con-
nected with metal ions (Mn and Fe) to form {H10.8[MnII

2.6MoVI2 MoV10O40]}
2� and

{H9.4[Fe2.6MoV9MoVI3 O40]}
2�. These two materials are iso-structural to the reported

Mo–V–Bi oxide. Furthermore, a unique O2 adsorption phenomenon is observed in
NH4–Mo–Fe oxide at 25 �C. The adsorption of O2 in the Fe site may form Fe peroxo
species. Mo–V–Bi oxide shows activity for MAL oxidation to produce MA with O2.
The novel materials, 3-Keggin POM-based porous materials and the molecular
wire-basedmetal oxides, are effective solid acids for the hydrolysis of cellobiose in
aqueous solution. The present research provides a new approach using POM as
units to construct new transition metal oxides for catalysis.
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Abstract Crystalline Mo–V–M3rd–O (M3rd = Fe, W)

catalysts (MoVFeO and MoVWO) with trigonal symmetry

were successfully obtained by a hydrothermal method in

the presence of structure-directing agents (ammonium

cation and ethylammonium cation) and their catalytic

performances for selective oxidation of ethane were com-

pared with trigonal Mo3VOx catalyst (MoVO). Fe and W

were uniformly distributed throughout the rod-shaped

crystals. XRD, Raman, XRD simulation, and Rietveld

analysis revealed that MoVFeO contained Fe in a heptag-

onal channel and W in MoVWO substituted Mo in

{Mo6O21}
6- pentagonal unit in the structure. MoVWO

catalyst showed comparable catalytic activity with MoVO

for the selective oxidation of ethane. On the other hand,

catalytic performance of MoVFeO was far less compared

with those of MoVO and MoVWO. The picture that the

catalytic reaction occurs at the specific part in the structure

could be visualized.

Keywords Crystalline Mo–V–O catalysts � Selective
oxidation � Structure–activity relationship

1 Introduction

Crystalline Mo3VOx catalysts (MoVO) have been attracting

much attention because of its outstanding catalytic activity

for the selective oxidation of ethane and acrolein [1–7].

Among these, trigonal Mo3VOx catalyst (Tri-MoVO) was

firstly discovered by our group in 2007 which promoted a lot

of researches including its physicochemical properties and

catalytic properties [8–11]. Tri-MoVO is comprised of a

network arrangement based on {Mo6O21}
6- pentagonal

units and MO6 (M = Mo and V) octahedral units. This

arrangement forms hexagonal and heptagonal channels in

their a-b basal planes, which are stacked for each other along

c-direction to form a rod-shaped crystal (Fig. 1) [8–10]. It

has been revealed that the heptagonal channel in the structure

acts as a micropore to adsorb small molecules such as N2,

CO2, CH4, C2H6, and C3H8. Interestingly, in the selective

oxidation of ethane, the reaction of ethane to ethene takes

place inside the heptagonal channel [3–5, 12–14].

MoVO is formed by a hydrothermal synthesis of precursor

solution containing ball-type polyoxometalate, [Mo72V30

O282(H2O)56(SO4)12]
36- ({Mo72V30}), in which 12

{Mo6O21}
6- pentagonal units are connected with 30

[V = O]2? units [3, 7, 15]. {Mo72V30} provides the

{Mo6O21}
6- pentagonal units and MO6 octahedra (M = Mo

and V) as building units and MoVO is formed by the

arrangement of these units. During the crystal formation pro-

cess, NH4
? cation which is provided by the Mo source

((NH4)6Mo7O24�4H2O) is incorporated into the heptagonal

channel [16–19]. Recently, we have shown that the counter

cation in the heptagonal channel is replaceable by an
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alkylammonium cation such as methylammonium cation or

dimethylammonium cation [20]. We have reported that the

addition of (C2H5)3NHCl promoted the crystallization of

MoVO when additional element (ex. Al, Fe, Ga) was present

togetherwithMoandV, although at thatmomentwe could not

know the role of (C2H5)3NHCl on the crystallization and the

structure of MoVO [21].

We now speculate that the combination of an additional

element and an alkylammonium cation can form well-crys-

talized MoVO having additional elements inside the struc-

ture. The incorporation of additional elements is considered

to give an additional catalytic function which may result in

the improvement of the catalytic activity. For example, the

addition of W into the Mo–V based oxides has widely been

studied to improve the catalytic performance for the selective

oxidations [22, 23]. In the present study, we demonstrate that

ethylammonium cation can work as a proper structure-di-

recting agent to form trigonal Mo–V–M3rd–O (M3rd = Fe,

W). Obtained catalysts (MoVFeO and MoVWO) contained

Fe and W uniformly in the crystal structure. The important

point of these catalysts is that the additional elements (Fe,W)

were located at different positions in the crystalline structure.

The position of these additional elements in the crystal

structure significantly influenced the catalytic activity for the

selective oxidation of ethane. Strong structure–activity

relationship for the selective oxidation of ethane could be

observed by combining characterizations and a catalytic

reaction. This findings can provide (1) the useful information

to create complex mixed metal oxide with multi-function-

ality and (2) the molecular-level understanding of ethane

oxidation which enable us to understand the strategy to

design the active catalysts for selective oxidations.

2 Experimental

2.1 Synthesis of Trigonal Mo3VOx Oxide

Tri-Mo3VOx was synthesized by a hydrothermal method.

8.828 g of (NH4)6Mo7O24�4H2O (Mo: 50 mmol, Wako)

was dissolved in 120 mL of distilled water. Separately, an

aqueous solution of VOSO4 was prepared by dissolving

3.290 g of hydrated VOSO4 (V: 12.5 mmol, Mitsuwa

Chemicals) in 120 mL of distilled water. The two solutions

were mixed at ambient temperature and stirred for 10 min.

At the moment, pH value of the solution was 3.2. Then,

3.5 mL of 2 M H2SO4 solution was added to decrease the

pH to 2.2 and the solution was stirred for another 10 min.

The obtained mixed solution was introduced into an auto-

clave with a 300 mL-Teflon inner vessel and 4000 cm2 of

Teflon thin sheet to occupy about half of Teflon inner

vessel space. After the introduction, N2 was fed into the

solution in the tube in order to remove residual oxygen.

Then the hydrothermal reaction was started at 175 �C for

20 h under static conditions in an electric oven. Formed

gray solids were washed with distilled water, and dried in

air at 80 �C overnight. Obtained material was abbreviated

as MoVO-A-fresh. Then, purification with oxalic acid was

conducted in order to remove an impurity. To 25 mL

aqueous solution (0.4 mol L-1, 60 �C) of oxalic acid

(Wako), 1 g of the dried material was added and stirred for

30 min, then washed with 500 mL of distilled water after

filtration. The sample after the purification was abbreviated

as MoVO-A. Prior to the catalytic test, MoVO-A was

calcined under static air for 2 h at 400 �C with

10 �C min-1 ramp rate in a muffle oven. Obtained material

was abbreviated as MoVO-A-AC.

2.2 Preparation of Mo–V–M3rd–O Oxide

(M3rd: Fe, W)

For synthesizing Mo–V–M3rd–O (M3rd = Fe, W), ethy-

lammonium trimolybdate (EATM, (CH3CH2NH3)2Mo3O10)

was used as a Mo source instead of (NH4)6Mo7O24�4H2O.

EATM was prepared according to our previously paper

[7, 20, 24]. 21.594 g of MoO3 (0.150 mol, Kanto) was dis-

solved in 28.0 mL of 70 % ethylamine solution (ethylamine:

0.300 mol, Wako) diluted with 28.0 mL of distilled water.

The reason for the addition of distilled water is to reduce the

viscosity of the mixed solution. After being completely

dissolved, the solution was evaporated under vacuum con-

dition (P/P0 = 0.03) at 70 �C and then solid powder was

obtained. The powder was dried in air at 80 �C overnight.

1.799 g of EATM (Mo: 10 mmol) was dissolved in

20 mL of distilled water. Separately, an aqueous solution

of VOSO4 was prepared by dissolving 0.658 g of hydrated

VOSO4 (V: 2.5 mmol) in 20 mL of distilled water. The

two solutions were mixed at ambient temperature and

stirred for 10 min before the addition of 0.301 g of

Fe(NH4)(SO4)2�12H2O (Fe: 0.625 mmol, Wako) or 0.160 g

of (NH4)6[H2W12O40]�nH2O (W: 0.625 mmol, Nippon

Inorganic Colour and Chemical Co., Ltd.). The pH value

changed from 2.4 to 2.0 by the addition of

Fig. 1 Crystal structure of trigonal Mo3VOx. Mo, purple; V, gray;

mixture of Mo and V, green
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Fe(NH4)(SO4)2�12H2O but no pH value change was

observed by the addition of (NH4)6[H2W12O40]�nH2O

(from 2.4 to 2.4). Obtained mixed solution was introduced

into an autoclave with a 50 mL-Teflon inner vessel and

800 cm2 of a Teflon thin sheet to occupy about half of

Teflon inner vessel space. After being introduced, N2 was

fed into the solution in order to remove a residual oxygen.

Then, the hydrothermal reaction was carried out at 175 �C
for 48 h under static condition. Formed gray solids were

separated by filtration, washed with distilled water, and

dried in an air at 80 �C overnight. Obtained materials were

abbreviated as MoVFeO-EA-fresh and MoVWO-EA-fresh,

respectively. When third metals were not used in this

condition, obtained material was denoted as MoVO-EA-

fresh. Purification with oxalic acid was conducted for the

obtained solids in order to remove an amorphous type

material which was formed as an impurity. To 25 mL

aqueous solution (0.4 mol L-1, 60 �C) of oxalic acid

(Wako), 1 g of the dried material was added and stirred for

30 min, then washed with 500 mL of distilled water after

filtration. Obtained materials were abbreviated as MoV-

FeO-EA and MoVWO-EA, respectively. Prior to the cat-

alytic test, these materials were calcined under static air for

2 h at 400 �C with 10 �C min-1 ramp rate in a muffle

oven. The obtained materials were abbreviated as MoV-

FeO-EA-AC and MoVWO-EA-AC, respectively.

As a comparison, Mo–V–M3rd–O catalysts were syn-

thesized using (NH4)6Mo7O24�4H2O as a Mo precursor.

1.766 g of (NH4)6Mo7O24�4H2O was dissolved in 20 mL

of distilled water. This solution was mixed with an aqueous

solution prepared by dissolving 0.658 g of hydrated

VOSO4 (V: 2.5 mmol) in 20 mL of distilled water. The

two solutions were mixed at ambient temperature and

stirred for 10 min before the addition of 0.301 g of

Fe(NH4)(SO4)2�12H2O (Fe: 0.625 mmol) or 0.160 g of

(NH4)6[H2W12O40]�nH2O (W: 0.625 mmol). pH change

was observed by the addition of Fe(NH4)(SO4)2�12H2O

(from 3.2 to 2.5). On the other hand, no pH change was

observed by the addition of (NH4)6[H2W12O40]�nH2O

(from 3.2 to 3.2) Then, pH value was controlled to 2.0

when Fe source was used and to 2.4 when W source was

used by adding 2 M H2SO4 solution. After the N2 bubbling

for 10 min, the hydrothermal synthesis was carried out at

175 �C for 48 h. The formed solids were abbreviated as

MoVFeO-A-fresh and MoVWO-A-fresh, respectively. In

addition, we synthesized Mo–V–M3rd–O with the addition

of (CH3CH2NH3)Cl when AHM was used as a Mo source.

In this preparation, 0.544 g of (CH3CH2NH3)Cl (EACl,

6.67 mmol, MERCK) was added into the mixed solution of

Mo, V, M3rd before controlling the pH. No pH change was

observed by the addition of EACl. After controlling the pH

of the precursor solution with 2 M H2SO4 (M
3rd = Fe, 2.0;

M3rd = W, 2.4), hydrothermal synthesis at 175 �C for 48 h

was carried out. The formed solids after the hydrothermal

synthesis were abbreviated as MoVFeO-(A?EACl)-fresh

and MoVWO-(A?EACl)-fresh, respectively. When third

metals were not used in the presence of EACl, the formed

solid was abbreviated as MoVO-(A?EACl)-fresh.

2.3 Characterization of Synthesized Materials

The synthesized materials were characterized by the fol-

lowing techniques: Powder XRD patterns were recorded

with a diffractometer (RINT Ultima?, Rigaku) using Cu-

Ka radiation (tube voltage: 40 kV, tube current: 40 mA).

For XRD measurements, the prepared samples were

ground for 5 min with Si standard in order to correct peak

position and to exclude an orientation effect. Diffractions

were recorded in the range of 4�–80� with 1�/min scan

speed. Raman spectra (inVia Reflex Raman spectrometer,

RENISHAW) were measured in air for a static sample with

Ar laser (532 nm). FT-IR analysis was carried out using a

spectrometer (FT/IR-4700, JASCO) with a TGS detector.

IR spectra were obtained by integrating more than 256

scans with a resolution of 4 cm-1. CHN elemental com-

position was determined using Micro Corder JM10

(Yanaco). Elemental compositions in the balk were deter-

mined by ICP-AES (ICPE-9000, Shimadzu). XPS (JPC-

9010MC, JEOL) with a non-monochromatic Mg–Ka
radiation was used for measuring binding energy values of

Mo and V. Temperature-programmed desorption (TPD)

was carried out using an auto chemisorption system (BEL

Japan). The catalyst (ca. 50 mg) was set between two

layers of quartz wool and stabilized under helium

(50 mL min-1) at 400 �C for 10 min. Then, desorption

profile from 40 to 600 �C was recorded with a mass

spectrometer under helium flow (50 mL min-1). The

measurements of TPD under He/O2 = 45/5 mL min-1

flow (TPO) was performed with the same apparatus.

STEM-EDX analysis and mapping analysis were con-

ducted by using HD-2000 (Hitachi). For these analyses,

samples were dispersed with ethanol and treated by ultra-

sonic equipment. Supernatant liquid was dropped on the

Cu-grid and was dried overnight for the analysis. N2

adsorption isotherms at liq. N2 temperature were obtained

using an auto-adsorption system (BELSORP MAX, Nip-

pon BELL). External surface areas and micropore volumes

were determined using a t-plot in the t range from 0.15 to

0.90. Prior to N2 adsorption, the catalysts were heat-treated

under vacuumed condition at 300 �C for 2 h.

Rietveld refinement was performed for MoVO-A-AC,

MoVFeO-EA-AC, and MoVWO-EA-AC using Materials

Studio 7.1 (Accelrys). The XRD patterns after correcting

the peak position were subjected to the refinement. First,

the Rietveld refinement for MoVO-A-AC was performed

using the structural model of trigonal Mo3VOx obtained

Top Catal (2016) 59:1477–1488 1479
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from our previous paper [8]. All metal atom positions were

refined. After the refinement of metal positions, oxygen

atom positions were refined to set a proper metal–oxygen

length. The pattern parameters were refined to obtain the

lowest Rwp value. Rietveld analysis parameters and atom

positions of MoVO-A-AC are shown in Tables S1 and S2,

respectively. Then, the Rietveld refinement for MoVFeO-

EA-AC and MoVWO-EA-AC was carried out. For the

refinement, structural model of MoVO-A-AC was used as a

base structure. For MoVFeO-EA-AC, Fe was set at the

heptagonal channel occupancy. For MoVWO-EA-AC, W

was set at the whole {Mo6O21}
6- pentagonal unit. The

Rietveld refinement was performed in the same manner

with MoVO-A-AC. Rietveld analysis parameters of

MoVFeO-EA-AC and MoVWO-EA-AC are shown in

Tables S3 and S5, respectively, and atom positions of

MoVFeO-EA-AC and MoVWO-EA-AC are shown in

Tables S4 and S6, respectively. XRD simulation experi-

ments for MoVFeO-EA-AC and MoVWO-EA-AC were

carried out using the same software as well as Rietveld

refinement. For the experiments, structural model of

MoVO-A-AC after the Rietveld refinement was used as a

base structure. Atomic position and atomic occupancy were

changed depending on the situation and simulated the XRD

for each cases.

2.4 Catalytic Test

The selective oxidation of ethane in gas phase was carried

out at atmospheric pressure in a conventional vertical flow

system with a fixed bed Pyrex tubular reactor. 0.50 g of the

catalyst was diluted with 2.10 g of silica and put into the

tubular reactor for ethane oxidation. The reactor was

heated gradually from room temperature at a rate of

10 �C min-1 to 260 �C under nitrogen flow (40 mL min-1

from the top of the reactor). The temperature was measured

with a thermocouple inserted in the middle of the catalyst

zone. When the temperature reached 260 �C, a reactant gas
with the composition of C2H6/O2/N2 = 5/5/40 mL min-1

was fed and the reaction was started. Reaction was carried

out at 260, 280, 300, 320, and 340 �C. Reactants and

products were analyzed with three online gas chro-

matographs (Molecular sieve 139 for O2, N2 and CO with

a TCD detector, Gaskuropack for CO2, C2H4 and C2H6

with a TCD detector, and Porapak Q for acetic acid with a

FID detector). Blank runs showed that under the experi-

mental conditions used in this study, homogeneous gas-

phase reactions were negligible. Carbon balance was

always ca. 98–100 %, so that the product selectivity was

calculated on the basis of the product sum.

3 Results and Discussion

3.1 Synthesis of Crystalline Mo–V–M3rd–O

Catalysts

Figure 2 shows the XRD patterns of the obtained catalysts

before the purification (see the experimental section). The

amounts of ammonium cation (NH4
?) and ethylammonium

cation (EtNH3
?) in the precursor solution in the

hydrothermal synthesis are shown in Table 1. MoVO-A-

fresh showed XRD peaks at 4.7�, 8.3�, and 22.2�, which are
derived from (100), (110), and (001) plane of the crys-

talline trigonal Mo3VOx [1, 7, 8]. In addition to these

peaks, the peak at 9.1� possibly derived from

Fig. 2 a (NH4)6Mo7O24�4H2O was used as a Mo source. aMoVO-A-

fresh,bMoVFeO-A-fresh, cMoVWO-A-fresh.b (NH4)6Mo7O24�4H2O

was used as a Mo source in the presence of (C2H5NH3)Cl.

aMoVO-(A?EACl)-fresh, bMoVFeO-(A?EACl)-fresh, cMoVWO-

(A?EACl)-fresh. c (C2H5NH3)2Mo3O10 (EATM) was used as a Mo

source. a MoVO-EA-fresh, b MoVFeO-(A?EA)-fresh, c MoVWO-

(A?EA)-fresh. Closed circle, (NH4)2Mo4O13; closed triangle,

FeO(OH); open triangle, Fe(OH)3
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(NH4)2Mo4O13 was observed. MoVFeO-A-fresh showed

the XRD peak at 22.2� which represents the layered

structure, while the peaks below 10� were absent, indicat-

ing that the trigonal Mo3VOx was not formed. The peak at

9.1� attributed to (NH4)2Mo4O13 was also observed in the

same manner with MoVO-A-fresh. In addition, the XRD

peaks at 11.8� and 23.7�, attributable to FeO(OH) and

Fe(OH)3, respectively, were observed. MoVWO-A-fresh

showed the diffraction peaks all attributed to trigonal

Mo3VOx, although the crystallinity was poor. In the case

that EACl was added into the precursor solution (Fig. 2b),

MoVO-(A?EACl) showed almost the same XRD pattern

with that of MoVO-A-fresh, suggesting almost no effects

of (CH3CH2NH3)Cl (EACl) on the crystal formation pro-

cess in this synthesis. In the case of MoVFeO-(A?EACl)-

fresh, the peaks attributed to trigonal phase appeared at

4.7� and 8.3� by the addition of EACl. However, the XRD

peaks at 11.8� and 23.7� were still observed. In the case of

MoVWO-(A?EACl)-fresh, the intensity of the peaks at

4.7� and 8.3� was clearly increased, suggesting an

improvement of the crystallinity of trigonal phase by the

addition of EACl. The addition of EACl was found to

facilitate the formation of trigonal phase in the presence of

W source.

When (EtNH3)2Mo3O10 (EATM) was used as a Mo

source (Fig. 2c), clear differences in the XRD patterns

were found. MoVO-EA-fresh showed no clear XRD peaks

under 10� and the obtained XRD pattern was almost the

same with that of the amorphous Mo3VOx material as we

have reported previously [1, 20]. On the other hand,

MoVFeO-EA-fresh and MoVWO-EA-fresh showed XRD

peaks attributable to crystalline trigonal Mo3VOx and no

peaks besides this phase were observed. Obviously,

EtNH3
? cation promoted the formation of trigonal Mo3

VOx. For these syntheses, the role of small amount of

NH4
? deriving from Fe(NH4)(SO4)2�12H2O or (NH4)6

[H2W12O40]�nH2O precursor is essential. Actually, when

H2WO4 was used as a W source for the synthesis instead of

(NH4)6[H2W12O40]�nH2O, no crystalline trigonal MoVWO

material could be obtained even though the same amount of

W and the same pH value of precursor solution were

applied (Fig. S1). The roles of EtNH3
? and NH4

? in the

formation of the trigonal Mo–V–M3rd–O materials will be

discussed later. At this stage, we successfully obtained the

crystalline Mo–V–Fe–O and Mo–V–W–O catalysts iso-

morphs with the trigonal Mo3VOx structure.

For further characterizations, MoVO-A, MoVFeO-EA,

and MoVWO-EA after the purification with oxalic acid

were used. Table 2 shows the results of elemental analyses

of MoVO-A, MoVFeO-EA and MoVWO-EA. The bulk

V/Mo ratios of MoVO-A, MoVFeO-EA and MoVWO-EA

estimated by ICP were 0.32, 0.30, and 0.29, respectively,

and were almost the same. For MoVFeO-EA and

MoVWO-EA, Fe and W were detected by ICP and the

ratios of Fe/Mo and W/Mo were 0.06 and 0.06, respec-

tively, which are consistent with the preparative M3rd/Mo

ratio (0.05). STEM-mapping and STEM-EDX analyses

were employed for these materials in order to estimate the

elemental composition of each crystals and the results are

shown in Fig. 3. The images clearly show that the elements

which constitute the rods were uniformly distributed

throughout the rods. The elemental compositions of the

rod-shaped crystals were estimated by STEM-EDX anal-

ysis and are compared with those determined by ICP-AES.

The results are listed in Table 2. The elemental composi-

tions of the rods were almost the same with those of the

bulk and were Mo/V/Fe = 1/0.30/0.07 (MoVFeO-EA) and

Mo/V/W = 1/0.29/0.07 (MoVWO-EA), respectively. The

coincident of the elemental composition determined by ICP

(bulk) and STEM-EDX (rod-shaped crystal) indicates that

these samples were highly pure with almost no impurities

as implied by XRD. In addition, XPS analysis was per-

formed for these materials in order to measure the ele-

mental composition on their catalyst surface. The V/Mo

ratios on the catalyst surface were 0.14, 0.11, and 0.14 for

MoVO-A, MoVFeO-EA and MoVWO-EA, respectively,

and were considerably small compared with those deter-

mined by ICP and STEM-EDX. This small V/Mo ratio at

the catalyst surface have been reported in Mo–V–Te–Nb–O

catalyst, crystal analogous with crystalline trigonal Mo3
VOx catalyst [25–29]. For the third metals, XPS peak of Fe

2p3/2 was surprisingly negligible in MoVFeO-EA, while

that of W 4f7/2 for MoVWO-EA could clearly be seen

(Fig. S2). The obtained Fe/Mo ratio was almost 0 and the

W/Mo ratio was 0.08. Since W/Mo ratio determined by

ICP (bulk), STEM-EDX (rod-shaped crystal), and XPS

(surface) were almost the same, W was found to be uni-

formly dispersed throughout the solid. On the other hand,

Fe is preferentially located in the bulk for MoVFeO-EA

because of the negligible Fe/Mo ratio on the surface.

IR, TPD, and TPO analyses were carried out in order to

obtain information about the counter cation species in the

Table 1 Amount of counter cations in the precursor solution

Catalyst NH4
?/mmol l-1 EtNH3

?/mmol l-1

MoVO-A 179 0

MoVFeO-A 230 0

MoVWO-A 222 0

MoVO-(A?EACl) 214 167

MoVFeO-(A?EACl) 230 167

MoVWO-(A?EACl) 222 167

MoVO-EA 0 167

MoVFeO-EA 16 167

MoVWO-EA 8 167
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structure. Figure S3 shows the IR spectra of MoVO-A,

MoVFeO-EA, and MoVWO-EA. Below 1000 cm-1, all

the catalysts showed the characteristic IR bands at

915 cm-1 attributable to V–O, 874, 840, 817, 800, 720 and

652 cm-1 to Mo–O–Mo, 604 cm-1 to V–O–Mo, and

458 cm-1 to Mo–O [1, 14, 20, 30–32]. The band intensity

at 915 cm-1 was decreased in MoVFeO-EA. Possibly, the

incorporation of Fe into the structure weakened the V–O

bond strength. For the IR bands in the range of

1000–2000 cm-1, the peak at 1620 cm-1 was assigned to

water and the peaks in the range of 1000–1550 cm-1 were

derived from the absorption of counter cations. Figure S3B

shows the enlarged IR bands from 1000 to 1550 cm-1. The

absorption peak at 1401 cm-1 attributed to an asymmetric

deformation vibration of the NH4
? was observed in

MoVO-A [20]. The peak attributable to NH4
? was also

observed in MoVFeO-EA and MoVWO-EA, indicating

that the NH4
? derived from Fe(NH4)(SO4)2�12H2O or

(NH4)6[H2W12O40]�nH2O precursor is located inside the

structure. In addition to this band, the absorption bands at

1505 cm-1 attributed to a bending of NH3
?, 1471 cm-1 to

CH2 scissoring, 1449 cm-1 to CH3 asymmetric deforma-

tion, 1181 cm-1 to CH2 rocking, and 1037 cm-1 to C–N

stretching were observed in MoVFeO-EA and MoVWO-

EA. This strongly suggests the existing of EtNH3
? in the

structure as well as the NH4
? [33–35]. This coexistence of

NH4
? and EtNH3

? were further confirmed by TPD and

TPO experiments. Figure S4 shows the TPD and TPO

profiles of MoVFeO-EA and MoVWO-EA. TPD analysis

was operated under 50 mL min-1 of He flow and TPO was

operated under He/O2 = 45/5 mL min-1 flow. Mass

numbers (m/z) of 16, 44, and 45 are ascribed to the des-

orption of NH3, CO2, and EtNH2. Desorption peaks of NH3

at 370 �C, CO2 at 270, 440 and 520 �C, and EtNH2 at 440

and 520 �C were observed in TPD for MoVFeO-EA. Since

no C–O bond was observed in IR, the observed CO2 des-

orption should be the result of the interaction between

EtNH3
? and lattice oxygen in the structure during the TPD

[20]. In the presence of oxygen (TPO), the desorption

temperatures of CO2 and EtNH2 shifted to lower

Table 2 Physicochemical properties of Mo–V–M3rd–O materials

Catalyst Mo/V/M3rd CHN elemental analysisd/wt%

Preparative Bulka Rod-shaped crystalb Surfacec C H N

MoVO-A 1/0.25/– 1/0.32/– – 1/0.14/– 0 0.76 0.80

MoVFeO-EA 1/0.25/0.05 1/0.30/0.06 1/0.30/0.07 1/0.11/0.01 1.28 (1.28) 1.10 1.01 (0.59)

MoVWO-EA 1/0.25/0.05 1/0.29/0.06 1/0.29/0.07 1/0.14/0.08 1.29 (1.29) 0.97 1.01 (0.59)

a Determined by ICP
b Determined by STEM-EDX
c Determined by XPS
d Determined by CHN elemental analysis. Parenthesis is a calculated value derived from ethylammonium cation

Fig. 3 STEM-mapping images of MoVFeO-EA (a) and MoVWO-EA (b)
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temperature and was 260 �C for both CO2 and EtNH2. No

NH3 desorption was determined in TPO due to the over-

lapping of O2 (m/z = 16) in a fluent gas. Desorption peaks

were observed in TPD for NH3 at 370 �C, CO2 at 190, 320,

470 �C, and EtNH2 at 470 �C for MoVWO-EA as well as

for MoVFeO-EA. In the same manner with MoVFeO-EA,

the desorption temperatures of CO2 and EtNH2 shifted

toward low temperature in the presence of oxygen (TPO)

and were around 260 �C for both the species. It has been

reported that physically adsorbed species over the crys-

talline Mo3VOx materials desorb in TPD around 150 �C,
which is much lower temperature than those observed in

MoVFeO-EA and MoVWO-EA [13, 14]. Taking into

account the desorption temperature, the detected species

should be of chemisorbed on or in the structure. Combined

with the IR results, the coexistence of NH4
? and EtNH3

? is

obvious for both the catalysts.

Then, the amounts of these cations were estimated by

CHN elemental analysis. As can be seen in Table 2, no C

were observed in MoVO-A, thus, no oxalic acid used for

the purification remained in the materials. For MoVFeO-

EA and MoVWO-EA, 1.28 and 1.29 wt% of C were

observed (Table 2). Since oxalic acid cannot remain in the

catalysts, detected C should be all attributed to EtNH3
?.

Based on the catalyst elemental composition and weight

percent of C, the numbers of EtNH3
? inside the trigonal

Mo3VOx structure per unit cell were calculated for MoV-

FeO-EA and MoVWO-EA. The detailed calculation

method is shown in the supplementary. The calculated

numbers of EtNH3
? per unit cell were 2.08 and 2.06 for

MoVFeO-EA and MoVWO-EA, respectively. Since the

existence of NH4
? inside the structure was obvious from

IR and TPD, the amount of NH4
? was evaluated as well.

The contributions of EtNH3
? for the N weight percentages

were calculated based on the weight percentages of C and

were determined to be 0.59 wt% for both the catalysts.

Thus, the contributions of NH4
? for the N weight per-

centages were calculated to be 0.42 wt% for both the cat-

alysts (Table 2). Calculated numbers of NH4
? per unit cell

of MoVFeO-EA and MoVWO-EA were 0.73 and 0.72,

respectively. Accordingly, the numbers of counter cations

(NH4
? ? EtNH3

?) of MoVFeO-EA and MoVWO-EA per

unit cell were calculated as 2.81 and 2.78, respectively. In

trigonal Mo3VOx structure unit cell, there are three hep-

tagonal channels and two hexagonal channels. The

obtained numbers of the counter cations in the MoVFeO-

EA and MoVWO-EA structure unit cell were reasonably

consistent with the number of the heptagonal channels in

the unit cell. Since the size of the channels of the hexagonal

channel (0.25 nm) is too small to accommodate these

counter cation (EtNH3
?: 0.43 nm, NH4

?: 0.28 nm), it is

reasonable to assume that all the counter cations are

located inside the heptagonal channel (0.4 nm)

[4, 5, 12, 19]. We concluded, on the basis of these facts,

that both EtNH3
? and NH4

? are located inside the hep-

tagonal channel in MoVFeO-EA and MoVWO-EA.

The crystal formation of Mo–V–M3rd–O might occur by

the involvement of EtNH3
? and NH4

? during the heptag-

onal channel formation. EtNH3
? and NH4

? might work

like as structure-directing agents to form trigonal Mo3VOx

structure by entering into the heptagonal channel of the

structure. The sum of H weight percents derived from

EtNH3
? and NH4

? are calculated to be 0.49 and 0.45 wt%

for MoVFeO-EA and MoVWO-EA, respectively. Since the

weight percent of H in MoVFeO-EA and MoVWO-EA was

determined to be 1.10 and 0.97 wt%, the rest other than

those from EtNH3
? and NH4

? (0.61 wt% for MoVFeO-EA

and 0.53 wt% for MoVWO-EA, respectively) might be

derived from the water as observed in the IR analysis. The

numbers of water per unit cell were calculated and were

11.6 and 9.1 for MoVFeO-EA and MoVWO-EA, respec-

tively. These are mostly the physically adsorbed water as

we have shown previously [14]. The chemical composi-

tions of MoVFeO-EA and MoVWO-EA are now calculated

as Mo20.8V6.2Fe1.2O75(EtNH3)2.08(NH4)0.73�11.6H2O and

Mo20V5.8W1.2O75(EtNH3)2.06(NH4)0.72�9.1H2O, respec-

tively. On the other hand, the number of NH4
? per unit cell

was calculated to be 2.1 for MoVO-A. The number of the

counter cation in this case is obviously small compared

with the number of the heptagonal channel per unit cell.

Possibly, NH4
? is partially exchanged with H? during the

purification process. The calculated chemical composition

of MoVO-A was Mo20.4V6.6O75(NH4)2.1�9.9H2O.

3.2 Location of Third Metals in the Structure

of Mo–V–M3rd–O Catalysts

The location of the third metals was investigated by Riet-

veld analysis for the MoVFeO-EA-AC and MoVWO-EA-

AC which are calcined, since the structural analysis with-

out the counter cations is simpler than that in the presence

of the cations. Figure 4 shows the Raman spectra of

MoVO-A-AC, MoVFeO-EA-AC, and MoVWO-EA-AC.

These catalysts showed characteristic Raman band at

871 cm-1 which derived from Mo–O–Mo bond of the

{Mo6O21}
6- pentagonal unit [1, 14, 16]. Almost no shift in

this band was observed in MoVFeO-EA-AC compared

with MoVO-A-AC, while a downward shift to 869 cm-1

was observed in MoVWO-EA-AC. This fact suggests the

substitution of Mo in the {Mo6O21}
6- pentagonal unit by

W in MoVWO-EA-AC. On the contrary, the {Mo6O21}
6-

pentagonal unit was little affected by the introduction of Fe

in the structure.

Figure 5 shows the XRD patterns of MoVO-A-AC,

MoVFeO-EA-AC, and MoVWO-EA-AC. The lattice

parameters of these catalysts are shown in Table 3. All the
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catalysts showed no patterns related to impurities except

MoVO-A-AC where small XRD peaks appeared at 6.7�
and 9.0� derived from the crystalline orthorhombic Mo3-
VOx (a crystal analogous with trigonal Mo3VOx) [1]. As

we have shown previously [10], trigonal Mo3VOx have a

small portion of intergrowth domain with the orthorhombic

Mo3VOx catalyst. Figure 5b shows the enlarged XRD

patterns of these catalysts in the range of 21.5�–22.5�. As
can be seen from this figure that the diffraction peak of

(001) plane was shifted to lower angle in MoVFeO-EA-AC

compared with MoVO-A-AC, while to higher in MoVWO-

EA-AC. The lattice parameter was a = 2.131 nm and

c = 0.4009 nm for MoVFeO-EA-AC, indicating that the

addition of Fe into the structure caused slight expansion of

the lattice both in a- and c-direction. The lattice expansion

by the incorporation of additional elements (Sb, Te) has

been observed in orthorhombic Mo3VOx [28]. Combined

with the fact that no shift in Raman band was observed by

the introduction of Fe, Fe is assumed to be located at the

channels in trigonal Mo3VOx structure in the same manner

with Te or Sb for the orthorhombic Mo3VOx [28]. For

MoVWO-EA-AC, on the other hand, the lattice was

slightly expanded in the a axis (a = 2.129 nm), while, the

lattice parameter in the c axis was significantly decreased

(c = 0.3997 nm). An arrangement of {Mo6O21}
6- pen-

tagonal unit comprises a network structure in the crystal

structure of trigonal Mo3VOx. Void space generated in the

network structure is filled with a trimer unit of which is

comprised of three MO6 (M = Mo, V), resulting in the

formation of three heptagonal channels (Fig. 1) [7, 8].

Buttrey et al. has reported that the network arrangement

based on the {Mo6O21}
6- pentagonal unit is structurally

stable compared with the oligomer unit composed by MO6

(M = Mo, V) [36]. Therefore, the replacement of the

atoms in the structural network comprised of the

{Mo6O21}
6- pentagonal unit may cause a structural

parameter change preferentially to the replacement in the

other parts of the crystal structure. The Raman band

derived from the {Mo6O21}
6- pentagonal unit was shifted

by the incorporation of W. Accordingly W in MoVWO-

EA-AC is considered to be located in the {Mo6O21}
6-

pentagonal unit by substituting Mo. In order to evaluate the

lattice parameter change by the substitution of W with Mo

in the pentagonal unit, we estimated the metal–oxygen

bond lengths for the {Mo6O21}
6- and the {W6O21}

6-

pentagonal unit by using the structural models of the ball

type [K10{(Mo)-Mo5O21(H2O)3(SO4)}12(VO)30(H2O)20]262
polyoxomolybdate ({Mo72V30}) and [K20{(W)W5O21(SO4)}12
(VO)30(SO4)(H2O)63]18 polyoxotungstate ({W72V30}),

obtained by single crystal analysis [15, 37]. In this case,

the metal–oxygen bond length only for the center atom in

the pentagonal unit ({MO7}, M = Mo or W) was esti-

mated since a disordering was observed in the edge-

shared octahedral ({MO6}, M = Mo or W). In the case of

{Mo6O21}
6- pentagonal unit, the axial bond length (Mo–

O–Mo) of {MoO7} was in the range of 3.996–4.027 Å

and that of the equatorial bond (average of five equatorial

bonds in {MoO7} (Mo–O)) was 2.002–2.007 Å. In the

case of {W6O21}
6- pentagonal unit, the axial bond length

of {WO7} (W–O–W) was in the range of 3.922–3.940 Å

and that of the equatorial bond (average of five equatorial

bonds in {WO7} (W–O)) was 2.005–2.015 Å. Accord-

ingly, the trigonal Mo3VOx lattice is expected to slightly

increase to a-direction and largely decrease to c-direction

when Mo in the {Mo6O21}
6- pentagonal unit is substi-

tuted by W. Therefore, it is reasonable to conclude that

Mo in the {Mo6O21} pentagonal unit is substituted by W

in the structure of MoVWO-EA-AC.

Fig. 4 a Raman spectra of MoVO-A-AC (a), MoVFeO-EA-AC (b),

and MoVWO-EA-AC (c). b Enlarged Raman spectra of (a) from 840

to 900 cm-1

Fig. 5 a XRD patterns of MoVO-A-AC (a), MoVFeO-EA-AC (b),

and MoVWO-EA-AC (c). b Enlarged XRD patterns of (a) from 21.5�
to 22.5�
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Next, the XRD peak intensity was analyzed. The XRD

peak intensity at 4.7� attributed to (100) plane was almost

the same in MoVO-A-AC and in MoVWO-AC, whereas

the peak intensity of MoVFeO-EA-AC was apparently

weak compared with those of the other two catalysts

(Fig. 5a). The XRD peak intensities ratios of 4.7� (100

plane) and 8.3� (110 plane) (Int(100)/Int(110)) are listed in

Table 3 and were 0.44, 0.15, and 0.43 for MoVO-A-AC,

MoVFeO-EA-AC, and MoVWO-EA-AC, respectively. In

order to investigate the effect of the incorporation of third

atoms on Int(100)/Int(110) ratio, we first performed Rietveld

refinement for MoVO-A-AC. Then, third atoms were

incorporated into the structural model and the changes of

Int(100)/Int(110) ratio were evaluated. The result of Rietveld

refinement for MoVO-A-AC is shown at Fig. S5 and

refinement parameter, atom position, and atom occupancy

are summarized in Tables S1–S2. Figure 6 shows the

changes of the Int(100)/Int(110) ratio as a function of Fe

occupancy. XRD and Raman analyses suggested the loca-

tion of Fe at the heptagonal channel or at the hexagonal

channel. As can be seen in Fig. 6, the partial placement of

Fe atom in the heptagonal channel decreased the Int(100)/

Int(110) ratio and the ratio was decreased with the increase

of the Fe occupancy. On the other hand, the placement of

Fe atom in the hexagonal channel increased this ratio.

Although the value of Int(100)/Int(110) calculated by XRD

simulation was different to some extents from the experi-

mentally obtained value, possibly due to the small differ-

ence in the structural model between MoVO-A-AC and

MoVFeO-EA-AC, the simulated Int(100)/Int(110) ratio

changes strongly suggest that Fe is located, at least, at the

heptagonal channel in the structure.

For MoVWO-EA-AC, W is suggested to be located at

the {Mo6O21}
6- pentagonal unit. Figure 7 shows the XRD

simulation of MoVWO-EA-AC. For the substitution of Mo

by W in the {Mo6O21}
6- pentagonal, we used two struc-

tural models in which W is located either at the whole (Site

1) or at the center of the pentagonal unit (Site 2), since both

the {W6O21}
6- pentagonal unit and the {W(Mo)5O21}

6-

pentagonal unit have been reported [38, 39]. In addition to

the pentagonal unit, we also simulated the XRD pattern by

replacing the atoms at the trimer unit (Site 3) and linker

units, which connect two pentagonal units (Site 4, 5), by

W. The occupancy of W was calculated based on the result

of ICP. When W is assumed to be placed at the pentagonal

unit (Site 1, 2), almost no change in Int(100)/Int(110) ratio

was observed, which is in good agreement with the

experimental result (see the results of No W, Site 1, and

Table 3 XRD and N2 adsorption for the catalysts after the air calcination

Catalyst Int(100)/Int(110)
a /- Lattice parameterb/nm External surface

areac /m2�g-1
Micropore

volumec /cm3�g-1

a c

MoVO-A-AC 0.44 2.125 0.4007 18.0 4.0

MoVFeO-EA-AC 0.15 2.131 0.4009 15.1 2.7

MoVWO-EA-AC 0.43 2.129 0.3997 16.7 3.6

a Ratio of the XRD peak area between (100) and (110)
b Calculated by Rietveld refinement

c Calculated by t-plot method (t = 0.15–0.90)

Fig. 6 a Structural model used for XRD simulation. Fe was set at the

heptagonal channel and hexagonal channel for simulation. Mo, light

green; V, gray; O, red. b XRD patterns from 4� to 12� simulated by

setting Fe in the heptagonal channel. c XRD patterns from 4� to 12�
simulated by setting Fe in the hexagonal channel. a Fe occu-

pancy = 0 %, b Fe occupancy = 10 %, c Fe occupancy = 30 %,

d Fe occupancy = 50 %, e Fe occupancy = 70 %, and Fe occu-

pancy = 100 %. d Int(100)/Int(110) ratio changes as a function of Fe

occupancy. Circle, Fe is set at the heptagonal channel; triangle, Fe is

put at the hexagonal channel
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Site 2 in Fig. 7c). On the other hand, the Int(100)/Int(110)
ratio decreased when W was located at the trimer unit (Site

4). In addition, the placement of W at the linker units

significantly increased this ratio (Site 5, 6). These results

strongly suggest that W substitutes Mo in the {Mo6O21}
6-

pentagonal unit. However, it is still unclear whether W

substitutes only at the center or in the whole part of the

{Mo6O21}
6- pentagonal unit.

Then, Rietveld refinement was carried out for these

materials in order to evaluate the validity of our proposed

structure. In this experiment, Fe was set at the heptagonal

channel with 40 % occupancy and W was set at the whole

part of {Mo6O21}
6- pentagonal unit with 7 % occupancy.

The occupancies were calculated based on the result of

ICP. The results of Rietveld refinement for MoVFeO-EA-

AC and MoVWO-EA-AC are shown in Figs. 8, 9,

respectively, and the refinement parameters, atom posi-

tions, and atom occupancies are listed in Tables S3–S6.

Good agreement between simulated and observed XRD

patterns were observed in both the materials and obtained

Rwp value were 10.5 and 10.4 % for MoVFeO-EA-AC and

MoVWO-EA-AC, respectively. These good agreements

support the validity of our proposed structure. In the case of

MoVWO-EA-AC, we also carried out Rietveld refinement

using the structural model in which W is located at the

center of {Mo6O21}
6- pentagonal unit with 40 % occu-

pancy. Rwp value obtained by the refinement was 11.4 %

(data not shown). Thus, we believe that W substitutes Mo

in the whole part of {Mo6O21}
6- pentagonal unit, rather

than that of the center. After the Rietveld refinement, Fe

moved toward to the trimer unit in the structure. Since the

trimer unit contains V, the decrease in V–O bond intensity

observed in IR analysis might indicate that O associated

with V in the trimer unit partly makes a bond with Fe.

Fig. 7 a Structural model used for XRD simulation. W was set at the

whole part of {Mo6O21}
6- pentagonal unit (Site 1), at the center of

{Mo6O21}
6-pentagonal unit (Site 2), at the trimer unit (Site 3), at the

linker unit facing to the hexagonal channel (Site 4), and at the linker

unit facing to the heptagonal channel (Site 5). The occupancy of W

was set at 7 % in Site 1 and at 40 % in Site 2–5. No W in the structure

is represented as ‘No W’. Mo, light green; V, gray; O, red. b XRD

patterns from 4� to 12� simulated by putting W at b Site 1, c Site 2,

d Site 3, e Site 4, and f Site 5. a XRD pattern simulated without

putting W into the structure. c Int(100)/Int(110) ratio calculated based on
the simulated XRD patterns as shown in (b)

Fig. 8 a Structural model obtained by Rietveld refinement. Mo, light

green; V, gray; Fe, purple; O, red. b Difference (black), calculated

(blue line), and observed (red circle) patterns obtained by Rietveld

refinement for MoVO-A-AC. XRD peaks of 27.8–28.8�, 47–48�,
56–56.5�, 69–69.5�, and 76–77� were attributed to Si added in order

to remove orientation effects and were excluded from Rietveld

refinement. Rwp value of the refinement was 10.5 %

Fig. 9 a Structural model obtained by Rietveld refinement. Mo, light

green; V, gray; mixture of Mo and W, light blue; O, red. b Difference

(black), calculated (blue line), and observed (red circle) patterns

obtained by Rietveld refinement for MoVO-A-AC. XRD peaks of

27.8–28.8�, 47–48�, 56–56.5�, 69–69.5�, and 76–77� were attributed

to Si added in order to remove orientation effects and were excluded

from Rietveld refinement. Rwp value of the refinement was 10.4 %
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Configuration of Fe is still unclear so we need to investi-

gate that for future. The different location of Fe and W in

the structure may be due to the ionic and covalent character

of Fe and W.

3.3 Catalytic Performances of Mo–V–M3rd–O

Catalysts

Table 3 also shows the external surface area and micropore

volume of the catalysts measured by N2 adsorption and

estimated by t-plot method. The external surface areas of

MoVO-A-AC, MoVFeO-EA-AC, and MoVWO-EA-AC

were comparable for each other and were 18.0, 15.1, and

16.7 m2 g-1, respectively. As shown in Fig. S6, N2

adsorption below P/P0\ 10-5, which represents micropore

adsorption, was observed for these catalysts. The microp-

ore volumes were 4.0, 2.7, and 3.6 cm3 g-1 for MoVO-A-

AC, MoVFeO-EA-AC, and MoVWO-EA-AC, respec-

tively, and the micropore volume of MoVFeO-EA-AC was

smaller than those of the other two catalysts. It has been

reported that the heptagonal channel in the trigonal Mo3
VOx structure acts as the micropore to adsorb N2. Thus, the

small decrease in the micropore volume observed in

MoVFeO-EA-AC might be due to the inaccessibility of N2

into the heptagonal channel by the location of Fe [1].

Figure 10 shows the ethane conversion (a) and product

selectivity (b) of the catalysts as a function of reaction

temperature. MoVO-A-AC and MoVWO-EA-AC showed

catalytic activity for the ethane conversion. The activity of

MoVWO-EA-AC was a little bit lower than that of MoVO-

A-AC. This decrease might be derived from the decrease in

V amount in the unit cell (V amount in the unit cell:

MoVO-A-AC, 6.6; MoVWO-EA-AC, 5.8) since C–H bond

activation has been reported to takes place at the V site

[14, 29]. On the other hand, the catalytic activity of

MoVFeO-EA-AC was almost negligible despite of the

same basic structure of these catalysts. For selectivity,

MoVO-A-AC and MoVWO-EA-AC showed almost the

same product selectivity, whereas MoVFeO-EA-AC

showed lower ethene selectivity and higher COx selectivity

than those of the other two catalysts. We have reported that

the ethane conversion takes place not on the catalyst sur-

face but mostly inside the heptagonal channel [4, 5].

MoVO-A-AC and MoVWO-EA-AC have the open hep-

tagonal channel. On the other hand, the heptagonal channel

of MoVFeO-EA-AC is partially filled with Fe. This situa-

tion strongly suggests that no ethane could go through the

heptagonal channel of MoVFeO-EA-AC due to the place-

ment of Fe inside the channel, so that no ethane conversion

occurs.

It was found that the location of elements significantly

affects the catalytic performance. Importance of nano-scale

crystal structure for the catalytic reaction could be seen.

We believe this work provides useful information for

designing more active catalysts for the selective reaction of

ethane and more broadly for the selective oxidations.

4 Conclusion

Crystalline Mo–V–M3rd–O (M3rd = Fe, W) catalysts with

the trigonal Mo3VOx structure were synthesized by a

hydrothermal method when ethylammonium trimolybdate

(EATM) was used as a Mo source. Obtained catalysts

contained ethylammonium cation (EtNH3
?) and a small

amount of ammonium cation (NH4
?), which were derived

from M3rd precursor, in a heptagonal channel in the

structure. Obtained catalysts were pure and the third metals

were uniformly distributed throughout the rod-shaped

crystals. Fe was located in the heptagonal channel and W

was located at the {Mo6O21}
6- pentagonal unit by sub-

stituting Mo. The placement of Fe in the heptagonal

channel caused drastic decrease in the catalytic activity for

the selective oxidation of ethane. On the other hand, the

placement of W at the {Mo6O21}
6- pentagonal unit caused

only slight change in the catalytic activity. These experi-

mental results clearly demonstrated a structure–activity

relationship for the selective oxidation of ethane.
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POMs for Batteries

Synthesis of Vanadium-Incorporated, Polyoxometalate-Based

Open Frameworks and Their Applications for Cathode-Active

Materials
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Masahiro Sadakane,[e] Yasunori Inoue,[f ] Wataru Ueda,*[a] Kunio Awaga,[c] and
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Abstract: The tuning of the chemical composition of polyoxo-
metalate (POM)-based open framework materials with the same
structure, leading to a property change of the materials, is inter-
esting. Here, we report the synthesis of a series of vanadium-
incorporated, ε-Keggin polyoxometalate-based open frame-
work materials by using a hydrothermal method. The resulting
materials were characterized by powder X-ray diffraction, FTIR
spectroscopy, scanning electron microscopy, energy dispersive
X-ray spectroscopy, X-ray photoelectron spectroscopy, and ele-

Introduction

Polyoxometalates (POMs) are metal–oxygen clusters that are
mainly comprised of transition metal ions, such as Mo, W, V,
and Nb.[1] POMs have attracted much attention because they
exhibit interesting properties. POM-based open frameworks are
comprised of POM sub-building blocks and linkers that are
multi-dentate organic ligands or inorganic ions.[2] POM-based
open framework materials exhibit POM-like properties, such as
multi-electron redox properties, acidity, stability, and composi-
tion diversity, and they also exhibit metal–organic framework
(MOF)-like properties, such as structural diversity and porosity.

Recently, POMs have attracted much attention owing to
their electron storage functions. POM molecules, such as
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mental analysis. Our results indicate that V is successfully incor-
porated into the frameworks of the materials. The introduced
amount of V can be adjusted by controlling the addition of the
precursor V compounds. The performances of these materials
as cathode materials for Li-ion batteries have been tested. Incor-
poration of V can improve the cycle performance. After the 20th
cycle of the charge–discharge process, the materials were trans-
formed to the Li2MoO4 phase.

[PMo12O40]3–,[3–6] [PW12O40]3–,[4,7] Li7[V15O36(CO3)],[8]

Na3[AlMo6O24H6],[9] and [SiW11O39]8–,[10] have been reported to
be cathode-active materials for Li-ion batteries,[11] and large ca-
pacities have been achieved. Furthermore, porosity is beneficial
for Li-ion batteries, because Li ions can easily pass through the
bulk,[12] and the introduction of porosity into POM materials is
interesting for the design and development of new cathode
materials for Li-ion batteries. Therefore, POM-based open
framework materials are expected to be candidates for Li-ion
batteries.

We have reported a new catalogue of fully inorganic POM-
based open framework materials, which comprise ε-Keggin
POM units with transition metal ion linkers (Figure 1).[13] In our
previous papers, three ε-Keggin POM-based framework materi-
als, Mo-V-Bi-O,[14] Mo-Zn-O,[15] and Mo-Mn-O,[15] were reported.
In Mo-V-Bi-O, a V-O tetrahedron is surrounded by 12 Mo-O and
V-O octahedra to form a ε-Keggin POM that is linked by BiIII

ions to form a 3-dimensional framework structure. In Mo-Zn-O
and Mo-Mn-O, ZnII and MnII ions are located at the center of
the tetrahedron and linker site, and Mo ions are in the sur-
rounding sites. The materials exhibit interesting properties, such
as elemental diversity,[15] ion-exchange properties,[14,15] acid-
ity,[14,16] redox properties,[15] and microporosity,[14,17] leading to
a variety of applications including adsorption, separation, ion-
exchange, and catalysis. Because of the redox properties of the
materials, the materials are expected to be cathode-active ma-
terials for Li-ion batteries. Furthermore, redox and electrochemi-
cal properties are expected to be tuned with changes to the
chemical compositions. However, thus far, no related research
has been reported.
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Figure 1. Ball-and-stick representation of (a) ε-Keggin unit with four linking
metal ions, (b) the connection of two ε-Keggin units by linking metal ions
(light blue sphere: surrounding site; gray tetrahedron: central site; purple oc-
tahedron: linker site; red sphere: oxygen), and (c) framework of the fully inor-
ganic microporous POM-based materials and micropore system of the mate-
rial indicated by the Connolly surface.

Herein, we provide a synthetic method for tuning the com-
position of ε-Keggin POM-based open framework materials by
the incorporation of vanadium in both Mo-Zn-O and Mo-Mn-
O, which are denoted as Mo-Zn-Vx-O and Mo-Mn-Vx-O. These
materials were characterized by using powder X-ray diffraction
(XRD), Fourier transform-infrared (FTIR), scanning electron mi-
croscopy (SEM), energy dispersive X-ray spectroscopy (EDX), X-
ray photoelectron spectroscopy (XPS), and elemental analysis.
The redox and electrochemical properties of the materials
changed with the incorporation of different V contents in the
materials. For the first time, the ε-Keggin POM-based open
framework materials were successfully applied as cathode-
active materials for Li-ion batteries, which performed well. The
battery performance of the materials improved with the incor-
poration of V in the structures.

Figure 2. Powder XRD patterns of the whole 2θ range (A), enlargements of the 2θ = 7–8.5° region (B), and FTIR spectra (C) of the obtained materials: (a) Mo-
Zn-O, (b) Mo-Zn-V0.01-O, (c) Mo-Zn-V0.05-O, (d) Mo-Zn-V0.1-O, (e) Mo-Mn-O, (f ) Mo-Mn-V0.01-O, (g) Mo-Mn-V0.05-O, (h) Mo-Mn-V0.1-O, and (i) Mo-V-Bi-O.

Eur. J. Inorg. Chem. 2016, 1242–1250 www.eurjic.org © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1243

Results and Discussion

Material Synthesis and Characterization

The ε-Keggin POM-based open framework materials, Mo-Zn-O,
Mo-Mn-O, and Mo-V-Bi-O, were synthesized according to the
methods in previous papers. The XRD patterns and FTIR spectra
are shown in Figure 2.

V was incorporated into the frameworks of Mo-Zn-O and Mo-
Mn-O by introducing it in the starting mixture. After hydrother-
mal synthesis, the crude solids were recovered from the solu-
tion. A purification process was necessary to obtain pure mate-
rials. The settlement method (see the Experimental Section) was
an effective approach to purify the materials. As indicated in
the XRD patterns (Figure S1 in the Supporting Information), the
solids recovered before purification showed the peaks of impu-
rity phases, such as ZnMoO4, Mo, VO2, and V5O12, which were
fully removed by the purification process. The yields of the ma-
terials for the various V contents used in the precursor solutions
are shown in Figure S2. As the amount of V in the starting
precursors increased, the yields of the resulting materials de-
creased. The synthesis of each V-incorporated sample was re-
peated three times to test reproducibility. XRD patterns of the
materials from each synthesis are in Figure S3, which shows
that the materials from each synthesis have the same structure.
The yields of the materials were similar (Figure S2), demonstrat-
ing that the reproducibility of the synthesis was good.

Mo-Zn-Vx-O and Mo-Mn-Vx-O were characterized by powder
XRD, which showed the characteristic powder diffraction pat-
terns of ε-Keggin POM-based open framework materials (Fig-
ure 2, A, B). A diffraction peak shift was observed as the amount
of V changed (Figure 2, B). As shown in Table 1, with an increase
in V content to 10 %, d(111) of Mo-Zn-Vx-O and Mo-Mn-Vx-O de-
creased to 11.049 and 11.188 Å, respectively. The experimental
powder XRD profiles of the V-substituted materials were fitted
well by the Rietveld method using structure models of Mo-
Zn-O and Mo-Mn-O[14,15] with slight differences in the lattice
parameters, the occupancies of water and cations, and the atom
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Table 1. Structural information of the POM-based open framework materials.

Material Formula d(111) a V/(Mo+V) in precursor V/(Mo+V) in material MoVI/MoV VV/VIV 3rd metal
[Å] [Å] (V/all metal)[a] (V/all metal)[a]

Mo-V-Bi-O[14] (NH4)2.8H0.9[Bi2Mo9.4V3.6O40]·7.2H2O 11.426 19.790 0.2 (0.19) 0.3 (0.26) 0.33 1 BiIII

Mo-Zn-O[17] (NH4)1.5H8.5[Zn3Mo12O40]·6H2O 11.240 19.468 0 (0) 0 (0) 0.5 –[b] ZnII

Mo-Zn-V0.01-O (NH4)1.8H10[Zn3Mo11.9V0.1O40]·6.5H2O 11.169 19.345 0.01 (0.012)[c] 0.0083 (0.0067) 0.093 –[b] ZnII

Mo-Zn-V0.05-O (NH4)1.8H10[Zn2.7Mo11.6V0.7O40]·6.5H2O 11.145 19.303 0.05 (0.039) 0.057 (0.047) 0.33 –[b] ZnII

Mo-Zn-V0.1-O (NH4)1.8H7[Zn2.6Mo11.2V1.2O40]·6H2O 11.049 19.137 0.1 (0.078) 0.097 (0.08) 4.0 1.3 ZnII

Mo-Mn-O[15] (NH4)2.1H7.5[Mn2.2Mo12O40]·4H2O 11.350 19.658 0 (0) 0 (0) 1 –[b] MnII

Mo-Mn-V0.01-O (NH4)2H14[Mn2.4Mo12V0.2O40]·5H2O 11.311 19.591 0.01 (0.012)[c] 0.016 (0.014) 0 –[b] MnII

Mo-Mn-V0.05-O (NH4)2.2H12[Mn2.2Mo11.9V0.7O40]·5H2O 11.247 19.480 0.05 (0.039) 0.056 (0.047) 0.42 –[b] MnII

Mo-Mn-V0.1-O (NH4)2.2H9[Mn2.2Mo11.6V1.0O40]·5H2O 11.188 19.378 0.1 (0.078) 0.079 (0.068) 10.9 1.3 MnII

[a] Molar ratio. [b] V content was too low for determination. [c] Each synthesis and corresponding elemental analysis were repeated three times and the
elemental analysis data is in Experimental Section.

positions (Figures S4–S9 and Tables S1–S7). There were no
additional peaks observed, indicating that the samples were
pure. These results indicate that the basic structures of
Mo-Zn-Vx-O and Mo-Mn-Vx-O were identical to those of Mo-Zn-O
and Mo-Mn-O and that V was incorporated into the framework.

SEM images showed that Mo-Zn-Vx-O and Mo-Mn-Vx-O were
well-crystallized materials with polyhedral morphology (Fig-
ure 3). The crystallite size was several tens of nanometers to
several hundreds of nanometers. The EDX elemental mapping
showed the presence of Mo, V, Zn, and Mn in the materials.
Compared with the corresponding SEM images, Mo, Zn, and
Mn showed strong EDX signals, with a uniform distribution of
the particles, indicating that Mo, Zn, and Mn were uniformly
incorporated into the corresponding materials. No V signal was
detected for Mo-Zn-O and Mo-Mn-O (Figure 3, a, e), and the
signal of V was weak when the content was low (Figure 3, b, c,
f, g). As the V content in the materials increased, the mapping
signal became stronger (Figure 3, d, h). The distribution of V in
the materials was uniform, indicating that V was incorporated
well into the frameworks of the materials.

The V content in the materials was further confirmed by ele-
mental analysis. The content of metal ions for each case is listed
in Table 1. The V content increased in the materials with in-

Figure 3. SEM images (left) and the corresponding EDX elemental mapping images of (a) Mo-Zn-O, (b) Mo-Zn-V0.01-O, (c) Mo-Zn-V0.05-O, (d) Mo-Zn-V0.1-O, (e)
Mo-Mn-O, (f ) Mo-Mn-V0.01-O, (g) Mo-Mn-V0.05-O, and (h) Mo-Mn-V0.1-O.

Eur. J. Inorg. Chem. 2016, 1242–1250 www.eurjic.org © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1244

creased amounts of V source in the precursor solutions for the
corresponding materials. The molar ratio of V/(Mo+V) in the
materials was similar to that in the starting precursors, which
demonstrates that the V content can be tuned by adjusting the
amount of the V starting compounds (Table 1). In the case of
V-incorporated samples with low V content (Mo-Zn-V0.01-O and
Mo-Zn-V0.01-O), the synthesis and corresponding elemental
analysis were repeated three times. The result indicated that
the content of V was almost the same in the three analysis (see
the Experimental Section), which indicated that the reproduci-
bility of the materials was good. The chemical formulae based
on the elemental analysis were estimated and are shown in
Table 1.

There are three sites (Figure 1), the surrounding site, the cen-
tral site, and the linker site, that have potential for V incorpora-
tion. The Rietveld analysis was not accurate enough to deter-
mine the position of V in the materials. The elemental analysis
(Table 1) showed that introducing V into the materials de-
creased not only the Mo content, but also the amount of Zn
ions in Mo-Zn-O, which indicated that V replaced both Mo and
Zn. In Mo-Zn-O, V incorporation decreased Mo and affected the
Mn content. The results indicated that V might be present in
the surrounding, linker, and central sites.
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Mo-Zn-Vx-O and Mo-Mn-Vx-O were characterized by using
FTIR (Figure 2, C). There are water and ammonium cations in
the materials, as determined by the IR bands at 1640 cm–1 and
1400 cm–1, respectively. The IR peaks below 1000 cm–1 were
ascribed to the POM moiety. The signal at approximately
970 cm–1 was ascribed to the terminal Mo=O, and the peaks
between approximately 800 and 600 cm–1 were ascribed to Mo-
O-Mo. Compared with the V-free materials, new IR bands were
observed in the materials for Mo-Zn-Vx-O and Mo-Mn-Vx-O,
which were present at approximately 990 cm–1 and 820 cm–1,

Figure 4. (A) XPS spectra of Mo ions in Mo-Zn-Vx-O: (a) Mo-Zn-V0.01-O, (b) Mo-Zn-V0.05-O, and (c) Mo-Zn-V0.1-O. (B) XPS spectra of Zn ions in Mo-Zn-Vx-O. (C)
XPS spectra of V ions in Mo-Zn-Vx-O. (D) XPS spectra of Mo ions in Mo-Mn-Vx-O: (a) Mo-Mn-V0.01-O, (b) Mo-Mn-V0.05-O, and (c) Mo-Mn-V0.1-O. (E) XPS spectra
of Zn ions in Mo-Mn-Vx-O. (F) XPS spectra of V ions in Mo-Mn-Vx-O.

Eur. J. Inorg. Chem. 2016, 1242–1250 www.eurjic.org © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1245

respectively. As the amount of V increased, the intensity of the
new bands increased. The IR bands at approximately 990 cm–1

and 820 cm–1 may be ascribed to terminal V=O and Mo-O-V,
respectively, indicating that the binding state of the materials
changed after V incorporation.

The metal ion valances of the POM-based open framework
materials were affected by introducing V. The oxidation states
of the metal elements were analyzed by XPS spectra curve fit-
ting of Mo-Zn-Vx-O and Mo-Mn-Vx-O (Figure 4). The Mo ions
were a mixture of MoV and MoVI. The V content in the materials
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affected the Mo ion valence. Most of the Mo ions were reduced
to MoV when the V content was low (0.01 and 0.05 V incorpora-
tion). With increasing V content, most of the Mo ions were oxi-
dized to MoVI. The molar ratio of MoVI/MoV is provided in
Table 1. The linker and central elements (Zn and Mo) were ZnII

and MnII, respectively, and they were not affected by V (Fig-
ure 4, B, E, and Table 1). The V2p peak indicated the presence
of V in the materials, and the V2p peak intensity increased with
increasing V content, which is in good agreement with the ele-
mental analysis and EDX mapping (Figure 4, C, F). The valence
of V in Mo-Zn-V0.1-O and Mo-Mn-V0.1-O was VIV and VV, and the
VIV/VV ratio was 1.3. The UV/Vis spectra of the materials showed
that with increasing V content in the material, the resulting
spectra continually changed (Figure S10), which also indicated
that the V content affected the oxidation states of the
materials.

N2 adsorption–desorption measurements showed the mate-
rials Mo-Zn-V0.1-O and Mo-Mn-V0.1-O were microporous materi-
als (Figure S11). The micropores of the materials are surrounded

Figure 5. (A) XRD patterns of (a) fresh Mo-Zn-O, (b) used Mo-Zn-O (20 times), (c) fresh Mo-Zn-V0.05-O, (d) used Mo-Zn-V0.05-O (20 times), (e) fresh Mo-Zn-V0.1-
O, and (f ) used Mo-Zn-V0.1-O (20 times). (B) XRD patterns of (a) fresh Mo-Mn-O, (b) used Mo-Mn-O (20 times), (c) fresh Mo-Mn-V0.05-O, (d) used Mo-Mn-V0.05-
O (20 times), (e) fresh Mo-Mn-V0.1-O, and (f ) used Mo-Mn-V0.1-O (20 times). (C) XRD patterns of (a) fresh Mo-V-Bi-O, (b) used Mo-V-Bi-O (1 time), (c) used Mo-
V-Bi-O (5 times), and (d) used Mo-V-Bi-O (20 times).

Eur. J. Inorg. Chem. 2016, 1242–1250 www.eurjic.org © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1246

by POM units with transition metal ion linkers (Figure 1, c). The
micropores are accessible to some small molecules or cations,
which results in the materials exhibiting adsorption and ion-
exchange properties.[14,15]

Electrochemical Performance

Before the charge–discharge experiments, all of the cathodes
(containing 10 wt.-% of POM, 70 wt.-% of carbon black, and
20 wt.-% of binder) were characterized by powder XRD (Fig-
ure 5, a). The broad peak between 10 and 30° was ascribed to
carbon black. The powder XRD showed that all the materials
after being made into cathodes were well-crystallized materials,
and structures of the materials were consistent with the as-
prepared ones.

The charge–discharge experiments showed the performance
of the batteries using the samples as cathode-active materials
(the measurement conditions and devices are provided in in

─ 321 ─



Full Paper

the Experimental Section). For the materials without V, Mo-Zn-
O and Mo-Mn-O, as shown in Figure 6 and Figure S12, respec-
tively, the first discharge curve gradually decreased, and large
capacities of 270 A h kg–1 and 269 A h kg–1, respectively, were
obtained. Assuming that all Mo ions (MoV and MoVI) were re-
duced to MoIV after discharge, the theoretical capacity for Mo-
Zn-O (MoVI/MoV = 4:8, 16e– reduction)[17] and Mo-Mn-O (MoVI/
MoV = 6:6, 18e– reduction)[15] were calculated to be approxi-
mately 200 A h kg–1 and 230 A h kg–1 (see the Experimental
Section for the detailed methodology for the calculation and
Table 1 for the metal ion valence of the original samples). The
initial discharge capacity was slightly higher than the theoreti-
cal capacity. In the second discharge process, the capacities de-
creased to 171 A h kg–1 and 176 A h kg–1 for Mo-Zn-O and Mo-
Mn-O, respectively, and after 20 cycles, they were stabilized at
110 A h kg–1 and 100 A h kg–1, respectively. After 20 cycles, only

Figure 6. (a) First discharge curves of the Mo-Zn-Vx-O series. (b) Cycle performances of the Mo-Zn-Vx-O series. (c) First discharge curves of the Mo-Mn-Vx-O
series. (d) Cycle performances of the Mo-Zn-Vx-O series. (e) First and second charge and discharge curves of Mo-V-Bi-O. (f ) Cycle performances of Mo-V-Bi-O.
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38 % and 40 %, respectively, of the initial capacity remained, as
shown in the cycle performance data (Table S8).

The battery performances of the V-incorporated samples
were also evaluated. V was incorporated to form Mo-Zn-Vx-O
and Mo-Mn-Vx-O, and the amount of V could be adjusted. V
affected the Li-ion battery performance of the materials (Fig-
ure 6 and Figure S12). With increasing V content in the samples,
the first discharge capacity decreased in most cases, whereas
the cycle performance increased (Figure 6, a–d). Approximately
81 % and 70 % of the capacity for Mo-Zn-V0.1-O and Mo-Mn-
V0.1-O remained, respectively, after 20 cycles of the charge–dis-
charge experiments. The 20th discharge capacities of the V-
incorporated materials were higher than those of the V-free
samples.

Mo-V-Bi-O, an iso-structural material of Mo-Zn-Vx-O and Mo-
Mn-Vx-O, had a capacity of approximately 320 A h kg–1 during
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the first discharge process, which was the highest among all of
the ε-Keggin POM-based open framework materials (Figure 6,
e). The material lost some capacity after each charge–discharge
cycle, which is different from other ε-Keggin POM-based open
framework materials (Figure 6, f ). After 20 cycles, approximately
70 % of the original capacity still remained. Assuming that the
Mo ions (MoV and MoVI) were reduced to MoIV and the V ions
(VIV and VV) were reduced to VII, the theoretical capacity of Mo-
V-Bi-O is approximately 290 A h kg–1, which is similar to the
experimental data. The best cycle performance might be due
to the high stability of the material.[14,15] Although the materials
Mo-Zn-Vx-O, Mo-Mn-Vx-O, and Mo-V-Bi-O are isostructural, the
difference in the chemical composition resulted in different
electrochemical properties and Li-ion battery performances.
To understand this phenomenon, the structures of the
materials were characterized after using them for the Li-ion bat-
teries.

Structure of the Materials After Use in Li-ion Batteries

After they were used as cathodes for Li-ion batteries, Mo-Zn-O
and Mo-Mn-O were characterized by powder XRD (Figure 5, A,
b, and B, b). The characteristic diffraction peaks for ε-Keggin
POM-based open framework materials decreased dramatically.
The V-free materials were assumed to be decomposed, forming
some amorphous compounds. The capacity significantly de-
creased owing to the structural collapse after the charge–dis-
charge process.

On the other hand, V affected the materials' structures after
the materials were used as cathodes. In the case of Mo-V-Bi-O,
some new peaks were detected in the XRD patterns after the
first discharge process, indicating that a portion of Mo-V-Bi-O
was transformed into other phases (Figure 5, A, b). After the
fifth discharge, most of the peaks of the Mo-V-Bi-O phase disap-
peared, and all of the peaks that appeared represented the
newly generated phase, which was the same as the phase after
the 20th discharge (Figure 5, A, c, d). This result indicated that
the structure of Mo-V-Bi-O changed. Mo-Zn-V0.05-O,
Mo-Zn-V0.1-O, Mo-Mn-V0.05-O, and Mo-Mn-V0.1-O contained a
certain amount of V after using them for the Li-ion batteries,
and the structures of the materials were transformed to the
same phase as that of Mo-V-Bi-O (Figure 5, B, C). The behavior
of their cycle performance was similar to that of Mo-V-Bi-O. The
newly generated phase was identified as a Li2MoO4 phase (PDF
number: 01–070–8448, hexagonal, R3c, lattice parameters: a =
14.27 Å, c = 9.55 Å). The structure of the material was refined
by Rietveld analysis. The simulated pattern was similar to that
of the experimental pattern (Figure S13). The structure of the
used compound (the new phase) was formed by the connec-
tion of MoO4 tetrahedra with LiO4 tetrahedra, which was differ-
ent from the original compound (based on metal–oxygen octa-
hedra). It has been reported that Li2MoO4-type materials per-
form well as cathodes for Li-ion batteries.[18] The structural
transformation to the Li2MoO4-phase might be why the V-incor-
porated sample exhibited a good cycle performance and a high
capacity.
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Conclusion

A series of V-incorporated, ε-Keggin POM-based open frame-
work materials, Mo-Zn-Vx-O and Mo-Mn-Vx-O, were synthesized
and structurally characterized. V was introduced into the frame-
work of the materials, as indicated by XRD, FTIR, elemental anal-
ysis, and EDX-mapping. The V content can be adjusted by the
initial V molar ratio in the precursor. Mo-Zn-Vx-O, Mo-Mn-Vx-O,
and Mo-V-Bi-O exhibited high activities as cathode materials
for Li-ion batteries. The incorporation of V resulted in a phase
transformation to a stable phase (Li2MoO4 phase), which led to
an improvement in the cycle performance of the Li-ion battery.

Experimental Section

Material Synthesis

Synthesis of Mo-Zn-Vx-O: The V-substituted, ε-Keggin zincomolybd-
ate-based materials were synthesized by using the hydrothermal
method. (NH4)6Mo7O24·4H2O [11.7 (based on Mo) – x mmol, x =
0.117, 0.585, or 1.17 mmol] was dissolved in water (40 mL). NH4VO3

(x = 0.117, 0.585, or 1.17 mmol) was added to the mixture. Metal
Mo (0.2 g, 2.08 mmol) and ZnCl2 (0.453 g, 3.33 mmol) were added
to the solution in succession. The mixture was introduced into the
Teflon® liner of a stainless-steel autoclave that was fixed in a rota-
tion oven. The hydrothermal synthesis was conducted at 448 K for
24 h with rotation (1 rpm). After the hydrothermal reaction and
cooling of the autoclave, the crude solid was collected by centrifu-
gation (3500 rpm, 5 min). For purification and solid recovery, the
crude solid was dispersed in water (90 mL), and the mixture was
centrifuged (1700 rpm, 2 min). Approximately 80 mL of the solution
after centrifugation was collected. The addition of water (80 mL),
centrifugation, and separation were performed two additional
times. The collected suspension (containing the product) was cen-
trifuged (3500 rpm, 120 min), and the solid at the bottom of the
centrifugation tube was collected. The collected solid was washed
with water three times by dispersing in water (10 mL), followed by
subsequent centrifugation (3500 rpm, 120 min). The obtained solids
are denoted as Mo-Zn-Vx-O, where x = 0.01, 0.05, or 0.1, and were
dried at 333 K overnight. The Mo-Zn-Vx-O (yield: 71–53 % based on
Mo) compounds were then obtained.

Synthesis of Mo-Mn-Vx-O: (NH4)6Mo7O24·4H2O [11.7 (based on
Mo) – x mmol, x = 0.117, 0.585, or 1.17 mmol] was dissolved in
water (40 mL). NH4VO3 (x = 0.117, 0.585, or 1.17 mmol) was added
to the mixture. Metal Mo (0.2 g, 2.08 mmol) and MnO (0.236 g,
3.33 mmol) were added to the solution in succession. The mixture
was introduced into the Teflon® liner of a stainless-steal autoclave
that was fixed in a rotation oven. The hydrothermal synthesis was
conducted at 448 K for 24 h with rotation (≈ 1 rpm). For material
purification and collection, the process was the same as that of Mo-
Zn-Vx-O. The resulting materials, which are denoted as Mo-Mn-Vx-
O, where x = 0.01, 0.05, or 0.1 (yield: 43–35 % based on Mo) were
obtained.

Synthesis of Mo-V-Bi-O: Mo-V-Bi-O was prepared according to our
previous paper.[14] (NH4)6Mo7O24·4H2O (8.828 g, 50 mmol based on
Mo), VOSO4·5H2O (3.219 g, 12.5 mmol), and Bi(OH)3 (0.438 g,
1.67 mmol) were added to water (240 mL), followed by N2 bubbling
of the solution for 10 min. The mixture was introduced into the
Teflon liner of a stainless-steel autoclave, and the autoclave was
placed in an oven and heated at 448 K for 48 h.

Synthesis of V-Free Samples: Mo-Zn-O and Mo-Mn-O were syn-
thesized according to the previously reported method.[15,17]
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(NH4)6Mo7O24·4H2O (2.060 g, 11.7 mmol based on Mo), Mo (0.2 g,
2.08 mmol), and ZnCl2 or MnO (3.33 mmol) were added to water
(40 mL). The mixture was introduced into the Teflon® liner of a
stainless-steel autoclave and the autoclave was placed in an oven
and heated at 448 K for 24 h.

Elemental Analysis of Mo-Zn-Vx-O and Mo-Mn-Vx-O

Mo-Zn-V0.01-O: Calcd (%) for H30.2N1.8Mo11.9Zn3V0.1O46.5: N 1.18, Mo
53.29, Zn 9.16, V 0.24, H, 1.41; found: N 1.19, Mo 52.90, Zn 9.16, V
0.27 ± 0.02, (0.26, 0.29, and 0.26, for the material from each synthe-
sis), H 1.41.

Mo-Zn-V0.05-O: Calcd for H30.2N1.8Mo11.6Zn2.7V0.7O46.5: N 1.19, Mo
52.38, Zn 8.31, V 1.68, H 1.42; found: N 1.18, Mo 52.12, Zn 8.38, V
1.55, H 1.40.

Mo-Zn-V0.1-O: Calcd for H26.2N1.8Mo11.2Zn2.6V1.2O46: N 1.20, Mo
51.34, Zn 8.12, V 2.92, H 1.25; found: N 1.25, Mo 51.52, Zn 8.03, V
2.91, H 1.29.

Mo-Mn-V0.01-O: Calcd for H32N2Mo12Mn2.4V0.2O45: N 1.35, Mo 55.53,
Mn 6.36, V 0.49, H 1.54; found: N 1.39, Mo 55.73, Mn 6.31, V
0.43 ± 0.02 (0.45, 0.41, and 0.42 for the material from each synthe-
sis), H 1.56.

Mo-Mn-V0.05-O: Calcd for H30.8N2.2Mo11.9Mn2.2V0.7O45: N 1.48, Mo
54.89, Mn 5.81, V 1.71, H 1.48; found: N 1.55, Mo 54.89, Mn 5.33, V
1.65, H 1.49.

Mo-Mn-V0.1-O: Calcd for H27.8N2.2Mo11.6Mn2.2V1O45: N 1.49, Mo
53.94, Mn 5.86, V 2.47, H 13.5; found: N 1.52, Mo 53.51, Mn 5.78, V
2.43, H 1.32.

Electrochemical Measurements

The cathode, which included 10 wt.-% of the POM-based material,
was prepared as follows: POM, carbon black, and polyvinylidene
fluoride (PVDF) in the weight ratio of 1:7:2 were mixed homogene-
ously. Then, 1-methyl-2-pyrrolidinone (approximately 0.5 mL) was
added. The mixture was pressed into a plate of a thickness of ap-
proximately 0.3 mm. The plate was cut into small discs and dried
under vacuum for 2 h.

The cell used for testing the Li-ion battery performance is shown
in Figure S14. Lithium metal was used as the anode material. The
anode was isolated from the cathode by a polyolefin film separator.
The cathode and anode were set in a coin cell with an electrolyte
(LiPF6) dissolved in a mixed solution of diethyl carbonate (DEC) and
ethylene carbonate (EC) (DEC/EC = 1:1) in an inert atmosphere. The
charge–discharge measurements were performed at a constant cur-
rent density of 1 mA cm–2 in the voltage range of 1.5–4.0 V.

The theoretical capacity was calculated by using the following
equation:

capacity = (NA × ne × 1.602 × 10–19)/(3.6 M)

where NA is Avogadro's constant, ne is the number of electrons
reduced, and M is the molecular weight of the material based on
the formula.

Characterization: The XRD patterns were obtained with a
RINT2200 (Rigaku, Japan) with Cu-Kα radiation (tube voltage: 40 kV,
tube current: 20 mA). The SEM images and EDX analysis were ob-
tained with a HD-2000 (HITACHI, Japan). Fourier transform infrared
(FTIR) analysis was conducted with a PARAGON 1000 (Perkin–Elmer,
USA). XPS analysis was performed with an ESCA-3400 (Shimadzu,
Japan). The spectrometer energies were calibrated by using the
Au(4f7/2) peak at 84 eV. N2 adsorption–desorption measurements
were carried out with a Belsorp MAX (BEL, Japan). Before the meas-
urements, the materials were calcined at 473 K for 2.5 h in high
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vacuum. Surface area was calculated by the Brunauer–Emmett–
Teller (BET) method by using the adsorption branch. The elemental
composition was determined by using an inductively coupled
plasma (ICP-AES) method (ICPE-9000, Shimadzu, Japan). The CHN
elemental composition was determined at the Instrumental Analy-
sis Division of the Equipment Management Center in the Creative
Research Institution of Hokkaido University.

Rietveld Refinement: The structures of Mo-Zn-V0.01-O, Mo-Zn-V0.05-
O, Mo-Zn-V0.1-O, Mo-Mn-V0.01-O, Mo-Mn-V0.05-O, and Mo-Mn-V0.1-O
were refined by powder XRD Rietveld refinement by using the Re-
flex Plus program in the Materials Studio software package.[19] The
initial structures of the materials were obtained from Mo-Zn-O and
Mo-Mn-O.[15] The lattice and pattern parameters of the materials
were refined by the Pawley method. Then, isotropic temperature
factors were provided for every atom in the initial structures. The
Rietveld analysis was started with the initial models of the materials,
and the lattice and pattern parameters were obtained from the
Pawley refinement. Every atom position was refined. The occupan-
cies of the atoms in the framework was fixed without further refine-
ment, and the occupancies of the atoms in the water molecules
and cations were refined. Finally, the pattern parameters were re-
fined again to obtain the lowest Rwp value. The crystallographic
parameters and the atom positions of the V-substituted materials
are shown in Tables S1–S7.
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a b s t r a c t

W–V complex metal oxide (W–V–O) was prepared by hydrothermal synthesis method. Characterization

by XRD, XPS, ICP-AES, N2 adsorption, and STEM showed that W–V–O had a layered structure with micro-

pore. W–V–O was tested for the vapor phase ammoxidation of 3-picoline (PIC) to 3-cyanopyridine (CP)

and compared with VOx/WO3 catalyst prepared by impregnation method and other V-based catalysts

which were reported to be efficient for this reaction. W-added vanadium oxides, W–V–O and VOx/WO3,

showed higher CP selectivity than conventional catalysts such as VOx/TiO2. The W–V–O catalyst showed

the highest CP selectivity of 99.5% at full PIC conversion. Kinetic studies showed that CP was the primary

product and small amount of pyridine and CO2 were produced from CP. The reaction by W–V–O in low

NH3 concentration condition or without co-feeding of water was also studied to evaluate the catalytic

performance of W–V–O in industrially relevant conditions.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Direct synthesis of nitriles via partial oxidation of hydrocarbons

in the presence of ammonia (NH3), so called ammoxidation, is an

industrially important reaction [1,2]. The gas-phase ammoxidation

of substituted aromatics/heteroaromatics is currently used in the

production of fine chemicals and intermediates [1–18]. Especially,

the ammoxidation of 3-methylpyridine (3-picoline) to nicotinoni-

trile (3-cyanopyridine) has been extensively studied [3–16] due to

the commercial importance of 3-cyanopyridine for the industrial

production of vitamin B3 (nicotinamide and nicotinic acid) as feed

additives [19]. These compounds are also used as a precursor for

commercial compounds such as cancer drugs, antibacterial agents,

and pesticides [2]. Various metal oxide-based catalysts have been

reported to be efficient for the ammoxidation of 3-methylpyridine

(PIC) to 3-cyanopyridine (CP) [3–16]. Most of the reported cata-

lysts are vanadium (V)-based catalysts, including VOx/Nb2O5 [3],

V2O5 [4], (VO)2P2O7 [5,6], �-VOHPO4 [7], VOx/TiO2 [8], V–Sb–O [9],

V–Cr–O [10], VZrPO [11], VZr(Al)PON [11–13], industrial VTiSbSiOx

catalyst [14], V2O5/MgF2 [15], and V2O5/CeF3 [16]. Mechanistic

∗ Corresponding author.

E-mail address: uedaw@kanagawa-u.ac.jp (W. Ueda).

studies on this reaction and related selective oxidation reaction

of picolines [20–22], methylpyradine [23] and toluene [24] sug-

gested bifunctional catalysis as a catalyst design concept, where the

VOx sites catalyze partial oxidation of hydrocarbons to oxygenate

intermediate and acid sites originated from co-catalysts, such as

POx, act as adsorption site of basic substrate (picolines and NH3).

Knowing the fact that oxides of tungsten (W) are well known acidic

co-catalysts of V-based catalysts, one hypothesizes that W–V–O

oxides can be an attractive candidate of the catalyst for the ammox-

idation of picolines. To the best of our knowledge, quite a few efforts

have been devoted to the development of W–V binary oxides as an

attractive candidate of catalyst for the ammoxidation of picolines.

Our research group has focused on the hydrothermal synthesis

of single crystalline Mo–V–O based catalysts [25–27]. Particularly,

single phasic orthorhombic Mo3VOx, having a microporous and

layered structure, is of importance because it catalyzes selective

oxidative dehydrogenation of ethane even at around 300 ◦C [26].

The single phase Mo–V–P catalyst also catalyzeds the ammoxi-

dation of propane [27]. Recently, we extended the hydrothermal

synthetic methodology to metal oxides consisted of various group

5 and 6 elements, and prepared a series of metal oxides with sim-

ilar microporous and layered structure as orthorhombic Mo3VOx

[28,29]. We hypothesized that W–V–O oxides with similar struc-

ture may show redox/acid bifunctional catalysis for ammoxidation

http://dx.doi.org/10.1016/j.apcata.2015.10.011

0926-860X/© 2015 Elsevier B.V. All rights reserved.
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Fig. 1. Polyhedral model of the microporous and layered W–V–O oxide.

Table 1
Surface area and composition of the catalysts.

Catalyst S.A.a (m2 g−1) Bulk W/Vb Surface W/Vc

V2O5 4.8 – –

VOx/WO3 14 62/38 60/40

W–V–O 16 67/33 76/24

a Surface area determined by the BET method.
b W/V atomic ratio determined by ICP-AES.
c W/V atomic ratio determined by XPS.

of 3-picoline. There are no attempts on the development of W–V

binary oxides for the ammoxidation of picolines. We report herein

the first example of ammoxidation of 3-picoline by hydrothermally

prepared W–V–O oxide with microporous and layered structure.

2. Experimental

2.1. Catalyst preparation

Inorganic materials were purchased from Wako Pure Chemi-

cal Industries. The complex metal oxide of W and V (W–V–O) was

prepared by a hydrothermal synthesis method. An aqueous solu-

tion (40 mL) of (NH4)6[H2W12O40]·nH2O (6.24 mmol), VOSO4·nH2O

(4.16 mmol) and oxalic acid (0.10 mmol) was introduced into a

stainless steel autoclave with a Teflon inner tube (50 mL), fol-

lowed by filling the inner space of the tube by Teflon thin sheet

(50 mm × 1000 mm). The presence of the sheet is important to pre-

pare W–V–O. Then, N2 was fed into the solution for 10 min to

remove residual oxygen. The autoclave placed to rotating machine

was installed in an oven. The mixture underwent hydrothermal

reaction at 175 ◦C for 24 h under mechanical rotation (1 rpm). The

formed solid was filtered, washed with ion-exchanged water, dried

at 80 ◦C overnight and then heated at 500 ◦C for 2 h under N2 flow.

V2O5 and WO3 for catalytic studies were commercially supplied

from Wako Pure Chemical Industries. Tungsten oxide-supported

vanadia (VOx/WO3) was prepared by impregnation method. A sus-

pension of WO3 (8.01 mmol) in an aqueous solution (50 mL) of

NH4VO3 (4.91 mmol) was heated to 90 ◦C for 30 min to evaporate

water, followed by drying at 80 ◦C overnight, and by heating at

500 ◦C for 2 h under N2 flow. The bulk and surface compositions

and surface area of the W–V–O and VOx/WO3 catalysts are listed in

Table 1. The composition and surface area of VOx/WO3 are close to

those of W–V–O.

According to the literature [8], TiO2-supported vanadia

(VOx/TiO2) with V loading of 5.9 wt% was prepared by impregnation

method. A suspension of anatase TiO2 (4 g) in aqueous oxalic acid

solution (50 mL) of NH4VO3 (4.9 mmol) was evaporated at 50 ◦C,

followed by drying at 100 ◦C, and by heating at 450 ◦C for 6 h under

air.

Mixed oxide of VZrPO was prepared according to the literature

[11]. To aqueous solution of ZrO(NO3)2 (8.6 mmol, 0.02 M), aque-

ous HNO3 solution of NH4VO3 (17.1 mmol, 0.02 M, pH 3) was added

under stirring at 70 ◦C. After adding the corresponding amount

of phosphoric acid (7.7 mmol, 3 M), a gel was formed, which was

10 20 30 40 50 60
Ox/WO3

)spc(
ytisnetnI

2θ (deg.)

W- -O

300

Fig. 2. XRD patterns of W–V–O and VOx/WO3: � = WO3 (PDF#00-033-1387),

� = V2O5 (PDF#00-040-1297), ♦ = VO2 (PDF#43-1051).

stirred for 1 h at 70 ◦C, followed by adding 55 g of citric acid, stirring

for 16 h at 70 ◦C, evaporation to dryness using a rotating evapora-

tor, and by drying at 120 ◦C for 16 h. After grinding, the resulting

brown powder was calcined under flowing air (6 L/h) for 16 h at

500 ◦C and for another 6 h at 600 ◦C.

Mixed oxide of V and Cr (VCrO) was prepared as follows [10];

V2O5 (5.28 mmol) and CrO3 (13.2 mmol) were dissolved in an aque-

ous oxalic acid solution, followed by drying at 110 ◦C for 10 h, and

by calcination in air at 500 ◦C for 6 h.

2.2. Catalyst characterization

Nitrogen adsorption experiments at −196 ◦C were carried out

with a BELSORP MAX (BEL Japan Inc.) sorption analyzer. Prior

to the measurement, the samples were evacuated at 200 ◦C for

2 h. Specific surface area of the catalysts was estimated by BET

method. Powder X-ray diffraction (XRD) pattern of the catalysts

was recorded on RINT2200 (Rigaku) with Cu K� radiation (tube

voltage: 40 kV, tube current: 20 mA). Scanning transmission elec-

tron microscopy (STEM) images were obtained with a HD-2000

(Hitachi High-Tech Inc.). Bulk composition of the catalysts was

determined by an inductive coupling plasma (ICP-AES) method

(ICPE-9000, Shimadzu). Surface composition of the catalysts was

estimated by X-ray photoelectron spectroscopy (XPS) measure-

ments using a JEOL JPS-9010MC (MgK� irradiation).

Fig. 3. STEM image of W–V–O.
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Table 2
Ammoxidation of 3-picoline.a

Catalyst Cat. wt. (g) T (◦C) Conversion (%) Selectivity (%)

PIC O2 CP NAc NA Pyr CO CO2

WO3 1.00 383 0.0 11.5 0.0 0.0 0.0 0.0 0.0 0.0

VOx/WO3 0.38 389 100 47.3 98.0 0.0 0.0 0.7 0.1 1.2

W–V–O 0.75 386 100 51.7 99.5 0.0 0.0 0.2 0.0 0.3

V2O5 0.85 381 100 59.8 91.0 0.0 0.7 3.8 0.2 4.3

a Conditions: gas composition, PIC/H2O/NH3/O2/He = 1/8/6/4.4/19.6.
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Fig. 4. N2-adsorption isotherm of W–V–O.

2.3. Catalytic testing

Ammoxidation of 3-picoline was carried out at atmospheric

pressure using a fixed-bed flow reactor (Pyrex glass tube) with an

inner diameter of 9 mm. Catalyst powders were pressed to pellets,

crushed, and sieved. Catalyst pellets (0.25–0.50 mm size), diluted

with quartz (0.2–0.4 mm) in a volumetric ratio of 1:6, were set in the

reactor. The reaction temperature was measured inside the catalyst

bed by a thermocouple. The gas stream (NH3/O2/He) was fed to the

reactor with mass flow controller. The aqueous solution of 11 mol%

3-picoline (PIC) was fed continuously into the gas stream at 150 ◦C

from a syringe pump with a micro-feeder. The volumetric com-

position of reaction gas was PIC:H2O:NH3:O2:He = 1:8:4:4.4:19.6

(PIC/H2O/NH3/O2/He = 2.7%/21.6%/10.8%/11.9%/53.0%). Total flow

rate was 37 mL min−1. CH4 gas was fed into outlet gas as exter-

nal standard. The gas phase products (CO and CO2) in the outlet gas

were collected in a gas bag and analyzed by TCD-GC (GL science

GC-3200, 6 m SHINCARBON-ST packed column). Organic products,

trapped in ethanol at 0 ◦C, followed by adding n-octane as exter-

nal standard, were analyzed with FID-GC (Shimadzu GC-14A, 30 m

0.32 mm TC-5 capillary column). Note that carbon balance and

oxygen balance for the catalytic results were 100.1 ± 0.6% and

97.5 ± 2.6%, respectively.

3. Result and discussion

3.1. Catalyst characterization

Previously, we have reported a series of studies on the

hydrothermal synthesis of metal oxides consisted of group 5 and 6

elements. A group of the synthesized metal oxides have micropore

due to heptagonal channel and layered structure as illustrated in

Fig. 1, which is characterized by the common structural results as

follows: (i) two sharp diffractions around 23◦ and 46◦ along with

broad diffraction peaks around 8◦ and 27◦ observed by XRD, (ii)

long rod-shaped crystal morphology, (iii) the presence of microp-

ore. The diffractions around 23◦ and 46◦ have been attributed to the

(0 0 1) and (0 0 2) planes of the layered structure in c-axis direction.

The rod-shaped crystal is due to stacking of the layers along the

c-axis by sharing the apex oxygen. The microporosity is suggested

to be due to the heptagonal channel structure of the a–b plane.

The following results of XRD, STEM, N2 adsorption suggest that the

present W–V–O catalyst has the same structural characteristics as

the porous and layered structure illustrated in Fig. 1. The XRD pat-

tern of W–V–O (Fig. 2) showed two sharp diffraction lines at 22.7◦

and 46.5◦. The XRD pattern of VOx/WO3 showed diffraction lines

attributed to VO2, V2O5 and WO3.

The STEM image of W–V–O (Fig. 3) shows rod shaped crystals.

The N2-adsorption isotherm of W–V–O (Fig. 4) shows N2 adsorption

feature at low relative pressure (P/P0 < 10−6) which is characteristic

to microporos materials. The micropore volume estimated by the

t-plot method is 7.7 × 10−3 mL g−1.

3.2. Catalytic performance

First, four catalysts (WO3, V2O5, VOx/WO3, W–V–O) were tested

for the ammoxidation of PIC at 383–389 ◦C. Table 2 lists the con-

versions of PIC and O2 and selectivities to cyanopyridine (CP),

nicotinamide (NA), nicotinic acid (NAc), pyridine (Pyr), CO, and CO2.

As previously reported [4], V2O5 showed good selectivity of CP at

high conversion level (99.2%), while WO3 showed no conversion

of CP. This indicates that vanadium is an indispensable element for

this catalytic system. The W-added vanadium oxides, VOx/WO3 and

W–V–O, were tested for the reaction under the conditions of full CP

conversion. VOx/WO3 and W–V–O show higher CP selectivities than

V2O5, which indicates that tungsten oxides as co-catalysts increase

the CP selectivity of V-based ammoxidation catalysts. Especially,

the W–V–O catalyst showed the highest CP selectivity of 99.5%.

The catalytic performances of the V-based catalysts, including

a well established VOx/TiO2 catalyst for this reaction [8], were

further compared under different contact time at 380 ◦C. From

the slope of the curve in the plot of CP conversion versus con-

tact time (Fig. 5), the order of the catalytic activity is as follows:

VOx/WO3 > VOx/TiO2 > W–V–O ≈ V2O5. The selectivities of the main

product (CP) and byproducts (Pyr and CO2) are plotted as a function
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Fig. 5. Effects of contact time on PIC conversion for ammoxidation of PIC over

(©)W–V–O, (�) VOx/WO3, (�) V2O5, and (�) VOx/TiO2. Conditions: catalyst

amount = 0.5 g, T = 380 ◦C, gas composition, PIC/H2O/NH3/O2/He = 1/8/6/4.4/19.6.
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Fig. 6. Selectivity versus PIC conversion for ammoxidation of PIC over (©) W–V–O, (�) VOx/WO3, (�) VOx/TiO2 and (�) V2O5. Conditions are the same as those in Fig. 5.

of the CP conversion in Fig. 6. A possible pathway of the formation

of CP, NA, NAc, Pyr and CO2 is also included in Fig. 6. Generally, Pyr

and CO2 were the main byproducts. The selectivities to NA, NAc, and

CO were quite low (<0.2%) for the W–V–O and VOx/WO3 catalysts,

while NA was also produced in 0.6–1.4% selectivity for VOx/TiO2

and V2O5 at high conversion levels. For all the catalysts tested, the

CP selectivity decreased with the increase of the conversion, while

the selectivities of the byproducts (Pyr and CO2) increased. This

indicates that CP is the product of the ammoxidation of PIC and Pyr

and CO2 are produced from CP probably via consecutive reactions

of CP → NA → NAc → Pyr + CO2 or via direct oxidation of CP to Pyr

and CO2. In the whole range of the conversion level, the W-added

vanadium oxides (VOx/WO3 and W–V–O) showed higher CP selec-

tivities than V2O5 and VOx/TiO2. Especially, the W–V–O catalyst

showed the highest CP selectivity as well as the lowest selectivities

of Pyr and CO2.

To investigate the formation pathway of the byproduct in Fig. 6,

we carried out hydration of CP (CP + H2O reaction in the absence of

O2) by the W–V–O catalyst under the conditions shown Fig. 7. As

shown in Fig. 7A, the conversion of CP increased with the reaction

temperature. With increase in the temperature, the selectivity of

NA decreased and the selectivities of Pyr and CO2 the increased. The

result indicates that NA, NAc, Pyr and CO2 are produced by hydra-

tion of the nitrile (CP) in the absence of O2. The result in Fig. 7A is

re-plotted in Fig. 7B where the selectivities are plotted as a function

of the CP conversion. With increase in the conversion, the selectivity

of NA decreased and the selectivities of Pyr and CO2 the increased.

The selectivity of NAc increased up to 14% conversion and then

decreased with the conversion. The result suggests that NA, NAc,

Pyr and CO2 are produced from CP via consecutive reactions of

CP → NA → NAc →nPyr + CO2. The hydration of the nitrile (CP) gives

Fig. 7. Hydration of CP on W–V–O (0.5 g): gas composition, CP/H2O/He = 1/10/10,

flow rate = 21 mL min−1. (A) Temperature dependence of (+) CP conversion and selec-

tivities of (�) NA, (�) NAc, (�) Pyr, (�) CO2. (B) Selectivities of (�) NA, (�) NAc, (�)

Pyr, (�) CO2 versus CP conversion.
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Fig. 8. (�) PIC conversion and (©) CP selectivity as a function of reaction time

for ammoxidation of 3-picoline over W–V–O. Conditions: catalyst amount = 0.5 g,

T = 380 ◦C, gas composition, PIC/H2O/NH3/O2/He = 1/8/6/4.4/19.6.

the amide (NA), which undergoes further hydration to give the car-

boxylic acid (NAc) and NH3. Pyr and CO2 can be produced by the

decomposition of NAc.

Next, we tested the ammoxidation of PIC with some represen-

tative catalysts (VCrO [10] and VZrPO [11]) which were reported to

be efficient for this reaction in the literature (Table 3). The reactions

were carried out under the same conditions (contact time, gas com-

position) except for the temperatures (365–410 ◦C). The reaction

temperature for each experiment was adopted to achieve nearly

full conversion of CP (98.9–100%). The result shows that VOx/WO3

and W–V–O exhibit higher CP selectivities than the conventional V-

based catalysts, and W–V–O showed the highest CP selectivity and

the lowest selectivities of Pyr and CO2 among the catalysts tested.

The above results demonstrate excellent catalytic performances of

the W–V–O catalyst for the ammoxidation of PIC to CP. It should be

noted that the XRD pattern of the W–V–O did not essentially change

after the reaction, suggesting no change in the catalyst structure

during the reaction.

From a viewpoint of industrial catalysis, long time durability

and the reaction without co-feeding of water or without too much

excess of NH3 are important. The stability versus time-on-stream

of the best performing W–V–O catalyst has been investigated and

the result is shown in Fig. 8. The data show that the CP selectivity

remains essentially constant (99.4–99.6%) during 3 h of the oper-

ation at 380 ◦C. Fig. 9 shows the catalytic performance of W–V–O

under different NH3 concentration. The result shows that the NH3

partial pressure of around 12%, corresponding to 4.4 equivalent

with respect to CP, is enough to give the highest selectivity at full CP

conversion. Finally, we studied the effect of co-feeding of water on

the catalytic performance of W–V–O. The temperature dependence
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Table 3
Comparison of the catalysts for the ammoxidation of 3-picoline.a

Catalyst S.A (m2 g−1) T (◦C) Conversion (%) Selectivity (%)

PIC O2 CP NAc NA Pyr CO CO2

W–V–O 16 407 99.6 49.2 99.4 0.0 0.0 0.2 0.0 0.4

VOx/WO3 14 410 100 50.0 95.8 1.6 0.6 1.0 0.0 1.0

VCrO 23 365 98.9 54.3 92.0 1.0 1.1 1.6 0.9 3.3

VZrPO 30 370 99.0 53.7 83.4 2.7 0.8 0.7 0.0 12.3

a Conditions: catalyst amount = 0.5 g; gas composition, PIC/H2O/NH3/O2/He = 1/8/6/4.4/19.6.
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Fig. 9. (�) PIC conversion and (©) CP selectivity as a function of the concentration

of NH3 for ammoxidation of 3-picoline over W–V–O (0.5 g) at 380 ◦C.
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Fig. 10. (�,�) PIC conversion and (©,�) CP selectivity as a function of temper-

ature with water-dosing (�,�) in the feed or without the water-dosing (�,©)

over W–V–O catalyst. Gas composition, PIC/H2O/NH3/O2/He = 1/8/6/4.4/19.6 or

PIC/NH3/O2/He = 1/6/4.4/19.6.

of the reaction data with or without co-feeding of 21.6% water vapor

is shown in Fig. 10. The result shows that the CP selectivity and

PIC conversion without water-dosing are slightly higher than those

with water-dosing. These results suggest that the present catalytic

system is effective even without the additional water-dosing. Con-

sidering the fact that most of the previous catalytic systems for

this reaction have been carried out under water-dosing conditions,

our system is a rare example of the high yield catalytic system

for the reaction without the water-dosing. The above character-

istics suggest that the ammoxidation by W–V–O is important from

a viewpoint of industrial production of CP from PIC.

4. Conclusion

The microporous and layered W–V metal oxide, W–V–O, was

synthesized by hydrothermal method. For the vapor phase ammox-

idation of 3-picoline, the W–V–O catalyst gave an exceptionally

high 3-cyanopyridine selectivity of 99.5% under full conversion

conditions. The selectivity of W–V–O was higher than those of

VOx/WO3 and other catalysts reported to be efficient for this reac-

tion such as VCrO, VZrPO, and VOx/TiO2. The W–V–O catalyst gave

high catalytic performance even in the absence of co-feeding of

water, demonstrating that the present system can be of importance

from a viewpoint of industrial production of 3-cyanopyridine from

3-picoline. Silent finding of this study was that the VOx/WO3 cat-

alyst showed higher activity and selectivity for this reaction than

previous V-based catalysts.
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a b s t r a c t

W–V–Nb–O complex metal oxides having a structure like that of orthorhombic Mo3VOx were found to

be an efficient catalyst for the gas-phase direct oxidative transformation of glycerol to acrylic acid. The

catalysts with various compositions were facilely synthesized by hydrothermal method. The W–Nb–O

catalyst without V component, mainly promoted the glycerol dehydration, giving acrolein selectively.

Since Nb–O catalyst showed poor activity for the reaction, the introduction of W into the Nb–O catalysts

was found effective for improving the activity for the dehydration of glycerol to acrolein. This is mainly

due to the increase of Brönsted acidity by the combination of W and Nb. When V was incorporated into the

framework of W–Nb–O, the resulting catalyst was found to prominently promote the formation of acrylic

acid in the glycerol transformation in the presence of O2, while showed no effect on the dehydration of

glycerol to acrolein. It was also found that V acts as an oxidation site only when glycerol is completely

reacted. The optimum elemental composition for the reaction was W2.2V0.4Nb2.4O14 giving ca. 46% one

path yield of acrylic acid and this catalytic performance was further improved by the surface modification

with phosphoric acid, achieving ca. 60% one path yield of acrylic acid.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Biomass utilization aiming at CO2 reduction and decreasing

dependency of oil has been expanding. Under this situation, the

amount of biodiesel production has been increasing year after year

[1]. Glycerol is a main byproduct in biodiesel production by trans-

esterification of plant oils or animal fat with methanol, and has

been produced heavily at a relatively low price. Therefore, the

transformation of glycerol into other desirable chemicals by var-

ious reactions such as oxidation [2], hydrogenolysis [3], reforming

[4], esterification [5,6], etherification [7] and others [8,9] has been

attempted by many researchers. The dehydration of glycerol to

acrolein, which is an important intermediate for chemical and agri-

cultural industries, is one of the most valuable reactions.

Various solid acid catalysts such as zeolites [10,11], heteropoly

acids [12,13] and mixed metal oxides [14–16] have been applied

to this reaction in the gas phase. The main problems within

this process are the formation of byproducts and deactivation of

∗ Corresponding author.

E-mail address: uedaw@kanagawa-u.ac.jp (W. Ueda).

catalysts by carbon deposition. Some zeolites or oxide catalysts

give acrolein in yields of ∼80% with byproducts such as hydrox-

yacetone, propanal and others [10,11,14–16]. On the other hand,

heteropoly acid catalysts show higher yield (∼98%) of acrolein [13].

However, regeneration of heteropoly acid catalysts by combustion

of coke is difficult because of their low thermal stability.

Acrolein is oxidized to acrylic acid, and then used in the

manufacture of plastics, coatings, adhesives and so on. Direct trans-

formation of glycerol to acrylic acid brings about simplification

of process and reduction of energy. Standard enthalpy change of

the glycerol dehydration to acrolein and the acrolein oxidation

to acrylic acid are 18.0 kJ mol−1 and −298.3 kJ mol−1, respectively

[17]. The direct transformation of glycerol may be energy-efficient

process if the energy exhausted in the latter reaction can be used

for the former reaction.

As catalysts for the direct transformation of glycerol to acrylic

acid, Mo–V–Te–Nb–O having an orthorhombic structure [18],

W–V–O [18,19] and W–V–Nb–O [20,21] having a hexagonal tung-

sten bronze structure have been reported. The catalyst which gave

the highest acrylic acid yield was a hexagonal W–V–Nb–O among

the proposed catalysts. Chieregato et al. [20] has reported that the

incorporation of Nb in W–V–O structure generates strong acid sites

http://dx.doi.org/10.1016/j.cattod.2015.07.016

0920-5861/© 2015 Elsevier B.V. All rights reserved.
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and improves the acrylic acid yield. According to their latest report,

the yield of acrylic acid reached to 50.5% by optimization of the

reaction conditions [21].

Nevertheless, the values have not come up to that in the possible

process with a separated glycerol dehydration and acrolein oxi-

dation. (For example, Cs2.5H0.5PW12O40 catalyst gives an acrolein

yield of 98% in the glycerol dehydration [13]. On the other hand,

Mo–V based catalyst gives acrylic acid yield of 98% in the acrolein

oxidation [22].) The direct transformation of glycerol to acrylic

acid is desirable but still a challenging process because not only

improvement of selectivity for each reaction by catalyst design but

also tune of optimum conditions for each reaction is required to

achieve higher acrylic acid yield.

We have recently reported the orthorhombic-Mo3VOx and

trigonal-Mo3VOx catalysts which exhibit a high yield of acrylic

acid of more than 90% in the acrolein oxidation [23]. Because the

orthorhombic and trigonal phases show similar catalytic prop-

erties, we have advocated their local structure, which is the

layered structure comprising 6- and 7-rings of metal-oxide octa-

hedral and pentagonal columns, is important for high oxidation

catalysis. We have also reported that W–Nb–O catalysts synthe-

sized by hydrothermal method have a layered structure similar to

orthorhombic Mo–V–O [24] and gave acrolein in high yield in gas-

phase glycerol dehydration in the presence of water and oxygen

[25].

If a complex oxide has both enough acidity and acrolein-

oxidizing capability comparable to orthorhombic Mo–V–O, it is

expected to be an efficient catalyst for the direct transformation of

glycerol to acrylic acid. In the present work, we applied the complex

metal oxides composed of W, Nb and V having the orthorhombic-

like structure as a catalyst for the first time to the direct oxidative

glycerol transformation to acrylic acid, and investigated effects

of constituent materials on the selectivity for the glycerol trans-

formation. And then we further tried to improve the catalytic

performance by surface modification with phosphoric acid.

2. Experimental

2.1. Catalyst preparation

2.1.1. W–V–Nb–O by hydrothermal method

The complex metal oxide catalysts of W, V and Nb were prepared

by hydrothermal synthesis method. (NH4)6[H2W12O40]·nH2O

(Nippon Inorganic Color & Chemical Co., Ltd., >90.8% as WO3),

VOSO4·nH2O (Mitsuwa Chemical Co., Ltd., 61.9%) and Nb2O5·nH2O

(Soekawa Chemical Co., Ltd, 70.8% as Nb2O5) were used as raw

materials. The metal salts were added in 45 ml of ion-exchanged

water under stirring. This mixed suspension was put in a stainless

steel autoclave with a Teflon liner and heated at 448 K for 72 h.

The formed solid was filtered, washed with ion-exchanged water,

dried at 353 K and then calcined at 673 K for 4 h in air. The W/Nb

ratio in the preparative materials was set to be 1.35 (W 2.7 mmol,

Nb 2.0 mmol in 45 ml water) according to our previous articles

[25]. W–V–Nb–O, W–V–O, and V–Nb–O were prepared from solu-

tion consisting metals with W:V:Nb = 1.35:0.1–0.6:1, W:V = 1.35:1,

V:Nb = 0.4:1, respectively. Nb–O was also synthesized by the same

procedure as described above.

2.1.2. Addition of P to W–Nb–O by impregnation method

Phosphoric acid-added catalysts were prepared by impreg-

nation of uncalcined W–Nb–O (W:Nb = 1.35:1) or W–V–Nb–O

(W:V:Nb = 1.35:0.3:1) with an aqueous solution of phosphoric acid,

followed by calcination at 673 K in air. The content of P was set to

be 2.5 wt% of the supports after optimization of P content.

2.2. Catalyst characterization

Surface area of the catalysts was estimated by BET method

where nitrogen physisorption amount was measured at 77 K with

a BEL max 00094 (BEL Japan Inc.). Prior to the measurement, the

samples were evacuated at 473 K for 2 h. Powder X-ray diffraction

(XRD) pattern of the catalysts was recorded on RINT2200 (Rigaku)

with Cu K� radiation (tube voltage: 40 kV, tube current: 20 mA).

Scanning transmission electron microscope (STEM) images were

obtained with a HD-20000 (HITACHI). The composition of catalysts

was determined by inductively coupled plasma atomic emission

spectroscopy (ICP-AES). The acid amount of catalysts was mea-

sured by NH3-TPD with a TPD apparatus (BEL Japan Inc.). Prior to

the measurement, the samples were pretreated under He flow at

673 K for 2 h. NH3 was adsorbed on the catalysts at 473 K. Acidity

of catalysts was measured by FT-IR spectroscopy (PARAGON 1000,

Perkin Elmer) of adsorbed pyridine with a furnace cell with CaF2

windows, containing a self-supporting disk of sample. The sam-

ples were pretreated in a vacuum at 623 K. Pyridine was adsorbed

onto the samples at 373 K and after evacuation at 523 K for 1 h, the

adsorption spectrum was recorded. The spectrum of adsorbed pyri-

dine on sample in the presence of water vapor (4.6 Torr) was also

recorded.

2.3. Catalytic testing

Transformation of glycerol was carried out in a vertical fixed-bed

reactor. A mixture of 0.02–0.80 g of catalyst powder and sea sand

(catalyst + sea sand = 2 ml) was set in a Pyrex glass tube with 12 mm

internal diameter and pretreated at 573 K in flowing 20% O2/N2 for

0.5 h before the reaction. A glycerol-water 1:5 (mol/mol) solution

was fed into the top of reactor with a micro feeder. Pure N2 or O2/N2

was introduced with mass flow controllers. The molar composition

of reaction gas was glycerol/N2/H2O = 5/70/25 (absence of O2) or

glycerol/O2/N2/H2O = 5/14/56/25 (presence of O2). Reaction prod-

ucts and unconverted glycerol in both liquid and gas phases were

collected hourly in an ice trap (273 K) and a Tedlar bag connected

at the end of the trap. Products in the liquid phase were analyzed

with FID-GC (GL science GC353, 30 m 0.32 mm TC-WAX capillary

column). Products in the gas phase were analyzed with FID-GC

(Shimadzu GC14B, Gaskuropak54 column) and TCD-GC (Shimadzu

GC8A, Porapak QS and MS-13X column). Glycerol conversion and

product selectivities and yields were calculated by Eqs. (1)–(3).

Glycerol conversion (%) = Moles of glycerol reacted

Moles of glycerol fed
× 100 (1)

Product selectivity (%)

= Moles of carbon in a product defined

Mole of carbon in glycerol reacted
× 100 (2)

Product yield (%) = Moles of carbon in a product defined

Moles of carbon in glycerol fed
× 100(3)

Oxidation of acrolein was carried out in the same reac-

tor as the transformation of glycerol. Reaction conditions were:

catalyst weight, 0.2 g; reaction temperature, 458–658 K; total

flow rate, 77 ml min−1; molar composition of reaction gas,

acrolein/O2/N2/H2O = 1/15/58/26.
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Fig. 1. XRD patterns (left: wide angle range, right: narrow range around 22◦) of (a)

W2.8Nb2.2O14, (b) W2.4V0.1Nb2.5O14, (c) W2.2V0.4Nb2.4O14, (d) W2.2V0.5Nb2.3O14, (e)

W2.2V0.9Nb1.9O14, (f) W2.8V2.2O14, (g) Nb5.0O14, (h) V1.0Nb4.0O14.

3. Results and discussion

3.1. Structure of W–Nb–O and W–V–Nb–O

X-ray diffraction patterns of all the samples synthesized

hydrothermally are illustrated in Fig. 1 (left). The diffraction peaks

in all cases were observed at 22.7◦ and 46.2◦ attributed to (0 0 1)

and (0 0 2) planes of a layered structure, respectively. Since it can

be considered that these peaks are due to the linear arrange-

ment of corner-shared octahedra in c-direction, the appearance of

these clear diffraction peaks indicates the crystal formation of c-

direction. The other diffractions around 8◦, 13◦, 27◦, 35◦ were also

observed for all the samples. It should be noted that the angles

of these peaks were roughly coincident with the angle region

of the XRD peaks of well-crystallized Cs0.5[Nb2.5W2.5O14] in the

orthorhombic structure [25] which is basically the same as that of

Mo3VOx, as can be seen in the XRD patterns in Fig. 2. However,

these diffraction peaks observed on W–Nb–O were very broad,

suggesting that the crystal growth into a and b directions is very

low compared to the c-direction. To confirm this crystal state,

we collected STEM image of W–Nb–O sample and the result is

shown in Fig. 2(b). Concomitantly, W–Nb–O was observed to be

much small crystals with the nano-sizes of 10–30 nm in diame-

ter (a and b direction) and of 0.1–0.3 �m in length (c-direction),

while Cs0.5[Nb2.5W2.5O14] with rod-like morphology was well-

grown crystals with the sizes of 0.5–1 �m in diameter and of more

than 5 �m in length (Fig. 2(a)). By taking it into account that the lat-

tice parameters of Cs0.5[Nb2.5W2.5O14], of which crystal structure is

assumed here in the W–Nb–O case, are quite large (2.6 nm × 2.1 nm

in a-b plane), the observed broad peaks in XRD of the nano-sized

W–Nb–O might be reasonable. These facts may suggest the for-

mation of the orthorhombic structure in the W–Nb–O sample.

In order to add more evidence to this suggestion, we conducted

Rietveld analysis on the basis of the orthorhombic crystal struc-

ture of Mo3VOx, the lattice parameters of Cs0.5[Nb2.5W2.5O14], and

the crystal size of 10 nm × 10 nm × 300 nm as observed by STEM.

As shown in Fig. 2(b), the observed and the simulated diffractions

were agreed each other well (Rwp = 7.03%), while Rietveld refine-

ment with using structure models and structural parameters of

hexagonal and other layered materials did not converge. This result

evidently supports the formation W–Nb–O oxide with the structure

similar to that of Mo3VOx.

The vanadium-containing W–Nb–O, W–V–O, V–Nb–O, and

Nb–O also showed the similar XRD pattern of the W–Nb–O sam-

ple (Fig. 1(left)). In the case of the vanadium-containing W–Nb–O,

the diffraction peak ascribed to (0 0 1) plane shifted to higher angle

depending on the V content (Fig. 1(right)). This clearly indicates

that V was incorporated into the framework of W–Nb–O. XRD pat-

terns similar to that of W–Nb–O were also observed for Nb–O,

W–V–O and V–Nb–O, indicating that the same structure can be

constructed in any combinations of three elements, W, Nb and V.

Weak unknown peaks in W–V–O (Fig. 1(left) may be attributed to

a type of vanadium oxide which forms from hydrated vanadium

oxide containing NH4
+ ion [26] in the course of the calcination.

Fig. 2. STEM images of (a) Cs0.5[Nb2.5W2.5O14] and (b) W2.8Nb2.2O14 and their XRD patterns with Rietveld analysis.
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Table 1
Catalyst surface properties and their performance for the glycerol transformation in the absence of O2.

Catalyst SABET
a (m2 g−1) Acid amount

(�mol g−1)

Tb (K) GLRc conv.d (%) Yielde (%)

ACRL AA ACAL PRAL HACT ACA COx Others

Nb5.0O14 89 40 566 56.1 10.6 <0.1 0.3 0.1 1.9 0.1 0.4 42.6

V1.0Nb4.0O14 106 133 563 56.1 13.5 <0.1 1.0 0.7 3.7 0.2 0.3 36.5

W2.8Nb2.2O14 100 136 562 90.0 50.7 0.2 1.1 1.3 6.4 0.9 0.2 29.2

W2.8V2.2O14 8 5 563 9.5 3.0 <0.1 0.2 0.1 <0.1 <0.1 0.2 6.0

W2.2V0.5Nb2 118 148 563 91.7 53.8 <0.1 0.8 1.4 7.8 <0.1 0.2 27.7

a BET surface area.
b Reaction temperature.
c GLR = glycerol.
d Reaction conditions: catalyst weight, 0.2 g; flow rate, 80 ml min−1; time on stream, 1–2 h; composition of reaction gas, GLR/N2/H2O = 5/70/25 (mol%)
e ACRL = acrolein, AA = acrylic acid, ACAL = acetaldehyde, PRAL = propanal, HACT = hydroxyacetone, ACA = acetic acid.

On the basis of the above structural discussion, M5O14(M = W, V,

Nb) is suitable as the general chemical formula for the present

materials, although net charge should be balanced by either

additional proton or oxygen deficiency. We then conducted the

ICP-AES analysis of all the calcined samples. Based on the analytical

data, the samples are now denoted with the chemical formula

as follows; W2.8Nb2.2O14, W2.4V0.1Nb2.5O14, W2.2V0.4Nb2.4O14,

W2.2V0.5Nb2.3O14, W2.2V0.9Nb1.9O14, W2.8V2.2O14, Nb5.0O14,

V1.0Nb4.0O14.

3.2. Glycerol transformation in the absence of O2

The catalytic performances in the glycerol transformation in

the absence of O2 were first examined to compare the catalytic

activity of the synthesized materials for the dehydration of glyc-

erol to acrolein. The catalytic results with specific surface area and

the number of acid sites per gram (acid amount determined by

NH3-TPD) are listed in Table 1.

The role of Nb is first considered. The surface area and the

acid amount of the non-Nb-containing W–V–O catalyst were lower

than these of the Nb-containing catalysts. The acrolein yield over

W2.2V0.5Nb2.3O14 and W2.8V2.2O14 were 53.8 and 3.0%, respectively,

indicating the introduction of Nb augmented the acrolein yield. The

improvement of acrolein yield is due to the increase in the sur-

face area and the corresponding acid amount by the introduction

of Nb.

The acrolein yield over W2.8Nb2.2O14 was 50.7%, while Nb5.0O14

gave acrolein yield of 10.6%. Apparently the incorporation of W to

Nb5.0O14 improved the activity for the dehydration of glycerol. It

is evident that the activity enhancement is mainly caused by the

increase of surface acid amount as observed. However, according

to Fig. 3 showing the plot of the acrolein yield over Nb5.0O14 and

W2.8Nb2.2O14 against the glycerol conversion, the acrolein yield

over W2.8Nb2.2O14 was higher than that over Nb5.0O14 when com-

pared at an iso-conversion of glycerol. It can be concluded that this

yield improvement was not due to the difference of the glycerol

conversion but to the catalytic property changes by the combina-

tion of W and Nb in the structure. This fact also indicates that the

introduction of W was improved not only activity but also acrolein

selectivity.

The effect of the introduction of W to Nb5.0O14 on acid prop-

erty was further investigated with FT-IR of adsorbed pyridine on

Nb5.0O14 and W2.8Nb2.2O14. Fig. 4(A) illustrates the IR spectra of

pyridine on Nb5.0O14 and W2.8Nb2.2O14. Both the catalysts gave the

IR-bands ascribed to the adsorption of pyridine on Lewis and Brön-

sted acid sites at about 1450 and 1540 cm−1, respectively. The ratio

of Brönsted to Lewis acidity in W2.8Nb2.2O14 was larger than that in

Nb5.0O14. Therefore, it seems that the introduction of W increases

the Brönsted acidity and hence enhances acrolein selectivity in the

glycerol transformation. It has been also indicated in many papers

that Brönsted acid sites are advantageous over Lewis acid sites in

the synthesis of acrolein from glycerol [1].

Effect of water addition on the acid property of W2.8Nb2.2O14

was investigated because the glycerol transformation is carried

out in the presence of additive water and formed water. Fig. 4(B)

illustrates the IR spectra of adsorbed pyridine on Nb5.0O14 and

W2.8Nb2.2O14 in the presence of water. The addition of water

decreased the intensity of the IR-band ascribed to the adsorption

of pyridine on Lewis acid sites and on the other hand increased

the intensity of IR-band ascribed to that on Brönsted acid sites in

both Nb5.0O14 and W2.8Nb2.2O14. The result indicates that Lewis

acid site is hydrated and changes into Brönsted acid site in the

presence of water. The ratio of Lewis acid that changed into Brön-

sted acid was different depending on the presence or absence W.

About 29% and 57% of Lewis acid sites changed into Brönsted acid

sites in Nb5.0O14 and W2.8Nb2.2O14, respectively. As a result, such

high Brönsted acidity of W2.8Nb2.2O14 should be beneficial for the

catalytic reaction, since it has been widely considered that Brön-

sted acid sites are responsible for the glycerol transformation to

acrolein.

In contrast to the prominent addition effect of W, the intro-

duction of V into the framework of W2.8Nb2.2O14 or Nb5.0O14 gave

almost no effect on both the conversion of glycerol and the acrolein

selectivity as can be seen in Table 1 and Fig. 3, although the acid

amount of Nb5.0O14 largely changed. It seems that the surface acid

property derived from the existence of V in the lattice and surface V

itself have no ability to contribute to the glycerol dehydration steps.

This speculation will be evident from the results in the glycerol

transformation in the presence of O2 as shown in the next.

Fig. 3. Acrolein yield against glycerol conversion in the glycerol transforamtion.

Symbols: W2.8Nb2.2O14 �; W2.2V0.5Nb2.3O14 ©; Nb5.0O14 �; V1.0Nb4.0O14 �. Compo-

sition of reaction gas, GLR/N2/H2O = 5/70/25 (mol%).
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Fig. 4. IR spectra of adsorbed pyridine on (a) Nb5.0O14 and (b) W2.8Nb2.2O14 in the absence (A) and presence (B) of water.

3.3. Glycerol transformation in the presence of O2

The catalytic results of the glycerol transformation in the pres-

ence of O2 are listed in Table 2. The W2.8Nb2.2O14 catalyst gave

acrolein mainly in better yield compared to the reaction in the

absence of O2. Obviously oxygen assists the dehydration and

maintains the catalytic activity. When V was incorporated into

the W2.8Nb2.2O14 catalyst (W2.2V0.5Nb2.3O14), acrylic acid yield

greatly increased and acrolein formation was suppressed. This

result clearly demonstrates that the incorporated V can promote

the acrolein oxidation process to acrylic acid. Since the addition

of V into Nb5.0O14 (V1.0Nb4.0O14) simply promoted over oxida-

tion to COx, W as a component seems essential for the formation

of acrylic acid. In fact, W2.8V2.2O14 showed appreciable activity

for the formation of acrylic acid as shown in Table 2. How-

ever, the yield values over this catalyst were inferior to that

achieved over W2.2V0.5Nb2.3O14, suggesting that co-existence of

three components in the framework of orthorhombic type struc-

ture is important.

The presence of V is also important for the catalytic activ-

ity durability. We tested the time courses of acrolein and acrylic

acid yield in the glycerol transformation over W2.8Nb2.2O14 and

W2.2V0.5Nb2.3O14 in the presence of O2. The yield of acrylic acid

over W2.2V0.5Nb2.3O14 was kept constant during 5 h of the reaction

although acrolein yield over W2.8Nb2.2O14 decreased from 74.5%

to 57.7%. The amounts of carbon deposition after the reaction over

W2.8Nb2.2O14 and W2.2V0.5Nb2.3O14 catalysts measured by TG were

about 193.6 and 30.3 mg gcat
−1, respectively. It is clear that V sites

decrease the carbon deposition that may cause deactivation of the

catalysts in the dehydration of glycerol. The materials causing cat-

alytic deactivation may be oxidatively decomposed at the V sites

under the reaction conditions.

The effect of constituent materials is summarized as follows: Nb

increased the surface area and the acid amount of the catalysts and

improved the activity for the dehydration of glycerol to acrolein.

W increased the Brönsted acidity of the catalysts and improved

the activity for the dehydration of glycerol to acrolein. V was the

essential element for the oxidation of acrolein to acrylic acid. The

introduction of V into the framework of Nb5.0O14 or W2.8Nb2.2O14

little affects the acrolein formation from glycerol. The co-existence

of three components in the framework of orthorhombic type struc-

ture is most indispensable for achieving high acrylic acid in the

direct oxidative transformation of glycerol.

3.4. Effect of V content on the yield of acrylic acid

The W–V–Nb–O catalysts with different V contents were

tested in order to further elucidate the role of added V on the

catalytic performance. Fig. 5 illustrates the yield of acrolein,

acrylic acid and COx in the glycerol transformation in the pres-

ence of O2 under the various contact times over the W–V–Nb–O

catalysts. The W2.8Nb2.2O14 catalyst gave maximum acrolein

yield at W/F = 2.5 × 10−3 g min ml−1. At contact time above

W/F = 2.5 × 10−3 g min ml−1, the yield of acrolein decreased and

the yield of COx increased with increasing the contact time. Acrylic

acid was not observed at all over the W2.8Nb2.2O14 catalyst. In

a separate experiment of acrolein oxidation over this catalyst,

it was found that acrolein was directly oxidized to COx without

formation of acrylic acid. The results indicate that acrolein was

directly oxidized to COx also under the glycerol transformation.

On the other hand, acrylic acid was formed over the V-containing

catalysts. The catalysts containing larger amount of V tend to

give maximum yields of acrylic acid at shorter contact time.

Over the W2.4V0.1Nb2.5O14 catalyst, the formations of acrolein,

acrylic acid and COx were formed and these product yield changes

indicate a consecutive reaction profile. In addition to this, the

direct conversion of acrolein to COx should be contributed to the

profile, since the formation of COx from acrolein on W–Nb–O sites

Fig. 5. Effect of contact time on yield of (A) acrolein, (B) acrylic acid and (C) COx in the

glycerol transformation in the presence of O2 over W2.8Nb2.2O14 �; W2.4V0.1Nb2.5O14

�; W2.2V0.4Nb2.4O14�; W2.2V0.5Nb2.3O14 �; W2.2V0.9Nb1.9O14 ×.
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Table 2
Catalytic performance in the glycerol transformation in the presence of O2.

Catalyst Ta (K) GLR conv.b(%) O2 conv. (%) Yield (%)

ACRL AA ACAL PRAL HACT ACA COx Others

W2.8Nb2.2O14 565 97.2 4.9 72.3 <0.1 1.8 0.7 1.6 0.4 2.9 17.5

V1.0Nb4.0O14 628 100 80.0 4.4 1.4 0.8 <0.1 <0.1 3.5 83.7 6.0

W2.8V2.2O14 628 100 55.0 3.3 18.2 0.8 <0.1 <0.1 14.0 53.2 10.5

W2.2V0.5Nb2.3O14 596 100 51.9 0.9 33.7 0.5 <0.1 <0.1 15.2 42.7 7.0

a Reaction temperature.
b Reaction conditions: catalyst weight, 0.2 g; flow rate, 80 ml min−1; time on stream, 1–2 h; composition of reaction gas, GLR/O2/N2/H2O = 5/14/56/25 (mol%).

Table 3
Glycerol transformation over phosphoric acid-added W–Nb–O and W–V–Nb–O catalysts.

Catalyst W/F/gcat (min ml−1) GLR conv. a (%) O2 conv. (%) Yield (%)

ACRL AA ACAL PRAL HACT ACA COx Others

W2.8Nb2.2O14 2.5 × 10−3 98.9 6.5 74.5 0.1 2.9 1.0 0.4 0.7 3.8 15.5

2.5 wt%PO4/W2.8Nb2.2O14 2.5 × 10−3 100 5.6 81.8 0.3 2.1 0.6 0.5 0.3 2.7 11.7

W2.2V0.4Nb2.4O14 6.7 × 10−3 100 48.6 3.5 46.2 1.4 <0.1 <0.1 12.7 33.8 2.4

1.0 × 10−2 100 53.4 0.5 36.6 0.4 <0.1 <0.1 14.2 44.8 4.0

2.5wt%PO4/W2.2V0.4Nb2.4O14 6.7 × 10−3 100 33.0 15.3 44.8 2.6 0.1 <0.1 7.8 21.5 7.9

1.0 × 10−2 100 45.3 0.5 59.2 0.3 <0.1 <0.1 8.2 22.3 9.5

a Reaction conditions: set temperature of the furnace, 558 K; composition of reactant gas, glycerol/O2/N2/H2O = 5/14/56/25 (mol%).

is unavoidable. The catalyst which exhibited the maximum yield

of acrylic acid was W2.2V0.4Nb2.4O14 and gave an acrylic acid yield

of 46.2% at W/F = 6.7 × 10−3 g min ml−1. The further addition of V

resulted in large COx formation.

In Fig. 6, the conversion of oxygen and the yields of acrylic

acid, acrolein and COx are plotted against the glycerol conversion.

Over W2.2V0.9Nb1.9O14, the conversion of oxygen more than 20%

was observed even under the condition that glycerol conversion

was less than 100%. The W2.2V0.5Nb2.3O14 catalyst also showed a

similar catalytic result. This oxygen consumption should be of the

oxidation of glycerol because acrylic acid was formed after glyc-

erol conversion reached 100%. In W2.8Nb2.2O14, W2.4V0.1Nb2.5O14

and W2.2V0.4Nb2.4O14, on the other hand, the conversion of oxy-

gen was much less than 5% even under the condition that glycerol

conversion was almost 100%. That is to say, the oxidation of

glycerol hardly proceeds over these catalysts. This is the rea-

son why W2.2V0.4Nb2.4O14 gave higher acrylic acid yield than

W2.2V0.5Nb2.3O14 or W2.2V0.9Nb1.9O14 where excess V may have

a strong activity for the oxidation of glycerol as well as the desired

products to unidentified products.

More interesting pints from Fig. 6 is that the formation of acrylic

acid and COx began just after glycerol was converted completely.

This result strongly suggests that glycerol having high boiling point

(563 K) can exclusively adsorb on the surface V oxidative sites and

inhibit the access of acrolein. This is why W–Nb–O site can work for

dehydration independently until glycerol is completely consumed

and then V in the framework of W–Nb–O starts working for the

oxidation of accumulated acrolein to acrylic acid.

3.5. Reaction pathway of the glycerol transformation over

W–V–Nb–O catalysts

Reaction pathways of the glycerol transformation on

W–V–Nb–O are shown in Scheme 1. On W–Nb–O framework

site, two pathways, pathway 1 where acrolein is formed by

the dehydration of glycerol and pathway 2 where the formed

acrolein is oxidized to COx, subsequently proceed. On V sites

in the W–Nb–O framework, pathway 3 where acrylic acid is

formed by the oxidation of acrolein can take place, followed by

pathway 4 where acrylic acid is oxidized to COx. Pathway 5 is

the oxidation of glycerol proceeding on V site. As shown in Fig. 5,

over W2.4V0.1Nb2.5O14, acrolein forms in a relatively high yield

because the reaction rate of the glycerol dehydration to acrolein

(pathway 1) is much higher than that of the glycerol oxidation

(pathway 5). Then, to yield acrylic acid by the oxidation of acrolein

(pathway 3), the high reaction temperature or the long contact

time is required. Under the high reaction temperature or long

contact time, however, a high yield of acrylic acid cannot be

expected due to the occurrence of the direct formation of COx

from acrolein (pathway 2) over much available W–Nb–O site.

On the other hand, although W2.2V0.9Nb1.9O14 gives acrylic acid

in a high selectivity in the acrolein oxidation, the oxidation of

glycerol to COx (pathway 4) inevitably proceeds over excess V

sites. W2.2V0.4Nb2.4O14 exhibited the highest yield of acrylic acid

as a whole because undesirable oxidation pathways (pathway 2, 4

and 5) are retarded by well-balanced cooperation of the W–Nb–O

network and the incorporated V.

3.6. Oxidative glycerol transformation over phosphoric

acid-added W–V–Nb–O

Based on the above results and discussion on the role of each

catalytic element, one may think that a control of oxidation activ-

ity of V site is still necessary for improving acrylic acid yield in the

oxidative glycerol transformation. We, therefore, tried to introduce

phosphate anions on the surface of the W–V–Nb–O catalyst [27]

because we can expect an interaction between V site and phos-

phate anions to form vanadium phosphate like species and also

another interaction between W site and phosphate anions to form

heteropoly-type unit in the framework.

Scheme 1. Reaction scheme for the transformation of glycerol to acrylic acid over

W–V–Nb–O catalysts.
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Fig. 6. O2 conversion (A) and yield of acrolein (B), acrylic acid (C) and COx (D) as the function of the glycerol conversion. Reaction conditions: temperature, 558 K; composition

of reaction gas, glycerol/O2/N2/H2O = 5/14/56/25 (mol%). Symbols: W2.8Nb2.2O14 �; W2.4V0.1Nb2.5O14 �; W2.2V0.4Nb2.4O14 �; W2.2V0.5Nb2.3O14 �; W2.2V0.9Nb1.9O14 ×.

We simply synthesized two materials,

2.5 wt%PO4/W2.8Nb2.2O14 and 2.5 wt%PO4/W2.2V0.4Nb2.4O14,

by impregnation method as described in Section 2. The catalytic

performance of W2.8Nb2.2O14 and 2.5 wt%PO4/W2.8Nb2.2O14 in the

glycerol transformation was first examined and the results are

shown in Table 3. Both the glycerol conversion and the acrolein

yield were appreciably increased by the phosphoric acid addition,

and the 2.5 wt%PO4/W2.8Nb2.2O14 catalyst achieved the acrolein

yield of 81.8%. This improvement seems due to the changes of

surface acidity. It was observed that the number of acid sites

per gram largely increased by the addition of phosphoric acid to

244 �mol g−1 and the ratio of Brönsted to Lewis acidity increased

from 0.4 to 1.5. This is probably due to a formation of heteropoly-

type unit over the surface. Moreover, it was observed in the FT-IR

study that water substantially decreased the Lewis acid sites and on

the other hand increased the Brönsted acid sites (B/L ratio to be 23.4

over 2.5 wt%PO4/W2.8Nb2.2O14). This result indicates that Lewis

acid sites change into Brönsted acid sites in the presence of water.

The same effect of the phosphoric acid addi-

tion was also observed in the W2.2V0.4Nb2.4O14 and

2.5 wt%PO4/W2.2V0.4Nb2.4O14 for the direct glycerol transfor-

mation to acrylic acid and the results are also shown in Table 3.

The addition effect is prominent and the attained maximum yield

of acrylic acid was 59.2% under a suitable contact time condition,

which is the highest reported for the direct transformation of

glycerol to acrylic acid [18–21]. Of additional importance is that

the yield of acrylic acid was kept almost constant during 5 h of the

reaction.

In order to elucidate the role of phosphoric acid in this course of

the transformation, we conducted acrolein oxidation over W2.2V0.4

Nb2.4O14 and 2.5 wt%PO4/W2.2V0.4Nb2.4O14. It was

observed that the maximum acrylic acid yield was 64.4%

(581 K) over W2.2V0.4Nb2.4O14 and 71.7% (577 K) over

2.5 wt%PO4/W2.2V0.4Nb2.4O14, indicating that phosphoric acid

enhances the selectivity to acrylic acid in the acrolein oxidation as

well as the acrolein formation. Phosphoric acid seems to interact

with surface V site to moderate the oxidation ability and to

suppress the pathway 4 mainly.

4. Conclusions

While the orthorhombic-like W–Nb–O gives acrolein selec-

tively in the glycerol transformation, acrylic acid formed from

glycerol directly in the presence of oxygen by the introduction

of V into the W–Nb–O. W increased the Brönsted acidity of the

catalysts, so that the activity for the dehydration of glycerol to

acrolein was enhanced. V in the framework little affected the

acrolein formation from glycerol but exhibited high selectivity of

acrylic acid in the oxidation of acrolein. V appears to be essential

element for the oxidation of acrolein to acrylic acid. By chang-

ing the V content in W–Nb–O, a maximum yield of acrylic acid

from glycerol 46.2% was achieved over W2.2V0.4Nb2.4O14 under

W/F = 6.7 × 10−3 g min ml−1 at the reaction temperature of 580 K.

The addition of phosphoric acid to W2.8Nb2.2O14 increased the

acid amount and the Brönsted acidity of the W2.8Nb2.2O14 catalyst.

In addition to the acidity change, phosphoric acid interacts with

V sites for suppressing the sequential oxidation of acrylic acid

to COx. As a result, acrylic acid yield in the glycerol transforma-

tion increased significantly. The 2.5 wt%PO4/W2.2V0.4Nb2.4O14

catalyst gave acrylic acid yield of 59.2% directly from glycerol

under oxidative condition (W/F = 1.0 × 10−2 g min ml−1, reaction

temperature 594 K). The catalytic performance evidences provided

in the present work may prove a possibility of the industrial

realization of the direct transformation of glycerol to acrylic

acid.
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Conjugatable and Bioreduction Cleavable Linker for the 5′-
Functionalization of Oligonucleotides
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ABSTRACT: An efficient conjugatable and bioreduction cleavable linker was designed and synthesized for the 5′-terminal ends
of oligonucleotides. A phosphoramidite reagent bearing this linker was successfully applied to solid phase synthesis and
incorporated at the 5′-terminal ends of oligonucleotides. The controlled pore glass (CPG)-supported oligonucleotides were
subsequently conjugated to a diverse range of functional molecules using a CuAAC reaction. The synthesized oligonucleotide
conjugates were then cleaved using a nitroreductase/NADH bioreduction system to release the naked oligonucleotides.

The conjugation of oligonucleotides with functional
molecules is an important strategy for the construction

of modified oligonucleotides with various applications in
medicinal chemistry, diagnostics, and biological science.1−6

Functional molecules can be attached to other compounds
using a postsynthetic modification strategy, which requires the
presence of a reactive group in the parent compound as a
handle for the attachment of the functional molecule. This
strategy has been widely used to attach a broad range of
functional molecules (i.e., from small molecules to macro-
molecules) to various compounds and represents a simple and
low-cost method for introducing functionality.5−7 Several
postsynthetic modification reactions have been reported in
the literature,5,6 including, most notably, the Cu(I)-catalyzed
alkyne azide cycloaddition (CuAAC) reaction,8−10 which has
been used extensively in the field of nucleic acid chemistry11−19

because of its high reaction efficacy and orthogonal reactivity
profile.
Stimulus-responsive linkers are highly desired for the

development of drug delivery systems for nucleic acid-based
drugs.20,21 To date, various cleavable linkers have been reported
with numerous applications in the life sciences.22,23 One of the
most commonly used types of cleavable linkers are disulfide
linkers, which can be cleaved by intracellular glutathione,24 and
linkers belonging to this class have been applied to several
nucleic acid-based drugs.20,25,26 As part of our research toward
the development of new reduction-responsive cleavable linkers
for oligonucleotides, we became interested in 4-nitrobenzyl-
type structures27 because we envisaged that they would be

cleaved by a reductive-elimination reaction in cancer cells or
bacterial cells.28−30

Herein, we report the design and synthesis of a
phosphoramidite reagent bearing a 4-nitrobenzyl-type linker
with an alkyne moiety. This reagent was used in a final capping
reaction at the 5′-terminal end of an oligonucleotide prepared
using a DNA/RNA synthesizer. The subsequent CuAAC
reaction of this moiety with various functional molecules6

could then be used to achieve the efficient preparation of
oligonucleotide conjugates (Figure 1). These procedures could
therefore be used to synthesize a diverse range of 5′-modified
oligonucleotides from one parent oligonucleotide precursor.
Furthermore, this linker can be readily cleaved under
bioreductive conditions to release the naked oligonucleotide.
The synthesis of our phosphoramidite bearing a clickable/

biocleavable linker started from the commercially available
aldehyde 1, which was reduced with NaBH4 to give the known
alcohol 2.31 The phenolic group of 2 was selectively alkylated
with propargyl bromide in the presence of K2CO3 to give
compound 3, which was converted to phosphoramidite 4 for
solid phase DNA synthesis using standard procedures (Scheme
1).
Phosphoramidite 4 was incorporated at the 5′-end of a series

of model oligonucleotides (oligothymidylate and mixed
sequence) using standard phosphoramidite chemistry (Scheme
2). Next, prior to the release and deprotection, we conducted
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Figure 1. Conjugation/bioreductive cleavage strategy for nucleic acid.

Scheme 1. Synthesis of Phosphoramidite and Its Incorporation in Oligonucleotides

Scheme 2. Conjugation with Various Functional Molecules Using a CuAAC Reaction on the CPG Support
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an on-solid support CuAAC reaction11,15,18 to allow for the
attachment of several functional molecules, including biotin,32

α-tocopherol,33 N-acetylgalactosamine (GalNAc),34 and poly-
ethylene glycol (PEG)35 to the oligonucleotide. These
molecules were selected because they have been reported to
enhance cellular uptake and prolong blood circulation. With the
exception of the commercially available materials, the
procedure used to prepare the azide described in this study is
shown in Scheme S1. Upon completion of the reaction (48 h,
r.t.), the remaining reagents were washed out of the reaction
mixture, and the conjugated oligonucleotides were released
from the CPG support and deprotected with aqueous NH4OH.
The resulting oligonucleotides (ODNs) were analyzed by
reversed-phase HPLC (RP-HPLC), and the typical results are
shown in Figure 2.
Panels A-1 and B-1 show the HPLC chromatograms of the

nonconjugated oligonucleotides ODN 1 and ODN 7 before
HPLC purification, which were used as controls. These
chromatograms revealed that the linker was stable to the
DNA synthesis and deprotection conditions. Panels A-2 and B-
2 show the HPLC profiles of the conjugated oligonucleotides
ODN 2 and ODN 9 before HPLC purification, respectively.
The coupling yields for these reactions were generally good,
and several other conjugates were also prepared in good yield,
as described in Figure S1. The crude compound mixtures were
purified by preparative HPLC, and the structures of the pure
compounds were confirmed by MALDI-TOF mass spectros-
copy (Figure S2).
We then proceeded to investigate the cleavability of the

linker to determine whether the functional molecules could be
readily separated from the conjugated oligonucleotides by
bioreduction (Scheme 3). The conjugates were treated with
nitroreductase (from Escherichia coli) and NADH, which were
selected as model reductive conditions, and the reaction was
monitored by HPLC. Time-course profiles for the deprotection
reaction are shown in Figure 3. Panels A (bottom) and B
(bottom) show the peaks for the DNA conjugates ODN 2 and
ODN 9 as well as the internal standard (asterisk) and NADH
(5−12 min). The addition of the enzyme led to the cleavage of
the linker to give the corresponding 5′-phosphorylated ODNs

(Panel A, upper; Panel B, upper) in a time-dependent manner.
The conversion yields were estimated from the HPLC data, and
the results were determined to be as follows: 15 min, 35%; 30
min, 53%; 60 min, 69%; 120 min, 85% for panel A and 15 min,
22%; 30 min, 32%; 60 min, 38%; 120 min, 46% for panel B.
The newly formed peak (naked ODN, as indicated by the black
allow) was isolated by preparative HPLC, and its structure was
confirmed by MALDI-TOF mass spectroscopy. The linker was
stable in a buffer containing NADH or enzyme (Figure S3).
These results indicated that the reduction-elimination reaction
performed effectively for the elimination of the functionalized
molecules attached to the oligonucleotides. Several other
conjugate molecules (ODN 3−6 and 8) were also cleaved
under the same conditions, as shown in Figure S4. To assess
the applicability of these functionalized oligonucleotides to in
vivo systems, we need to investigate the cleavage reaction under
the hypoxic conditions typically observed in tumor cells. These
studies go beyond the scope of the current study but are
currently in progress in our laboratory and will be reported
elsewhere in due course.
To summarize, a phosphoramidite monomer bearing a

conjugatable and bioreduction cleavable linker was prepared
to functionalize the 5′-terminal ends of oligonucleotides. This
system was successfully applied to solid phase synthesis and
incorporated at the 5′-terminal ends of oligonucleotides. The

Figure 2. RP HPLC profiles of the crude conjugated ODNs before HPLC purification, which were prepared using an on-solid support CuAAC
reaction. Panel A-1: ODN 1; Panel A-2: ODN 2; Panel B-1: ODN 7; Panel B-2: ODN 9. HPLC conditions: A buffer (0.1 M TEAA containing 5%
CH3CN), B buffer (CH3CN), gradient (B) 0 to 100% (60 min). Flow rate: 1 mL/min.

Scheme 3. Release of the Naked Oligonucleotide via a Nitro-
Reduction Reaction
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subsequent conjugation of these CPG-supported oligonucleo-
tides with a diverse range of functional molecules was achieved
using an on-CPG CuAAC reaction. The resulting oligonucleo-
tide-functionalized conjugates were successfully cleaved using a
nitroreductase/NADH system to release the naked oligonu-
cleotides. This new method could be used for the
functionalization of oligonucleotides and bioactive nucleotides
at their 5′-termini, and the biocleavable properties could be
useful for medicinal chemistry and biotechnology applications.
For example, the linker reported in this study could be used like
a prodrug for bioreductive cleavage leading to the release of a
5′-phosphorylated guide strand RNA, which is a component of
the siRNA used for selective RNA interference in cancer cells.

■ EXPERIMENTAL SECTION
General Experimental Procedure. Chemicals were purchased

from a commercial supplier and used without further purification.
NMR spectra were recorded at 500 or 600 MHz for 1H NMR, 126 or
151 MHz for 13C NMR, and 243 MHz for 31P NMR. Chemical shifts
were measured from tetramethylsilane for 1H NMR spectra and 13C
NMR spectra and 85% phosphoric acid (0.0 ppm) for 31P NMR
spectra. The coupling constant (J) was reported in hertz.
Abbreviations for multiplicity were: s, singlet; d, doublet; t, triplet;
sext, sextet; m, multiplet; br, broad. Column chromatography was
carried out with a silica gel C-60 or NH silica gel. Thin-layer
chromatography (TLC) analyses were carried out on preparative TLC.
5-(Hydroxymethyl)-2-nitrophenol31 2. 3-Hydroxy-4-nitroben-

zaldehyde (1.02 g, 6.11 mmol) was dissolved in MeOH (20 mL). To

the solution was carefully added NaBH4 (462 mg, 12.2 mmol), and the
solution was stirred at room temperature for 30 min. The solution was
quenched with 1 M HCl aq, evaporated in vacuo, dissolved in EtOAc,
and washed with H2O. The organic solution was dried (Na2SO4),
filtered, and evaporated in vacuo. The residue was purified by column
chromatography on a silica gel eluted with CHCl3/MeOH (95:5, v/v)

to give (967 mg, 94%) as a yellow solid: mp 96.5−97.0 °C; 1H NMR
(600 MHz, CDCl3) δ 10.66 (1H, s), 8.10 (1H, d, J = 8.3 Hz), 7.18
(1H, s), 6.98 (1H, dd, J = 8.2, 1.4 Hz), 4.77 (2H, d, J = 5.5 Hz), 1.89
(1H, t, J = 5.5 Hz).

(4-Nitro-3-(prop-2-yn-1-yloxy)phenyl)methanol 3. Com-
pound 2 (580 mg, 3.43 mmol) and K2CO3 (1.42 g, 10.3 mmol)

were dissolved in DMF (10 mL), and a solution was stirred at 60 °C
for 1 h. To the solution was added propargyl bromide (368 μL, 4.12
mmol), and the solution was stirred at 60 °C for 1 h. The solution was
diluted with EtOAc and washed with H2O (twice). The organic
solution was dried (MgSO4), filtered, and evaporated in vacuo. The
residue was purified by column chromatography on a silica gel eluted
with hexane:EtOAc (80:20 → 70:30, v/v) to give 3 (670 mg, 94%) as
a pale yellow solid: mp 83.5−84.5 °C; 1H NMR (600 MHz, CDCl3) δ
7.86 (1H, d, J = 8.6 Hz), 7.28 (1H, s), 7.05 (1H, d, J = 8.3 Hz), 4.86
(2H, d, J = 2.4 Hz), 4.79 (2H, d, J = 5.5 Hz), 2.60 (1H, t, J = 2.4 Hz),
2.23 (1H, t, J = 5.8 Hz); 13C NMR (151 MHz, CDCl3) δ 151.2, 148.2,
139.0, 126.1, 118.9, 113.0, 77.2, 77.1, 64.0, 57.2.; HRMS (ESI-TOF)
m/z: [M + Na+] calcd for C10H9N NaO4

+: 230.0424, found: 230.0426.
2-Cyanoethyl (4-Nitro-3-(prop-2-yn-1-yloxy)benzyl) Diiso-

propylphosphoramidite 4. Compound 3 (52 mg, 250 μmol) was

coevaporated with pyridine (5 times) and toluene (twice) and
dissolved in CH2Cl2 (5 mL). To the solution were added iPr2NEt (87
μL, 500 μmol) and 2-cyanoethyl N,N-diisopropylchlorophosphorami-
dite (83 μL, 375 μmol) under argon. The mixture was stirred at room
temperature for 20 min and diluted with CH2Cl2, dried (Na2SO4),
filtered, and evaporated in vacuo. The residue was purified by column
chromatography on a NH-silica gel eluted with hexane:EtOAc (50:50,
v/v) to give 4 (52 mg, 53%) as a clear oil; 1H NMR (500 MHz,

Figure 3. Time-dependent RP-HPLC profiles for the nitroreductase-triggered cleavage of the linkers in the ODNs: Panel A: ODN 2; Panel B: ODN
9; *internal standard (N6-Bz-2′-dA). HPLC conditions: Panel A: A buffer (0.1 M TEAA containing 5% CH3CN), B buffer (CH3CN), gradient (B) 0
to 60% (36 min). Flow rate: 1 mL/min. Panel B: A buffer (0.1 M TEAA containing 5% CH3CN), B buffer (CH3CN), gradient (B) 0 to 20% (20
min)and then 20 to 100% (40 min). Flow rate: 1 mL/min.
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CDCl3) δ 7.87 (1H, d, J = 8.6 Hz), 7.29 (1H, brs), 7.05−7.03 (1H,
m), 4.86 (2H, d, J = 2.6 Hz), 4.83−4.73 (2H, m), 3.95−3.89 (1H, m),
3.86−3.80 (1H, m), 3.74−3.63 (2H, m), 2.67 (2H, t, J = 6.6 Hz), 2.59
(1H, t, J = 2.3 Hz), 1.23−1.21 (12H, m); 13C NMR (126 MHz,
CDCl3) δ 151.1, 146.52, 146.47, 139.1, 125.9, 119.1, 117.6, 113.3,
77.26, 77.02, 64.5, 64.3, 58.5, 58.3, 57.2, 43.4, 43.3, 24.74, 24.68, 24.6,
20.52, 20.46; 31P NMR (243 MHz, CDCl3) δ 149.7 HRMS (ESI-
TOF) m/z: [M + Na+] calcd for C19H26N3NaO5P

+: 430.1502, found:
430.1506.
2-(2-(2-(( (R ) -2,5,7,8-Tetramethyl-2-((4S ,8S )-4,8,12-

trimethyltridecyl)chroman-6-yl)oxy)ethoxy)ethoxy)ethyl 4-

Methylbenzenesulfonate 6. α-Tocopherol (312 mg, 0.724 mmol)
was dissolved in THF (10 mL) under argon. To the solution was
added 55% NaH (65 mg, 1.46 mmol), and the solution was stirred at
room temperature for 5 min. To the mixture was added triethylene
glycol bis(p-toluenesulfonate) (995 mg, 2.17 mmol), and it was stirred
at room temperature for 5 h. Crushed ice was added to the reaction
mixture, which was extracted with EtOAc. The organic solution was
washed with brine, dried (Na2SO4), filtered, and evaporated in vacuo.
The residue was purified by column chromatography on a silica gel
eluted with hexane:EtOAc (90:10 → 80:20, v/v) to give 6 (495 mg,
95%) as a yellow syrup. 1H NMR (600 MHz, CDCl3) δ 7.81 (2H, d, J
= 8.3 Hz), 7.33 (2H, d, J = 8.3 Hz), 4.18 (2H, t, J = 4.8 Hz), 3.80−3.77
(4H, m), 3.74 (1H, t, J = 4.8 Hz), 3.69−3.67 (2H, m), 3.65−3.63 (2H,
m), 2.57 (2H, t, J = 6.2 Hz), 2.43 (3H, s), 2.16 (3H, s), 2.12 (3H, s),
2.07 (3H, s), 1.83−1.72 (2H, m), 1.56−1.04 (24H, m), 0.87−0.84
(12H, m); 13C NMR (151 MHz, CDCl3) δ 148.0, 147.8, 144.8, 133.0,
129.8, 128.0, 127.8, 125.8, 122.8, 117.5, 74.8, 72.1, 70.9, 70.6, 69.3,
68.8, 40.1, 39.4, 37.49, 37.47, 37.44, 37.3, 32.8, 32.7, 31.3, 28.0, 24.8,
24.5, 23.9, 22.7, 22.6, 21.6, 21.1, 20.6, 19.8, 19.7, 12.7, 11.84, 11.79.;
HRMS (ESI-TOF) m/z: [M + Na+] calcd for C42H68NaO7S

+:
739.4578, found: 739.4588.
(R)-6-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)-2,5,7,8-tetra-

methyl-2-((4S,8S)-4,8,12-trimethyltridecyl)chromane 7. Com-

pound 6 (120 mg, 0.167 mmol) was dissolved in DMF (2 mL). To
a solution was added NaN3 (109 mg, 1.68 mmol), and the solution
was stirred at 60 °C for 2 h. The reaction mixture was diluted with
EtOAc and washed with H2O and brine. The organic solution was
dried (Na2SO4), filtered, and evaporated in vacuo. The residue was
purified by column chromatography on a silica gel eluted with
hexane:EtOAc (9:1, v/v) to give azide derivative 7 (79 mg, 81%) as a
yellow syrup. 1H NMR (600 MHz, CDCl3) δ 3.83 (4H, s), 3.77−3.76
(2H, m), 3.73−3.71 (4H, m), 3.41 (2H, t, J = 4.8 Hz), 2.58 (2H, t, J =
6.9 Hz), 2.18 (3H, s), 2.14 (3H, s), 2.07 (3H, s), 1.83−1.72 (2H, m),
1.56−1.04 (24H, m), 0.87−0.83 (12H, m); 13C NMR (151 MHz,
CDCl3) δ 148.1, 147.8, 127.8, 125.8, 122.8, 117.5, 74.8, 72.1, 71.0,
70.8, 70.7, 70.2, 50.8, 40.1, 39.4, 37.5, 37.4, 37.3, 32.8, 32.7, 31.3, 28.0,
24.8, 24.5, 23.9, 22.7, 22.6, 21.0, 20.7, 19.8, 19.7, 12.7, 11.84, 11.79.;
HRMS (ESI-TOF) m/z: [M + Na+] calcd for C35H61N3NaO4

+:
610.4554, found: 610.4569.

N-(2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethyl)-11-oxo-
2,3,6,7-tetrahydro-1H,5H,11H-pyrano[2,3-f ]pyrido[3,2,1-ij]-
quinoline-9-carboxamide 9. Coumarin 343 (50 mg, 0.175 mmol)
and 1-amino-11-azido-3,6,9-trioxaundecane (50 mg, 0.229 mmol)
were dissolved in CH2Cl2 (2 mL). To the solution was added EDC·
HCl (38 mg, 0.198 mmol). The resulted mixture was stirred at room
temperature for 18 h. The mixture was evaporated in vacuo. The
residue was purified by column chromatography on a silica gel eluted
with CHCl3/MeOH (50:1, v/v) to give 9 (83 mg, 98%) as a yellow
syrup. 1H NMR (600 MHz, CDCl3) δ 9.08−9.07 (1H, m), 8.58 (1H,
s), 7.00 (1H, s), 3.70−3.63 (14H, m), 3.40 (2H, t, J = 4.8 Hz), 3.34
(4H, t, J = 6.9 Hz), 2.89 (2H, t, J = 6.2 Hz), 2.78 (2H, t, J = 6.2 Hz),
2.00 (4H, sext, J = 6.9 Hz); 13C NMR (151 MHz, CDCl3) δ 163.4,
162.9, 152.7, 148.1, 148.0, 127.0, 119.6, 109.0, 108.2, 105.6, 70.74,
70.68, 70.6, 70.0, 69.9, 50.7, 50.2, 49.8, 39.4, 27.5, 21.1, 20.2, 20.1;
HRMS (ESI-TOF) m/z: [M + Na+] calcd for C24H31N5NaO6

+:
508.2167, found: 508.2174.

Compound 11.34 D-Galactosamine pentaacetate 10 (2.00 g, 5.14
mmol) was dissolved in 1,2-dichloroethane (20 mL) under argon.

TMSOTf (1 mL, 5.53 mmol) was added to the mixture, which was
stirred at 50 °C for 9 h. Saturated NaHCO3 aq was added to the
mixture, which was washed with saturated NaHCO3 aq (twice) and
brine (twice). The organic solution was dried (Na2SO4), filtered, and
evaporated in vacuo. The residue was purified by column
chromatography on a silica gel eluted with CHCl3/MeOH (50:1, v/
v) to give oxazoline derivative 11 (925 mg, 54%) as a clear syrup. 1H
NMR (600 MHz, CDCl3) δ 6.00 (1H, d, J = 6.9 Hz), 5.47 (1H, t, J =
3.1 Hz), 4.92 (1H, dd, J = 7.6, 3.4 Hz), 4.26 (1H, td, J = 6.9, 2.8 Hz),
4.21 (1H, dd, J = 11.7, 7.6 Hz), 4.13 (1H, dd, J = 11.7, 6.2 Hz), 4.01
(1H, td, J = 7.6, 1.4 Hz), 2.13 (3H, s), 2.07 (6H, s), 2.06 (3H, d, J =
1.4 Hz).

2-(2-(2-Azideethoxy)ethoxy)ethyl-2-acetamido-3,4,6-tri-O-
acetyl-2-deoxy-α-D-galactopyranoside 12.34 Compound 11 (847

mg, 2.57 mmol) and 0.5 M 2-(2-(2-azidoethoxy)ethoxy)ethan-1-ol in t
-butyl methyl ether (7.7 mL, 3.35 mmol) was coevaporated with
pyiridine (thrice) and toluene (thrice) and dissolved in 1,2-
dichloroethane (10 mL) under argon. To the solution was added 4
Å molecular sieves (1 g), and the mixture was stirred at room
temperature for 30 min. TMSOTf (232 μL, 1.29 mmol) was added,
and the mixture was stirred at room temperature for 19 h, and
TMSOTf (232 μL, 1.29 mmol) was further added. The mixture was
stirred at same temperature for 8 h, and Et3N was added. The mixture
was evaporated in vacuo. The residue was purified by column
chromatography on a silica gel eluted with hexane:EtOAc (1:9, v/v) to
give 12 (796 mg, 61%) as a clear syrup. 1H NMR (600 MHz, CDCl3)
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δ 6.35 (1H, d, J = 8.9 Hz), 5.34 (1H, d, J = 3.4 Hz), 5.10 (1H, dd, J =
11.0, 3.4 Hz), 4.78 (1H, d, J = 8.3 Hz), 4.24−4.11 (3H, m), 3.93−3.91
(2H, m), 3.88−3.84 (1H, m), 3.75−3.64 (9H, m), 3.50−3.48 (2H, m),
2.17 (3H, s), 2.05 (3H, s), 2.00 (3H, s), 1.99 (3H, s).
Oligonucleotide Synthesis and On-CPG Conjugation by

CuAAC Reaction. Oligonucleotide synthesis was carried out on the
Applied Biosystems 394 DNA/RNA Synthesizer according to the
manufacturer’s recommendations. 2-Cyanoethyl phosphoramidite
(dT, dC, dA, and dG) and phosphoramidite 4 were used as 0.1 M
solutions in dry acetonitrile. Synthesized solid-supported ODNs were
used for conjugation as described below.
Condition A (5′-XTTTTTT-3′). CPG support (135 nmol on the 5 mg

CPG), azide (1 μmol), copper(II) sulfate pentahydrate (10 nmol),
Tris[1-benzyl-1H-1,2,3-triazol-4-yl]methyl]amine (10 nmol), and
sodium ascorbate (200 nmol) in 100 μL of a mixed solution
(MeOH:THF:H2O:tBuOH (50:25:24.5:0.5)) were allowed to stand at
room temperature for 48 h.
Condition B (5′-YCACTCGATTGGTCAC-3′). CPG support (135

nmol on the 5 mg CPG), azide (1 μmol), copper(II) sulfate
pentahydrate (144 nmol), Tris[1-benzyl-1H-1,2,3-triazol-4-yl]methyl]-
amine (430 nmol), and sodium ascorbate (430 nmol) in 100 μL of a
mixed solution (MeOH:THF:H2O:tBuOH (50:25:21:4)) were
allowed to stand at room temperature for 48 h.
After the conjugation reaction was completed, excess reagents were

washed out using CH3CN (1 mL × 5) and CH2Cl2 (1 mL × 5). Then,
CPG-supported ODN was dried in vacuo and released from the CPG
support and deprotected by NH4OH at room temperature for 1 h
(ODN 1−6) or at 55 °C for 5 h (ODN 7−9). ODNs were purified by
HPLC with a reversed-phase silica gel column.
The structure of each ODN was confirmed by MALDI-TOF mass

spectrometry using refection negative mode. (Matrix for ionizing
samples was used as a mixture (10:1:1; saturated 3-hydroxy-2-picolic
acid, 2-picolic acid/H2O (50 mg/mL), and ammonium citrate/H2O
(50 mg/mL)). MALDI-TOF mass data: ODN 1: calcd [M − H]:
2030.32; found: 2030.16; ODN 2: calcd [M − H]: 2515.55; found
2514.81; ODN 3: calcd [M − H]: 2474.54; found 2474.88; ODN 4:
calcd [M − H]: 3830−4230; found 3761−4250; ODN 5: calcd [M −
H]: 2617.79; found 2618.37; ODN 6: calcd [M − H]: 2408.50; found
2408.20; ODN 7: calcd [M − H]: 4793.80; found 4795.80; ODN 8:
calcd [M − H]: 5238.01; found 5240.54; ODN 9: calcd [M − H]:
5381.25; found 5384.89
Bioreductive Cleavage of Linker for Releasing Naked

Oligonucleotides. ODN (10 μM), NADH (10 mM), and nitro-
reductase (20 or 80 μg for ODN 4) in 200 μL of 50 mM sodium
phosphate (pH 7.0) were incubated at 37 °C. Aliquots of sample
solution were analyzed by reverse-phase HPLC at appropriate times.
The appeared peak was fractionized and identified by MALDI-TOF
mass spectroscopy. 5′-PO4-TTTTTT-3′ (calcd [M − H]: 1841.28;
found: 1841.73). 5′-PO4-CACTCGATTGGTCAC-3′ (calcd [M −
H]: 4604.75; found: 4597.49).
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ABSTRACT: Cell-permeable oligodeoxyribonucleotides (ODNs)
bearing reduction-activated protecting groups were synthesized as
oligonucleotide pro-drugs. Although these oligonucleotides were
amenable to solid-phase DNA synthesis and purification, the
protecting group on their phosphodiester moiety could be readily
cleaved by nitroreductase and NADH. Moreover, these com-
pounds exhibited good nuclease resistance against 3′-exonuclease
and endonuclease and good stability in human serum. Fluorescein-
labeled ODNs modified with reduction-activated protecting
groups showed better cellular uptake compared with that of
naked ODNs.

■ INTRODUCTION

Synthetic oligonucleotides such as antisense oligonucleotides
and siRNAs can be used as biological tools and therapeutic
agents to develop a better understanding of pharmacological
processes and treat various human diseases.1−5

However, the application of naked oligonucleotides as
therapeutic agents has been limited by their polyanionic and
hydrophilic properties, which can prevent them from being
adsorbed into cells. Furthermore, naked oligonucleotides are
rapidly degraded in the biological fluid. The development of an
efficient strategy capable of delivering oligonucleotides to a
specific target site is therefore highly desirable for the
therapeutic application of these systems. Various delivery
systems including liposomes, micelles, and nanoparticles have
been developed to date to allow for the efficient delivery of
oligonucleotides.6−10 The direct conjugation of oligonucleo-
tides with carbohydrates, peptides, vitamins, lipids, and
antibodies has also been used to facilitate the efficient delivery
of these agents to specific target sites via receptor-mediated
mechanisms or direct penetration.11−18 An alternative pro-
oligonucleotide approach was developed by Imbach and co-
workers in the 1990s.19−24 This particular strategy is based on
the use of biodegradable protecting groups for the
phosphodiester moieties between the internucleotide linkages
of the oligonucleotides. The resulting pro-oligonucleotides
(pro-oligos) are bioreversible phosphotriester-type oligonucleo-
tides, which can be readily adsorbed into the cytoplasm without
the need for a transfection reagent. Following their uptake into

the cytoplasm, the protecting groups on these pro-oligos can be
deprotected by endogenous esterases releasing the active
oligonucleotides. The main advantages of this strategy are as
follows: (i) there is no need for transfection reagents; (ii) these
systems are typically resistant to nucleases; and (iii) several
protecting groups are amenable to this approach with different
deprotection triggers.25−47

We are particularly interested in using the hypoxic conditions
found in the tumor microenvironment to develop targeted pro-
oligo systems as therapeutic agents that can be activated by the
hypoxic conditions found in advanced solid tumors.48 Several
hypoxia-activated prodrugs based on a nitro reduction
mechanism have been reported in the literature.49 Furthermore,
nitrothienyl and nitrofuranyl protecting groups have been
applied to nucleic acids to protect their internucleotide
linkages, leading to improved cellular uptake and nuclease
resistance.38 However, this strategy has only ever been applied
to oligo thymidylates.
Mixed-sequence oligonucleotides bearing bioreductively

sensitive protecting groups would be valuable tools for
biological research, with a wide range of potential applications
in cancer biology and medicinal studies. Furthermore, these
systems could be used without the need for a transfection
reagent. In this study, we used a 3-(2-nitrophenyl)propyl
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(NPP) group as a new hypoxia-labile protecting group for the
phosphodiester bonds of oligonucleotides. From a structural
perspective, this protecting group contains aliphatic and
aromatic groups with no acyl groups, and it was therefore
envisaged that this group would be stable for standard chemical
synthesis. It was also envisaged that this group would remain
stable in biological fluids except for those found in hypoxic
environments. The most likely mechanism for the deprotection
of the NPP group is an intramolecular cyclization, which would
be triggered by the bioreduction of the nitro group to release
the active oligonucleotides (Figure 1).
In this study, we synthesized pro-oligos bearing an NPP

group and investigated the deprotection of these systems under
model bioreductive conditions. We also evaluated the nuclease
resistance, duplex formation, and cellular uptake properties of
these NPP-protected pro-oligos.

■ RESULTS AND DISCUSSION

For the synthesis of the monomer unit, we coupled the known
phosphorodiamidite derivative 136 with 3-(2-nitrophenyl)-
propan-1-ol50,51 and 3-phenylpropan-1-ol to give the desired
coupling products 2 and 3, respectively (Scheme 1). A series of
oligodeoxyribonucleotides (ODN 1−7) incorporating 2 or 3
was synthesized on a DNA synthesizer system using standard
methods. The release of the oligonucleotide from the CPG
support and the reactions for the deprotection of the base and

phosphate protecting groups were performed under standard
conditions (e.g., NH4OH, rt, 2 h or 55 °C, 4 h). The
oligothymidylates (ODN 1, 2, and 5−7) and oligonucleotides
with mixed sequences incorporating 2 or 3 (ODN 4 and 5)
were successfully synthesized according to the route shown in
Scheme 2.
Typical reverse-phase high-performance liquid chromatog-

raphy (HPLC) profiles are shown in Figure 2 (upper: before
purification; bottom: after purification). These data showed
that the NPP groups were stable to the sequential deprotection
and purification steps involved in the synthesis of the
oligonucleotide, with the desired products providing double
peaks that are derived from diastereoisomers. It is noteworthy
that purified ODN 1 remained unchanged after being treated
with NH4OH at 55 °C for 6 h (Figure S1).
As a model, an experiment was conducted under bioreductive

conditions to evaluate the deprotection of the NPP groups in
the ODNs (Scheme 3). ODN 1 (5′-TTTXTTT-3′; X =
modified T unit) was treated with nitroreductase (from
Escherichia coli) in the presence of NADH, and the reaction
was monitored by HPLC. Time-course HPLC chromatograms
are shown in Figure 3A. A peak corresponding to ODN 1 was
observed in the HPLC chromatogram prior to the addition of
the enzyme along with a peak corresponding to NADH. After
incubation with the enzyme for 30 min, the intensity of the
peak corresponding to ODN 1 decreased considerably. As the
reaction proceeded, so too did the reduction in the intensity of
the peak corresponding to ODN 1 until it had been finally
converted to the deprotected product (as indicated by the black
arrow in the figure). The conversion yields for each time line
are shown in Figure 3B.
An oligonucleotide bearing PP groups on its internucleotide

linkages (ODN 2) was also synthesized as a noncleavable
substrate. This oligonucleotide was also treated with nitro-
reductase and NADH under the same conditions as those
described above for the NPP protected oligonucleotide. The
results revealed that ODN 2 was completely stable under the
enzymatic conditions for 6 h. The stability of this system was
attributed to the absence of a nitro group on the protecting
group (Figure 3C,D).

Figure 1. Schematic representation of the behavior expected of the pro-oligos.

Scheme 1. Synthesis of Nucleoside Phosphoroamidites
Bearing NPP and 3-Phenylpropyl Groups
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ODN 1 was found to be stable in buffer, both with and
without NADH or nitroreductase, for at least 6 h. HPLC
profiles for all of the control experiments are shown in Figure
S1.
Next, hybridization affinities of pro-oligonucleotides with

mixed sequences were investigated. The sequences used in this
study and thermal denaturation profiles are shown in Figure 4.
Each ODN has three or four phosphotriester linkages.

Introduction of protecting groups at the internucleotide linkage
induced destabilization of duplex formation.
Next, the susceptibility of the synthesized ODNs to

nucleolytic enzymes was examined. A total of two kinds of
nucleases, Crotalus adamanteus venom phosphodiesterase
(CAVP) and DNase I, were used as models for a 3′-
exonuclease and an endonuclease, respectively. The stability
of the ODNs in human serum was also tested.
The ODN 5 containing four residues of each nucleotide

analogue were labeled with fluorescein at the 5′- end and
incubated with CAVP, DNase I, or 50% human serum. The
reactions were then analyzed by polyacrylamide gel electro-
phoresis under denaturing conditions.
The results for the denature gel analysis of the ODNs treated

with CAVP are shown in Figure 5. The control oligonucleotides
were completely converted to a series of short nucleotide
fragments after being incubated with CAVP for 30 min.
Conversely, ODN 5 remained unchanged after being incubated
with enzyme for 120 min. ODN 5 also exhibited good nuclease
resistance against endonuclease. Furthermore, ODN 5
remained intact after being incubated with DNase 1 for 72 h,
whereas naked ODN was completely consumed after 3 h under
the same conditions (Figure 6). ODN 5 also exhibited much
greater stability in 50% human serum than did the naked ODN.
Taken together, these results showed that ODN 5 was resistant
to the effects of several nucleases, including human serum
(Figure 7).
Next, we investigated the cellular uptake properties of the

ODNs in HeLa cells. ODNs 5−7 were labeled with fluorescein
at their 5′-end containing phosphotriester. HeLa cells were
treated with individual solutions of the different ODNs (10
μM) for 1 h and washed with PBS before being fixed with
paraformaldehyde and dyed with Alexa594-phalloidin and
Hoechst 33258.
The fixed cells were observed by confocal microscopy

(Figure 8A). The intensity of the fluorescence of the labeled
pro-oligos in the cells increased as the number of protecting
groups increased. The maximum intensity was observed for
ODN 7, which contained 67% phosphotriester moieties (Figure
8B). This result indicated that the pro-oligos bearing reduction-
responsive protecting groups were cell-permeable.

Scheme 2. Synthesis of ODNs Bearing NPP and 3-Phenylpropyl Groups

Figure 2. Crude reverse-phase HPLC profiles of a typical ODN with a
mixed sequence after DNA synthesis. The purities of the synthesized
oligonucleotides were determined by HPLC and their structures were
confirmed by MALDI-TOF mass spectroscopy (Table S1).

Scheme 3. Bioreductive Deprotection of the 3-(2-
Nitrophenyl)propyl Groups in the ODNs
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■ CONCLUSIONS

In summary, we have designed and synthesized a series of new
pro-oligos, which were activated under bioreductive conditions.
We also succeeded in the synthesis of pro-oligos consisting of
mixed sequences, which were evaluated in terms of their
thermal stabilities. The protecting group in these pro-oligos was
readily cleaved by nitroreductase and NADH. These pro-oligos
exhibited good nuclease resistance against 3′-exonucleases and
endonucleases and good stability in human serum. Notably,
ODN 7 showed much better cellular uptake in HeLa cells
compared with that of naked ODN, as well as slightly better

uptake than ODN 5 and ODN 6. These results therefore
indicate that the pro-oligos described in this study could be
used as pro-drugs for the delivery of oligonucleotide-based
therapeutics in hypoxic cells.

■ EXPERIMENTAL SECTION

General Procedures. Chemicals were purchased from
Wako Pure Chemicals (Osaka, Japan), Sigma-Aldrich (St.
Louis, MO), Tokyo Chemical Industry (Tokyo, Japan), and
Glen Research (Sterling, VA) and used without further
purification. NMR spectra were recorded on a JEOL (Tokyo,

Figure 3. Reverse-phase HPLC chromatograms for the nitroreductase-mediated deprotection of the ODNs. Panel A: reverse-phase HPLC profiles
showing the time course for the deprotection reaction; panel B: deprotection yield; panel C: reverse-phase HPLC for the deprotection of NPP after
6 h; panel D: reverse-phase HPLC profile for the deprotection of PP after 6 h. The asterisk indicates a contamination peak from the enzyme solution.
The yields were estimated by HPLC analysis based on peak area.

Figure 4. Thermal denaturation profiles of pro-oligos. Conditions: duplex (2 μM), 100 mM NaCl in 10 mM MOPS (pH 7.0).
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Japan) instrument at 600 MHz for 1H NMR, 125 MHz for 13C
NMR, and 172 MHz for 31P NMR. Chemical shifts were
measured from tetramethylsilane for 1H NMR spectra, CDCl3
(77.0 ppm) for 13C NMR spectra, and 85% phosphoric acid
(0.0 ppm) for 31P NMR spectra. The coupling constant (J) was
reported in hertz. Abbreviations for multiplicity were: s, singlet;
d, doublet; t, triplet; m, multiplet; br, broad. Column
chromatography was carried out with a silica gel C-60
(Kanto, Japan) or NH silica gel (Fuji Silysia Chemical;
Kasugai, Japan). Thin-layer chromatography (TLC) analyses
were carried out on Kieselgel 60-F254 plates (Merck). Reverse-
phase HPLC was carried out with Intersil ODS-3 (4.6 × 250
mm; GL Sciences). The UV−VIS spectrum was recorded on a
UV-1650PC Spectrophotometer (Shimadzu, Kyoto, Japan).
The HPLC system consisted of a controller, a pump, a UV
monitor (SPD-10AVP; Shimadzu), and a recorder (CR6A;
Shimadzu).
Oligonucleotide Synthesis. Oligonucleotides synthesis

was carried out on the Applied Biosystems 394 DNA/RNA
synthesizer according to the manufacturer′s recommendations.
2-Cyanoethyl phosphoramidite (dT, dC, dA, and dG) and

phosphoramidite 2 and 3 are used as 0.1 M solutions in dry
acetonitrile. Synthesized ODNs were released from CPG
support and deprotected by NH4OH at room temperature
for 2 h or 55 °C for 4 h. The CPG solid support was filtered off,
and the filtrate was concentrated in vacuo. Crude ODNs were
purified by C-18 cartridge. Each sample was further purified by
using reverse-phase HPLC. The structures of each ODN were
confirmed by measurement of matrix-assisted laser desorption
and ionization time-of-flight (MALDI-TOF) mass spectrome-
try on the AXIMA-CFR plus (Shimadzu) by using refection-
negative mode. (Matrix for ionizing samples was used as a
mixture (10:1:1; saturated 3-hydroxy-2-picolic acid, 2-picolic
acid−H2O (50 mg/mL), and ammonium citrate−H2O (50 mg/
mL)).

Thermal Denaturation. Each sample containing a duplex
(2 μM) in a buffer of 10 mM MOPS (pH 7.0) with 100 mM
NaCl was used this study. The thermally induced transitions of
the duplexes were monitored at 260 nm on a UV-1650PC
spectrophotometer (Shimadzu) with the Tm analysis accessory
(TMSPC-8). The temperature was ramped at 1.0 °C min−1.

Enzymatic Deprotection of Protecting Groups at the
Internucleotide Linkage. ODN 1 (6 μM), NADH (10 mM),
and nitroreductase (from E. coli, 160 μg) in 200 μL of 50 mM
sodium phosphate buffer (pH 7.0) was incubated at 37 °C.
Aliquots of sample solution were analyzed by reverse-phase
HPLC at appropriate times. HPLC conditions: A buffer (0.1 M
TEAA containing 5% CH3CN), B buffer (0.1 M TEAA
containing 50% CH3CN); gradient (B) 5% → 60% (30 min).
Column: Intersil ODS-3 (4.6 × 250 mm) (GL Sciences).

Hydrolysis of ODN 5 with CAVP. ODN 5 labeled with
fluorescein at the 5′-end (10 μM) was incubated with
phosphodiesterase I (0.1 μg, C. adamanteus venom; SIGMA)
in a buffer containing 50 mM Tris−HCl (pH 8.0) and 10 mM
MgCl2 (total volume of 500 μL) at 37 °C. At the appropriate
time, aliquots (20 μL) of the reaction mixture were separated,
and the mixture was heated for 5 min at 90 °C. The solutions
were analyzed by electrophoresis on 20% polyacrylamide gel
containing 7 M urea. The gels were visualized by an AE-9000 E-
Graph (ATTO).

Hydrolysis of ODN 5 with DNase 1. ODN 5 labeled with
fluorescein at the 5′-end (10 μM) was incubated with

Figure 5. Polyacrylamide gel electrophoresis of 5′-fluorescein labeled
ODNs hydrolyzed by CAVP (a 3′-exonuclease). (a) Unmodified
oligonucleotide. (b) ODN 5. ODNs were incubated with snake venom
phosphodiesterase for 0 min (lane 1), 5 min (lane 2), 15 min (lane 3),
30 min (lane 4), 60 min (lane 5), 90 min (lane 6), and 120 min (lane
7). The experimental conditions are described in the Experimental
section.

Figure 6. Polyacrylamide gel electrophoresis of 5′-fluorescein labeled
ODNs hydrolyzed by DNase I (an endonuclease). (a) Unmodified
oligonucleotide. (b) ODN 5. ODNs were incubated with DNase I for
0 min (lane 1), 3 h (lane 2), 6 h (lane 3), 12 h (lane 4), 24 min (lane
5), 48 h (lane 6), and 72 h (lane 7). The experimental conditions are
described in the Experimental section.

Figure 7. Polyacrylamide gel electrophoresis of the 5′-fluorescein
labeled ODNs treated with 50% human serum. (a) Unmodified
oligonucleotide. (b) ODN 5. ODNs were incubated with 50% human
serum for 0 min (lane 1), 1 h (lane 2), 2 h (lane 3), 3 h (lane 4), 4 h
(lane 5), 5 h (lane 6), and 6 h (lane 7). Experimental conditions are
described in the Experimental section.
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recombinant DNase I (100 units; Takara) in a buffer containing
100 mM sodium acetate (pH 6.0) and 5 mM MgCl2 (total
volume of 100 μL) at 37 °C. At the appropriate time, aliquots
(10 μL) of the reaction mixture were separated, and the
mixture was added to 5 mM EDTA and heated for 5 min at 90
°C. The solutions were analyzed by electrophoresis on 20%
polyacrylamide gel containing 7 M urea. The gels were
visualized by an AE-9000 E-Graph.
Stability of ODN 5 in the 50% Human Serum. ODN 5

labeled with fluorescein at the 5′-end (10 μM) was incubated
with human serum (Sigma)/PBS (1:1, v/v, total volume of 100
μL) at 37 °C. At the appropriate time, aliquots (10 μL) of the
reaction mixture were separated, and the mixture was added to
10 M urea and heated for 5 min at 90 °C. The solutions were
analyzed by electrophoresis on 20% polyacrylamide gel
containing 7 M urea. The gels were visualized by an AE-9000
E-Graph.

Cell Culture, Oligonucleotide Treatment, and Imaging
Analysis. HeLa cells were cultured in Dulbecco’s modified
Eagle’s medium (Invitrogen), 10% fetal bovine serum, and
penicillin−streptomycin at 37 °C in 5% CO2 and 95% air. Cells
were plated on glass coverslip in a 24 well culture plate at 2 ×
104 cells per well overnight. The following day, cells were
washed once with 400 μL of OptiMEM I (Invitrogen) and
preincubated in OptiMEM I for 20 min at 37 °C and 5% CO2.
Cells were treated with the pro-oligo solution at the 10 μM
concentration in OptiMEM I for 60 min. After being washed
three times with 400 μL of OptiMEM I for 5 min at 37 °C, 5%
CO2 cells were fixed for 20 min in 4% parafolmaldehyde in
PHEMS buffer (60 mM PIPES, 25 mM HEPES (pH 7.4), 5
mM EGTA, 1 mM MgCl2, and 3% sucrose) at room
temperature, washed three times for 5 min in PBS, and stained
with Alexa594 phalloidin (1:100) and Hoechst 33258 (10
μg.mL) in TBST for 20 min at room temperature. After being
washed with PBS, coverslips were mounted on glass slides with
Prolong gold (Invitrogen) and imaged using a confocal
microscope (FV1200; Olympus). The amount of fluorescein-
labeled pro-oligos in the cells was analyzed with Atto Image
Analysis Software CS Analyzer 4.
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(32) Kröck, L., and Heckel, A. (2005) Photoinduced Transcription
by Using Temporarily Mismatched Caged Oligonucleotides. Angew.
Chem., Int. Ed. 44, 471−473.
(33) Poijar̈vi, P., Heinonen, P., Virta, P., and Lönnberg, H. (2005)
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(42) Kiuru, E., Ahmed, Z., Lönnberg, H., Beigelman, L., and Ora, M.
(2013) 2,2-Disubstituted 4-Acylthio-3-oxobutyl Groups as Esterase-
and Thermolabile Protecting Groups of Phosphodiesters. J. Org. Chem.
78, 950−959.
(43) Jain, H. V., Takeda, K., Tami, C., Verthelyi, D., and Beaucage, S.
L. (2013) Assessment of the cellular internalization of thermolytic
phosphorothioate DNA oligonucleotide prodrugs. Bioorg. Med. Chem.
21, 6224−6232.
(44) Meade, B. R., Gogoi, K., Hamil, A. S., Palm-Apergi, C., van den
Berg, A., Hagopian, J. C., Springer, A. D., Eguchi, A., Kacsinta, A. D.,
Dowdy, C. F., et al. (2014) Efficient delivery of RNAi prodrugs
containing reversible charge-neutralizing phosphotriester backbone
modifications. Nat. Biotechnol. 32, 1256−1261.
(45) Leisvuori, A., Lonnberg, H., and Ora, M. (2014) 4-Acetylthio-
2,2-dimethyl-3-oxobutyl Group as an Esterase- and Thermo-Labile
Protecting Group for Oligomeric Phosphodiesters. Eur. J. Org. Chem.
2014, 5816−5826.
(46) Saneyoshi, H., Shimamura, K., Sagawa, N., Ando, Y., Tomori, T.,
Okamoto, I., and Ono, A. (2015) Development of a photolabile
protecting group for phosphodiesters in oligonucleotides. Bioorg. Med.
Chem. Lett. 25, 2129−2132.
(47) Saneyoshi, H., Kondo, K., Sagawa, N., and Ono, A. (2016)
Glutathione-triggered activation of the model of pro-oligonucleotide
with benzyl protecting groups at the internucleotide linkage. Bioorg.
Med. Chem. Lett. 26, 622−625.
(48) Hockel, M., and Vaupel, P. (2001) Tumor hypoxia: definitions
and current clinical, biologic, and molecular aspects. J. Natl. Cancer
Inst. 93, 266−276.
(49) Wilson, W. R., and Hay, M. P. (2011) Targeting hypoxia in
cancer therapy. Nat. Rev. Cancer 11, 393−410.
(50) Chiou, W. H., Kao, C. L., Tsai, J. C., and Chang, Y. M. (2013)
Domino Rh-catalyzed hydroformylation-double cyclization of o-amino
cinnamyl derivatives: applications to the formal total syntheses of
physostigmine and physovenine. Chem. Commun. (Cambridge, U. K.)
49, 8232−8234.
(51) Rawat, V., Kumar, B. S., and Sudalai, A. (2013) Proline catalyzed
sequential alpha-aminooxylation or -amination/reductive cyclization of
o-nitrohydrocinnamaldehydes: a high yield synthesis of chiral 3-
substituted tetrahydroquinolines. Org. Biomol. Chem. 11, 3608−3611.

Bioconjugate Chemistry Article

DOI: 10.1021/acs.bioconjchem.6b00368
Bioconjugate Chem. 2016, 27, 2149−2156

2156

─ 353 ─



& Bioinorganic Chemistry

Structure Determination of an AgI-Mediated Cytosine–Cytosine
Base Pair within DNA Duplex in Solution with 1H/15N/109Ag NMR
Spectroscopy

Takenori Dairaku,*[a, b] Kyoko Furuita,[c] Hajime Sato,[d] Jakub Šebera,[e] Katsuyuki Nakashima,[f]
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Abstract: The structure of an AgI-mediated cytosine–cyto-

sine base pair, C–AgI–C, was determined with NMR spec-
troscopy in solution. The observation of 1-bond 15N-109Ag
J-coupling (1J(15N,109Ag): 83 and 84 Hz) recorded within the
C–AgI–C base pair evidenced the N3–AgI–N3 linkage in C–
AgI–C. The triplet resonances of the N4 atoms in C–AgI–C
demonstrated that each exocyclic N4 atom exists as an

amino group (�NH2), and any isomerization and/or N4–AgI

bonding can be excluded. The 3D structure of AgI–DNA
complex determined with NOEs was classified as a B-form

conformation with a notable propeller twist of C–AgI–C
(�18.3�3.08). The 109Ag NMR chemical shift of C-AgI-C

was recorded for cytidine/AgI complex (d(109Ag): 442 ppm)
to completed full NMR characterization of the metal link-

age. The structural interpretation of NMR data with quan-

tum mechanical calculations corroborated the structure of
the C–AgI–C base pair.

Since the formation of HgII-mediated thymine–thymine base
pair (T–HgII–T) in DNA duplex was solidly proven by using syn-

thetic oligonucleotides,[1] the metal-mediated base pairs (met-
allo-base pairs) have been utilized for various applications[2]

such as metal-ion sensors,[3] Hg2+-trapping,[4] single-nucleotide-

polymorphism detection,[5] nanomachine,[6] conductivity,[7] and
response to enzymes[8] .

In our previous study, we discovered that cytosine–cytosine

(C�C) mismatch selectively captured an Ag+ ion and C–AgI–C
base pair was formed in DNA duplex.[3a] Although, many metal-

lo-base pairs composed of artificial and/or natural nucleobases
have been reported to date,[2] virtual usability of C–AgI–C in

nanotechnologies has been particularly highlighted in the
fields of nanotechnology due to its easy sample prepara-

tion.[2c,g] Our previous studies revealed the 1:1 stoichiometry

between C�C mismatch and Ag+ ion,[3a] and the thermody-
namic parameters describing C–AgI–C formation (Ka, DH, DS,

DG)[9a] were determined. The reported Ka values for C–AgI–C
base pair (~106m�1)[9a] were significantly larger than the Ka for

the normal G�C base pair (8.3�104m�1).[9b] By contrast to neg-
ative DS that is usually obtained for complexation of biomole-
cules,[9c,d] the positive DS was recorded for the C–AgI–C base

pair formation with isothermal titration calorimetry.[9a] However,
rational explanation of the positive DS has not been reported

due to the lack of structural information on the C–AgI–C base
pair.

Several hypothetical structures of the C–AgI–C have been
presented to date (Figure 1). Previously, we proposed a struc-

ture with an N3–AgI–N3 linkage as an analogy of the T–HgII–T
base pair (Figure 1a).[3a,10] As another possible structure of the
C–AgI–C base pair, a structure with an N3–AgI–O2 linkeage
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(Figure 1b) was also proposed by Wang et al.[11] The discrepan-
cy between the Figure 1a-type structure and 1b-type structure

is becoming a matter of debate.
The structure with the N3–AgI–N3 linkage was found recent-

ly in the crystal structure of an RNA duplex with C–AgI–C base

pairs (PDB-ID: 5AY2).[12] However, several issues concerning C–
AgI–C structure remained unclear even with the crystal struc-

ture. First, the Figure 1a-type structure might be isomerized
into the Figure 1c-type structure in which unfavorable amino–

amino repulsion is converted into favorable hydrogen bonding
through the deprotonation of one of the amino groups. How-

ever, the structural discrimination between Figure 1a, c was im-

possible in the crystal structure of the RNA duplex[12] since the
coordinates of hydrogen atoms were not determined due to

its resolution. Second, the typical helical arrangements of DNA
and RNA are different by nature and the chemical structure of

C–AgI–C in respective duplexes should be, therefore, studied
independently. Third, it should be also mentioned that the ge-

ometry of Figure 1a may have steric/electrostatic repulsions

between amino groups of the paired cytosine residues. There-
fore, if the C–AgI–C takes the Figure 1a-type structure, one

should explain how to avoid unfavorable steric/electrostatic
amino–amino repulsions in a DNA duplex. Thus, the local base-

pairing mode of C–AgI–C has not been unambiguously deter-
mined yet. Therefore, considering these three structures as
structural candidates, the base-pairing mode of C–AgI–C must

be determined.
To determine the chemical structure of C–AgI–C in solution,

15N NMR spectroscopy was employed. The 1-bond N-metal J-
coupling[13a,b] and 2-bond N–N J-coupling across a metal medi-
ated linkage[1c] provided solid evidence of the metal binding
mode in similar metallo-base pairs. In addition, the N�H J-cou-

pling of the amino group was used for exact determination of
the state of the amino group(s) in C–AgI–C. Lastly, 1H NMR
spectroscopy was used for determination of the 3D structure

of DNA duplex containing metallo-base pair(s).[13a,14]

In the present study, we recorded the 1D 15N NMR spectra of

DNA duplexes containing a C–AgI–C base pair to determine its
base-pairing mode in solution. The structural interpretation of

observed NMR parameters was corroborated with their theo-

retical calculations. The determined structure of C–AgI–C was
then employed in an NOE-based calculation of the 3D struc-

ture of AgI–DNA duplex.
To determine the chemical structure of C–AgI–C and the 3D

structure of the DNA duplex including the C–AgI–C, we synthe-
sized DNA1 and DNA2, respectively (Figure 2a,b). Details of

the design of these DNA sequences can be found in the

legend to Figure 2 and in the Supporting Information, Materi-
als and Methods section. The 1D 15N NMR spectra of cytosine

residue-specific 15N-labeled AgI-DNA1 complexes (Figure 2c,d)
were recorded.

In the 15N NMR spectra, the N3 signals of both C12 and C35
of the C12–AgI–C35 base pairs were observed as a doublet

due to the 1J(15N,109Ag)=84 and 83 Hz, respectively (Figure 3).

Further structural interpretation of 1-bond 15N-109Ag J-coupling
was provided by theoretical calculations. The 1J(15N,109Ag)=

84.8 Hz was calculated for Figure 1a-type structure involving
the N3–AgI–N3 linkage (Table 1). For the Figure 1b-type struc-

ture involving the N3-AgI-O2 linkage, one of the 15N-109Ag J-
couplings becomes 3-bond J-coupling through the AgI�O2=
C2�N3 linkage the theoretical value of which is j 3J(15N,109Ag) j
=6.4 Hz (Supporting Information, Table S1). The calculations
thus demonstrated that occurrence of the AgI–O2 linkage in

C–AgI–C is inconsistent with the experiment.
Further, the state of the exocyclic N4 atom of the cytosine

residue was determined with 15N NMR spectroscopy. From the
1D 15N NMR spectra, the N4 signals of both C12 and C35 resi-

dues were observed as a triplet resonance (Figure 3). These

Figure 1. a) Structure of C–AgI–C proposed in accordance with T–HgII–T[3a, 10]

and assuming the N3–AgI–N3 linkage observed for AgI–RNA complex in the
crystal.[12] b) Structure of C–AgI–C predicted by Wang et al.[11] c) The most
probable isomerized (deprotonated) structure of (a). R and R’ denote the
sugar of the nucleotide units within DNA.

Figure 2. a) The AgI–DNA1 complex. b) The AgI–DNA2 complex. c) C35-spe-
cific 15N-labeled AgI–DNA1 complex (AgI–DNA1C35(15N)). d) C12-specific 15N-
labeled AgI–DNA1 complex (AgI–DNA1C12(15N)). AgI is shown as a red
sphere. To obtain 1J(15N,109Ag) steadily, more stable sequence, DNA1, was
employed. To avoid heavy signal overlaps, shorter sequence, DNA2 was em-
ployed for the 3D structure calculations.

Figure 3. a) 1D 15N NMR spectrum of the AgI–DNA1C35(15N). b) 1D 15N NMR
spectrum of the AgI–DNA1C12(15N). Solution conditions are 2.0 mm
DNA1C35(15N) or DNA1C12(15N), 2.0 mm 109AgNO3, 100 mm NaNO3 in water
(H2O/D2O=9:1), pH 7.2–7.3 by using the shigemi-NMR tube.
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coupling patterns provided direct evidence that both the N4

atoms of C12 or C35 exist as an amino group (�NH2). Isomeri-
zation of cytosine after the formation of a C–AgI–C base pair in

DNA1 was safely excluded. In addition, the two protons of N4
amino groups of C12 and C35 were observed in the 15N-filtered
1H NMR spectra (Supporting Information, Figure S1). These
data also provide evidence that each exocyclic N4 atom exists

as an amino group (�NH2). In total, it was concluded that the

symmetric structure shown in Figure 1a is the base-pairing
mode of C–AgI–C in DNA duplex.

The base-paring mode of C–AgI–C was completely deter-
mined by NMR spectroscopically revealing the state of the

amino groups, which were not resolved crystallographically.
This is also the first structure of the C–AgI–C base pair within

a DNA duplex in solution. The magnitudes of 1J(15N,109Ag) in C–

AgI–C (Table 1) were similar to magnitudes of 1J(15N,109Ag) in
imidazole–AgI–imidazole (Im–AgI–Im) base pairs recorded in

DNA duplex[13a] and also to other J-couplings in similar com-
pounds (Supporting Information, Table S2). The theoretical
1J(15N,109Ag) in C–AgI–C calculated with DFT including relativis-
tic effects were in good agreement with experiment (Table 1).

The 3D structure of AgI–DNA2 complex was calculated by

employing NOE data. The assignments and structure calcula-
tions are reported in the Supporting Information, Materials and
Methods section (Tables S3–S5 and Figures S2–S4). Out of 100
structures derived from the NOE-based 3D structure calcula-

tion, the 10 lowest-energy structures that complied with the
experimental and empirical structural constraints were ob-

tained (Figure 4a). The top view of the AgI–DNA2 complex
with the lowest energy is shown in Figure 4b and a side view
is shown in Figure S5 (Supporting Information). The global 3D

structure was converged into an anti-parallel double helical
structure that was not disordered owing to C–AgI–C. The Ag+

ion captured within the metallo-base pair was located near the
helical axis (Figure 4a,b). Although the sugar puckering of C–

AgI–C was C3’-endo-like,[10] the AgI–DNA2 complex maintained

a B-form conformation. The C1’�C1’ distance for C–AgI–C
(10.2�0.1 �) was a little shorter than the typical distance in

the canonical Watson–Crick (W�C) base pairs (~10.7 �). There-
fore, the structural feature of the C–AgI–C base pair is similar

to T–HgII–T base pair that behaves as a structural mimic of the
W–C base pair.[14] This fact explains why both C–AgI–C and T–

HgII–T are recognized by DNA polymerase[8a–d] and DNA liga-
se[8e] .

The plausibility of proximity of amino groups in C–AgI–C de-

spite their repulsion was rationalized with the NOE-calculated
3D structure of AgI-DNA2 complex. The propeller twist angle

of the C8–AgI–C23 base pair was �18.3�3.08 and the distance
between respective protons of the amino groups was thus

2.2�0.1 �. This is how the amino–amino repulsion in C8–AgI–
C23 was notably suppressed (Figure 4c). Interestingly, similar

propeller twist angles were also observed in the crystals of C–

AgI–C (�29–278)[12] and T–HgII–T (�22, �208).[15]

The NMR structure of AgI–DNA rationalized extraordinary

thermodynamic parameters describing the formation of C–AgI–
C. It particularly concerns the relationship of the AgI–DNA struc-

ture and “positive” entropy for C–AgI–C base pairing. The C–
AgI–C structure demonstrated entire metal dehydration that ex-
plains the measured positive DS as dehydration entropy owing

to removal of structural water molecules within the hydration
shell of the Ag+ ion that occurs during C–AgI–C formation.

Lastly, the 109Ag NMR chemical shift of C–AgI–C was mea-
sured to complete the J/d NMR dataset for characterization of

the metallo-base pair. Unfortunately, the sensitivity of 109Ag
NMR was too low to allow d(109Ag) measurement in AgI–DNA

complex. Therefore, the 1D 109Ag NMR spectrum was recorded
for 2:1 complex of cytidine/AgI complex in D2O (Supporting In-
formation, Figure S6). The 109Ag signal was observed at d=

442 ppm; however, the 15N-109Ag J-coupling was not recorded
owing to AgI–ligand exchange that can be postulated outside

the DNA scaffold. This was the first measurement of d(109Ag) in
C–AgI–C employing cytidine/AgI complex. The d(109Ag) was

consistent as regards its magnitude with those of coordination

complexes including N–AgI–N linkages (Supporting Informa-
tion, Table S2). These related experiments support our assump-

tion that the observed 109Ag signal was acquired for C–AgI–C
in the 2:1 complex of cytidine/AgI. To confirm this assumption,

d(109Ag) was also DFT calculated. The d(109Ag) calculated for the
2:1 complex of cytidine/AgI was d=359 ppm, whereas d(109Ag)

Table 1. 1J(15N,109Ag) and d(109Ag) values.

1J(15N,109Ag) [Hz] d(109Ag) [ppm]

Experimental 83,[a] 84[b] 442[c]

Theoretical 84.8[d] 359[d]

[a] The observed 1J(15N,109Ag) in AgI–DNA1C35(15N). [b] The observed
1J(15N,109Ag) in AgI–DNA1C12(15N). [c] Obtained using the 2:1 complex of
cytidine/AgI (0.5m cytidine, 0.24m AgNO3 in D2O). [d] The theoretical
values. The 1J(15N,109Ag) was calculated as average for two J-couplings in
C–AgI–C. The d(109Ag) was calculated as an average value of d(109Ag)
shifts calculated for mutual rotation of cytosine bases over N3–AgI–N3
linkage (d(109Ag) varied from 308.0 to 381.5 ppm) in correspondence with
assumed flexibility of the 2:1 complex of cytidine/AgI. The details con-
cerning theoretical calculations can be found in the Supporting Informa-
tion, Tables S1, S6–S8, and Figures S7–S9.

Figure 4. a) Overlay of the 10 low-energy structures of the AgI-DNA2. The
structures are deposited at the Protein Data Bank under PDB-ID: 2rvp.
b) The top view on the AgI-DNA2. c) The local structure of AgI-DNA2 show-
ing propeller twist of C–AgI–C. The AgI atom is depicted as a red sphere.
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calculated for the 1:1 complex of cytidine/AgI was d=200 ppm
(Table 1 and Table S1 and S6–S8 in the Supporting Informa-

tion). Hence, according to theoretical calculations, the d(109Ag)
was recorded in C–AgI–C that was formed as a 2:1 complex of

cytidine/AgI. All the NMR parameters acquired for the C–AgI–C
base pair are fundamental reference data employable in future

structural studies on AgI complexes.
In summary, we determined the chemical structure of the C–

AgI–C metallo-base pair composed of natural nucleobases and

the 3D structure of anti-parallel DNA duplex including the C–
AgI–C pair. Remarkably, the state of amino protons in the C–
AgI–C base pair was precisely defined at the atomic level for
the first time, which allowed unambiguous determination of

chemical structure of C–AgI–C. The structural data and descrip-
tion of methods for NMR measurements and structural inter-

pretation of NMR parameters will be employable in future ra-

tional design of molecular devices utilizing the metallo-DNA
platform.
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a b s t r a c t

Modern nucleic acids chemistry enabled us to create various types of metal-mediated base pairs (met-
allo-base-pairs). Nowadays, their structural/spectroscopic data have been accumulated. From the NMR
spectroscopic point of view, data on HgII/AgI-mediated base pairs are most accumulated. Accordingly,
it would be informative to review a current state of the NMR spectroscopic data of the HgII/AgI-mediated
base pairs for subsequent structural studies on other metallo-base-pairs.
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1. Introduction

The occurrence/incorporation of metal-mediated base pairs
(metallo-base-pairs) into DNA molecules had been studied for a
long time by Lippert’s group and were followed by a proposal that
hydrogen bonds of base pairs could be substituted with coordina-
tion bonds with metal cations as functionalizations of DNA mole-
cules by K. Tanaka and Shionoya [1]. Such metallo-base-pairs
were actually incorporated into DNA duplexes [2–4]. Since then,
many metal-mediated base pairs were created by using artificial
metal chelators or other ligands [1–9]. Later, it was discovered/
re-discovered that natural nucleobases also have an ability to form
metallo-base-pairs, such as HgII-mediated thymine–thymine
(T–HgII–T) [10,11] and AgI-mediated cytosine–cytosine (C–AgI–C)
[12] base pairs (Scheme 1). This finding stimulated application

studies of metallo-base-pairs as metal sensors, single-nucleotide-
polymorphism (SNP) detectors, heavy-metal trappers, nanomachi-
nes, etc [13–16].

Simultaneously with these application studies, novel metallo-
base-pairs were extensively explored, and there exist more than
50 independent metallo-base-pairs to the best of our knowledge
[16]. However, little is known about their structures even if
crystallographic [17–23] and NMR spectroscopic [24–40] struc-
tures are considered. In the case of NMR spectroscopic studies,
HgII-mediated adenine–thymine (A–HgII–T) [25], T–HgII–T [31]
and AgI-mediated imidazole–imidazole (Im–AgI–Im) [35] base
pairs (Scheme 1) were intensely studied at the level of heteronu-
clear multi-dimensional NMR spectroscopy. Since the NMR
spectroscopic data include not only structural information but also
information regarding electronic structures, we review here the

Scheme 1. Metallo-base-pairs dealt with in this article.

Chojiro Kojima, male, NMR spectroscopist and biophysicist, graduated from inorganic and physical chemistry department, Osaka University
in 1995 under the supervision of Professor Yoshimasa Kyogoku (Institute for Protein Research, Osaka, Japan). He worked with Professor
Thomas L. James (University of California, San Francisco, USA) in 1995–1998 and Professor Masatsune Kainosho (Tokyo Metropolitan
University, Tokyo, Japan) in 1998–2001 as a postdoctoral fellow. He was an associate professor of Nara Institute of Science and Technology
(Nara, Japan) in 2001–2010. Since 2010, he is an associate professor of Osaka University (Osaka, Japan). He is a board member of NMR society
of Japan and protein society of Japan. In recent years he focused on NMR structural biology developing new techniques for proteins and nucleic
acids.

Yoshiyuki Tanaka received his BSc degree (Osaka University, 1991) and MSc degree (Osaka University, 1993), and received Ph.D. (Osaka
University, 1998). Afterward, He joined AIST-Tsukuba as a post-doctoral fellow. From 2001, he belonged to the Graduate School of Phar-
maceutical Sciences, Tohoku University as a Research Instructor (2001–2002), an Assistant Professor (2002–2007) and an Associate Professor
(2007–2015). Now he became a full Professor of the Laboratory of Analytical Chemistry at the Faculty of Pharmaceutical Sciences, Tokushima
Bunri University. During his scientific carrier, he received several awards like the ‘‘Young Investigator Award” of the ‘‘Human Frontier Science
Program (HFSPO, Strasbourg)” in 2008. His current research interests are nucleic acids-metal interactions and mechanistic studies on func-
tional RNA/DNA molecules.
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current state of the art on NMR spectroscopic studies on the
A–HgII–T, T–HgII–T and Im–AgI–Im base pairs.

2. Structural analyses of HgII/AgI-mediated base pairs with
heteronuclear NMR spectroscopy

Heteronuclear NMR spectroscopy is a critical and indispensable
technique for the determination of base-paring modes of metallo-
base-pairs. This is because metallo-base-pairs are formed through
coordination bonds generally involving N, O, or S donor atoms
(some of them may be regarded covalent bonds). Without observ-
ing NMR signals from the corresponding metal ions or coordination
sites, it is impossible to conclude their coordination geometries
(base-pairing modes) firmly.

In this sense, three metallo-base-pairs satisfy this criterion,
namely, A–HgII–T [25], T–HgII–T [31] and Im–AgI–Im [35] base
pairs. In all cases, 15N NMR spectroscopic techniques were effec-
tively employed, and the base-pairing modes of these metallo-
base-pairs were accurately determined beyond any doubt.

In the case of the A–HgII–T base pair, 15N chemical shift changes
were used to deduce the HgII-binding site on the adenine base.
According to the data by Frøystein and Sletten, they observed large
downfield chemical shift changes of the N1 atoms of adenine resi-
dues (N1(A)) by 9.4–15.3 ppm (Table 1) [25]. They carefully inter-
preted these data and concluded that the HgII-binding site is N6
(amino group) despite the fact that large chemical shift changes
were observed at N1(A) [25].

To understand this interpretation, the background of how to
interpret 15N chemical shift changes needs to be explained
(Table 2). Based on the theory of heteronuclear NMR chemical
shifts, the shielding constant (r) is expressed as a sum of diamag-
netic (rD) and paramagnetic (rP) terms [33,34].

r ¼ rD þ rP ð1Þ
rD: the diamagnetic term increases total shielding constant r;
rD > 0
rP: the paramagnetic term decreases total shielding constant r;
rP < 0

From empirical knowledge, the jrPj is typically larger than jrDj
(Eq. (2)). In addition, the jrPj is proportional to 1

DEave
, where DEave is

average electronic excitation energy (Eq. (3)).

jrDj < jrPj ð2Þ

jrPj / 1
DEave

ð3Þ

Here, by defining energies of molecular orbitals (MOs) that
describe ground state and excited state of lone-pair electrons Elp

and E
, we can derive the following very rough estimate of average
excitation energy (DEave).

DEave � E
 � Elp ð4Þ
When the Elp of the observed site is lowered, DEave becomes lar-

ger [33,34]. For example, a bond-formation such as metalation or
protonation onto a nitrogen atom produces a bonding MO with a
lower energy than that of the lone pair electrons of the nitrogen
atom. As a result, Elp is lowered (lone-pair electrons are shifted
to the lower bonding MO). This phenomenon can be correlated
with the 15N chemical shift (dN), as follows

Bond-formation (increase in covalency):

Elp #) DEaveð� E
 � ElpÞ ") jrPj #) r ") dN # ðupfield shiftÞ ð5Þ

Table 1
NMR spectroscopic parameters for HgII/AgI-mediated base pairs.

Base pair/solvent/additive Site d(metal)/
ppm

J/Hz Dd(15N)/ppma Dd(13C)/ppma

1JN–M
b 2JNN N1 N3 N7 C2 C4 C5 C6 C8

A–HgII–T(DNA)c/H2O/– N6 – – N.A. +9.4 to +15.3 �3.3 to +2.4 �0.5 to �0.7 – – – – –

T–HgII–T(DNA)d/H2O/– N3 – – 2.4 – +29.9 to +35.3 N.A. – – – – N.A.
T–HgII–T(nucleoside)e/DMSO/– N3 �1784 1050 – – – N.A. +2.7 +2.4 �0.2 0.0 N.A.
T–HgII–T(TpT)f/H2O/– N3 – – – – – N.A. 	+2 	+2 – – N.A.

Im–AgI–Im(DNA)g/H2O/– N3 – 86 – �3.2 to �5.1 �14.5 to �15.9 N.A. – – – – –

Guanosine(0.5 M)–HgII h/DMSO/– N7 – – – 	0 	0.5 	�20
Guanosine(0.2 M)–HgII i/DMSO/– N7 – – – – – – +0.69 �1.24 �2.63 �1.04 +1.61
Guanosine(0.2 M)–HgII i/DMSO/Et3N N1 – – – – – – +3.90 �0.48 �1.78 +2.75 +1.04

a Positive and negative values represent down-field and up-field shifts, respectively.
b One-bond 15N-metal J-coupling (1J(15N,199Hg) and 1J(15N,107/109Ag)).
c Sample: d(CGCGAATTCGCG)2 (4.8 mM) at pH 7. Reference: all data [25].
d Sample: d(CGCGTTGTCC)�d(GGACTTCGCG) (2.0 mM) at pH 6. Reference: all data [31,33,34].
e Sample: Isolated thymidine–HgII–thymidine in DMSO. Reference: d(metal) [39,43]; 1JN–M [39]; Dd(13C) [42].
f Sample: HgII–[thymidyl (30–50) thymidine (TpT)] complex at pH 6.5. Ref. [41].
g Sample: d(TTAATTT Im Im Im AAATTAA)2 (0.5–1.4 mM) at pH 7.2. Reference: all data [35]. Since this measurement was performed with the AgI-source under the natural

abundance (107Ag/109Ag = 51.839: 48.161) and two isotopes are spin quantum number I = 1/2 with similar gyromagnetic ratios (c(107Ag)/c(109Ag) = 1: 1.15), two kinds of J-
couplings, namely 1J(15N,107Ag) and 1J(15N,109Ag), are overlapped each other. As a result, the derive J-coupling value became an approximately average values between 1J
(15N,107Ag) and 1J(15N,109Ag).

h Reference: all data [51].
i Reference: all data [52].

Table 2
Nitrogen-15 chemical shift changes.a

Bond Direction Dd(15N)b/
ppm

Refs.

N–H� � �15N (hydrogen-bond) Upfield �2.6 to �8.7 [54–56]
15N:? 15N�–H (protonation) Upfield �40 to �70 [57]
15N –MII (coordination-bond) Upfield 	�20 [51,58–61]
15N –MII (proton-metal exchange) Downfield 	+30 [31,33,34]

a Nitrogen-15 chemical shift changes are listed in ppm.
b Positive and negative values represent downfield and upfield shifts,

respectively.
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Bond-dissociation/destabilization (decrease in covalency):

Elp ") DEaveð� E
 � ElpÞ #) jrPj ") r #) dN

" ðdownfield shiftÞ ð6Þ
Thus, any bond-formation which restricts the excitation of the

lone pair/shared electrons of a nitrogen atom (i.e. metalation or
protonation) induces an upfield shift of the 15N resonances
(Table 2) (see also the Refs. [33,34] for theoretical background).

When we look into the data by Frøystein and Sletten [25] keep-
ing this principle in mind, the ‘‘downfield” shifts of the N1(A) res-
onances are inconsistent with the interpretation of HgII-binding at
N1(A). This is the reason why the data were interpreted as HgII-
binding at N6(A). Furthermore, the imino proton signals of the
complementary thymine residue suggest additional HgII-binding
at O4 of the thymine residue [25].

Next, in the case of the T-HgII-T base pair, its structure was
deduced from 2-bond 15N-15N J-coupling across HgII (2J(15N,15N)
= 2.4 Hz) within a DNA duplex (Table 1) [31]. In principle, J-cou-
plings are observed between covalently liked atoms, and the
observed 2J(15N,15N) represents experimental evidence for the
N3–HgII–N3 linkage within the T–HgII–T base pair. The observed
	30 ppm downfield shifts of 15N signals also supported the HgII-
binding at N3 through a proton-HgII exchange [33,34]. These large
downfield shifts might be explained from the difference in the nat-
ure of N–H and N–HgII bonds. On the basis of Eqs. (5) and (6), the
N3 atom in the T–HgII–T base pair resonates downfield with
respect to N3 atom in thymine base [33,34] because the N3–HgII

bond in T–HgII–T is more ionic and less covalent than the N3–H
bond in thymine [39,41].

The Eqs. (5) and (6) should be, however, applied with caution

since the relationships were derived neglecting ‘‘Heavy-Atom

effect on the NMR shielding constants of the nearby Light Atoms
(HALA)” relativistic effects. The interpretation of perturbation of
N3 chemical shift owing to HgII-linkage may be therefore mislead-
ing when the HALA effect on N3 shielding constant is not negligi-
ble. Here, the calculated spin–orbit contribution (rSO) to NMR
shielding represented the HALA term. Plausibility of the Eqs. (5)
and (6) for explaining general trends in NMR shifts of nucle-
obase-metal complexes may be nevertheless assumed since the
experimental chemical shift perturbations owing to HgII-linkage
for the T–HgII–T base pair (Table 1) were coherent with trends
described by the relationships. The rSO contribution calculated
for N3 atom in T–HgII–T was �8.6 ppm whereas the rD and rP con-
tribution was 312.3 ppm and �275.4 ppm, respectively. For a com-
parison, the rSO contribution calculated for N1 atom of thymine in
T–HgII–T was only 0.6 ppm since the HALA propagates the most
onto the light atom(s) proximal to heavy atom. The observed
change in chemical shift of N3 atom of thymine owing to HgII-link-
age was 	20 ppm upfield. The Eqs. (5) and (6) can be used for the
interpretation of N3 NMR shift changes in terms of altered N3–H/
N3–HgII bonding since the absolute magnitude of rSO represents
roughly 3% of the absolute magnitudes of rD and rP.

In addition to these 15N NMR spectroscopic data, 199Hg NMR
spectra were recorded for the T–HgII–T base pair [39]. At first, trials
to detect a 199Hg signal from the T–HgII–T-embedded DNA duplex
were performed, but were not successful due to the low sensitivity
of the 199Hg nucleus. In order to overcome this issue from the sam-
ple concentration, a HgII–thymidine (1:2) complex was prepared
according to the literature by Buncel et al. [42]. Then, its 199Hg
NMR spectrum was recorded in an organic solvent (dimethyl sul-
foxide (DMSO)) to suppress HgII–ligand exchanges. In order to
detect the 1-bond 15N–199Hg J-coupling (1J(15N,199Hg)), 15N-labeled
thymidine was employed [39].

In the 199Hg NMR spectrum, a signal was observed at a chemical
shift (d(199Hg)) of �1784 ppm (Fig. 1 and Table 1) [39]. The d

(199Hg) value was consistent with a previous observation [43] in
the same system. More importantly, the 199Hg signal was a triplet
resonance with |1J(15N,199Hg)| = 1050 Hz (Fig. 1 and Table 1) [39].
This splitting disappeared upon 15N-decoupling (Fig. 1) [39], which
is solid evidence that the observed splitting of the 199Hg signal was
indeed due to a 1J(15N,199Hg) coupling. The observed |1J(15N,199Hg)|
value was surprisingly larger than those observe before (	3 times
as large as the preexisting data), which demonstrated that the
range of |1J(15N,199Hg)| is wider than those observed previously.
With these data, a complete set of chemical shift and J-coupling
values was collected for the T–HgII–T system.

As the last example for an NMR spectroscopically characterized
metallo-base-pair, we would like to review the Im–AgI–Im base
pair [35]. The base-pairing mode of the Im–AgI–Im base pair was
determined by observing a 1-bond 15N–107/109Ag J-coupling (1J
(15N,107/109Ag)) under natural abundance (107Ag/109Ag = 51.839:
48.161) [35] (see the footnote to Table 1 for details). The derived
1J(15N,107/109Ag) value was 86 Hz [35]. Notably, the Im–AgI–Im base
pair was the first one whose base-pairing mode was determined by
means of 1-bond N-metal J-coupling (1JN–M). In addition, the 15N
chemical shift changes upon AgI-binding to the imidazole base
(Im) were approximately �15 ppm (upfield shift) (Table 1) as pre-
dicted from the principle in Table 2 for a coordination bond.

In summary, the heteronuclear NMR technique is a powerful
and indispensable tool for the determination of chemical struc-
tures of metallo-base-pairs.

3. Three-dimensional (3D) structures of DNA duplexes including
metallo-base-pairs

In the case of DNA duplexes including Im–AgI–Im or T–HgII–T
base pairs, their 3D structures were determined NMR-spectroscop-
ically in solution (Fig. 2) [35,38]. In both structures, the derived 3D
structures belonged to a B-form conformation. Notably, both Im–
AgI–Im and T–HgII–T base pairs were stacked within respective
double helical structures without any severe distortion of the
duplexes. Both metallo-base-pairs act as mimics of Watson–Crick
base pairs. Such a structural matching of Im–AgI–Im and T–HgII–
T base pairs with B-form duplex makes these metallo-base-pairs
stable within DNA molecules.

The structural match contributes to the negative DH for the for-
mation of Im–AgI–Im and T–HgII–T base pairs [44]. In addition, it

Fig. 1. One-dimensional 199Hg NMR spectra (71.667 MHz for 199Hg frequency). (a)
One-dimensional 199Hg NMR spectrum without 15N-decoupling. (b) One-dimen-
sional 199Hg NMR spectrum with 15N-decoupling. The 199Hg NMR chemical shifts
are referenced to dimethylmercury (0 ppm) using 1.0 M HgCl2 in DMSO-d6 as a
secondary reference (�1501 ppm) [62]. Reproduced under a Creative Commons
Attribution-NonCommercial 3.0 Unported Licence from [(Ref. [39]) Dairaku, T. et al.,
Chem. Commun., 2015, 51, 8488] – Published by The Royal Society of Chemistry.
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was demonstrated that the formation of these metallo-base-pairs
is entropically favorable [44]. The same trend was further observed
for the C–AgI–C base pair [36]. As a result, high affinities of Hg2+ to
the T–T mismatch and those of Ag+ to Im–Im/C–C mismatches (low
Kd values) were observed [44] (As a related data, Kd values for

thymidine/uridine-cation and adenosine(pyridine-type ligand)-
cation systems were reported [45]). The positive entropy changes
(DS) for the metallo-base-pair formation can be regarded as a ‘‘de-
hydration-entropy” which is often observed for the chelation of
metal ions [36,38,44]. Actually, from the 3D structures of both

Fig. 2. Three-dimensional structures of metallo-DNA molecules. R denotes deoxyribose. (a) The 3D structure of the DNA duplex with consecutive T–HgII–T base pairs and its
sequence [38]. This sequence was selected since the Tm value of the selected sequence was the highest of all Tm values for the examined sequences [38]. (b) The 3D structure
of the DNA duplex with consecutive Im–AgI–Im base pairs and its sequence [35]. This sequence was selected since Im–AgI–Im base-pairing and the resulting duplex formation
was confirmed [35]. The authors also demonstrated that the 1,2,4-triazole formed AgI-mediated base pair, and the substitution of 1,2,4-triazole with imidazole resulted in
better AgI-binding [35]. The 3D graphics are adopted from Ref. [16] with permission from The Royal Society of Chemistry.

Fig. 3. HgII-complexes in solution classified in terms of ligand-types. References for the respective complexes are as follows. (a) [11,31], (b) [32], (c) [63], (d) [64], (e) [64], (f)
[65], (g) [66], (h) [66], (i) [65], (j) [52], (k) [52], (l) [51], (m) [61].
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Im–AgI–Im and T–HgII–T base pairs, metal cations were completely
shielded from a bulk water solvent, and the ‘‘dehydration-entropy”
hypothesis was demonstrated from their 3D structures [35,38].

In addition, the metal cations of Im–AgI–Im and T–HgII–T base
pairs are located along the helical axes of the respective DNA
duplexes [35,38]. As a result, the neighboring metal cations are
located close to one another in spite of a possible repulsion due
to their positive charge. However, their close contacts can be
rationalized if argentophilic interaction/metallophillic attraction
[46,47] between heavy elements is considered [35,37,38,48–50].

Thus, the 3D structures of DNA duplexes with metallo-base-
pairs have provided data for fundamental chemistry, and they will
be a chemical basis for creating novel applications of these met-
allo-base-pairs.

4. Selectivity of ligands for Hg2+/Ag+

There is an unanswered question as to why Hg2+ preferentially
binds to thymine/uracil (Figs. 3a, b and 4a, b) and why Ag+ prefer-
entially binds to cytosine and imidazole (Fig. 5a, b, and e). This

question can be converted into why Hg2+ favors an anionic ligand
(deprotonated pyrrole-type nitrogen) and why Ag+ favors a electri-
cally neutral ligand (pyridine-type nitrogen). At the moment, there
is no clear answer to this question, and there is only the experi-
mentally observed trend (see also Figs. 3–5 for other examples of
Hg2+/Ag+-nucleobase complexes).

In order to consider this question, we would like to focus on
Hg2+ first. According to the ‘‘Hard and Soft Acids and Bases (HSAB)
rule”, Hg2+ belongs to a canonical soft Lewis acid that tends to form
a covalent bond. However, the bonds between HgII and N3 of thy-
mine (N3(T)) in the T–HgII–T base pair were found to possess high
ionicity and low covalency [33,34,41]. This experimental/theoreti-
cal insight slightly deviates from the prediction from the HSAB
rule. However, this point itself might be a key-point to explain
the ligand-selectivity of Hg2+. Although this idea is just tentative
at the moment, it might be worthwhile to examine it to clarify this
issue.

In relation to the unanswered question, it should be noted that
in an organic solvent such as DMSO, Hg2+ binds to the pyridine-
type N7 atom of guanosine (N7(G)) rather than the pyrrole-type

Fig. 4. Crystalline/solid HgII-complexes classified in terms of ligand-types. References for the respective complexes are as follows. (a) [64,21,67], (b) [22], (c) [68], (d) [69], (e)
[70], (f) [71], (g) [72], (h) [73,74], (i) [68], (j) [68], (k) [70], (l) [71], (m) [75], (n) [69,75], (o) [69].
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N1 atom of guanosine (N1(G)) (Fig. 3l and m) [51]. Therefore, the
preference for pyrrole-type nitrogen atoms by Hg2+ is a
phenomenon specific for aqueous solutions. Interestingly, this
preference by Hg2+ is reversed in the presence of a base
(triethylamine) (Hg2+ again bound to N1(G) even in DMSO)
(Fig. 3j and k) [52]. This indicates that a proton acceptor (base) is
indispensable for Hg2+-binding to pyrrole-type nitrogen atoms like
N1(G), and suggests that water and OH� (a ligand of Hg2+ other
than H2O) would act as a proton accepter (H+ + H2O? H3O+;
H+ + HO� ? H2O) in aqueous solutions [41,53]. On the other hand,
even in water solution under low pH (pH < 2), the HgII-binding to
N1(G) was inhibited owing to competitive binding of proton and
Hg2+ (Fig. 3h and i). In addition, exceptional pyrrole–nitrogen-
binding of AgI occurred only under extreme basic condition (pH
14) (Fig. 5c). Furthermore, for some complexes, one can find other
metal binding modes, which deviated from the ligand-preferences
of HgII and AgI discussed above, but they were observed only in
crystals (Figs. 4 and 5j). Therefore, we should keep this fact
in mind, and construct a unified interpretation for the selectivity
of ligands by Hg2+/Ag+. In any case, such understanding of
fundamental physicochemical properties of metallo-base-pairs
may represent a general guideline for the creation of novel
metallo-base-pairs.

5. Conclusion

Here, we reviewed NMR spectroscopic/structural data for HgII/
AgI-mediated base pairs. Notably, all possible J-coupling and chem-
ical shift values for the T–HgII–T base pair were obtained, owing to
the determination of the |1J(15N,199Hg)| value which is a rarely
observed parameter in general. Because 3D structures of the T–
HgII–T-embedded DNA duplexes were also determined, the NMR
spectroscopic parameters for the T–HgII–T base pair will serve as
a standard reference for structural studies on other metallo-base-
pairs. In addition, other pioneering works on Im–AgI–Im and the
A–HgII–T base pairs also provide well-defined reference data of
NMR parameters. Especially, the Im–AgIvIm base pair provides pre-
cise data for AgI. Here we note that another example of AgI-medi-
ated base pairs, the C–AgI–C system, has also been studied NMR-
spectroscopically, and its structure will be publish elsewhere.
Accumulated and growing spectroscopic data will be chemical
basis for constructing molecular devices and novel applications.
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A paddlewheel-type dirhodium-based, photoactive, porous metal-organic framework, [Rh2(ZnTCPP)(H2O)7.5]
([1]; ZnTCPP = zinc tetra(4-carboxyphenyl)porphyrin), was prepared and characterized via synchrotron X-ray
analyses (X-ray powder diffraction, extended X-ray absorption fine structure, and X-ray absorption near-edge
structure), elemental analysis, infrared spectroscopy, and N2 gas adsorption isotherm analysis. Spectroscopic
study revealed a drastic decrease in the emission intensity of [1] compared with [ZnTCPP], although features
present in the absorption spectra of the two complexes were almost the same. This indicated that [1] underwent
the photo-induced intramolecular charge transfer and/or energy transfer from the ZnTCPP moiety to dirhodium
moiety.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Paddlewheel-type dirhodium tetracarboxylates, [Rh2(O2CR)4(L)2]
(R = aromatic ring or alkyl chain, L = axially coordinated ligand)
[1–2], and their related analogous complexes [3–5] have attracted
much attention because of their interesting structures and potential
functional properties such as catalytic [6–7], molecular sensing [8],
and antitumor activities [9–11]. These functional properties are per-
formed in the solvated or dispersed conditions in the solventmedia. Re-
cently, these types of complexes have been utilized as robust building
blocks for porousmetal-organic frameworks (MOFs) [12–14], extended
coordination polymers (CPs) [15–19], and supramolecular complexes
[20–21]. The merits of a paddlewheel-type dirhodium unit as an MOF
building block are (1) the unit's axial site availability, i.e., the open
metal site, as a potential site for functional solid-state activities, and
(2) the structural robustness compared with other paddlewheel-type
dimetal units (such as Cu2 and Zn2) because of the existence of the
Rh\\Rh single bond. However, previously reported examples of
dirhodium-basedMOFs with openmetal sites are quite limited because
of their low level of crystallinity (making them unsuitable for X-ray
powder diffraction (XRD)) [22] and difficulties observed in both their
synthesis and structural characterization. In fact, most dirhodium-
based MOFs have not been satisfactorily characterized. To enable the
further development of dirhodium-based MOFs, characterization

methods that are typically used for X-ray amorphous samples, such as
X-ray absorption fine structure (XAFS) are indispensable.

As rare examples of dirhodium-based MOFs, Mori's group reported
dirhodium-based MOFs connected by dicarboxylate or tetracarboxylate
bridging units, which have open-porous structures and open metal
sites. TheseMOFswere reported to exhibit highly efficient catalytic per-
formance for both H-D exchange reactions [12] and olefin hydrogena-
tion [13] even at a low-temperature (e.g., 200 K); moreover, they
were reported to be useful as catalysts for photochemical H2 evolution
in the presence of a photosensitizer and an electron relay [14]. Interest-
ingly, the catalytic performances of these MOFs were remarkably supe-
rior compared with related discrete dirhodium complexes such as
[Rh2(O2CCH3)4(H2O)2], indicating that the immobilization of a
dirhodium unit as a building block of a porous MOF is advantageous
for the development of effective catalysts and functional materials.

As mentioned above, although dirhodium-based MOFs with open
metal sites are promising catalysts, there is no example of dirhodium-
based “photoactive” MOFs, which have some potential as
photocatalysts. In this study, a dirhodium-based, photoactive, porous
MOF, [Rh2(ZnTCPP)(H2O)7.5] (Fig. 1; ZnTCPP = zinc tetra(4-
carboxyphenyl)porphyrin), which utilizes a ZnTCPP photosensitizer as
a building unit, was synthesized and fully characterized via synchrotron
X-ray analyses (XRD and XAFS).

2. Results and discussion

A solvothermal reaction of [Rh2(O2CCH3)4(H2O)2] (0.20mmol) with
ZnTCPP (0.20 mmol) in degassed EtOH under N2 atmosphere gave
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[Rh2(ZnTCPP)(H2O)7.5] ([1]) as a low-crystalline, dark-purple,
hydroscopic powder (80.4% yield). Scanning electron microscope im-
ages revealed that [1] particles were polyhedral in shape with sizes of
0.5–1.3 m (Fig. S1 in the Electronic supporting information (ESI)).
Thus, [1] is a submicron-scale MOF, such a compound has recently re-
ceived attention as an efficient heterogeneous catalyst [23–24]. Similar
solvothermal reactions for the preparation of [1] using (i) degassed
N,N-dimethylformamide instead of degassed EtOH or (ii) RhCl3 instead
of [Rh2(O2CCH3)4(H2O)2] were attempted; both reaction methods gave
only amorphous black powders of a non-porous structure mixed with
colloidal Rh particles [25]. As is often reported in a paddlewheel-type
dirhodium complex synthesis, the amount of colloidal rhodium parti-
cles as a side product in [1] increasedwhen the reaction timewas great-
er than 6 h in the purification of [1].

The preparatory XRD analysis of [1] was performed with generally
used laboratory-based XRD equipment, and no significant peak corre-
sponding to [1] was observed, i.e., only two broad diffraction curves
were observed. As in previously reported cases, this result does not pro-
vide any meaningful information concerning the structure of
dirhodium-based MOFs [22]. To obtain useful information regarding
the structure of [1], synchrotron XRD measurements were performed
at the Spring-8 BL19B2 beamline (λ = 1.00 Å). As shown in Fig. 2, the
diffraction pattern of [1] displayed several distinctive intense peaks
whose positions approximately agreed with the superposition of the
peak positions of the simulated XRD pattern of [Zn2(ZnTCPP)] [26],
whichwas determined using a single-crystal X-ray structure. Therefore,

it is obvious that the overall framework and packing structures of [1]
were similar to that of [Zn2(ZnTCPP)].

If rhodium ions in [1] are in the typical paddlewheel-type motif, the
two-dimensional structure of [1] may be isostructural with that of
[Zn2(ZnTCPP)], which has a porous, two-dimensional grid sheet

Fig. 1. Deduced two-dimensional structure of [1]. (Rh: green, Zn: orange, O: red, N: blue, C: Gray, H: white.

Fig. 2. Synchrotron XRD pattern of [1] and simulated pattern of [Zn2ZnTCPP].
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structure. Thus, to completely understand the coordination environ-
ment of rhodium ions in [1], it is very important to clarify themolecular
structure of [1]. To facilitate this, synchrotron extended X-ray absorp-
tion fine structure (EXAFS) analysis was performed at the SAGA Light
Source (SAGA LS) BL07 beamline. Fig. 3(a) shows the Rh K-edge spectra
of both [1] and [Rh2(O2CCH3)4(H2O)2]. The obtained EXAFS spectra are
of good resolution and can be used to assign specific chemical bonds. In
addition, radial distribution functions are clearly resolved up to approx-
imately 4.0 Å. Notably, up to 3.0 Å, the spectral features of [1] agreewell
with those of [Rh2(O2CCH3)4(H2O)2]. From these results, the radial
peaks at approximately 1.10–1.22 (shoulder) and 1.50 Å are assigned
as sum of Rh\\O (coordinated oxygen in water and carboxylate) and
Rh\\Rh bonds and sum of Rh…C (detached carbonyl carbon in carbox-
ylate) and Rh…O (detached oxygen in water and carboxylate) dis-
tances, respectively. Thus, the coordination environment around
rhodium ions in [1] is almost the same as that in [Rh2(O2CCH3)4(H2O)2]
not only in the first coordination sphere but also in the second and third
coordination spheres. These results clearly demonstrate that rhodium
ions in [1] form a paddlewheel-type dimetallic core.

To investigate the oxidation state and electronic environment of a
dirhodium unit in [1], a high-resolution X-ray absorption near-edge
structure (XANES) spectrum of [1] was also obtained at the SAGA LS
BL07 beamline and compared with the spectra of
[Rh2(O2CCH3)4(H2O)2] and Rh2O3. As shown in Fig. 3(c), the Rh K-
edge XANES spectrum of [1] is in good agreement with that of
[Rh2(O2CCH3)4(H2O)2]; moreover it does not agree with that of Rh2O3.
This indicates that (i) the electronic environment of [1] is similar to
that of [Rh2(O2CCH3)4(H2O)2] and (ii) Rh ions in [1] are divalent.

The oxidation number assigned to Rh ions in [1] is also supported by
the infrared spectrum. The symmetric [νsym(CO2

−)] and asymmetric
[νasym(CO2

−)] stretching modes of [1] are clearly observed in the typical
region (1400 − 1650 cm−1). For [1], the values of νsym(CO2

−),
νasym(CO2

−), and their separation [i.e., Δν(CO2
−) = νasym(CO2

–) −
νsym(CO2

−)] are 1394, 1554, and 160 cm−1, respectively. The value of
Δν(CO2

−) observed for [1] is similar to those of typical dirhodium(II, II)
complexes (160–190 cm−1) [15].

To investigate the permanent porosity of [1], N2 gas adsorptionmea-
surements were performed at 77 K. Fig. 4 shows the N2 gas adsorption
isotherm for [1]. The measurements show (i) a significant amount of
N2 adsorption at a low-pressure and (ii) gently sloping N2 adsorption

in the region from 20 to 740 Torr. From these results, we concluded
that the recorded isotherm can be classified as showing IUPAC-I behav-
ior, which corresponds to a single-layer physical adsorption of the N2

gas onto the surface of [1]. Specific Langmuir surface area and pore vol-
ume calculated from the N2 adsorption isotherm of activated [1] were
689.8 m2/g and 0.22 cm3g−1, respectively. The distribution of pore di-
ameter, estimated using the Horvath-Kawazoe (HK)method, suggested
that [1] has pores of approximately 4.7 Å in size similar to
[Zn2(ZnTCPP)] (ca. 4.4 Å) of which value was estimated from the single
crystal X-ray structures [26–27]. These results clearly indicated that [1]
has a porous framework structure and sufficient micropores to permit
N2 gas adsorption.

To investigate the photophysical properties of [1], diffuse reflectance
(DR) UV–visible and emission spectra of both [1] and [ZnTCPP] in the
solid state were recorded. As shown in Fig. 5(a), the UV–visible spectral
features of [1] were almost identical to that of [ZnTCPP], indicating that
the ground (S0) state electronic interaction between dirhodium and
ZnTCPP moieties was negligibly small and that direct photoinduced in-
tramolecular excitations between these moieties were not generated.

Fig. 3. Rh K-edge XAFS spectra of [1] and [Rh2(O2CCH3)4(H2O)2]. (a) EXAFS spectra, (b) Fourier-transform EXAFS spectra, and (c) XANES spectra.

Fig. 4.N2 adsorption isothermof [1] at 77 K. Insert graph is distribution of pore diameter of
[1] estimated using the Horvath-Kawazoe method. Here, STP is standard temperature and
pressure.
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Theweak d-d transition bands of a dirhodiummoiety (dπRh2→ dσRh2)
were obscured by the intense zinc porphyrin Q (612 and 563 nm) and
Soret (430 nm) bands. The most intense emission bands in the spectra
were observed at 660 nm for both [1] and [ZnTCPP], andwhile the emis-
sion energies of [1] and [ZnTCPP]were almost identical, band intensities
of the observed bands for [1] weremuchweaker than those of [ZnTCPP]
(Fig. 5(b)). These results indicated that an efficient photoinduced intra-
molecular charge transfer (CT) and/or energy transfer (ET) from an ex-
cited ZnTCPP moiety to dirhodium moiety occurred in [1].

3. Conclusion

In summary, the photoactive dirhodium-based porous MOF,
[Rh2(ZnTCPP)(H2O)n], was synthesized and carefully characterized.
The XAFS (EXAFS andXANES) spectra clearly indicated that the building
block of [1] is a paddlewheel-type dirhodium(II,II)-unit. The amount of
N2 adsorption, estimated surface area, and pore diameters of [1] were
compatible with the proposed molecular structure, which is roughly
isostructural with [Zn2(ZnTCPP)]. From the results of the DR UV–visible
and emission spectra, it is cleared that [1] exhibits potential absorption
property arising from the presence of ZnTCPP units, which cause a pho-
toinduced CT and/or ET from the ZnTCPP moiety to dirhodium moiety.
Thus, it is anticipated that [1] may be applied as a photocatalyst. Further
study is now in progress in our laboratories.

4. Experimental

4.1. Materials

[Rh2(O2CCH3)4(H2O)2] and [ZnTCPP] were prepared according to
the reported methods with slight modifications. All of the other re-
agents (reagent grade quality) were purchased from the commercial
source and were used without further purification.

4.2. Synthesis of [1]

A mixture of [Rh2(O2CCH3)4(H2O)2] (95.6 mg, 0.20 mmol), ZnTCPP
(174.4 mg, 0.20 mmol), and degassed EtOH (15 mL) was sealed in a
Teflon-lined autoclave under N2 atmosphere and heated at 423 K for
3 h. After cooling to room temperature, purple powders were collected
on membrane filter and were washed with EtOH and THF and were
dried under vacuum at room temperature for 1 day to obtain the porous
MOF [1]. Yield: 191.5 mg (80.4%).

EA: calcd. For C48H24N4O8Rh2Zn•(H2O)7.5: C 48.40, H3.30, N 4.70%.
Found: C 48.58, H 2.98, N 4.22%.

4.3. General procedures

A synchrotron XRD measurement was carried out by use of a large
Debye-Scherrer camera with an imaging plate (IP) as detectors at
BL19B2 beamline in Spring-8. The wavelength of incident X-ray beam
was set to 1.00 A. Synchrotron extended X-ray absorption fine structure
(EXAFS) measurements were performed at BL07 beamline of the SAGA
Light Source. Infrared spectrum was recorded on a JASCO 4100 spec-
trometer on a KBr disk at room temperature. The diffuse reflectance
spectra were measured using a JASCO V-560 spectrophotometer
equipped with a 60 mm integrating sphere. N2 adsorption isotherm at
77 Kwas carried out using anASAP2010 volumetric adsorption analyzer
(Shimadazu Co.). A sample was dried at 300 K for overnight and 393 K
for 3 h to remove the solvated water. Ultra-high-purity grades
(99.9999%) of N2 (for gas analysis) and He (for gas analysis in free
space) were used in this adsorption study. Powders of [1] were ob-
served using Scanning Electron Microscope (SEM; FE-SEM S-4000,
Hitachi Co.).

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.inoche.2016.04.009.
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Abstract: An extended one-dimensional chain-type coordina-
tion polymer, [Rh2(piv)4(tpy)]n (1; piv = pivalate, tpy = 2,2′:6′,2′′-
terpyridine), has been synthesized and characterized by single-
crystal and powder X-ray diffraction analyses, elemental analy-
sis, IR spectrosopy, thermogravimetric analysis, UV/Vis diffuse
reflectance spectroscopy, and magnetic measurements at
300 K. This complex shows unique repeatable self-assembly and

Introduction

The paddlewheel-type dirhodium(II) tetracarboxylates[1] and
their related complexes[2] have attracted much interest because
of their intriguing molecular structures and their excellent func-
tional properties, for example, as catalysts,[3] sensors,[4] and anti-
tumor drugs.[5] Recently, these types of complexes have been
utilized as robust building blocks for coordination polymers
(CPs)[6] and supramolecular complexes.[7] Several of these ex-
hibit interesting inherent properties that discrete metal com-
plexes absolutely cannot show.[8] The most general strategy for
the synthesis of paddlewheel-type dirhodium-based CPs is to
coordinate bidentate organic ligands such as diimines,[9] quin-
ones,[10] and halides[11] to the axial site of the dirhodium unit.
This synthetic strategy usually affords one-dimensional (1D) ro-
bust CPs with high durability towards organic solvents. The
most famous CP of this type, which was independently re-
ported by the groups of Mori and Takamizawa[12] and Handa
and Mikuriya,[13] is the 1D chain-type CP [Rh2(Ba)4(pyz)] (Ba =
benzoate, pyz = pyrazine), which can adsorb various gases and
organic vapors into its coordination spaces.[14] Although several
extensive studies inspired by the above-mentioned work can
be found in the literature,[15] examples of paddlewheel-type di-
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disassembly transformation properties. Polymer 1 readily de-
composed to its constituent building blocks, that is, [Rh2(piv)4]
and tpy, in organic solvents at 300 K, but the disassembly prod-
uct of 1 readily re-self-assembled to give 1 as a crystalline prod-
uct in aqueous ethanol solution at 373 K. In addition, 1 was
obtained as a crystalline powder by a water-assisted mechano-
chemical synthesis route.

rhodium-based CPs are still limited compared with other pad-
dlewheel-type dimetal-based CPs.

As mentioned above, although several examples of CPs syn-
thesized from paddlewheel-type dirhodium tetracarboxylates
and diimine or bipyrydyl ligands have already been reported,[16]

there is no example of a CP connected by terpyridyl ligands. In
concrete terms, it has been reported that the reaction of the
dirhodium tetraacetate complex [Rh2(O2CCH3)4] with 2,2′:6′,2′′-
terpyridine (tpy), which is the most common and well-used tri-
dentate ligand, affords a discrete anchor-shaped dirhodium
acetate complex, [Rh2(O2CCH3)(tpy)2]3+,[17] that is, in the case of
[Rh2(O2CCH3)4], the tpy ligands are bonded to the rhodium ions
in a tridentate chelate coordination mode rather than in an
axial coordination mode. On the other hand, we incidentally
discovered that the reaction of the dirhodium tetrapivalate
complex [Rh2(piv)4] (piv = pivalate) and the tpy ligand affords
purple single crystals of 1D CPs.

Herein we describe the synthesis, characterization, and self-
assembly and disassembly transformation properties of a new
1D CP, [Rh2(piv)4(tpy)] (1; piv = pivalate), which is fabricated
from the paddlewheel-type dirhodium(II) tetrapivalate
[Rh2(piv)4] and the flexible tridentate tpy ligand (Figure 1). In
this article we describe three important findings. First, the
framework structure of 1 is stable in water, but is easily dis-
assembled into [Rh2(piv)4] and tpy in organic solvents. This sol-
vent durability is in contrast to CPs in general as well as metal-
organic frameworks (MOFs). Secondly, dissociated 1 is easily re-
self-assembled to 1 in hot aqueous ethanol (EtOH) solution.
To the best of our knowledge, the absolute self-assembly and
disassembly transformations of polymeric compounds are very
limited for CPs as well as organic polymers. Finally, 1 can also
be prepared by a mechanochemical synthesis. A successful ex-
ample of a mechanochemical synthesis of a paddlewheel-type
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dirhodium-based CP has never previously been reported in the
literature.

Figure 1. Molecular structures of (a) [Rh2(piv)4] and (b) tpy. The bent arrows
indicate rotating sites of the pyridyl rings.

Results and Discussion

Synthesis and Characterization of [Rh2(piv)4(tpy)] (1)

Single crystals of 1 suitable for single-crystal X-ray diffraction
analysis were solvothermally synthesized from the self-assembly
of [Rh2(piv)4] (0.60 mmol) and tpy (0.60 mmol) in the mixed
solvent of EtOH (10.5 mL) and H2O (1.5 mL). After heating at
373 K under N2 for 1 h, deep-purple crystals of 1 were depos-
ited on the bottom of the reaction vessel in relatively good
yield (72.8 %). It is worth mentioning that 1 was not obtained
when H2O was omitted from the reaction system. Thus, it is
speculated that H2O participates as an assistant reagent in the
polymerization of 1. Although paddlewheel-type dirhodium-
based CPs can generally be easily synthesized, that is, they read-
ily polymerize at room temperature, complex 1 is not synthe-
sized under the same reaction conditions. In addition, although
we attempted the reaction of [Rh2(piv)4] with various ligands
derived from tpy, such as 4,4′,4′′-tri-tert-butyl-2,2′:6′,2′′-terpyr-
idine, 4′-(4-bromophenyl)-2,2′:6′,2′′-terpyridine, and trimethyl
2,2′:6′,2′′-terpyridine-4,4′,4′′-tricarboxylate, under similar reac-
tion conditions, no polymeric products were obtained. This is
presumably due to the steric repulsion between the piv- and
tpy-derived ligands.

The crystal structure of 1 was determined by single-crystal
X-ray diffraction at 100 K and refined satisfactorily [R1(all) =
4.56 %, wR2(all) = 10.68 %], although small disordering of the
methyl groups in the pivalate ligands was observed. Complex
1 crystallizes in the monoclinic space group C2/c. The asymmet-
ric unit consists of an Rh ion, two piv– anionic ligands, and half
a tpy ligand (Figure 2a). The substructure (structure surround-
ing the Rh2 unit) of 1 is shown in Figure 2b. The Rh ions are in
a distorted octahedral environment formed by four carboxylate
oxygen atoms from different piv– ligands, the pyridyl nitrogen
atom of a tpy ligand, and an Rh ion. The Rh–Rh single bond in
1 is confirmed, with a bond length of 2.409 Å, which is in the
expected range for a dirhodium tetracarboxylate coordinated
axially to aromatic nitrogen donor ligands. {For example, the
Rh–Rh bond length of [Rh2(piv)4(4,4′-bpy)]n is 2.395 Å.} The two
terminal pyridyl rings of one tpy ligand are bonded to the axial
sites of the Rh–Rh bond, whereas the central pyridyl ring in the
tpy ligand is not coordinated to the Rh ions. The Rh–O bond

Eur. J. Inorg. Chem. 2016, 2810–2815 www.eurjic.org © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2811

lengths are in the range of 2.025–2.057 Å, and the Rh–N bond
length is 2.345 Å. These bonds are clearly longer than those of
[Rh2(piv)4(4,4′-bpy)]n (Rh–O 2.014–2.040 Å; Rh–N 2.225–
2.264 Å), which indicates that the binding energy between
[Rh2(piv)4] and tpy in 1 is lower than that between [Rh2(piv)4]
and 4,4′-bpy in [Rh2(piv)4(4,4′-bpy)]n. Interestingly, as shown in
Figure 2c, intramolecular CH···O interactions are formed be-
tween the H atoms of the tpy ligands and the O atoms of the
piv– ligands (H17···O4 ca. 2.27 Å, C17···O4 ca. 3.09 Å, H11···O3
ca. 2.66 Å, and C11···O3 ca. 2.93 Å).

Figure 2. Crystal structure of 1: (a) asymmetric unit structure, (b) substructure,
and (c) fragment molecular structure showing intramolecular CH–O interac-
tions. In (a) and (b), hydrogen atoms have been omitted for clarity. Ellipsoids
are drawn at the 30 % probability level.

Figure 3a shows the 1D extended structure of 1. The tpy
ligands in 1 are heavily twisted because of the repulsion be-
tween the piv– and tpy ligands. Therefore, as a result, 1 forms a
1D zig-zag chain-type structure. As depicted in Figure 3b, guest
spaces are not present in the three-dimensional (3D) packing
structure of 1 for the inclusion of solvent (e.g., EtOH or H2O) or
other molecules. The void volume and residual electron count
of the crystal structure of 1 estimated by using the Platon
SQUEEZE program are only 223.0 Å3 and two electrons per unit
cell, respectively, which indicates that there is not sufficient vol-
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ume for guest inclusion into 1 (total volume of the crystal struc-
ture and the Z value of 1 are 3916.4 Å3 and 4, respectively),
that is, the packing structure of 1 is closely self-assembled.

Figure 3. (a) One-dimensional extended structure and (b) 3D packing struc-
ture of 1. Hydrogen atoms have been omitted for clarity. Ellipsoids are drawn
at the 30 % probability level.

The phase purity of the crystalline powder of 1 was con-
firmed by CHN elemental analysis, thermogravimetry (TG), and
powder X-ray diffraction (PXRD) analysis. Guest solvents are not
observed in the CHN elemental and TG analyses of 1. This is
consistent with the crystal structure of 1. In addition, the com-
bination of TG and differential thermal analysis (DTA) revealed
that the initial thermal decomposition of 1 occurs at ca. 500 K
in air. As depicted in Figure 4, the PXRD pattern of 1 is very
sharp and agrees well with the simulated pattern derived from
the crystal structure of 1. This strongly indicates that 1 is ob-
tained as a single phase.

Figure 4. Observed (top) and simulated (bottom) XRD patterns of 1.

The valence of the rhodium ions in 1 was confirmed IR spec-
troscopy and magnetic analysis (Evans method) at 300 K. In the
IR spectrum (KBr disk), the symmetric [νsym(COO–)] and asym-
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metric [νasym(COO–)] stretching modes of 1 appear at 1415 and
1587 cm–1, respectively (see Figure S1 in the Supporting Infor-
mation). Because the difference between the symmetric and
asymmetric stretching modes, that is, Δν(COO–), of 1 (172 cm–1)
is similar to those of [Rh2(piv)4(pyridine)2] (170 cm–1) and
[Rh2(piv)4(4,4′-bpy)2] (168 cm–1; 4,4′-bpy = 4,4′-bipyridine), the
valence of the rhodium ions in 1 was concluded to be divalent.
This oxidation state is strongly supported by magnetic meas-
urements. The effective magnetic moment (μeff ) of 1 is 0.56 B.M.
at 300 K, which indicates that 1 is diamagnetic. From these
results, we determined that the rhodium ions in 1 are divalent
and that 1 has a closed-shell electronic structure.

In addition to the above characterization, we measured the
UV/Vis diffuse reflectance spectrum at 300 K. In the visible re-
gion, the absorption maxima for 1 appear at 439 and 569 nm
(see Figure S2 in the Supporting Information). This contrasts
with the absorption maxima at 439 and 686 nm for [Rh2(piv)4]
and at 430 and 520 nm for [Rh2(piv)4(4,4′-bpy)]. Therefore, the
electronic structure of complex 1, specifically the molecular or-
bital interactions between [Rh2(piv)4] and the pyridyl ligands
and their energies, may differ somewhat to those of [Rh2(piv)4]
and typical dirhodium-based CPs.

Solvent Durability of 1

As is well known, almost all CPs and MOFs synthesized from
paddlewheel-type dimetal units are stable in common organic
solvents, whereas they readily decompose in water. In general,
the decomposed building blocks of CPs and MOFs cannot re-
self-assemble to the original CPs and MOFs. In this context, we
confirm that 1 is unique in its solvent-resistance properties. As
depicted in Figure 5a,b, although 1 is stable in hexane, it readily

Figure 5. Suspensions of 1 in various solvents. (a) Photograph of the suspen-
sions and (b) XRD patterns of as-synthesized 1 (bottom) and 1 suspended in
hexane (middle) or water (top).
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decomposes not only in donor solvents such as dmso, diethyl
ether, EtOH, acetonitrile, and thf, but also in nondonor solvents
such as CH2Cl2. In dmso solution, the color of decomposed 1 is
rose-pink, which is similar to that of [Rh2(piv)4] dissolved in
dmso. Because the absorption wavelength in the visible region
of decomposed 1 in dmso (501 nm) is similar to that of
[Rh2(piv)4] dissolved in dmso, it can be deduced that 1 is de-
composed into its discrete building blocks, that is, [Rh2(piv)4]
and tpy, in organic solvents (see Figure S3 in the Supporting
Information). Unexpectedly, 1 is very stable in water; the XRD
pattern of water-suspended 1 (suspended in water for 12 h) is
in good agreement with that of as-synthesized 1.

To clarify the reason for the decomposition of 1 in various
organic solvents but not in water and hexane, we investigated
the solubility of [Rh2(piv)4], which is a building block of 1. We
confirmed that [Rh2(piv)4] readily dissolves in dmso, diethyl
ether, EtOH, acetonitrile, and thf, whereas it is insoluble in water
and hexane, that is, [Rh2(piv)4] dissolves in the same organic
solvents in which complex 1 decomposes. Thus, we concluded
that the [Rh2(piv)4] unit in 1 is very easily dissociated from the
framework of 1 in various common organic solvents because of
its high solubility in those solvents.

Self-Assembly and Disassembly Transformations of 1

To investigate whether the disassembled material of 1 re-self-
assembles to crystalline 1, we carried out the following experi-
ment. First, the crystalline powder of 1 was dissolved in thf and
completely dried at room temperature. The obtained product,
that is, the disassembled material of 1, is a blue powder that is
clearly different to the solid color of as-synthesized 1. As shown
in Figure 6, the XRD pattern of the disassembled material of 1
is clearly dissimilar to those of as-synthesized 1,
[Rh2(piv)4(thf )2], and tpy. This indicates that the framework
structure in the disassembled material of 1 has absolutely col-
lapsed. We then heated the disassembled material of 1 in a
mixture of EtOH and H2O at 373 K under N2. During this process
purple single crystals were deposited on the bottom of the
Schlenk flask, and these crystals gave a PXRD pattern in good
agreement with that of as-synthesized 1. These results demon-

Figure 6. PXRD patterns of as-synthesized 1, disassembled 1, re-self-assem-
bled 1, [Rh2(piv)4(thf )2], and tpy.
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strate that the disassembled material of 1 re-self-assembled to
again afford crystalline 1, as depicted in Scheme 1. It is worth
mentioning that this self-assemble/disassemble transformation
of 1 is repeatable. In general, it is very difficult for disassembled
MOFs and CPs to re-self-assemble, because they typically break
down into their constituent components, such as metal ions
and organic ligands, that is, because most transition-metal-
complex-based building blocks are unstable and decompose in
solvent. However, in the case of 1, reconstruction of the frame-
work is relatively easy, because the molecular structure
of the [Rh2(piv)4] moiety is very rigid and stable in the same
solvents.

Scheme 1. Structural transformation of 1.

Mechanochemical Synthesis of 1

Finally, we successfully synthesized 1 mechanochemically by
water-assisted grinding using a typical mortar and pestle. Fine
powders of [Rh2(piv)4] and tpy in a molar ratio of 1:1 were
ground for 4 h, with water (0.10 mL) added to the reaction
system every 15 min. [Rh2(piv)4] and tpy are insoluble in water.
PXRD patterns and macro-images of the ground materials are
shown in Figure 7 for different grinding times. We can easily

Figure 7. PXRD patterns and macro-images of the ground materials of
[Rh2(piv)4] and tpy at different grinding times. The simulated pattern of 1 is
shown for comparison (top).
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confirm that the color of the powders changed from green to
purple during grinding. In addition, the PXRD patterns gradu-
ally changed to the unique XRD pattern of 1 with increasing
grinding time, and the PXRD pattern of the ground sample at
4 h is highly consistent with that of 1 synthesized under solvo-
thermal conditions. As depicted in Figure S4 in the Supporting
Information, scanning electron microscopy (SEM) revealed that
the particle size of the ground powders gradually decreased.
Note that addition of water to the reaction system is essential
to form the crystalline phase of 1; mechanochemical grinding
of [Rh2(piv)4] and tpy without the addition of water afforded
only an amorphous material with no intense XRD peaks. Thus,
even in the mechanochemical synthesis of 1, water is necessary
as an assistant material for polymerization to give 1.

Conclusions

In this study the extended 1D chain-type coordination polymer
[Rh2(piv)4(tpy)]n (1) was obtained by the solvothermal reaction
of [Rh2(piv)4] and tpy in aqueous EtOH solution. The crystalline
powder of 1 was also obtained by a water-assisted mechano-
chemical synthesis route by using [Rh2(piv)4] and tpy. To the
best of our knowledge, this is the first successful example of a
mechanochemical synthesis of a paddlewheel-type dirhodium-
based CP. The addition of water to the reaction system was
essential for both synthetic methods to obtain the crystalline
product of 1, which indicates that water is required as an assist-
ant reagent for the polymerization of 1. We speculate that the
atypical non-anchor-shape of the dirhodium complex arises
from the strong electron-donating effect of the piv ligands, that
is, the Rh–O bonds are stronger in [Rh2(piv)4] than in
[Rh2(O2CCH3)4]. The repeatable self-assembly and disassembly
transformation of 1 was clearly demonstrated. Such absolute
transformation properties are very limited in not only CPs but
also organic polymers. At this stage, we assume that the dis-
assembly of 1 occurs, because [Rh2(piv)4] is very easily dissoci-
ated from the framework of 1 as a result of the relatively low
binding energy between the [Rh2(piv)4] and tpy units and be-
cause [Rh2(piv)4] dissolves in the same organic solvents in
which complex 1 decomposes. The functional applications of 1
are currently limited because of the close-packed nonporous
structure of 1. However, the unique structural transformation
properties and solvent durability of 1 are important for creating
paddlewheel-type dirhodium-based porous CPs ad MOFs. We
are now developing this study for the construction of porous
CPs and MOFs based on paddlewheel-type dirhodium units and
tpy-derived ligands with a view to creating soft porous materi-
als with various functional properties and structural stability.

Experimental Section

Materials and Instruments: All reagents and solvents used in this
study were purchased from commercial sources and used without
further purification. The PXRD measurements were performed with
a RIGAKU MiniFlex II (30 kV, 15 mA) diffractometer using Cu-Kα radi-
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ation at room temperature. TG/DTA analysis was carried out by us-
ing a RIGAKU Thermo Plus 2 series TG/DTA 8120 instrument. Ab-
sorption and UV/Vis diffuse reflectance spectra were recorded with
JASCO V-670 and JASCO V-570 spectrophotometers equipped with
an ISV-469 integration sphere, respectively. CHN elemental analysis
was conducted by using a Perkin-Elmer PE2400 series II CHNS/O
analyzer. The magnetic moment at 300 K was determined by Evans'
method using an MSB-MKI magnetic susceptibility balance (SSL,
Cambridge). The IR spectrum was recorded by using a JASCO FT-IR
660-plus spectrometer in KBr disk at room temperature. SEM images
were taken by using a HITACHI TM3030Plus Miniscope.

Solvothermal Synthesis of 1: A mixture of [Rh2(piv)4] (366.2 mg,
0.60 mol) and tpy (140.0 mg, 0.60 mmol) was dissolved in ethanol/
water (10.5:1.5 mL) and transferred to a 50 mL Schlenk flask. The
mixture was heated at reflux under N2 for 1 h. Once cooled to room
temperature, the deep-purple crystals formed at the bottom of the
flask were collected on a membrane filter, washed with ethanol,
and dried under vacuum at 343 K for 1 h. Yield: 72.8 % (368.6 mg,
0.437 mmol). C35H47N3O8Rh2 (843.58): calcd. C 49.83, H 5.62, N 4.98;
found C 49.85, H 5.66, N 5.02.

Mechanochemical Synthesis of 1: A mixture of [Rh2(piv)4]
(122.0 mg, 0.20 mmol) and tpy (46.7 mg, 0.20 mmol) was ground
with a typical mortar and pestle for 4 h with the addition of water
(0.1 mL) every 15 min. The deep-purple powder was collected and
dried under air at 343 K for 1 h. Yield: 92.0 % (154.1 mg).
C35H47N3O8Rh2 (843.58): calcd. C 49.83, H 5.62, N 4.98; found C
49.71, H 5.38, N 5.13.

Single-Crystal X-ray Diffraction Analysis: Single crystals of 1 suit-
able for X-ray diffraction analysis were obtained as described above.
A single crystal was attached to a Cryoloop by using paraffin oil
(HAMPTON RESEARCH). Diffraction data were collected at 100 K
with a RIGAKU Mercury 70 diffractometer equipped with an Mo
rotating-anode X-ray generator with monochromeated Mo-Kα radia-
tion. The diffraction data were processed by using the CrystalClear-
SM Expert 2.1 b45 software (RIGAKU). The structure was solved by
direct methods (SHELXS) and refined by using the full-matrix least-
squares technique on F2 with SHELXL in the CrystalStructure 4.2
software. Non-hydrogen atoms were refined with anisotropic dis-
placement parameters, and all hydrogen atoms were located at cal-
culated positions and refined by using a riding model. The residual
electron density in the void spaces of the final refined structure was
evaluated using the PLATON SQUEEZE program. Crystal data for 1:
C35H47N3O8Rh2, Mr = 843.58, T = 100 K, monoclinic, space group
C2/c (no. 15), a = 18.760(5), b = 11.982(3), c = 18.665(5) Å, � =
111.020(6)°, V = 3916.4(18) Å3, Dcalcd. = 1.431 g/cm3, Z = 4, R1(all) =
0.0456, R1(I > 2σ) = 0.0412, wR2(all) = 0.1068, wR2(I > 2σ) = 0.1016,
GOF = 1.065, total reflections: 3575. CCDC 1453319 (for 1) contains
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre.
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ABSTRACT: Dinuclear ruthenium complexes in a mixed-
valence state of RuIII−RuIV, having a doubly oxido-bridged
and ace t a to - o r n i t r a to - c apped f r amework ,
[{RuIII ,IV(ebpma)}2(μ-O)2(μ-L)](PF6)2 [ebpma =
ethylbis(2-pyridylmethyl)amine; L = CH3COO

− (1),
NO3

− (2)], were synthesized. In aqueous solutions, the
diruthenium complex 1 showed multiple redox processes
accompanied by proton transfers depending on the pH.
The protonated complex of 1, which is described as 1H+,
was obtained.

Conversion of small molecules into more useful and higher-
energy chemicals using ametal complex catalyst undermild

conditions has been paid much attention from the viewpoint of
environmental concerns.1,2 Multinuclear frameworks of metal
complexes that function as multielectron transferring sites and
have appropriate electronic structures for the nature of targeting
substrates are useful for material conversion systems. Singly and
doubly oxido-bridged dinuclear complexes have been well
studied as homogeneous catalysts for water oxidation3 and as
biomimetic soluble methane monoxigenase,4 respectively.
Several dinuclear complexes having a doubly oxido-bridged
core, M2(μ-O)2, e.g., Mn−Mn,5 Fe−Mn,6 Fe−Fe,7 and Co−Co,8
have been synthesized and characterized in relation to oxidation
reactions catalyzed by metal complexes. Diruthenium complexes
having a doubly oxido- or hydroxido-bridged core, Ru2(μ-O)2 or
Ru2(μ-OH)2,

9,10 and triply bridged diruthenium complexes, in
which a bidentate ligand is capped between metal centers with
the doubly oxido- or hydroxido-bridged core, have been
reported.11,12 In our previous work on dinuclear frameworks
using a tridentate ancillary ligand, ethylbis(2-pyridylmethyl)-
amine (ebpma), triply chlorido- and/or methoxido-bridged
diruthenium complexes of RuII−RuIII, [{Ru(ebpma)}2(μ-
Cl)n(μ-OMe)3−n]

2+ (n = 1, 3),13,14 and singly oxido-bridged
complexes of RuIII−RuIV, [{RuX2(ebpma)}2(μ-O)]

+ (X = Cl,
Br),14 have been synthesized. Their structures and reactivities, as
well as their competency for functioning as molecular conversion
reaction sites, have been of interest. In this work, diruthenium
complexes of RuIII−RuIV having the doubly oxido-bridged core
with capping of acetato or nitrato, [{RuIII,IV(ebpma)}2(μ-O)2(μ-
L)](PF6)2 [L = CH3COO− (1), NO3

− (2)], have been

synthesized. The structure of the doubly oxido-bridged and
nitrato-capped framework is determined by X-ray crystallog-
raphy. The electronic structures, electrochemical and spectro-
scopic properties, reactions with Brønsted acids, and electro-
chemical behaviors in aqueous solutions were studied.
Reactions of the singly oxido-bridged halogeno diruthenium

complex, [{RuIII,IVCl2(ebpma)}2(μ-O)]PF6, with four equimolar
amounts of AgL (L = CH3COO, NO3) in water−acetone under
air afforded a triply bridged diruthenium complex having a
doubly oxido-bridged and acetato- or nitrato-capped framework,
1 and 2, by the addition of NH4PF6 as the precipitant. The
structure of 2 was determined by X-ray structural analysis, as
shown in Figure 1 (Figure S1 and Table S1). For 1, a preliminary

structure similar to that of 2 was obtained because of the size and
quality of the single crystals. The structural parameters of the
Ru2(μ-O)2 core [Ru−O, 1.929(3)−1.933(3) Å; Ru−O−Ru,
78.15(10) and 78.10(10)°; O−Ru−O, 101.65(11) and
101.76(11)°] were similar to those of the reported diruthenium
complex of RuIII−RuIV having a doubly oxido-bridged and

Received: April 11, 2016
Published: June 24, 2016

Figure 1. Thermal ellipsoid plots of the crystal structure of 2 shown at
the 50% probability level. For clarity, H atoms and two PF6

−

counteranions are omitted.

Communication

pubs.acs.org/IC

© 2016 American Chemical Society 6830 DOI: 10.1021/acs.inorgchem.6b00890
Inorg. Chem. 2016, 55, 6830−6832

─ 378 ─



carbonato-capped framework, [{Ru(dtne)}(μ-O)2(μ-
O2CO)]PF6 [dtne = 1,2-bis(1,4,7-triazacyclononan-1-yl)-
ethane].11 Comparison of structural parameters between 2 and
reported triply bridged complexes of RuIII−RuIII having the
Ru2(μ-OH)2 core, [{Ru-(tacn)}(μ-OH)2(μ-O2CCH3)]I3 (tacn
= 1,4,7-triazacyclononane)12d and [{Ru(tacn)}(μ-OH)2(μ-
O2CO)]Br2,

11 revealed longer Ru−O lengths and similar Ru−
O−Ru and O−Ru−O angles. The present diruthenium complex
had a shorter Ru−Ru distance [2.4334(4) Å] compared to that of
the diruthenium complexes described above, suggesting
interaction between two Ru centers. The capping nitrate anion
coordinated without much distortion (O−N−O, 118.56, 120.71,
and 120.72°) to form the triply bridged framework.
The values of the effective magnetic moment μeff at 295 K were

2.19 μB for 1 and 2.17 μB for 2, accounting for one unpaired
electron (Table S3). Electron spin resonance (ESR) spectra were
measured at 77 K in frozen acetone−toluene solutions (Figure
S2). Clear ESR signals were obtained with g values of 2.22, 2.10,
and 2.00 for 1 and 2.17, 2.11, and 2.00 for 2. From these
measurements, one unpaired electron was confirmed and the
electronic structure was identified to be RuIII−RuIV with
antiferromagnetic electronic coupling. Density functional
theoretical (DFT) calculations for 2 were performed using the
Gaussian 09 program with unrestricted B3LYP/LANL2DZ/cc-
pVDZ (Table S4). The result suggested that the electron density
of the highest occupied frontier molecular orbital (161aα; see
Figure S3) of 2 was contributed by the diruthenium core, Ru2(μ-
O)2.
Cyclic voltammetry (CV) curves of 1 and 2 in acetonitrile

show one reversible oxidation process and stepwise reversible
and irreversible reduction ones (Figure 2). Analysis of the

hydrodynamic voltammetry (Figures S4−S7) and controlled
potential electrolysis (CPE) experiments for reversible oxidation
and reduction waves (Figures S8−S11) indicated that these
processes were assigned to one-electron redox couples, RuIII−
RuIV/RuIII−RuIII and RuIV−RuIV/RuIII−RuIV, respectively. Thus,
the formal oxidation state of both complexes is concluded to be
RuIII−RuIV. The large difference of the redox potentials between
two reversible waves reveals a stable mixed-valence state (KC =
2.7 × 1022 for 1 and 3.7 × 1024 for 2; Table S5), classified into
class III according to Robin and Day classification.15 The RuIII−
RuIII species in CH3CN changed and ligand-substitution
reactions occurred (Figure S9), and the RuIV−RuIV state was
stable during the oxidative CPE experiment (Figure S11).

In UV−vis and NIR spectroscopy in CH3CN (Figure S14),
two intense absorption bands and one broad weak band were
observed. Spectroelectrochemical measurements of 1 and 2 were
performed in CH3CN using an optically transparent thin-layer
electrode cell. The RuIII−RuIII complexes that were formed by
one-electron reduction of 1 and 2 were unstable and gradually
changed during reductive CPE. In oxidative CPE, similar spectral
changes of both complexes with isosbestic points were observed,
indicating that the oxidized forms of the RuIV−RuIV state were
stable during these experiments (Figures S15 and S16). Weak
broad bands at 677 nm for 1 and 586 nm for 2 were newly
observed with a decreasing weak broad band at 762 nm for 2. The
broad band around 700 nmwas observed for a similar RuIV−RuIV
complex having the Ru2(μ-O)2 core.

11 Thus, the bands of 1 and 2
at 339 and 318 nm were assigned to metal-to-ligand charge
transfer, those at 977 and 762 nm represented a transition from
the highest occupied frontier orbital to the lowest unoccupied
molecular orbital, which were both mainly contributed by the
Ru2(μ-O)2 core.

5

CV curves of 1 in 2:1 (v/v) water−acetonitrile mixed
solutions, as shown in Figure S12, revealed three or four
distinctive redox waves in all pH regions. These waves were
attributed to stepwise one- or two-electron redox processes of
the metal centers. The redox potentials depend on the pH of the
solutions, explained by the contribution of proton transfer(s)
with reduction and oxidation processes. Profiles of CV reversibly
changed in the pH region between 1.5 and 12.5, indicating that
the complex was stable without decomposition. For complex 2,
electrochemical measurements in aqueous solutions could not be
identified in detail because of the reactivity of 2. A Pourbaix
diagram, a plot of the redox potential versus pH, is described in
Figure 3.16 The expected oxidation states of the Ru centers and

chemical states of the bridging moieties were described in the
diagram [1 is shown as RuIII−RuIV and (O,O)]. The pH-
independent regions reveal only a change of the oxidation states,
and the slopes of the linear relationship in the pH-dependent
regions indicate the number of protons and electrons in the
redox processes. The diagram indicates that nine species having a
(μ-O)2, (μ-O)(μ-OH), (μ-OH)2, (μ-OH)(μ-OH2), or (μ-
OH2)2 bridging core are expected to exist in the pH regions of
the diagram with oxidation states of RuIV−RuIV, RuIII−RuIV,
RuIII−RuIII, RuII−RuIII, and RuII−RuII. Notably, in a pH lower
than 1.5, a protonated complex of 1, [{RuIII,IV(ebpma)}2(μ-
O)(μ-OH)(μ-O2CCH3)]

3+ (1H+), exists and can be isolated.

Figure 2. CV curves of 1 (upper) and 2 (bottom) in acetonitrile
containing tetraethylammonium perchlorate at 25 °C.

Figure 3. Pourbaix diagram of 1.

Inorganic Chemistry Communication

DOI: 10.1021/acs.inorgchem.6b00890
Inorg. Chem. 2016, 55, 6830−6832

6831

─ 379 ─



Reactions of 1 with Brønsted acids HX (X− = Cl−, ClO4
−,

CF3SO3
−, or 1/2SO4

2−) in water−acetone under air were
investigated. The protonated species 1H+ was isolated from a
3:7 (v/v) water−acetone solution containing Brønsted acid and
identified as the RuIII−RuIV state by the magnetic susceptibility
measurement at room temperature (μeff = 1.92 μB; Table S3). In
the CV measurements in CH3CN, the protonated complex 1H+
showed three waves at a more positive region than those of 1
(Figure S13a). By the addition of Bu4NOH to the solution of
1H+, a similar CV profile of 1 was obtained, and the further
addition of CF3SO3H reversibly afforded the original CV (Figure
S13). These CV changes agreed with the results of electro-
chemical measurements in a water−acetonitrile solution. In
reactions of 2 with Brønsted acids, decomposition of the nitrato-
capped framework occurred to give a nitrosylruthenium
complex. Studies of the details of the products and differences
of the reactivities between 1 and 2 are in progress.
New dinuclear ruthenium complexes of RuIII−RuIV, composed

of a doubly oxido-bridged Ru2(μ-O)2 core and one capped anion,
[{RuIII,IV(ebpma)}2(μ-O)2(μ-L)]

2+ (L = CH3COO− and
NO3

−), were synthesized and fully characterized. Detailed
studies of the redox behaviors in aqueous solutions of 1 provided
stability of the expected forms at certain pH conditions. The
protonated complex 1H+ having the oxido- and hydroxido-
bridged and acetato-capped framework (μ-O)(μ-OH)(μ-
O2CCH3) in the state of RuIII−RuIV could be isolated under
acidic conditions. The properties of the diruthenium complexes
having a doubly oxido-bridged core are important in order to
understand the rules of multinuclear metal complexes and to
develop a multielectron and multicenter reaction site that
functions as a redox reaction mediator for material conversion
reactions. Further reactions of these diruthenium complexes and
syntheses of diruthenium complexes in alternative oxidation
states are in progress.
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A New Paddlewheel-Type Dirhodium-Based Metal-Organic
Framework with Deprotonated 2,6-Bis(2-benzimidazolyl)
pyridine
Natsumi Yano,[a] Yusuke Kataoka,*[a] Hidekazu Tanaka,[a] Tatsuya Kawamoto,[b] and
Makoto Handa*[a]

The reaction of [Rh2(OAc)4(H2O)2] (OAc=acetate) and 2,6-bis(2-
benzimidazolyl)pyridine (bzimpy2H) in EtOH affords two differ-
ent crystals, orange-red chips (1) and purple blocks (2). Single
crystal X-ray diffraction analyses revealed that complex 1 forms
a porous two-dimensional framework constructed from [Rh2

(OAc)4] and [Rh(bzimpyH)(bzimpy)], whereas complex 2 forms a

bis-bzimpy2H-adducted discrete complex, [Rh2(OAc)4(bzim-
py2H)2]. Interestingly, the color of the crystalline powder of
complex 1 changes from orange-red to yellow-brown immedi-
ately upon removal of guest solvents from the pores of com-
plex, and dried complex 1 (yellow-brown state) can recover to
its orange-red state by soaking in EtOH at room temperature.

Introduction

Considerable attention has been focused on the synthesis and
characterization of paddlewheel-type dirhodium(II) tetracarbox-
ylate complexes, [Rh2(O2CR)4(L)2] (R=alkyl chain, aromatic ring,
etc., L=axially coordinated ligands),[1] and their related com-
plexes[2] over the past forty years because of their intriguing
electronic structures[3] and applications, such as catalysis,[4]

chemical sensing,[5] and antitumor agents.[6] In recent years, the
utilization of these complexes has expanded to “building
blocks” and “corner connectors” for supramolecular com-
plexes[7] and polymeric complexes, such as one-dimensional
(1D) coordination polymers (CPs)[8] and two- or three-dimen-
sional (2D or 3D) metal-organic frameworks (MOFs),[9] because
of the structural robustness conferred by the Rh�Rh single
bond. One successful strategy for the synthesis of dirhodium-
based polymeric complexes utilizes the two linear-coordinated
sites of the Rh�Rh bond axis. This strategy affords the various
series of 1D chain-type dirhodium-based CPs which are con-
nected by bidentate organic or organometallic ligands. For ex-
ample, the slow diffusion reactions of [Rh2(O2CR)4(L)2] with bi-
dentate linear N-donor organic ligands (N~N) such as pyrazine
and 4,4’-bipyridine afford crystalline 1D chain-type CPs, [Rh2(O2

CR)4(N~N)], some of which have interesting gas and vapor ad-
sorption properties at low temperature.[10]

As mentioned above, although several examples of 1D
chain-type CPs constructed from paddlewheel-type dirhodium
units and N~N ligands have already been reported and the
knowledge of their synthesis is well established, examples of
dirhodium-based polymeric complexes connected by V-shaped
tridentate N-donor organic ligands, such as terpyridine (tpy)
analogous ligands, are still extremely limited.[11] Although tpy
analogous ligands are geometrically flexible and potentially
suitable as polydentate organic linkers for the synthesis of 2D
or 3D MOFs, a previously reported dirhodium-based polymeric
complex connected by a tpy analogous linker is only a quasi-
1D CP[11]; 2D or 3D dirhodium-based MOFs connected by tpy
analogous linkers have never been reported. Therefore, our
group has focused on the utilization of tpy analogous ligands
as organic linkers for the dirhodium-based polymeric com-
plexes to create the functional porous MOFs. During the devel-
opment of this study, we incidentally discovered that the re-
action of dirhodium tetraacetate (Figure 1(a)) and an imidazole-

modified terpyridine analogous ligand, 2,6-bis(2-benzimida-
zolyl)pyridine (bzimpy2H; see Figure 1(b)), affords a 2D sheet
structure; the sheets are closely self-assembled, with 1D pores.
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Figure 1. Molecular structures of (a) [Rh2(OAc)4(H2O)2] and (b) bzimpy2H.

Full PapersDOI: 10.1002/slct.201600617

2571ChemistrySelect 2016, 1, 2571–2575 � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

─ 381 ─



In this study, we describe the synthesis and structural char-
acterization of a new paddlewheel-type dirhodium-based MOF
with coincidently formed otrahedral secondary building block
[Rh(bzimpyH)(bzimpy)], which rhodium ion is coordinated by
two deprotonated bzimpy2H, {[Rh2(OAc)4]3[Rh(bzimpyH)(bzim-
py)]2} (complex 1; OAc=acetate). Discrete bis-bzimpy2H ad-
ducted dirhodium tetraacetate complex, [Rh2(OAc)4(bzim-
py2H)2] (complex 2), which is a reasonable intermediate
complex in the synthetic process of complex 1, is also isolated
and structurally characterized. To the best of our knowledge,
complex 1 is the first example of a 2D dirhodium-based MOF
with an imidazole-modified tpy analogous ligand. Interestingly,
complex 1 shows repetitive color-changing behavior depend-
ing on the presence of a guest solvent in the pores of complex
1; this is also an unprecedented behavior for a dirodium-based
polymeric complex.

Results and Discussion

Syntheses of complexes 1and 2

A mixture of [Rh2(OAc)4(H2O)2] (0.10 mmol) and bzimpy2H
(0.10 mmol) in 4.0 mL EtOH was refluxed for 2 h under N2 at-
mosphere, and the resulting reaction solution was left at room
temperature for 6 days in the air. The small orange-red chip
(complex 1) and purple block (complex 2) crystals were slowly
grown from the brown-red solution and deposited on the bot-
tom of the reaction vessel. The grown crystals were collected
on a membrane filter and were washed with N,N-dime-
thylformamide (DMF) and tetrahydrofuran (THF) to remove
soluble complex 2 and unreacted [Rh2(OAc)4(H2O)2] and bzim-
py2H. The residual orange-red crystals of complex 1 were dried
under vacuum at 300 K for 3 h (Yield: 14.3% (9.9 mg)). We also
observed that the room temperature reaction of [Rh2(OAc)4(H2

O)2] and bzimpy2H in EtOH only gave complex 2 in high yield
(99.1%). This indicates that complex 2 is one of the inter-
mediates to synthesize complex 1. It was noticed that (i) pro-
longing the reaction (reflux) time did not increase the yield of
complex 1, giving the mixture of undesired rhodium colloid
particles with the desired complex 1 and that (ii) when the re-
acting solution was left less than 6 days, the yield of complex 1
decreased to 2.6-7.9 mg (3.8%-11.4%); meanwhile, the yield of
complex 1 did not increase when the reacting solution was left
more than 6 days. Electrospray ionization mass spectrometry
(ESI-MS) of the reaction solution exposed in the air shows the
presence of the mononuclear rhodium(III) complex [Rh(bzim-
pyH)(bzimpy)] (Found: 723.1 m/z, Calcd.(M+H+): 723.1 m/z).
This result indicated that the reaction solution oxidized by air-
oxygen affords [Rh(bzimpyH)(bzimpy)], which is slowly con-
nected to [Rh2(OAc)4] to form the complex 1. Although we at-
tempted other reaction methods with various organic solvents,
such as DMF and THF, the yield of complex 1 was not im-
proved. From these results, we concluded that the present syn-
thetic method of complex 1 is reasonable, although the yield is
relatively low.

Crystal structures of complexes 1and 2

Single-crystal X-ray diffraction analyses were carried out for the
as-synthesized crystals of complexes 1 and 2, and their crys-
tallographic data are summarized in Table S1. Complex 1 crys-
tallizes in the triclinic space group P-1. Figure 2(a) and (b) show

the asymmetric unit and expanded structure of complex 1, re-
spectively. As confirmed from Figure 2(a), the asymmetric unit
of complex 1 contains three crystallographically independent
halves of the [Rh2(OAc)4] units and one [Rh(bzimpyH)(bzimpy)]
unit, which have singly and doubly deprotonated bzimpy2H li-
gands, i. e., bzimpyH and bzimpy ligands, respectively. The
three deprotonated nitrogen atoms of the [Rh(bzimpyH)(bzim-
py)] unit are all coordinated to the axial positions of three dif-
ferent [Rh2(OAc)4] units. That is, the two-axial positions of the
[Rh2(OAc)4] units in complex 1 are occupied and utilized as a
part of the connection with the [Rh(bzimpyH)(bzimpy)] units.
Therefore, complex 1 forms an infinite polymeric structure. The
average Rh�Rh and N-Rh2 bond lengths in complex 1 are
2.412 � and 2.283 �, respectively, and are relatively long com-
pared with those reported for dirhodium tetracarboxylate com-
plexes with axial aromatic nitrogen donor ligands, such as [Rh2

(O2CCMe3)4(4,4’-bipyridine)] (Rh�Rh: 2.395 �, N-Rh2: 2.245 �).[10a]

These longer bond lengths are considered to be due to the

Figure 2. Crystal structures of complex 1; (a) asymmetric unit, (b) expand
structure, (c) two-dimensional structure, and (d) packing structure of com-
plex 1. In Figure 2 (a), the thermal ellipsoids are drawn at 20% probability
level. In Figure 2 d), H atoms are omitted for clarify and different 2D sheet
layers are classified.
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electron donating nature of the [Rh(bzimpyH)(bzimpy)] moiety.
The effects of the axial coordination on the equatorial Rh�O
bonds in [Rh2(OAc)4] moieties are negligibly small, with average
Rh�O bond lengths of 2.042 � for complex 1 and 2.042 � for
[Rh2(OAc)4(H2O)2]. Although the X-ray analytical data shows no
trace of a peak for the hydrogen atom belonging to a secon-
dary amine group, the nitrogen moiety is deduced to be the
secondary amine group when taking the C�N bond lengths
and the total balance of the electronic charge into account, like
the cases of the other reported metal complexes with bzimpyH
ligands.[12] The average C�N bond length in the deprotonated
imidazole moieties in the bzimpyH and bzimpy ligands is
1.369 �, similar to that of the protonated imidazole group in
the bzimpyH ligand (1.365 �), indicating that electrons in the
bzimpyH and bzimpy ligands are not localized in a specific part
of imidazole moiety.[12] That is, it is assumed that the N(10)
atom in the bzimpyH ligand is not deprotonated. As depicted
in Figure 2 (c), the expanded structure of complex 1 forms two-
dimensional (2D) sheets with ca. 19.4 3 11.9 �2 pores that are
constructed from six [Rh2(OAc)4] and six [Rh(bzimpyH)(bzimpy)]
units (see Figure 2(b)). These 2D sheets are non-inter-
penetrating and self-assemble with an A�A packing pattern
(see Figure 2(d)). The hydrogen atoms of the secondary amine
group in the bzimpyH ligands are located in the direction of
the pore wall of complex 1. Since the guest solvents in com-
plex 1 could not be structurally determined because of their
disorders, the final structure model of complex 1 was refined
without residual electron density of guest solvents using the
PLATON program (the final R1 and wR2 [I > 2s] values were 6.82
and 16.80%, respectively).[13] The estimated solvent-accessible
void volume and residual electron count per unit cell of com-
plex 1 by using the PLATON SQUEEZE program are 1480.0 �3

and 116.4 e�, respectively. From the total volume of complex 1
(3678.4 �3), the effective pore volume of complex 1 is esti-
mated to be 40.2%.

Complex 2 crystallizes in the monoclinic space group P21/c
with an asymmetric unit containing a half of the [Rh2(OAc)4]
unit and one bzimpy2H ligand. As depicted in Figure 3, the

overall structure of complex 2 is a typical discrete paddlewheel-
type dinuclear structure wherein two bzimpy2H ligands are co-

ordinated to the axial sites of the [Rh2(OAc)4] unit, having the
crystallographic inversion center in the midpoint of the Rh�Rh
bond. The Rh�Rh bond length (2.403 �) of complex 2 is slightly
shorter than that of complex 1, whereas the N-Rh2 bond length
(2.306 �) is slightly longer. This is because the electron-donat-
ing nature of [Rh(bzimpyH)(bzimpy)] in complex 1 is stronger
than that of bzimpy2H in complex 2, coming from the electron-
rich bzimpyH and bzimpy ligands. The C�N bond lengths in the
secondary amine groups of the bzimpy2H ligands in complex 2
are in the region from 1.358 � to 1.378 �, which is similar to
those of the secondary amine groups of the bzimpyH ligand in
complex 1.

Absorption spectral features of complexes 1and 2

As depicted in Figure 4(a), the color of the crystalline powder of
complex 1 immediately changed from orange-red to yellow-

brown when the crystal solvents or washing solvents, i. e., DMF
and THF, were removed from the complex 1. Interestingly, the
yellow-brown state of complex 1 is easily recovered to the or-
ange-red state by soaking in the EtOH at room temperature.
This interconversion between the yellow-brown and orange-
red states of complex 1 is repeatable. Figure 4(b) shows the
solid-state absorption spectra (transmission spectra with liquid
paraffin) of yellow-brown and orange-red states of complex 1.

Figure 3. Crystal structures of complex 2. Here, the thermal ellipsoids are
drawn at 30% probability level.ures of (a) [Rh2(OAc)4(H2O)2] and (b) bzim-
py2H.

Figure 4. (a) Pictures of orange-red and brown-yellow states of complex 1.
(b) Solid-state absorption spectra of orange-red and brown-yellow states of
complex 1.
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In the orange-red state of complex 1, absorption bands ob-
served at 430 and 380 nm are ascribed to the metal-to-ligand
charge transfer (MLCT) mixed with p(bzimpyH)!p*(bzimpyH)
and s(Rh2)!s*(Rh2) excitations, respectively. The shoulder
band, assigned as p*(Rh2)!s*(Rh2), is also observed in the re-
gion from 550 to 680 nm. On the contrary, in the yellow-brown
state of complex 1, although a lower absorption band (380 nm)
and broad shoulder band were clearly observed, the absorption
band around 430 nm is notably decreased compared with that
of orange-red state of complex 1. We speculated that this ab-
sorption spectral change between yellow-brown and orange-
red states of complex 1 originated from both (i) collapse of the
framework structure of complex 1 due to the removal of guest
solvents from the pores of complex 1 and (ii) break-down of
the hydrogen-bonding interaction between the secondary
amine group in the bzimpyH ligand (host) of complex 1 and
EtOH or H2O in the guest spaces. Similar hydrogen-bonding in-
teraction-induced color-changing behavior of an imidazole-
based Zn-MOF was recently reported in the literature.[14]

Characterizations of complexes 1and 2

The infrared spectra of dried complexes 1 and 2 show weak N�
H vibrations at 3186 and 3229 cm�1, respectively. The values of
the symmetric (nsym(COO

�)) and asymmetric stretching modes
(nasym(COO

�)) of the bridging carboxylates and their separation,
i. e., Dn(COO�)=nasym(COO

�) – nsym(COO
�), of complex 1 are

1434, 1588, and 154 cm�1, respectively. These values are similar
not only to those of complex 2 (nsym(COO

�)=1438 cm�1, nasym
(COO�)=1591 cm�1, and Dn(COO�)=153 cm�1) but also those
of [Rh2(OAc)4(H2O)2] (nsym(COO

�)=1437 cm�1, nasym(COO
�)=

1587 cm�1, and Dn(COO�)=150 cm�1).
Finally, to clarify the porosity and framework stability of

dried complex 1, N2 gas adsorption at 77 K and X-ray diffraction
(XRD) analyses were performed. Figure S1 in the ESI shows the
N2 adsorption isotherms of complex 1. The obtained isotherm,
which has no significant micropore-filling at very low relative
pressure (P/P0) and slight surface adsorption in the region of
0.03 < P/P0 < 0.3, is classified as IUPAC type II, which is com-
monly observed as physical adsorption by non-porous materi-
als. The calculated BET surface area of dried complex 1 is only
37.9 m2/g. This result indicated that the structural framework
and significant porosity of dried complex 1 are collapsed by re-
moving the crystalline solvents from the guest spaces of com-
plex 1. This is supported by X-ray diffraction analyses of dried
complex 1 (XRD analyses in this study were performed with
paraffin oil because the obtained amount of complex 1 is very
small; thus, only relatively low diffraction angles are measured
and discussed to avoid the intense broad diffraction of paraffin
oil); the observed XRD pattern of yellow-brown state of com-
plex 1 is considerably different from the simulated pattern of
the crystal structure of complex 1, whereas the XRD patterns of
two orange-red states, i. e., as-synthesized and recovered states,
of complex 1 are similar to the simulated pattern of the crystal
structure of complex 1 (see Figure 5).

Conclusions

In this study, a new 2D MOF {[Rh2(OAc)4]3[Rh(bzimpyH)(bzim-
py)]2} (complex 1) was synthesized by the reaction of [Rh2(OAc)4
(H2O)2] and bzimpy2H. ESI-MS revealed that although [Rh(bzim-
pyH)(bzimpy)] is generated in the reaction solution (EtOH) im-
mediately after the reaction by refluxing, the formation of the
structural framework of complex 1 proceeds slowly at room
temperature. Single crystal X-ray structure analyses revealed
that complex 1 and 2 form self-assembly 2D sheet structures
with 1D pores and discrete bis-bzimpy2H adducted dirhodium
complex, respectively. We also confirmed that complex 2 is
easily and rapidly formed by the room temperature reaction of
[Rh2(OAc)4] and bzimpy2H. The proposed mechanism of for-
mation of complex 1 is as shown in Figure 6.

In addition, the color of the crystalline powder of complex
1 changed from orange-red to yellow-brown immediately after
guest solvents were removed from the pores of complex 1.
XRD analyses revealed that this color-changing behavior of
complex 1 originates from both (i) the collapse of the frame-
work structure of complex 1 due to the removal of guest sol-
vents from the pores of complex 1 and (ii) the break-down of
the hydrogen-bonding interaction between the secondary
amine group in the bzimpyH ligand (host) of complex 1 and
EtOH or H2O in the guest spaces. Interestingly, the structural

Figure 5. Simulated and observed XRD patterns of complex 1; (a) simulated
pattern based on single-crystal structure, (b) as-synthesized state, (c) dried
state, and (d) recovered state of complex 1. (XRD analyses in this study were
performed with paraffin oil because the obtained amount of complex 1 is
very small; thus, only relatively low diffraction angles are measured and dis-
cussed to avoid the intense broad diffraction of paraffin oil.)
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changes between the orange-red and yellow-brown states of
complex 1 are repeatable. Although the color-changing behav-
iors, i. e., chromism behaviors, of discrete paddlewheel-type dir-
hodium complexes are well known, those of a dirhodium-
based polymeric structure have been never reported. There-
fore, this is the first example of a polymeric complex with pad-
dlewheel-type dirhodium-unit showing chromism behavior.

Supporting Information

Experimental details, crystallographic data of complexes 1 and
2, N2 adsorption isotherm of complex 1, and CIF files of com-
plexes 1 and 2 can be found in the Supporting Information
available online.
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a b s t r a c t

A new neutral diruthenium(III) complex coordinated with benzamidinato (bam) ligands, [Ru2(bam)4Cl2]�
H2O (1), was synthesized and characterized, and its electronic structure was closely investigated via mag-
netic susceptibility, absorption spectrum, cyclic voltammetry, and density functional theory (DFT) calcu-
lations. Single crystal X-ray diffraction analysis revealed that complex 1 has a typical paddlewheel-type
structure with a RuARu bond (bond length: 2.342(1) Å), in which the diruthenium (Ru2) core is coordi-
nated by four equatorially l-bridging bam ligands and two axial Cl� ions. The magnetic study and DFT
calculations proved that complex 1 has a triplet spin state (S = 1) and a unique electronic structure
(p4d2p*2r2). Absorption spectral feature and electrochemical property of complex 1 were also carefully
investigated both experimentally and theoretically in this study.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

In the past few decades, the paddlewheel-type diruthenium
(Ru2) complexes have become one of the most extensively investi-
gated families of dinuclear complexes with multiple metal–metal
bonding [1–10]. This type of Ru2 complexes generally show unique
electronic structures with degenerate molecular orbitals (MOs)
[11,12] and display unique redox [13,14], spectroscopic [15], mag-
netic [16,17], and catalytic characteristics [18,19]. Recently, the
paddlewheel-type Ru2 units have also been employed as robust
paramagnetic building blocks for the supramolecular complexes
[20,21], coordination polymers [22,23], and porous metal-organic
frameworks [24,25]. It is well known that the paddlewheel-type
Ru2 complexes typically take three different paramagnetic oxida-
tion states: Ru(II)–Ru(II), Ru(II)–Ru(III), and Ru(III)–Ru(III). How-
ever, the most reported species is the mixed-valent Ru(II)–Ru(III)
oxidation state with a spin state (S) of 3/2, because it is thermody-
namically preferred and highly stable in air when normally used
bidentate ligands such as carboxylate ions bridge the Ru metals.

The electronic structure and magnetic and redox properties of
Ru2 complexes with Ru(II)–Ru(III) oxidation state have been well
investigated so far and already reviewed in the literatures by few
groups [1,26–28]. In addition, study of Ru2 complexes with the
Ru(II)–Ru(II) oxidation state has also progressed well recently
because of their strong electron-donating properties, oxidation
reactivity, and interesting magnetic properties [29–31]. In contrast,
the electronic structure and chemical and physical properties of
Ru2 complexes with the Ru(III)–Ru(III) oxidation state [1,32–34],
which are still a rare species, are not yet sufficiently understood
and established.

Among the various types of bridging organic ligands already
utilized for the synthesis of paddlewheel-type Ru2 complexes,
amidinate is considered to be a suitable ligand because of the for-
mation of a robust Ru2 complex due to the strong Ru-N bond. How-
ever, the oxidation states and electronic structures of the Ru2

complex with amidinate ligands are not sufficiently clear yet; they
easily change depending on the Ph- and H-substituted positions in
the amidinate ligands, as depicted in Fig. 1. In concrete terms, it is
known that the Ru2 complex coordinated with N,N-diphenylfor-
mamidinate (dpf), [Ru2(dpf)4Cl], has the Ru(II)–Ru(III) oxidation
state with S = 3/2 [35], while the Ru2 complex coordinated with
N,N-dimethylbenzamidinate (dmba), [Ru2(dmba)4Cl2], has the Ru

http://dx.doi.org/10.1016/j.poly.2017.03.005
0277-5387/� 2017 Elsevier Ltd. All rights reserved.
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(III)–Ru(III) oxidation state with S = 1 [36]. For a deeper under-
standing of the relationship between the substitution position in
amidinate ligands and the oxidation state (electronic structure)
of the Ru2 complexes with amidinate ligands, the study of the elec-
tronic structure and oxidation state of the Ru2 complex coordi-
nated with benzamidinate (bam) is indispensable.

Herein, we describe the detailed synthesis and characterization
of the paddlewheel-type Ru2 complex with bam ligands,
[Ru2(bam)4Cl2]�H2O (1). To determine the oxidation state and
electronic structure of complex 1, variable-temperature magnetic
susceptibility measurement study and density functional theory
(DFT) calculations were performed. In addition, the redox and
spectroscopic properties of complex 1 were carefully investigated,
both experimentally and theoretically, in this study.

2. Experimental

2.1. Materials and instruments

All the chemicals and reagents were purchased from
commercial sources and used without further purification.
[Ru2(O2CCH3)4Cl] was prepared according to a previously reported
method with slight modifications [2]. Elemental analyses for car-
bon, hydrogen, and nitrogen were conducted using a Yanaco CHN
CORDER MT-6 installed at Shimane University, Japan. The fourier
transform infrared (FT-IR) spectrum was measured using a JASCO
FT-IR 660-plus spectrometer in KBr disks at room temperature.
Electrospray ionization mass spectrometry (ESI-MS) was con-
ducted using a Bruker micro-TOF analyzer. Variable-temperature
magnetic susceptibility measurement was carried out using a
superconducting quantum interference device (SQUID) MPMS XL-
5 from Quantum Design installed at Okayama University of
Science, Japan. UV–Vis absorption spectrum was measured in
CHCl3 using a JASCO V-670 spectrometer. Cyclic voltammetry
(CV) was measured in dried CHCl3 containing tetra-n-butylammo-
nium hexafluorophosphate (TBAPF6) as an electrolyte using BAS
ALS-DY 2325 Electrochemical Analyzer. A glassy carbon disk
(1.5 mm radius), Pt wire, and saturated calomel electrode (SCE)
were used as the working, counter, and reference electrodes,
respectively.

2.2. Synthesis of [Ru2(bam)4Cl2]�H2O (1)

A 20.0 mL aqueous solution of [Ru2(O2CCH3)4Cl] (0.50 mmol,
236.7 mg) was mixed with a 30.0 mL aqueous solution containing

benzamidine hydrochloride (Hbam�HCl: 25.0 mmol, 200.6 mg) and
NaOH (5.0 mmol, 3915.2 mg) at room temperature, and the result-
ing solution was refluxed at 373 K under N2 atmosphere for 2 days.
The precipitated green crude solid was collected by filtration and
dried under vacuum at 343 K. The dried crude powder was then
purified by column chromatography on silica gel (Wako gel, Wako
Pure Chemical Industries Ltd.) with CH3Cl-CH3OH (19:1) as an elu-
ent. The reddish-brown band was collected and evaporated to dry-
ness. The resulting residue was collected on a membrane filter,
washed with diethylether, and dried at 343 K for 6 h to give a black
powder of complex 1. The obtained yield was 83.4 mg (21.7%).
Anal. Calc. for Ru2H30C28N8Cl2O: C, 43.81; H, 3.94; N, 14.60. Found:
C, 43.80; H, 3.93; N, 14.46%. IR (KBr pellet, cm�1): 3447 (m), 3365
(s), 3278 (m), 2925 (vw), 1636 (vw), 1513 (vs), 1470 (vs), 1290 (w),
1259 (m), 1029 (vw), 785 (vw), 699 (s), 676 (s), 530 (m). ESI-MS:
Calcd. for [M�Cl]+ 715.0207 m/z; found 715.0212 m/z.

2.3. Single crystal X-ray diffraction analyses

X-ray diffraction date of complex 1 was collected at 150 K on a
RIGAKU Saturn 724 CCD system equipped with Mo rotating-anode
X-ray generator with Monochromated Mo Ka radiation
(k = 0.71075 Å) installed in Kanagawa university and were pro-
cessed with using CrystalClear program (RIGAKU). The structure
of complex 1was solvated by direct method (SIR-2004) and refined
using the full-matrix least-squares technique F2 with SHELXL2014
equipped in the CrystalStructure 4.2.1 software (RIGAKU). Non-
hydrogen atoms were refined with anisotropic displacement and
almost all of hydrogen atoms were located at the calculated posi-
tions and refined as riding models. The residual electron density
in the void spaces of final refined structure of complex 1 was eval-
uated using PALTON SQUEEZE program. Crystal data as well as the
details of data collection and refinement for complex 1 is summa-
rized in Table 1 and is obtained as CIF file from Cambridge Crystal-
lographic Data Center (CCDC). Deposition numbers of complex 1 is
CCDC-1523719.

2.4. Details of DFT calculations

All the DFT calculations were performed using the GAUSSIAN 09
C.01 program package [37]. The hybrid DFT functional method,
B3LYP, with the Los Alamos effective core potential (ECP) basis
set, LANL2DZ, for Ru atoms and the double zeta polarized basis
set, 6-31G⁄, for the other atoms. In this study, we used the
unrestricted broken-symmetry approach for determining the

Fig. 1. Schematic representation for (a) simplified molecular geometry of diruthe-
nium complex, [Ru2(N^N)4L2], where N^N and L are bridging amidinate and axial
halogen ions, respectively and (b) simplified molecular geometries and their
thermodynamically preferred spin state (S) of [Ru2(dpf)4Cl], [Ru2(dmba)4Cl2], and
[Ru2(bam)4Cl2] (complex 1).

Table 1
Crystallographic data for complex 1.

Crystal size (mm3) 0.05 � 0.05 � 0.02
Chemical formula C28H28Cl2N8Ru2

T (K) 150
Formula weight (g/mol) 749.63
Crystal system triclinic
Space group P�1
a (Å) 8.476(3)
b (Å) 10.600(3)
c (Å) 10.735(4)
a (�) 74.805(13)
b (�) 81.287(15)
c (�) 70.549(15)
V (Å3) 875.4(5)
Z 1
Dcalc(g cm�3) 1.422
F(000) 374
Final R1 indices [I > 2r(I)] R1 = 0.0232, wR2 = 0.0616
R indices (all data) R1 = 0.0266, wR2 = 0.0631
Goodness of fit (GOF) on F2 1.115
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open-shell electronic structure of complex 1. The solvent effect of
CHCl3 was considered by the polarizable continuum model. Full
geometry optimization without symmetry constrains was per-
formed in CHCl3, and the resulting geometry was confirmed to be
a potential energy minimum by vibrational frequency analysis
(no imaginary frequencies were observed). The spin-allowed exci-
tations were calculated by the time-dependent DFT (TDDFT)
method.

3. Results and discussion

3.1. Synthesis and characterization of complex 1

Complex 1 was prepared by the general ligand-exchange reac-
tion between [Ru2(O2CCH3)4Cl] and 50 times excess of Hbam�HCl
in NaOH aqueous solution. Here, the pH of the reaction solution
was increased from 5.86 to 11.10 by adding NaOH. Thus, in this
reaction, NaOH served as a reagent for both increasing the pH
and deprotonating Hbam. By purifying the reaction crude products
via silica-gel column chromatography, the pure form of complex 1
was obtained as a black powder with 21.7% yield. It was noticed
that (i) the reaction of [Ru2(O2CCH3)4Cl] and Hbam�HCl in an aque-
ous solution without NaOH did not occur because of the low reac-
tivity of Hbam, and (ii) although we altered the reaction conditions
for the synthesis by prolonging the reflux time and increasing the
concentration of NaOH, the final yields of complex 1 did not
increase. Therefore, we concluded that the present synthetic
method should be a reasonable scheme for the synthesis of com-
plex 1.

The obtained powder of complex 1 was characterized by ESI-
MS, elemental analysis, and infrared spectroscopy. In the ESI-MS
with positive ion mode, an intense signal was detected at
715.0212 m/z, which was consistent with the theoretical value of
[Ru2(bam)4Cl]+ ([M�Cl]+: 715.0217 m/z). As shown in Fig. S1 in
electronic supplementary data (SD), the signals observed around
715.0212 m/z, i.e., the isotropic signals of [Ru2(bam)4Cl]+, agreed
well with those of the simulated signal pattern of [Ru2(bam)4Cl]+.
The purity of complex 1 was assessed by elemental analysis; the
observed CHN ratios of complex 1 were in good agreement with
the calculated values of [Ru2(bam)4Cl2]�H2O. The FT-IR spectral
data for complex 1 clearly indicated the presence of the bridging
C@N moieties with m(C@N) vibrations at 1636, 1513, and
1470 cm�1 (see Fig. S2 in SD). In addition, the NAH vibration fre-
quency of the bam ligands appeared sharply at 3365 cm�1.

3.2. Crystal structure of complex 1

Single crystal X-ray diffraction analysis was carried out for a
single crystal of complex 1, which was obtained by recrystalliza-
tion from a MeOH/H2O/CHCl3 mixed solution. The crystallographic
data of complex 1 are summarized in Table 1, the selected struc-
tural parameters of complex 1 are listed in Table S1 in SI, and
the ORTEP structure (30% ellipsoid) and the packing structures of
complex 1 are depicted in Fig. 2. Complex 1 crystallized in the tri-
clinic space group P�1, the asymmetric unit comprising one-half of
the molecule, i.e., one Ru ion, one Cl ion, and two bam ligands.
Hence, the inversion center is located at the middle of the RuARu
bond. As confirmed from Fig. 2(a), complex 1 formed a typical pad-
dlewheel-type structure with a RuARu bond (2.342(1) Å) in which
the Ru2 core was coordinated by four equatorially l-bridging bam
ligands and two axial Cl� ions. The RuACl and averaged RuAN
bond lengths were 2.527(1) and 2.021 [2] Å, respectively. The
bonding parameters of the primary coordination sphere of
complex 1 were approximately equal to those reported for the
[Ru2(L)4Cl2]-type diruthenium(III) complexes (RuARu: ca. 2.32 Å,

RuACl: ca. 2.56 Å, and RuAN: 2.04 Å) [35], while the RuARu-Cl
bond angle of complex 1 (172.80(2)�) was slightly bent compared
with that reported for the diruthenium(III) complex (180.0�). This
difference indicated that the electronic structure of complex 1 is
somewhat different from those of the previously reported diruthe-
nium(III) complexes with amidinate ligands, while the spin state
(S = 1) is identical.

Fig. 2. Crystal structure of complex 1; (a) ortep diagram of complex 1 (thermal
ellipsoids were drawn at 30% probability level.), (b) expanded supramolecular
structure of complex 1, and (c) self-assembly packing structure of complex 1 (Here,
yellow balls indicate the one-dimensional channels for solvent-guest inclusion.)
(Color online.)
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As shown in Fig. 2(b), four phenyl groups of complex 1 in the
crystal packing form intermolecular p–p interactions with the phe-
nyl groups of the four surrounding complex 1 molecules; the dis-
tance (4.009 Å) between the mean planes of the Ph rings is short
enough to be considered as a result of the p–p stacking. This
affords self-assembling supramolecular structures with one-
dimensional channels for solvent inclusion (see Fig. 2(c)). Unfortu-
nately, the presence of the solvent molecules �MeOH, H2O and
CHCl3� in the packing space (the above-mentioned one-dimen-
sional channels) of complex 1, could not be structurally deter-
mined because of high disorders of the solvent molecules. Thus,
the final structure model of complex 1 was refined without resid-
ual electron density of their solvents using the PALTON program [38].
The final R1 and wR2 [I > 2r(1)] values were 2.32% and 6.16%,
respectively. The solvent volume and residual electron count of
complex 1 estimated by the PALTON SQUEEZE program were 212.7 Å3

and 27.8 e-, respectively (this crystal system had Z = 1 and
V = 875.4 Å3), indicating that the guest solvent molecules in the
packing space of complex 1 are deduced as one MeOH and one
H2O molecules.

3.3. Magnetic susceptibility of complex 1

To determine the oxidation state of complex 1, the magnetic
susceptibility of as-synthesized black powder of complex 1 was
measured at temperatures ranging from 2 to 300 K. Fig. 3 shows
the variable-temperature molar magnetic susceptibility (vm) and
the effective magnetic moments (leff) of complex 1. The leff value
(2.89 lB) for complex 1 at room temperature is comparable with
the spin-only value of 2.83 lB, expected for a system of S = 1 sys-
tem and with the reported values of the Ru2 complexes with Ru
(III)–Ru(III) oxidation state. In addition, the leff value of complex
1 gradually decreases with decreasing temperature owing to a
large zero-field splitting (ZFS) of the Ru2 core. The magnetic
parameters, i.e., D (ZFS) and g (g factor), of complex 1 were esti-
mated by fitting the obtained magnetic data to Eq. (1).

vm ¼ ð1� qÞ 2Nb2g2

3kT
fe�D=kT þ ð2kTD Þð1� e�D=kTÞg

ð1þ 2e�D=kTÞ

" #

þ q
5Ng2

impb
2

4kT

 !
ð1Þ

where, k is the Boltzmann constant, N is the Avogadro’s number,
and b is the Bohr magneton. Eq. (1) includes the correction terms
for a small amount of paramagnetic impurity (q) with S = 3/2 [Ru2

(II, III)] species, gimp being assumed to be equal to g (=2.11 (see
below)) by convention. The data fitting results gave D = 213 cm�1

and g = 2.11 (q = 0.0056), which were consistent with those of the
earlier works on the Ru2 complex with Ru(III)–Ru(III) oxidation
state (D = 227–261 cm�1) [35,39]. The obtained magnetic results
support that complex 1 has a Ru(III)–Ru(III) oxidation state with
S = 1.

3.4. Molecular orbitals and spin density distribution of complex 1

To investigate the electronic structure and spin density distri-
bution of complex 1, the DFT calculations were performed. Initially,
we carried out the geometry optimization for complex 1 in CHCl3;
the optimized geometry of complex 1 was well reproduced in the
X-ray structure of complex 1, as shown in Table S1. Fig. 4 shows
the electronic structure with the selected molecular orbitals
(MOs) of complex 1.

Remarkably, the electronic structure of complex 1 is somewhat
unique in comparison with those of the other diruthenium(III)
complexes (typically, r2p4d2p⁄2 configuration). The energy
ordering of the MOs between the Ru ions in complex 1 becomes
p4d2p⁄2r2, in which energy of the r-bonding orbital between the
Ru ions is located at the singly occupied MO(SOMO)-1. The energy
of the r-bonding orbital is significantly more destabilized than
that of the antibonding p⁄ orbitals between the Ru ions because
of the large orbital interactions with Cl ions. It is also remarkable
that energy of the p orbitals of N atoms in bam ligands appears
at highest SOMO. These unique characteristics of the electronic
structure of complex 1 were not observed in the previously
reported diruthenium(III) complex. In the occupied antibonding
orbitals between the Ru ions, two unpaired electrons of complex
1 occupy two individual p⁄ orbitals, similarly to those of the gen-
eral diruthenium(III) complexes. In the unoccupied MO space, the
lowest unoccupied MO of complex 1 is localized on the antibond-
ing p⁄ orbitals between the Ru ions.

The spin density distribution of complex 1 was estimated from
the spin density difference between a and b orbital densities. As
depicted in Fig. 5, the spin density of complex 1 is mainly localized

Fig. 3. Variable-temperature magnetic susceptibility ( ) and moment ( ) of
complex 1. Red and blue lines are drawn for the magnetic susceptibility and
moment, respectively, with the parameter values obtained by fitting to the Eq. (1) in
the text. Fig. 4. Molecular orbital diagram and selected MOs of complex 1.
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on the primary coordination sphere of the Ru2 core, and leakage of
the spin density from the Ru2 core to the Ph groups in bam ligands
is negligibly small. The spin density populations of complex 1
(total spin = 2) at Ru2 core, Cl ions, and bam ligands of complex 1
were 2.02, 0.13, and �0.15, respectively. Thus, the magnetism of
complex 1 mainly originates from the localized spin of the Ru2

core.

3.5. Electrochemical property of complex 1

The electrochemical redox behavior of complex 1 in dried CHCl3
was measured by the CV technique. As shown in Fig. 6, complex 1
exhibited only one reversible redox wave at E1/2 = �0.231 V versus
SCE, which is ascribed to a Ru2

6+/Ru2
5+ couple. This redox potential

was nearly consistent with the Ru2
6+/Ru2

5+ redox potential of
[Ru2(dmba)4Cl2] (�0.321 V versus Ag/AgCl), while it significantly
shifted to anodic and cathodic sides compared with those of
[Ru2(hpp)4Cl2] (hpp = 1,3,4,6,7,8-Hexahydro-2H-pyrimido[1,2-a]
pyrimidinate: E1/2 = �0.60 V versus SCE) [39,40] and [Ru2(dpf)4Cl]
(E1/2 = 0.54 V versus SCE) [35], respectively. This result indicated
that the donor ability of the bam ligand is much stronger than that
of [Ru2(dpf)4Cl], but relatively weaker than that of [Ru2(hpp)4Cl2].

The redox property of complex 1 was further investigated by
the DFT calculations. The one-electron reduced species of complex
1, i.e. complex [1]�, was calculated with different two spin states
S = 3/2 and 1/2, and their results afford that total energy of com-
plex [1]� with S = 3/2 is 5.0 kcal/mol more stable compared with
that with S = 1/2. That is, it is expected that complex [1]� possesses
a spin state of S = 3/2. Since the difference in orbital occupations
between the Ru ions in complexes 1 and [1]� (S = 3/2) is the occu-
pation of only p⁄ orbital, we were able to prove the observed redox
couple with a potential of �0.231 V versus SCE as the Ru2

6+/Ru2
5+

redox couple, though it is not a ligand-centered redox couple.

3.6. Absorption spectral features of complex 1

Finally, we measured the absorption spectrum of complex 1 in
CHCl3. As depicted in Fig. 7, the spectrum of complex 1 shows a
low-lying shoulder at 858 nm and two intense bands at 568 and
459 nm. Noteworthy, the absorption coefficients of their bands
are higher than those for typical d-d transition bands of Ru2 com-
plexes. These spectral features of complex 1were absolutely differ-
ent from those of the previously reported diruthenium(III) complex
with amidinato ligands (the absorption bands of [Ru2(dmba)4Cl2]
appeared at 726 and 438 nm). It seemed that this difference could
be owing to the different absorption characters of complex 1 and
the other diruthenium(III) complexes with amidinate ligands.
Thus, to determine the absorption characters of complex 1, inves-
tigation of the spectral features of complex 1 was carried out by
means of time-dependent DFT (TDDFT) calculation. Table S2 and
Fig. S3 in SD show the summary of the absorption characters and
simulated absorption spectrum of complex 1, respectively. In gen-
eral, although conventional TDDFT method cannot provide the rea-
sonable results (e.g. excitation energies and absorption intensities)
for the excitation of molecules with open-shell electronic structure
because of the spin-contamination error, the obtained calculation
result in this study was approximately able to interpret the
observed spectrum of complex 1. The experimentally observed
shoulder band at 858 nm is considered to comprise mainly two
excitation characters [p(N)? p⁄(Ru2) and p(N)? d⁄(Ru2)]. Thus,
shoulder band is assigned to be ligand-to-metal charge transfer
(LMCT) transition. The experimentally observed band at 568 nm,
which corresponds to the calculated excitation energies at 541,
516 and 507 nm, is identified as the LMCT [p(N)? d⁄(Ru2)] charac-
ter mixed with minor d–d [d(Ru2)? d⁄(Ru2)] transition. In the
wavelength region shorter than 460 nm, several intense excita-
tions are calculated, and their energies absolutely reproduced the
observed absorption band at 459 nm. Since these are mainly
excited from p(Ph) to p⁄(Ru2) and from p(Cl)/p(Ph) to d⁄(Ru2), this
band is also assigned as the LMCT transition. Although our
calculation results included d-d transition characters similarly to

Fig. 5. Spin density distribution of complex 1.

Fig. 6. Cyclic voltammogram of complex 1 recorded in 0.10 M CHCl3 solution of
Bu4NPF6 at a scan rate of 0.1 V/s. Here, open circuit potential was 0.169 V vs. SCE. Fig. 7. Absorption spectrum of complex 1 in CHCl3.
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[Ru2(dmba)4Cl2], their intensity is negligibly small. It seems that
these unique transition characters of complex 1, which has domi-
nant LMCT characters, are origin of the different absorption spec-
trum feature between complex 1 and other Ru2(III) complexes.

4. Conclusion

In this study, a new diruthenium(III) complex, [Ru2(bam)4Cl2]�
(H2O) (1), was synthesized by the reaction of diruthenium(II,III)
tetracetate chloride and benzamidine hydrochloric acid in a basic
aqueous solution and was fully characterized by infrared spec-
troscopy, ESI-MS, elemental analysis, and single crystal X-ray
diffraction analysis. Variable-temperature magnetic susceptibility
measurement revealed that of complex 1 has an open-shell elec-
tronic structure with S = 1, Ru(III)–Ru(III) oxidation state, and a
large ZFS value of D = 213 cm�1. The DFT calculations suggested
that the electronic structure of the Ru2 core in complex 1 is p4d2-
p⁄2r2. The absorption spectral features and redox property of com-
plex 1 were experimentally investigated and theoretically verified.
From these results, we found that complex 1 has a potential appli-
cation as the paramagnetic building block for supramolecular com-
plexes and porous metal-organic frameworks. Further study on the
synthesis of this type of complexes is now in progress in our group.
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The three dinuclear silver(I) complexes of N-heterocyclic carbene (NHC) ligands, [Ag2(L-1a)](PF6)2·2CH3CN
(Ag-1a), [Ag2(L-2)2](PF6)2·H2O (Ag-2), and [Ag2(L-4)2](PF6)2·2CH3CN (Ag-4), were synthesized by reactions
of Ag2O with the corresponding PF6

− salt of the NHC precursors indicated as H4L-1(PF6)4, H2L-2(PF6)2, and
H2L-4(PF6)2. H4L-1(PF6)4, which is the precursor of ligand L-1, was formed as mixed crystals of two geometric
isomers, i.e., H4L-1a(PF6)4 (major) and H4L-1b(PF6)4 (minor), each of which was not isolated as single species.
Ag2O reacted with the mixed isomers of H4L-1(PF6)4 to give a single, pure crystalline silver(I) complex Ag-1a
with one isomer (L-1a) as themajor product. The molecular structures of the precursors and their silver(I) com-
plexes were determined by X-ray crystallography. A mononuclear NHC-silver(I) complex (Ag-3) was prepared
by the reaction of Ag2O with the precursor HL-3Cl. The silver(I) complexes and NHC precursors prepared here
were characterized by CHNelemental analysis, FTIR, Thermogravimetry/Differential thermal analysis, X-ray crys-
tallography and solution (1H and 13C) NMR spectroscopy. Organometallic silver(I) complexes Ag-1a, Ag-2, and
Ag-4were dinuclear C–Ag–C bonding complexes, whereas Ag-3was a mononuclear C–Ag–Cl bonding complex.
These complexes are highly soluble in organic solvents such as acetone, acetonitrile, and dimethyl sulfoxide, and
light-stable in the solid-state and in solution over one year. The antimicrobial activities of four silver(I) complexes
and their NHC precursors against selected bacteria, yeasts, and molds in water-suspension systems were evalu-
ated via the minimum inhibitory concentration; the activities were strongly dependent on the molecular struc-
tures of the dinuclear silver(I) complexes, which suggests a structure-activity relationship.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Silver(I) complexes are well-known to possess antimicrobial activi-
ties [1–4]. Also, as model compounds for silver(I)-peptide and
silver(I)-protein interactions, silver(I) complexes with amino acids
have been intensively studied [5–16]. Several crystal structures of
silver(I) complexes with amino-acids have been reported to date;
[Ag(α-ala)]n [5], {[Ag(β-ala)]NO3}2 [6,7], [Ag(gly)]n [8],
{[Ag(Hglygly)]NO3}2 [8], {[Ag(gly)]2·H2O}n [9], [Ag(D- or L-asn)]n [9],
[Ag2(D-asp)(L-asp)·1.5H2O]n [9], [Ag(L-Hhis)]n [10], [Ag2(D-Hhis)(L-
Hhis)]n [11], {[Ag(L-H3his)(NO3)2]2·H2O}n [12], {[Ag2(D-H3his)(L-
H3his)](NO3)4}n [12], {Na[Ag3(L-his)2]·nH2O}n (n = 1–5) [13],
[Ag2(D-met)(L-met)]n [14] and {{[Ag(L-Harg)]NO3}2·H2O}n [15]
(Hala = alanine, Hgly = glycine, Hglygly = glycylglycine, Hasn =
asparagine, H2asp=aspartic acid, H2his=histidine, Hmet=methionine
andHarg=arginine). The bondingmodes of the silver(I) centers in these
complexes have been classified into four types: Type I, which contains
only Ag–O bonds; type II, which feature alternatively repeating two-

coordinateO–Ag–OandN–Ag–Nbonding units; type III,which feature re-
peating two-coordinate N–Ag–O bonding units; and type IV, which con-
tains only Ag‐N bonds [9]. To date, we have suggested that ligand-
exchangeability plays a key role in thewide spectrumof antimicrobial ac-
tivities of Werner-type silver(I) complexes [16–18]. For example, com-
plexes featuring Ag–N and Ag–O bonding exhibit a wide spectrum of
effective antimicrobial activities against microorganisms, while the Ag–S
bonding complexes showed a narrow spectrum of activities and the Ag–
P bonding complexes are inactive [4,18].

On the other hand, with respect to organometallic Ag–C bonding
complexes, silver(I) complexes of N-heterocyclic carbenes (NHCs)
have been extensively investigated because of their successful applica-
tions in bioorganometallic chemistry and effectiveness as carbene-
transfer agents [19–27]. Biological studies of silver(I)–NHC complexes
are based on the knowledge that elemental silver and its salts have
long been known to protection of the eyes of newborns from infection;
they also feature antimicrobial properties, predominantly against
chronic ulcers, extensive burns, and wounds [28,29]. Youngs' group
has attributed the antimicrobial activities of several stable NHC-silver(I)
complexes to the slow release of Ag+ ions from such complexes [30–
35]. In contrast, the antimicrobial activities of the C–Ag–C and C–Ag–
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Cl bonding have been explained by the effects of substituents of the N-
atoms, i.e., the lipophilicity of the complexes [36–38]. In particular, it
should be noted that a structure-activity relationship of the anticancer
activities of NHC-silver(I) complexes was recently proposed [39–41].
Thus, in order to study the structure–activity relationship of the antimi-
crobial activities of NHC-silver(I) complexes, we selected several NHC
precursors (Scheme 1) for the preparation of light-stable and inert
Ag–C bonding complexes [39,42–45].

In thiswork,we prepared such inert Ag‐C bonding complexes, i.e.,Ag-
1a, Ag-2, Ag-3, and Ag-4 (Scheme 2). These silver(I) complexes and their
NHC precursors were characterized by CHN elemental analysis, FTIR,
Thermogravimetry/Differential thermal analysis (TG/DTA), and solution
(1H and 13C) NMR spectroscopy, X-ray crystallography, except for Ag-3
[43,44] and Ag-4 [45], the molecular structures of which have been re-
cently reported in the literature. Their antimicrobial activities in the
water-suspension system were estimated by minimum inhibitory con-
centration (MIC). Herein, we report the molecular and crystal structures
of the NHC precursors and the two novel silver(I) complexes, Ag-1a and
Ag-2, andpropose the structure-activity relationships in the antimicrobial
activities of the dinuclear NHC-silver (I) complexes.

2. Experimental

2.1. Materials

The following reagent-grade chemicalswere used as received: Ag2O,
imidazole, 1-methylimidazole, potassium hexafluorophosphate,

sodium hydroxide, 1,3-bis(2,6-diisopropylphenyl)imidazolium chlo-
ride (HL-3Cl), dimethyl sulfoxide (DMSO), EtOH, Et2O, CH2Cl2, MeOH,
CH3CN, THF, pentane, toluene and acetone (Wako); 2,2′-
bis(bromomethyl)-1,1′-biphenyl, α,α′-dibromo-o-xylene and
tetrakis(bromomethyl)benzene (Aldrich); CDCl3-d6 (99.8 D atom %,
Kanto Kagaku) and DMSO-d6 (99.9 D atom %, Isotec). The precursors
of NHC (L-1, L-2 and L-4) ligands, i.e., H4L-1(PF6)4 [42], H2L-2(PF6)2
[42] and H2L-4(PF6)2 [39,46] were prepared according to the litera-
tures, and characterized by CHN elemental analysis, TG/DTA, FTIR, X-
ray crystallography (Supporting information), and 1H and 13C NMR in
DMSO-d6.

2.2. Measurements

CHN elemental analyses were performed using a Perkin-Elmer
PE2400 series II CHNS/O analyzer. TG/DTA were performed under air
with a temperature ramp of 4 °C min−1 between 30 and 500 °C using
a Rigaku Thermo Plus 2 TG 8120 instrument. Infrared spectra were re-
corded on a JASCO FTIR 4100 spectrometer at room temperature using
KBr disks. 1H and 13C{1H} NMR spectra in solutionwere recorded at am-
bient temperature on a JEOL ECP500 NMR spectrometer. 1H and 13C{1H}
NMR spectra of the complexes were measured in DMSO-d6, CDCl3, or
CD3CN solutions with an internal tetramethylsilane reference.
Distorsionless Enhancement by Polarization Transfer (DEPT) measure-
ments were used for assignment of 13C{1H} NMR spectra of the precur-
sors of the ligands and their silver(I) complexes.

Scheme 1. NHC precursors H4L-1(PF6)4 as a mixture of geometrical isomers (H4L-1a(PF6)4 and H4L-1b(PF6)4), H2L-2(PF6)2, HL-3Cl, and H2L-4(PF6)2.
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2.2.1. Synthesis of the precursor H4L-1(PF6)4·0.5CH3CN of the ligand L-1
containing L-1a (major component) and L-1b (minor component)

Tetrakis(bromomethyl)benzene (0.450 g, 1 mmol) was added to a
solution of 1,2′-bis(N-imidazole-1-ylmethyl) benzene (0.476 g,
2 mmol) in 50 mL of CH3CN. The solution was stirred overnight at
room temperature. The resultant white powder was collected using a
membrane filter (JV 0.1 μm) and re-dissolved in 100 mL of water. A so-
lution of potassium hexafluorophosphate (0.736 g, 4 mmol) in 25mL of
water was then added. The resultant white powder was collected using
amembrane filter (JV 0.1 μm), washedwithwater (20mL× 2) and Et2O
(20 mL × 2), and dried thoroughly by suction (0.868 g, 73%). The com-
pound was crystallized by vapor diffusion of an internal solution of the
powder (0.53 g, 0.6 mmol) dissolved in 40mL of CH3CNwith Et2O as an
external solvent. After three days, colorless clear block crystals formed
were collected using a membrane filter (JV 0.1 μm), washed with Et2O
(20mL× 2), and dried in vacuo for 2 h. Yield: 0.256 g (48.0%). The crys-
tals obtained were soluble in acetone, acetonitrile and DMSO, but insol-
uble in water, MeOH, EtOH, CH2Cl2, CHCl3, Et2O and hexane. Anal. calc.
for C40H39·5N8.5F12P2 or H4L-1(PF6)4·0.5CH3CN: C, 38.80; H, 3.30; N,
9.86. Found: C, 38.92; H, 3.71; N, 10.11%. TG/DTA data: a weight loss
of 2.20% was observed at below 60.9 °C due to the desolvation of 0.5
CH3CNmolecules; calc. 1.82% for 0.5 CH3CNmolecules. An endothermic
peak was observed at 48 °C and decomposition began at around 256 °C
with exothermic peaks at 350, 496 °C and an endothermic peak at 496 °
C. Prominent IR bands in the 1800–400 cm−1 region (KBr disk): 1625w,
1557m, 1500 vw, 1471w, 1458w, 1419w, 1350 vw, 1319 vw, 1286 vw,
1228 vw, 1213 vw, 1147 m, 1021 vw, 840 vs, 760 w, 731 m, 560 s, 500
vw, 416 vw cm−1. The 1H and 13C NMR signals were broad. 1H NMR
(DMSO-d6, 26.2 °C): δΗ 5.49–5.70 (CH2, br, m, 16H), 7.19–8.18 (CH, br,

m, 16H), and 8.19–9.38 (CH, br, 4H). 13C NMR (DMSO-d6, 28.0 °C): δC
49.63 (CH2), 50.48 (CH2), 121.84 (CH), 122.57 (CH), 131.08 (CH),
132.36 (CH), 134.05 (CH), 134.87 (C), 135.80 (C), 139.73 (CH).

The ligand L-1 was found to be a mixture of two geometrical iso-
mers, i.e., L-1a and L-1b by X-ray crystallography (Supporting informa-
tion), but they could not be separated, e.g. by partial crystallization.
Most signals of 1H and 13C NMR were too broad to be assigned. Only
the area of CH2 in 1H NMR showed two independent peaks, and the
ratio of L-1a and L-1b was estimated as 3:1.

2.2.2. Synthesis of the precursor H2L-2(PF6)2 of the ligand L-2
1-Methylimidazole (158 μL, 2 mmol) was added to a solution of 2,2′-

bis(bromomethyl)-1,1′-biphenyl (0.340 g, 1 mmol) in 50 mL of acetone.
The solution was stirred overnight at room temperature. The resultant
white powderwas collected using amembranefilter (JV 0.1 μm) and dis-
solved in 50 mL of water. A solution of potassium hexafluorophosphate
(0.368 g, 2 mmol) in 10 mL water was then added dropwise. The resul-
tant white powder was collected using a membrane filter (JV 0.1 μm),
washed with water (20 mL × 2) and Et2O (20 mL × 2), and dried thor-
oughly by suction. The compound was crystallized by vapor diffusion
of an internal solution of the powder (0.063 g, 0.1 mmol) dissolved in
5mL of acetonewith Et2O as an external solvent. After one day, colorless
clear plate crystals formed and were collected using a membrane filter
(JV 0.1 μm), washed with Et2O (20 mL × 2), and dried in vacuo for 2 h.
Yield: 0.03 g (43.2%). The crystals obtained were soluble in acetone, ace-
tonitrile and DMSO, but insoluble in water, MeOH, EtOH, CH2Cl2, CHCl3,
Et2O and hexane. Anal. calc. for C22H24N4F12P2 or H2L-2(PF6)2: C, 41.65;
H, 3.81; N, 8.83. Found: C, 41.58; H, 4.08; N, 8.62%. TG/DTA data: no
weight loss was observed before decomposition temperature.

Scheme 2. NHC-silver(I) complexes Ag-1a–Ag-4.
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Decomposition began at around 271 °C with an endothermic peak at
187 °C and an exothermic peak at 500 °C. Prominent IR bands in the
1800–400 cm−1 region (KBr disk): 1636 m, 1580 w, 1567 w, 1541 vw,
1520 vw, 1507 vw, 1487 w, 1457 w, 1428 vw, 1394 vw, 1367 vw, 1338
vw, 1201 vw, 1166 w, 1114 vw, 1092 vw, 1058 vw, 1031 vw, 1010 vw,
936 w, 868 vs, 847 vs, 827 vs, 776 m, 762 m, 750 m, 741 m, 715 w, 703
w, 665 w, 624 m, 557 s, 468 w, 451 w, 423 vw, 414 w cm−1. 1H NMR
(DMSO-d6, 26.1 °C): δΗ 3.78 (CH3, s, 6H), 5.07–5.20 (CH2, m, 4H), 7.08
(CH, d, J = 7.6 Hz, 2H), 7.37 (CH, t, J = 1.8 Hz, 2H), 7.40 (CH, d, J =
7.6 Hz, 2H), 7.46 (CH, t, J = 7.6 Hz, 2H), 7.53 (CH, t, J = 7.6 Hz, 2H),
7.63 (CH, t, J = 1.8 Hz, 2H) and 8.67 (CH, s, 2H). 13C NMR (DMSO-d6,
28.1 °C): δC 35.68 (CH3), 50.37 (CH2), 122.30 (CH), 123.72 (CH), 128.75
(CH), 128.95 (CH), 129.39 (CH), 129.71 (CH), 131.83 (C), 136.60 (CH),
138.37 (C).

2.2.3. Synthesis of the precursor H2L-4(PF6)2·CH3CN of the ligand L-4
This precursor was prepared by slightly modified method of the lit-

eratures [39,46]. The details of synthesis and characterization were de-
scribed in Supporting information.

2.2.4. Synthesis of [Ag2(L-1a)](PF6)2·2CH3CN (Ag-1a)
Ag2O (0.092 g, 0.4 mmol) was added to a solution of H4L-1(PF6)4

(0.237 g, 0.2 mmol) in 40 mL of CH3CN. The black suspension was
refluxed overnight in an oil bath at 90 °C. The suspension was passed
through Celite (Wako No. 503). The pale-yellow clear filtrate was evap-
orated to dryness using a rotary evaporator at ca 30 °C, and the resultant
solid was dissolved in 10 mL of acetonitrile. Reprecipitation was per-
formed by adding the solution to 100 mL of Et2O. The resultant white
powder was collected with a membrane filter (JV 0.1 μm), washed
with Et2O (20 mL × 2), and dried thoroughly by suction.

The compound was crystallized by vapor diffusion of an internal so-
lution of the powder (0.12 g, 0.1 mmol) dissolved in 10 mL of CH3CN
with Et2O as an external solvent. After four days, colorless clear block
crystals formed and were collected using a membrane filter (JV
0.1 μm), washed with Et2O (20 mL × 2), and dried in vacuo for 2 h.
Yield: (0.05 g, 41.8%). The crystals obtained were soluble in acetone,
acetonitrile, and DMSO, but insoluble in water, MeOH, EtOH, CH2Cl2,
CHCl3, Et2O, and hexane; they were light-stable for more than one
year in the solid-state. Anal. calc. for C44H40N10F12P2Ag2 or [Ag2(L-
1)](PF6)2·2CH3CN: C, 42.37; H, 3.39; N, 11.77. Found: C, 42.09; H,
3.21; N, 11.75%. TG/DTA data: a weight loss of 6.02% was observed at
below 256 °C due to desolvation of two CH3CN molecules; calc. 6.82%
for 2 CH3CN molecules. Decomposition began at around 256 °C with
exothermic peaks at 296, 313 and 478 °C. Prominent IR bands in the
1800–400 cm−1 region (KBr disk): 1636 w, 1571 w, 1542 vw, 1507
vw, 1480 w, 1455 w, 1400 w, 1336 vw, 1302 vw, 1246 vw, 1210 vw,
1192 w, 1161 vw, 1120 vw, 1082 vw, 1037 vw, 925 vw, 848 vs, 769 w,
755 w, 743 w, 653 vw, 622 vw, 558 m, 505 vw, 481 vw, 439 vw, 423
vw cm−1. 1H NMR (DMSO-d6, 25.8 °C): δΗ 5.13 (CH2, d, 4H, J =
13.5 Hz), 5.32 (CH2, d, 4H, J = 13.5 Hz), 5.85 (CH2, t, 8H, J = 13.5 Hz),
6.29 (CH, s, 4H), 7.11 (CH, s, 4H), 7.61 (CH, m, 4H), 7.75 (CH, m, 4H),
8.19 (CH, s, 2H). 13C NMR (DMSO-d6, 28.0 °C): δC 51.14 (CH2), 54.72
(CH2), 119.28 (CH), 123.70 (CH), 129.83 (CH), 133.58 (CH), 135.13
(CH), 136.02 (C), 140.75 (C), 183.53 (C, d, 1JC-Ag = 186 Hz, 1JC-Ag =
215 Hz).

As a matter of fact, we obtained only the crystals of Ag-1a, but no
crystals of Ag-1b. In fact, we never obtained the mixture of Ag-1a and
Ag-1b both in the solid state and the reaction solution. Probably, Ag-
1b is low soluble in organic solvents, and in the workup, when the
black suspension was passed through Celite, Ag-1b will be filtered off
together with unreacted Ag2O. Thus, we can neither estimate the yield
nor present the spectroscopic data of Ag-1b.

2.2.5. Synthesis of [Ag2(L-2)2](PF6)2·H2O (Ag-2)
Ag2O (0.232 g, 1.0 mmol) was added to a solution of H2L-2(PF6)2

(0.317 g, 0.5 mmol) in 25 mL of CH3CN. The black suspension was

refluxed overnight in an oil bath at ca 65 °C. The suspensionwasfiltered
through Celite (WakoNo. 503). The colorless clearfiltratewas evaporat-
ed to dryness using a rotary evaporator at ca 30 °C. Then, 3 mL of aceto-
nitrile was added, and the white powder was reprecipitated by adding
the solution to 25mL of Et2O. The resultant white powderwas collected
using amembrane filter (JV 0.1 μm) andwashedwith Et2O (30mL× 2).
The compound was crystallized by vapor diffusion of an internal solu-
tion of the powder (0.119 g, 0.1 mmol) dissolved in 5 mL of CH3CN
with Et2O as an external solvent. After one day, colorless clear granular
crystals formed were collected using a membrane filter (JV 0.1 μm),
washed with Et2O (30 mL × 2). At this stage, the crystalline sample,
whichwas contaminatedwith small amounts of blackmaterial, was dis-
solved in 5 mL of CH3CN, and the black materials were removed via fil-
tration through a folded filter paper (Whatman #5). Vapor diffusion
was again carried out using the clear filtrate as an internal solution
and Et2O as an external solvent. After one day, the colorless, needle crys-
tals formedwere collected using amembrane filter (JV 0.1 μm), washed
with Et2O (30 mL × 2) and dried in vacuo for 2 h. Yield: (0.1034 g,
34.2%).

The colorless needle crystals were soluble in acetone, acetonitrile,
CH2Cl2, and DMSO, but insoluble in water, MeOH, EtOH, CHCl3, Et2O,
light petroleum, ethyl acetate, and hexane; they were light-stable for
more than one year in the solid-state. This complex did not undergo li-
gand exchange with PPh3 in CH3CN solution under the Ag-2: PPh3 =
1:2 molar ratio conditions. Anal. calc. for C44H46N8F12P2Ag2O or
[Ag2(L-2)2](PF6)2·H2O: C, 43.73; H, 3.84; N, 9.27. Found: C, 43.83; H,
3.99; N, 9.10%. TG/DTA data: a weight loss of 1.61% was observed at
below 199 °C due to the desolvation of H2O molecule; calc. 1.49% for
one H2O molecule. Decomposition began at around 199 °C with exo-
thermic peaks at 307 and 490 °C. Prominent IR bands in the 1800–
400 cm−1 region (KBr disk): 1733 vw, 1698 vw, 1684vw, 1653 vw,
1568 w, 1474 w, 1461 w, 1440 w, 1408 w, 1363 w, 1337 w, 1261 w,
1245 w, 1198 w, 1162 vw, 1118 vw, 1045 vw, 1008 vw, 968 vw, 843
vs, 758 w, 738 w, 677 vw, 624 vw, 557 m, 498 vw, 477 vw, 464 vw,
440 vw, 439 w, 418 vw, 404 vw cm−1. 1H NMR (DMSO-d6, 22.0 °C):
δΗ 3.78 (CH3, s, 6H), 5.08 (CH2, d, 2H, J = 15.4 Hz), 5.38 (CH2, d, 2H,
J = 15.5 Hz), 7.19 (CH, m, 2H), 7.27 (CH, d, 2H, J = 13.4 Hz), 7.44 (CH,
m, 2H), 7.45 (CH, m, 2H), 7.48 (CH, s, 2H), 7.89 (CH, s, 2H). 13C NMR
(DMSO-d6, 24.1 °C): δC 36.90 (CH2), 50.93 (CH2), 121.79 (CH), 122.13
(CH), 124.01 (CH), 126.96 (CH), 127.96 (CH), 128.49 (CH), 131.13
(CH), 136.30 (C), 137.03 (C), 180.72 (C, d, 1JC-Ag = 205 Hz, 1JC-Ag =
177 Hz).

2.2.6. Synthesis of [Ag(L-3)Cl] (Ag-3)
The mononuclear NHC-silver(I) complex [Ag(L-3)Cl] (Ag-3) was

prepared by the reaction of commercially available Ag2O and HL-3Cl
in CH2Cl2. Synthetic conditions and characterization data of Ag-3 were
described in Supporting Information. The NMR spectroscopic data for
Ag-3was in accordance with those in the reference [43]. The molecular
structure of Ag-3 has been reported in the literature [44].

2.2.7. Synthesis of [Ag2(L-4)2](PF6)2·2CH3CN (Ag-4)
The dinuclear NHC-silver(I) complex [Ag2(L-4)2](PF6)2·2CH3CN

(Ag-4) was obtained by the reaction of Ag2O and H2L-4(PF6)2 in aceto-
nitrile. Synthetic conditions and characterization data of Ag-4were de-
scribed in Supporting Information. TheNMR spectroscopic data forAg-4
was in accordancewith those in the reference [45]. Themolecular struc-
ture of Ag-4 has been reported in the literature [45].

2.3. X-ray crystallography

Single crystals with dimensions of 0.10 × 0.10 × 0.07 mm3 for Ag-1a
and 0.05 × 0.02 × 0.01mm3 forAg-2 aswell as theNHCprecursors, H4L-
1(PF6)4 as amixture of H4L-1a(PF6)4 andH4L-1b(PF6)4, andH2L-2(PF6)2,
were mounted on cryoloops using Paraton N and cooled by a stream of
cooled N2 gas. Data collection was performed on a Bruker SMART APEX
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CCD diffractometer at 100 K forAg-1a, H4L-1(PF6)4 andH2L-2(PF6)2, and
a Rigaku VariMax with Saturn CCD diffractometer at 120 K for Ag-2. The
intensity data were automatically collected for Lorentz and polarization
effects during integration. The structure was solved by direct methods
(program SHELXS-97) [47] followed by subsequent difference Fourier
calculations and refined using a full-matrix, least-squares procedure on
F2 (program SHELXL-97) [48]. Absorption correction was performed
with SADABS (empirical absorption correction) for Ag-1a [49] and
CrystalClear (multi-scan absorption correction) for Ag-2 [50]. All non-
hydrogen atoms were refined anisotropically. The hydrogen atoms
were placed geometrically. Details of the crystallographic data for Ag-
1a and Ag-2 are listed in Table 1, and those for H4L-1a(PF6)4, H4L-
1b(PF6)4, and H2L-2(PF6)2 are listed in Table S1. The details of the crystal
data have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication nos. CCDC 1035994 and 1405678
for complexes Ag-1a and Ag-2, respectively.

2.4. Antimicrobial activity

The antimicrobial activities of complexes (Ag-1a–Ag-4) and the pre-
cursors of NHC ligands (L-1–L-4), i.e., H4L-1(PF6)4, H2L-2(PF6)2, HL-3Cl,
and H2L-4(PF6)2, were estimated via the minimum inhibitory concen-
tration (MIC; μg mL−1) in a water-suspension system, as described in
the literature [51].

3. Results and discussion

3.1. Synthesis and characterization of the NHC precursors, H4L-1(PF6)4,
H2L-2(PF6)2 and H2L-4(PF6)2

Three NHC precursors, i.e., H4L-1(PF6)4 [42], H2L-2(PF6)2 [42] and
H2L-4(PF6)2 [39,46] as shown in Scheme 1 were prepared as PF6− salts
according to literature methods and, obtained in yields of 48.0%, 43.2%
and 63.9%, respectively. The compounds were rigorously characterized
by CHN elemental analysis, TG/DTA, FTIR, 1H, 13C NMR, and single-crys-
tal X-ray analysis. The three salts were stable in air below the decompo-
sition temperature and soluble in polar organic solvents such as CH3CN,
acetone, and DMSO. The molecular structures of H4L-1a(PF6)4, H4L-
1b(PF6)4 and H2L-2(PF6)2 were determined (Figs. S1 and S3), and
their crystallographic data and selected distances (Å) and angles (°)
are given in Tables S1 and S2, respectively. The HL-3Cl NHC precursor

is commercially available and was used as received. Characteristic sig-
nals for imidazolium protons of carbene protons of H4L-1(PF6)4, H2L-
2(PF6)2, and H2L-4(PF6)2 were observed in the 8 to 10 ppm region in
the 1HNMR spectra in DMSO-d6; these disappeared upon the formation
of the silver(I) complexes. The molecular structures of H4L-1a(PF6)4,
H4L-1b(PF6)4, H2L-2(PF6)2, and H2L-4(PF6)2, were open and terrace-
like compared to those of the silver(I) complexes, as described below.

3.2. Synthesis and characterization of the NHC-silver(I) complexes,
Ag-1a–Ag-4

Three NHC-silver(I) complexes (i.e., Ag-1a, Ag-2 and Ag-4) were
synthesized by reactions of the corresponding NHC precursors with
PF6 anions and Ag2O in organic solvents (CH3CN or acetone), but Ag-3
was prepared by a reaction of HL-3Cl and Ag2O in CH2Cl2. All the com-
pounds (Ag-1a–Ag-4) shown in Scheme 2 were crystallized by vapor
diffusion and obtained in yields of 67.2%, 34.2%, 66.4% and 40.8%, respec-
tively. The formation of NHC-silver(I) complexes was confirmed by the
disappearance of the characteristic imidazolium protons of the NHC
precursors, which were observed at around 8 to 10 ppm in the 1H
NMR spectra of the compounds in DMSO-d6. Further, in the 13C NMR
spectra of Ag-1a, Ag-2, and Ag-4, in DMSO-d6 and Ag-3 in CDCl3, the
carbene carbon signals of the precursors observed in the 130–
140 ppm region were shifted down-field to the 180–190 ppm region
upon complexation. The crystals of the four NHC-silver(I) complexes
were highly soluble in acetone and CH3CN and light-stable for more
than one year in the solid-state. The molecular and crystal structures
of Ag-1a and Ag-2 were determined (see Section 3.3); however, those
of Ag-3 [43,44] and Ag-4 [45] were recently reported in the literatures.

3.3. Molecular and crystal structures

Single crystals of complexes, [Ag2(L-1a)](PF6)2·2CH3CN (Ag-1a)
and [Ag2(L-2)2](PF6)2·H2O (Ag-2), were formed by vapor diffusion of
an internal CH3CN solution of the silver(I) complexwith an external sol-
vent (diethyl ether) at room temperature. Colorless rod crystals of Ag-
1a and granular ones of Ag-2 were obtained in 41.8% (119 mg scale)
and 34.2% (103mg scale) yields, respectively. The composition andmo-
lecular formula of Ag-1a and Ag-2 were consistent with the elemental
analysis, TG/DTA, and FTIR.

X-ray structural analysis revealed that Ag-1a formed a basket-like
cage structure of L-1a containing two silver ions (Fig. 1). Apparently,
two intramolecular C–Ag–C bonding and one Ag⋯Ag interaction
brought about the structural change, compared to terrace-like planar
structure of the NHC precursors, H4L-1a(PF6)4 and H4L-1b(PF6)4 (Figs.
S1 and S2). The two silver atoms are in a T-shaped geometry, as report-
ed for complexes of methyl- and phenyl-substituted tetrapodal
imidazolium ligands [45]. Each silver atom was coordinated to two
carbon atoms and featured one arene interaction (Ag1–C16 2.102(3),
Ag1–C36 2.109(3), Ag1⋯C11 2.796(3), Ag2–C17 2.095(3), Ag2–C37
2.096(3) and Ag2⋯C8 2.766(3) Å). In addition, an intramolecular
Ag⋯Ag interaction (Ag1⋯Ag2 3.0460(4) Å) is evident in Fig. 1; the
Ag⋯Ag distance is less than the van der Waals diameter of 3.44 Å
[52], but larger than twice the metallic radius of silver (2.88 Å) [53].
The number of CH3CNmolecules was determined based on the elemen-
tal and thermal analyses. No coordination of CH3CN to Ag+ was ob-
served in the crystal of Ag-1a.

In contrast, Ag-2, which consists of L-2 and two silver(I) ions, exhib-
ited a helical structure because of the twisted nature of the biphenyl
moiety (Fig. 2). Two carbon atoms coordinated to each silver(I) ion in
a linear fashion. The Ag⋯Ag distance (3.2918(5) Å) indicates the ab-
sence of an intramolecular Ag⋯Ag interaction in Ag-2. Crystallographic
data forAg-1a andAg-2 are shown in Table 1, and selected distances (Å)
and angles (°) for Ag-1a-Ag-4 are shown in Table 2.

Themolecular structure ofAg-3 shows a linear 2-coordinatedmono-
nuclear silver(I) complex [43,44]. The molecular structure of Ag-4

Table 1
Crystallographic data for [Ag2(L-1a)](PF6)2·2CH3CN (Ag-1a) and [Ag2(L-2)2](PF6)2 (Ag-2).

[Ag2(L-1a)](PF6)2·2CH3CN
(Ag-1a)

[Ag2(L-2)2](PF6)2
(Ag-2)

Empirical formula C42H40N10P2F12Ag2 C44H44N8P2F12Ag2
Formula weight 1190.52 1190.55
Crystal system Monoclinic Orthorhombic
Space group P21/c (No. 14) Pca21 (No. 29)
a/Å 14.1737(8) 20.507(2)
b/Å 22.3856(13) 12.8857(15)
c/Å 14.3009(8) 17.727(2)
α/° 90 90
β/° 101.7460(10) 90
γ/° 90 90
V/Å3 4442.5(4) 4684.4(10)
Dcalcd/g cm−3 1.78 1.69
Z 4 4
T/K 100 120
μ/mm−1 1.050 0.995
No. of reflections total 32,894 10,631
Unique 11,031 10,631
No. of observations
(I N 2σ(I)) 8181 10,302
Rint 0.0450 0.0447
R 0.0391 0.0295
Rw 0.0896 0.0910
GOF 0.952 0.779
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reported in the literature [45] is similar to that of Ag-1a, except that the
bottom of the cage is absent. The Ag⋯Ag distance of 2.9620(6) Å in Ag-
4 indicates that a weak intramolecular Ag⋯Ag interaction exists.

A comparison of the environments around the silver(I) ions in the
synthesized complexes is summarized as follows: i) All silver(I) com-
plexes exhibit linear 2-coordination according to the C–Ag–C angle; ii)
the Ag–C bond length of the silver(I) complexes increases in the order
of Ag-3 (2.077(2) Å), Ag-2 (2.081(3)–2.096(3) Å), Ag-3 (2.093(3)–
2.095(3) Å) andAg-1a (2.095(3)–2.109(3) Å); and the strength of the in-
tramolecular Ag⋯Ag interactions is in the order of Ag-4 N Ag-1a≫ Ag-2.

3.4. Antimicrobial activities

The antimicrobial activities (Table 3) of the four NHC-silver(I) com-
plexes (i.e., Ag-1a–Ag-4) together with the NHC precursors, against

selected bacteria, yeasts and molds in a water-suspension system, as
evaluated via the MIC, were strongly dependent upon their molecular
structures; this demonstrates the structure–activity relationship.

The antimicrobial activities of several NHC-silver(I) complexes that
have been reported to date were attributed to the slow release of Ag+

ions from the Ag-NHC complexes. For example, Youngs and coworkers
proposed that the strong binding ability of NHCs to silver(I) ions results
in stable complexes that slowly release silver ions, thus retaining the an-
timicrobial effect over longer periods of time; they also suggested that
the NHC-silver(I) complexes slowly decompose in aqueous culture
media to form imidazolium cations and biologically active silver species
[30–35]. It has been also suggested that the substituents on theN-atoms
of the NHC-silver(I) complexesmay play a crucial role in the antimicro-
bial activity, i.e., enable tuning of the lipophilicity of the complexes and
their transport across the cell wall barrier [36,37]. It has also been re-
ported that dinuclear silver(I) complexes bearing a pyridine-functional-
ized NHC system were active as antimicrobial agents [38].

On the other hand, it should be noted that a structure–activity rela-
tionship with respect to the anticancer activities of NHC-silver(I) com-
plexes has recently been proposed by Budagumpi's group [39–41]:
They found that (1) dinuclear complexes of benzimidazole-derived
NHC-silver(I) complexes present anticancer potentials many times
greater than those of their mononuclear counterparts. Moreover, in
the case of some dinuclear silver(I) complexes, (2) a short silver–silver
distance seems to play an important role in enhancing the activity, and
(3) the presence of the substituents is therefore fundamental. Such di-
nuclear silver(I) complexes have (4) slightly longer silver-carbene car-
bon distances, and (5) the planar central spacer unit would be the
best choice for the design of biologically potent benzimidazole-based
silver(I)–NHC complexes.

Since the antimicrobial spectra by dinuclear NHC-silver(I) com-
plexes Ag-1a–Ag-4 are different from each other, and the antimicrobial
activities are strongly dependent on the silver(I) complexes (Table 3),
the mode of antimicrobial action would be attributable to the silver(I)
complexes, but not to the silver(I) ions present in solution. Thiswork re-
veals the first example of a structure–activity relationship in the antimi-
crobial activities of Ag-1a–Ag-4, which seems to parallel that proposed
for the anticancer activities of NHC-silver(I) complexes proposed by
Budagumpi's group [39–41]. Thus, we proposed that the planar central
spacer moiety of Ag-1a would play an important role in inhibition of
growth of the test organisms, as the reason of the great difference in
the activities of Ag-2 and Ag-4 without such moieties. Our proposal
may be related to that the through-space interactions of Ag-1a, but
not the through-bond interactions, with amino acids and peptides to
denature enzymes or forming breaks of cell walls (so called pits)
resulting in the antimicrobial action [54].

The wide spectrum of antimicrobial activities of the inert and ex-
tremely stable dinuclear NHC-silver(I) complex, Ag-1a, can be com-
pared with the narrow spectrum with poor activities or no activity of
water-insoluble phosphane silver(I) complexes such as [Ag2(R-
Hpyrrld)2(H2O)(PPh3)2] [51], [Ag(R-Hpyrrld)(PPh3)]2 [51] (H2pyrrld=
2-pyrrolidone-5-carboxylic acid), and can also be compared with the
wide spectrum of modest activities of water-insoluble Ag‐N bonding
complex [Ag(L-Hhis)]n [10] (Table 3).

The antimicrobial spectrum of the organometallic complex Ag-1a is
also quite different from the wide antimicrobial spectrum of the
Werner-type Ag–N and Ag–O bonding complexes, inactivity of the
Ag\\P bonding complexes, and narrow spectrum of the Ag–S bonding
complexes; these antimicrobial spectra have been interpreted so far to
be based on their ligand–exchangeability [4,16,18]. It is unlikely that
the antimicrobial activities of dinuclear NHC-silver(I) complexes are
causedby slow release of silver(I) ions, because thiswould lead to similar
antimicrobial spectra for all NHC-silver(I) complexes. Also, on under-
standing the antimicrobial activities evaluated in a water-suspension
system, not only the molecular structures of the silver(I) complexes,
but also the crystal structures should be taken into account.

Fig. 1. Molecular structure of [Ag2(L-1a)](PF6)2·2CH3CN (Ag-1a). Hydrogen atoms, two
PF6− anions and two CH3CN molecules are omitted for clarity.

Fig. 2. Molecular structure of [Ag2(L-2)2](PF6)2 (Ag-2). Hydrogen atoms and two PF6−

anions are omitted for clarity.
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4. Conclusion

In summary, three dinuclear NHC-silver(I) complexes with C–Ag–C
bonding modes (i.e., Ag-1a, Ag-2 and Ag-4) and one mononuclear
NHC-silver(I) complex with a C–Ag–Cl bonding mode (i.e., Ag-3) were
synthesized, and the molecular structures of Ag-1a and Ag-2 were

determined. The antimicrobial activities of the dinuclear NHC-silver(I)
complexes, as evaluated by MIC in a water-suspension system, were
strongly dependent upon their molecular structures. This structure–ac-
tivity relationship of the antimicrobial activities of dinuclear NHC-
silver(I) complexes was first observed herein and appears to parallel
that of the anticancer activities of NHC-silver(I) complexes recently pro-
posed by Budagumpi's group. In particular, the planar central spacer
unit of the inert and stable dinuclear silver(I) complex, Ag-1a, which
shows a wide spectrum of effective antimicrobial activities, may play
an important role in the antimicrobial activities. The antimicrobial activ-
ities of these dinuclear NHC-silver(I) complexes are quite different from
those of the previously reported Ag–P, Ag–S, Ag–N and Ag–O bonding
Werner-type complexes, the antimicrobial spectra of which have been
well-explained based on their ligand-exchangeability. This work pro-
poses that the planar central spacer units of Ag-1a play an important
role in the through-space interactions with the organisms. Studies re-
garding this concept are currently in progress. Also, the cytotoxic effects
on the human normal cell line and the therapeutic potential of Ag-1a
would be objective of our future work.

5. Supporting information

Synthetic conditions and characterization data of the precursor H2L-
4(PF6)2·CH3CN of the ligand L-4 and NHC-silver(I) complexes (Ag-3
and Ag-4) and molecular structures of the NHC precursors, i.e., H4L-
1a(PF6)4, H4L-1b(PF6)4 and H2L-2(PF6)2 (Figs. S1–S3), their crystallo-
graphic data (Table S1), and their selected distances (Å) and angles (°)
(Table S2).

Abbreviations

(1) NHC-silver(I) complexes:
Ag-1a [Ag2(L-1a)](PF6)2·2CH3CN
Ag-2 [Ag2(L-2)2](PF6)2·H2O
Ag-3 [Ag(L-3)Cl]
Ag-4 [Ag2(L-4)2](PF6)2·2CH3CN
NHC-silver(I) complexes as their abbreviations and geometries in

the forms without solvated molecules are depicted in Scheme 2.

(2) Precursors of the NHC ligands:
H4L-1(PF6)4 as a precursor of a mixture of L-1a and L-1b ligands,

H2L-2(PF6)2, HL-3Cl and H2L-4(PF6)2 are depicted in Scheme 1.

Table 2
Selected distances (Å) and angles (°) of [Ag2(L-1a)](PF6)2·2CH3CN (Ag-1a) and [Ag2(L-2)2](PF6)2 (Ag-2), together with the literature data of [Ag(L-3)Cl] (Ag-3) and [Ag2(L-4)2](PF6)2
(Ag-4).

[Ag2(L-1a)](PF6)2·2CH3CN [Ag2(L-2)2](PF6)2 [Ag(L-3)Cl]

(Ag-1a) (Ag-2) (Ag-3) [44]

Ag1–C16 2.102(3) Ag1–C14 2.096(3) Ag1–C1 2.077(2)
Ag1–C36 2.109(3) Ag1–C41 2.096(3) Ag1–Cl1 2.3038(7)
Ag2–C37 2.096(3) Ag2–C19 2.089(3)
Ag2–C17 2.095(3) Ag2–C36 2.081(3)
Ag1⋯Ag2 3.0460(4) Ag1⋯Ag2 3.4918(5)
Ag1⋯C11 2.796(3)
Ag2⋯C8 2.766(3)
C16–Ag1–C36 176.69(12) C14–Ag1–C41 173.66(11) C1–Ag1–Cl1 180.0
C37–Ag2–C17 177.22(11) C19–Ag2–C36 177.55(14)
C11⋯Ag1–Ag2 86.66(7)
C37–Ag2–Ag1 89.10(8)

[Ag2(L-4)2]·(PF6)2

(Ag-4) [45]

Ag–C22 2.095(3)
Ag–C42 2.093(3)
Ag⋯Agi 2.9620(6)
C22–Ag–C42i 176.3(1)
Symmetry operation i; 2 − x, 1 − y, 1 − z

Table 3
Antimicrobial activities of Ag-1a to Ag-4 and the NHC precursors as well as the relating
silver(I) complexes evaluated by minimum inhibitory concentration (MIC; μg mL−1).

Ag-1a Ag-2 Ag-3 Ag-4

Escherichia coli 15.7 500 N1000 250
Bacillus subtilis 31.3 1000 N1000 250
Staphylococcus aureus 31.3 250 N1000 125
Pseudomonas aeruginosa 62.5 500 N1000 125
Candida albicans 62.5 N1000 N1000 1000
Saccharomyces cerevisiae 31.3 1000 N1000 125
Aspergillus brasiliensis (niger) 62.5 N1000 N1000 N1000
Penicillium citrinum 125 N1000 N1000 N1000

[Ag2(R-Hpyrrld)2
(H2O)(PPh3)2]
[51]

[Ag(R-Hpyrrld)
(PPh3)]2
[51]

[Ag(L-Hhis)]n
[10]

E. coli 62.5 N1000 125
B. subtilis 62.5 N1000 250
S. aureus 125 N1000 250
P. aeruginosa 250 N1000 250
C. albicans 500 N1000 125
S. cerevisiae 500 N1000 125
A. brasiliensis
(niger)

N1000 N1000 250

P. citrinum 250 N1000 250

H4L-1(PF6)4 H2L-2(PF6)2 HL-3Cl H2L-4(PF6)2

E. coli 62.5 N1000 1000 500
B. subtilis 125 N1000 15.7 500
S. aureus 1000 N1000 15.7 500
P. aeruginosa N1000 N1000 N1000 N1000
C. albicans 125 N1000 N1000 N1000
S. cerevisiae 31.3 N1000 1000 N1000
A. brasiliensis (niger) N1000 N1000 N1000 N1000
P. citrinum N1000 N1000 N1000 N1000

H2pyrrld = 2-pyrrolidone-5-carboxylic acid.
The MIC tests of the silver(I) complexes above were conducted under suspension
conditions.
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(3) Others:
TG/DTA Thermogravimetry/Differential thermal analysis
DEPT Distorsionless Enhancement by Polarization Transfer
MIC Minimum inhibitory concentration (μg mL−1)
DMSO Dimethyl sulfoxide
H2pyrrld 2-Pyrrolidone-5-carboxylic acid
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The reaction of Ag2O with l-valine (l-Hval, C5H11NO2) in a 1:2 molar ratio in

water, followed by vapour diffusion, afforded a coordination polymer of the title

compound, [Ag(C5H10NO2)]n, with N—Ag—O repeat units, which is classified

as a type III silver(I) complex with amino acid ligands. The asymmetric unit

consists of two independent units of [Ag(l-val)]. In the crystal, the polymeric

chains run along [101], and neighbouring chains are linked via a weak Ag� � �Ag

interaction and N—H� � �O hydrogen bonds. The title complex exhibited

antimicrobial activity against selected bacteria (Escherichia coli, Bacillus

subtilis, Staphylococcous aureus and Psedomonas aeruginosa).

1. Chemical context

Silver(I) complexes with amino acid ligands have been of

interest not only due to their numerous medicinal applications

but also as model protein–silver(I) interaction compounds

(Banti & Hadjikakou, 2013; Eckhardt et al., 2013). Aside from

S-containing amino acids, such as cysteine which forms an

insoluble S-bridging silver(I) complex (Leung et al., 2013), we

have focused on ligand-exchangeable silver(I) complexes with

N and O donor atoms. Although many of them are difficult to

crystallize and light-sensitive, several crystals of silver(I)

complexes have been prepared (Nomiya et al., 2014). In

comparison to gold(I) ions, silver(I) ions show various

coordination numbers and modes with N and O atoms and

tend to form polymeric structures. The polymeric structures of

silver(I) complexes with non-S amino acid ligands are classi-

fied into four types based on the bonding modes of the

silver(I) atom: type I contains only Ag—O bonds, e.g., silver(I)

with aspartic acid (Hasp), {[Ag2(d-asp)(l-asp)]1.5H2O}n; type

II contains O—Ag—O and N—Ag—N bonds, e.g., silver(I)

with glycine (Hgly), [Ag(gly)]n; type III contains N—Ag—O

units, e.g., silver(I) complexes with glycine, [Ag(gly)]n, and

l-asparagine (l-Hasn), [Ag(l-asn)]n; type IV contains only

Ag—N bonds, e.g., silver(I) with l-histidine (l-H2his),

[Ag(l-Hhis)]n (Nomiya et al., 2000; Nomiya & Yokoyama,

2002). Two types of complexes (types II and III) have been

reported for [Ag(gly)]n. Here, we report the preparation and

crystal structure of silver(I) with l-valine (l-Hval).
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2. Structural commentary

The local coordination around the silver(I) atom of the title

compound is shown in Fig. 1. The asymmetric unit consists of

two units of [Ag(l-val)], which separately form polymeric

chains along [101]. In each chain, the N and O atoms coor-

dinate almost linearly to the silver(I) atom (Table 1), resulting

in repeating N—Ag—O units. Since the Ag1� � �O1iv distance

[2.654 (4) Å; symmetry code: (iv) x, y, z � 1] is much longer

than those of Ag1—O2i [2.124 (3) Å] and Ag2—O3

[2.142 (4) Å], [Ag(l-val)]n is classified as being a type III

linear N—Ag—O polymer, as found in the silver(I) complexes

with glycine (Acland & Freeman, 1971), with

�-alanine (Démaret & Abraham, 1987) and with asparagine

(Nomiya & Yokoyama, 2002).

Although the polymeric structures of N—Ag—O repeated

units of [Ag(l-val)]n and [Ag(l-asn)]n are similar to each

other, the Ag� � �Ag distance [3.3182 (6) Å] between the

neighbouring chains in [Ag(l-val)]n is slightly shorter than

that [3.4371 (9) Å] in [Ag(l-asn)]n. This indicates the presence

of a weak Ag� � �Ag interaction between the two independent

N—Ag—O chains in the title complex, considering the

metallic and van der Waals radii of 1.44 and 1.72 Å, respec-

tively, for Ag (Wells, 1975; Bondi, 1964).

research communications
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Table 1
Selected geometric parameters (Å, �).

Ag1—N1 2.136 (4) Ag2—O3 2.142 (4)
Ag1—O2i 2.124 (3) Ag2—N2i 2.155 (4)

O2i—Ag1—N1 176.13 (16) O3—Ag2—N2i 165.79 (18)

Symmetry code: (i) x� 1; y; z� 1.

Table 2
Hydrogen-bond geometry (Å, �).

D—H� � �A D—H H� � �A D� � �A D—H� � �A
N1—H1B� � �O4 0.87 (3) 2.04 (3) 2.907 (6) 169 (5)
N2—H2B� � �O2 0.87 (3) 2.19 (3) 3.053 (7) 171 (6)
N1—H1A� � �O2ii 0.86 (3) 2.10 (3) 2.935 (5) 164 (6)
N2—H2A� � �O3iii 0.86 (3) 2.13 (4) 2.924 (5) 153 (6)

Symmetry codes: (ii) x� 1; y; z; (iii) x; y; zþ 1.

Figure 1
Part of the polymeric structure of the title compound showing the local
coordination around the silver(I) atoms. Displacement ellipsoids are
drawn at the 50% probability level. The weak Ag� � �Ag interaction is
displayed as a grey line and the N—H� � �O hydrogen bonds are drawn as
blue dotted lines. [Symmetry code: (i) x � 1, y, z � 1.]

Figure 2
(a) Weak interactions around the polymeric chains containing Ag1
[symmetry codes: (ii) x � 1, y, z; (iv) x, y, z � 1]. (b) Weak interactions
around the coordination polymers containing Ag2 [symmetry code: (iii) x,
y, z + 1]. (c) Packing diagram of [Ag(l-val)]n.
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3. Supramolecular features

The two independent polymeric chains containing Ag1 and

Ag2, respectively, are represented as green and blue in Fig. 2.

The chains of Ag1 are connected to each other by N—H� � �O
hydrogen bonds [N1—H1A� � �O2ii; symmetry code: (ii) x � 1,

y, z] into a sheet structure. The chains of Ag2 are also linked

into a sheet structure by N—H� � �O hydrogen bonds [N2—

H2A� � �O3iii; symmetry code: (iii) x, y, z + 1]. Both sheets are

parallel to the ac plane and the two sheets are stacked alter-

nately along the b axis through the weak Ag� � �Ag interactions

and N—H� � �O hydrogen bonds (N1—H1B� � �O4 and N2—

H22B� � �O2; Table 2).

4. Synthesis and crystallization

To a suspension of 232 mg (1.0 mmol) of Ag2O in 20 ml of

water was added 234 mg of l-valine (2.0 mmol), followed by

stirring for 2 h at room temperature. The resulting grey

suspension was filtered. Vapour diffusion was performed at

room temperature by using the colourless filtrate as the inner

solution and ethanol as the external solvent. The platelet

crystals formed were collected and washed with acetone

(30 ml) and ether (30 ml) to afford 0.5 mg of colourless crys-

tals of [Ag(l-val)]. The colour of the crystals gradually

changed to brown in a few days at ambient temperature.

Analysis calculated for C5H10NO2Ag: C 26.81, H 4.50, N

6.25%. Found: C 27.01, H 4.40, N 6.34%. Prominent IR bands

in 1800–400 cm�1 (KBr disk): 1577vs, 1471m, 1414s, 1359m,

1184w, 987w, 892w, 827m, 716m, 651m, 547m, 443m.

5. Antimicrobial activity

The title silver(I) complex exhibits antimicrobial activity for

selected bacteria. The minimum inhibitory concentration

(MIC, �mL�1) values of the complex for four bacteria, E. coli,

B. subtilis, S. aureus, P. aeruginosa are 31.3, 62.5, 125 and 31.3,

respectively. [Ag(l-val)]n did not inhibit the growth of two

yeasts (C. albicans and S. cerevisiae) and two molds [A.

brasiliensis (niger) and P. citrinum] in water-suspension

systems. [Ag(l-val)]n is insoluble in H2O and other organic

solvents (MeOH, DMSO, acetone, EtOH, CH3CN, CH2Cl2,

CHCl3, ether, and EtOAc).

6. Refinement

Crystal data, data collection and structure refinement details

are summarized in Table 3. C-bound H atoms were positioned

geometrically and refined using a riding model with Uiso(H) =

1.2 or 1.5Ueq(C). H atoms of the amino groups were found in a

difference Fourier map and their positions were refined with

restraints of N—H = 0.86 (2) Å and H� � �H = 1.40 (4) Å, and

with Uiso(H) = 1.2Ueq(N).
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Table 3
Experimental details.

Crystal data
Chemical formula [Ag(C5H10NO2)]
Mr 224.01
Crystal system, space group Monoclinic, P21
Temperature (K) 90
a, b, c (Å) 5.4475 (5), 22.545 (2), 5.5411 (5)
� (�) 95.446 (2)
V (Å3) 677.47 (11)
Z 4
Radiation type Mo K�
� (mm�1) 2.90
Crystal size (mm) 0.36 � 0.16 � 0.09

Data collection
Diffractometer Bruker SMART APEXII CCD
Absorption correction Multi-scan (SADABS; Bruker,

2009)
Tmin, Tmax 0.422, 0.780
No. of measured, independent and
observed [I > 2�(I)] reflections

4981, 3034, 3013

Rint 0.016
(sin �/�)max (Å

�1) 0.666

Refinement
R[F 2 > 2�(F 2)], wR(F 2), S 0.022, 0.054, 1.15
No. of reflections 3034
No. of parameters 179
No. of restraints 7
H-atom treatment H atoms treated by a mixture of

independent and constrained
refinement

��max, ��min (e Å�3) 1.13, �1.11
Absolute structure Flack x determined using 1275

quotients [(I+)�(I�)]/[(I+)+(I�)]
(Parsons et al., 2013)

Absolute structure parameter 0.048 (19)

Computer programs: APEX2 and SAINT (Bruker, 2008), SIR2004 (Burla et al., 2005),
SHELXL2016 (Sheldrick, 2015) and Mercury (Macrae et al., 2008).
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Crystal structure of catena-poly[silver(I)-µ-L-valinato-κ2N:O]

Yoshitaka Takagi, Youhei Okamoto, Chisato Inoue, Noriko Chikaraishi Kasuga and Kenji Nomiya

Computing details 

Data collection: APEX2 (Bruker, 2008); cell refinement: SAINT (Bruker, 2008); data reduction: SAINT (Bruker, 2008); 
program(s) used to solve structure: SIR2004 (Burla et al., 2005); program(s) used to refine structure: SHELXL2016 
(Sheldrick, 2015); molecular graphics: Mercury (Macrae et al., 2008); software used to prepare material for publication: 
SHELXL2016 (Sheldrick, 2015).

catena-Poly[silver(I)-μ-L-valinato-κ2N:O]

Crystal data 
[Ag(C5H10NO2)]
Mr = 224.01
Monoclinic, P21

a = 5.4475 (5) Å
b = 22.545 (2) Å
c = 5.5411 (5) Å
β = 95.446 (2)°
V = 677.47 (11) Å3

Z = 4

F(000) = 440
Dx = 2.196 Mg m−3

Mo Kα radiation, λ = 0.71073 Å
Cell parameters from 4323 reflections
θ = 3.6–28.3°
µ = 2.90 mm−1

T = 90 K
Needle, colorless
0.36 × 0.16 × 0.09 mm

Data collection 
Bruker SMART APEXII CCD 

diffractometer
Radiation source: Sealed Tube
Detector resolution: 8.366 pixels mm-1

ω scans
Absorption correction: multi-scan 

(SADABS; Bruker, 2009)
Tmin = 0.422, Tmax = 0.780

4981 measured reflections
3034 independent reflections
3013 reflections with I > 2σ(I)
Rint = 0.016
θmax = 28.3°, θmin = 1.8°
h = −7→3
k = −28→30
l = −7→7

Refinement 
Refinement on F2

Least-squares matrix: full
R[F2 > 2σ(F2)] = 0.022
wR(F2) = 0.054
S = 1.15
3034 reflections
179 parameters
7 restraints
H atoms treated by a mixture of independent 

and constrained refinement

w = 1/[σ2(Fo
2) + (0.0258P)2 + 0.4276P] 

where P = (Fo
2 + 2Fc

2)/3
(Δ/σ)max = 0.001
Δρmax = 1.13 e Å−3

Δρmin = −1.11 e Å−3

Absolute structure: Flack x determined using 
1275 quotients [(I+)-(I-)]/[(I+)+(I-)] (Parsons et 
al., 2013)

Absolute structure parameter: 0.048 (19)
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Special details 
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance 
matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; 
correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate 
(isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
Refinement. Refinement of F2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F2, 
conventional R-factors R are based on F, with F set to zero for negative F2. The threshold expression of F2 > 2sigma(F2) is 
used only for calculating R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based 
on F2 are statistically about twice as large as those based on F, and R- factors based on ALL data will be even larger.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2) 

x y z Uiso*/Ueq

Ag1 0.62135 (6) 0.72712 (2) 0.36519 (6) 0.01288 (9)
C1 1.1756 (9) 0.7379 (2) 1.0188 (9) 0.0097 (10)
C2 1.0368 (9) 0.7590 (2) 0.7813 (9) 0.0112 (9)
H2C 1.149003 0.755936 0.649045 0.013*
C3 0.9626 (9) 0.8245 (2) 0.8085 (10) 0.0146 (10)
H3 0.837026 0.826310 0.928715 0.018*
C4 0.8460 (11) 0.8514 (3) 0.5695 (11) 0.0244 (12)
H4A 0.962402 0.848370 0.445617 0.037*
H4B 0.806760 0.893266 0.594925 0.037*
H4C 0.694559 0.829836 0.515562 0.037*
C5 1.1823 (11) 0.8626 (3) 0.9056 (12) 0.0236 (12)
H5A 1.309746 0.861056 0.792249 0.035*
H5B 1.249657 0.847404 1.063895 0.035*
H5C 1.128339 0.903713 0.922864 0.035*
O1 1.0588 (6) 0.7234 (2) 1.1919 (6) 0.0166 (7)
O2 1.4109 (6) 0.73698 (16) 1.0246 (6) 0.0125 (7)
N1 0.8165 (8) 0.7214 (2) 0.7175 (7) 0.0115 (8)
H1A 0.721 (9) 0.726 (3) 0.830 (8) 0.014*
H1B 0.877 (10) 0.6856 (15) 0.732 (11) 0.014*
Ag2 0.89815 (6) 0.60339 (2) 0.21275 (6) 0.01329 (10)
C6 1.2547 (9) 0.5896 (2) 0.6450 (10) 0.0107 (9)
C7 1.5054 (9) 0.5750 (2) 0.7793 (9) 0.0102 (9)
H7 1.635708 0.590634 0.680772 0.012*
C8 1.5466 (9) 0.5077 (2) 0.8113 (9) 0.0120 (9)
H8 1.686570 0.502380 0.939835 0.014*
C9 1.6241 (10) 0.4791 (3) 0.5799 (10) 0.0185 (10)
H9A 1.487275 0.481332 0.451923 0.028*
H9B 1.667499 0.437482 0.611812 0.028*
H9C 1.767197 0.500216 0.527632 0.028*
C10 1.3225 (10) 0.4764 (2) 0.8998 (10) 0.0168 (10)
H10A 1.365825 0.435354 0.943053 0.025*
H10B 1.186513 0.476776 0.770720 0.025*
H10C 1.271796 0.497164 1.042428 0.025*
N2 1.5353 (7) 0.6050 (2) 1.0205 (7) 0.0118 (7)
H2A 1.442 (10) 0.587 (2) 1.112 (10) 0.014*
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H2B 1.494 (11) 0.6423 (13) 1.004 (11) 0.014*
O3 1.2360 (7) 0.57934 (18) 0.4188 (7) 0.0154 (8)
O4 1.0857 (6) 0.61000 (18) 0.7610 (6) 0.0140 (7)

Atomic displacement parameters (Å2) 

U11 U22 U33 U12 U13 U23

Ag1 0.00939 (17) 0.01968 (19) 0.00880 (17) 0.00032 (14) −0.00310 (11) −0.00117 (15)
C1 0.010 (2) 0.012 (3) 0.007 (2) −0.0023 (17) −0.0027 (17) −0.0017 (17)
C2 0.008 (2) 0.017 (3) 0.008 (2) −0.0015 (18) −0.0004 (17) −0.0040 (18)
C3 0.013 (2) 0.015 (2) 0.016 (2) −0.0009 (18) −0.0019 (19) −0.0001 (19)
C4 0.031 (3) 0.020 (3) 0.020 (3) 0.006 (3) −0.012 (2) 0.004 (2)
C5 0.024 (3) 0.016 (3) 0.029 (3) −0.003 (2) −0.006 (2) −0.002 (2)
O1 0.0121 (16) 0.027 (2) 0.0102 (16) −0.0014 (16) −0.0009 (12) 0.0029 (17)
O2 0.0035 (14) 0.021 (2) 0.0123 (16) 0.0017 (12) −0.0014 (12) −0.0017 (14)
N1 0.0099 (18) 0.014 (2) 0.0104 (18) −0.0014 (16) 0.0010 (14) −0.0020 (17)
Ag2 0.00789 (17) 0.0215 (2) 0.00975 (18) 0.00137 (14) −0.00313 (12) −0.00090 (15)
C6 0.009 (2) 0.008 (2) 0.015 (2) −0.0007 (16) −0.0017 (18) 0.0003 (16)
C7 0.010 (2) 0.012 (2) 0.008 (2) 0.0006 (17) 0.0005 (17) −0.0026 (17)
C8 0.008 (2) 0.017 (2) 0.011 (2) −0.0003 (18) −0.0017 (17) −0.0003 (18)
C9 0.019 (3) 0.019 (3) 0.017 (2) 0.007 (2) 0.000 (2) −0.004 (2)
C10 0.014 (2) 0.018 (2) 0.019 (3) −0.002 (2) 0.002 (2) 0.004 (2)
N2 0.0130 (19) 0.0164 (19) 0.0054 (18) 0.0006 (18) −0.0028 (14) 0.0000 (18)
O3 0.0088 (16) 0.027 (2) 0.0099 (17) 0.0028 (14) −0.0009 (13) 0.0020 (15)
O4 0.0092 (15) 0.0187 (19) 0.0142 (18) 0.0034 (14) 0.0006 (13) −0.0009 (15)

Geometric parameters (Å, º) 

Ag1—N1 2.136 (4) Ag2—O3 2.142 (4)
Ag1—O2i 2.124 (3) Ag2—N2i 2.155 (4)
C1—O1 1.245 (6) C6—O4 1.259 (6)
C1—O2 1.280 (6) C6—O3 1.269 (7)
C1—C2 1.530 (7) C6—C7 1.527 (7)
C2—N1 1.485 (6) C7—N2 1.493 (6)
C2—C3 1.543 (7) C7—C8 1.541 (7)
C2—H2C 1.0000 C7—H7 1.0000
C3—C5 1.528 (8) C8—C10 1.530 (7)
C3—C4 1.538 (7) C8—C9 1.530 (7)
C3—H3 1.0000 C8—H8 1.0000
C4—H4A 0.9800 C9—H9A 0.9800
C4—H4B 0.9800 C9—H9B 0.9800
C4—H4C 0.9800 C9—H9C 0.9800
C5—H5A 0.9800 C10—H10A 0.9800
C5—H5B 0.9800 C10—H10B 0.9800
C5—H5C 0.9800 C10—H10C 0.9800
N1—H1A 0.86 (3) N2—H2A 0.86 (3)
N1—H1B 0.87 (3) N2—H2B 0.87 (3)
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O2i—Ag1—N1 176.13 (16) O3—Ag2—N2i 165.79 (18)
O1—C1—O2 124.1 (5) O4—C6—O3 125.2 (5)
O1—C1—C2 119.9 (4) O4—C6—C7 119.5 (5)
O2—C1—C2 116.0 (4) O3—C6—C7 115.2 (4)
N1—C2—C1 110.4 (4) N2—C7—C6 110.8 (4)
N1—C2—C3 110.9 (4) N2—C7—C8 109.9 (4)
C1—C2—C3 109.1 (4) C6—C7—C8 112.4 (4)
N1—C2—H2C 108.8 N2—C7—H7 107.8
C1—C2—H2C 108.8 C6—C7—H7 107.8
C3—C2—H2C 108.8 C8—C7—H7 107.8
C5—C3—C4 109.1 (5) C10—C8—C9 111.5 (4)
C5—C3—C2 111.6 (4) C10—C8—C7 112.2 (4)
C4—C3—C2 112.6 (5) C9—C8—C7 111.5 (4)
C5—C3—H3 107.8 C10—C8—H8 107.1
C4—C3—H3 107.8 C9—C8—H8 107.1
C2—C3—H3 107.8 C7—C8—H8 107.1
C3—C4—H4A 109.5 C8—C9—H9A 109.5
C3—C4—H4B 109.5 C8—C9—H9B 109.5
H4A—C4—H4B 109.5 H9A—C9—H9B 109.5
C3—C4—H4C 109.5 C8—C9—H9C 109.5
H4A—C4—H4C 109.5 H9A—C9—H9C 109.5
H4B—C4—H4C 109.5 H9B—C9—H9C 109.5
C3—C5—H5A 109.5 C8—C10—H10A 109.5
C3—C5—H5B 109.5 C8—C10—H10B 109.5
H5A—C5—H5B 109.5 H10A—C10—H10B 109.5
C3—C5—H5C 109.5 C8—C10—H10C 109.5
H5A—C5—H5C 109.5 H10A—C10—H10C 109.5
H5B—C5—H5C 109.5 H10B—C10—H10C 109.5
C2—N1—Ag1 120.3 (3) C7—N2—H2A 107 (4)
C2—N1—H1A 107 (4) C7—N2—H2B 110 (4)
C2—N1—H1B 102 (4) H2A—N2—H2B 112 (5)
H1A—N1—H1B 108 (5) C6—O3—Ag2 117.7 (3)

Symmetry code: (i) x−1, y, z−1.

Hydrogen-bond geometry (Å, º) 

D—H···A D—H H···A D···A D—H···A
N1—H1B···O4 0.87 (3) 2.04 (3) 2.907 (6) 169 (5)
N2—H2B···O2 0.87 (3) 2.19 (3) 3.053 (7) 171 (6)
N1—H1A···O2ii 0.86 (3) 2.10 (3) 2.935 (5) 164 (6)
N2—H2A···O3iii 0.86 (3) 2.13 (4) 2.924 (5) 153 (6)

Symmetry codes: (ii) x−1, y, z; (iii) x, y, z+1.
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Abstract. Al- and Ga-containing open-Dawson polyoxometalates
(POMs), K10[{Al4(μ-OH)6}{α,α-Si2W18O66}]·28.5H2O (Al4-open)
and K10[{Ga4(μ-OH)6}(α,α-Si2W18O66)]·25H2O (Ga4-open) were
synthesized by the reaction of trilacunary Keggin POM, [A-α-
SiW9O34]10–, with Al(NO3)3·9H2O or Ga(NO3)3·nH2O, and unequivo-
cally characterized by single-crystal X-ray analysis, 29Si and 183W
NMR, and FT-IR spectroscopy as well as elemental analysis and TG/
DTA. Single-crystal X-ray analysis revealed that the {M4(μ-OH)6}6+

(M = Al, Ga) clusters were included in an open pocket of the open-

Introduction
Polyoxometalates (POMs) are discrete metal oxide clusters

that are of current interest as soluble metal oxides and for their
applications in catalysis, medicine, and materials science.[1]

The preparation of POM-based materials is therefore an active
field of research.

Recently, the open-Dawson POMs have been reported as an
emerging class of POMs.[2] The conventional Dawson struc-
tural POMs are regarded as an assembly of two trilacunary
Keggin POMs via six W–O–W bonds. In 2014, Mizuno et al.
reported that the conventional Dawson POM with highly
charged guest SiO4

4–, TBA8[α-Si2W18O62]·3H2O, was synthe-
sized by dimerization of a trilacunary Keggin POM,
[SiW9O34]10–, in an organic solvent.[3a] However, in aqueous
media, the electrostatic repulsion between the halves, induced
by the highly charged guest XO4

4– (X = Si, Ge), is so strong
that it inhibits the assembly of the usual Dawson structure.[3b]

Therefore, the two trilacunary Keggin units with XO4
4– (X =

Si, Ge) are linked by only two W–O–W bonds, forming open-
Dawson structural POMs. The open pocket of the open-
Dawson POMs can accommodate multiple metals (1 to 6
metals), and several compounds have been reported so far that
contain metal ions in the open pocket, e.g., V5+,[2f] Mn2+,[2c,2h]

Fe3+,[2f] Co2+,[2a,2c,2g,2h,2l,2n] Ni2+,[2c,2h,2k,2n] Cu2+,[2b,2c,2d]
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Dawson polyanion, [α,α-Si2W18O66]16–, which was constituted by the
fusion of two trilacunary Keggin POMs via two W–O–W bonds. These
two open-Dawson structural POMs showed clear difference of the bite
angles depending on the size of ionic radii. In cases of both com-
pounds, the solution 29Si and 183W NMR spectra in D2O showed only
one signal and five signals, respectively. These spectra were consistent
with the molecular structures of Al4- and Ga4-open, suggesting that
these polyoxoanions were obtained as single species and maintained
their molecular structures in solution.

Zn2+.[2j] In particular, the Ni5 open-Dawson POM reported by
Hill et al. is an efficient catalyst for water oxidation (WOC)
both in the dark and under irradiation with 455 nm LED light
with [Ru(bpy)3]2+ as photosensitizer and Na2S2O8 as sacrificial
electron acceptor.[2k] The open-Dawson POMs could constitute
a promising platform for the development of metal-substituted-
POM-based materials and catalysts.

On the other hand, trivalent group 13 ions exist as a wide
and dynamic range of cluster species in aqueous solution.[4] Es-
pecially, aluminum is the third most abundant element in the
terrestrial environment, and therefore, the complex solution spe-
ciation of Al3+ clusters can provide not only a clear understand-
ing of aluminum in natural water systems, but also the basis for
commercial applications. The synthetic and structural studies of
Al- and Ga-containing POMs can provide valuable molecular
models of the clusters and metal oxides of group 13 metals
with a well-defined structure. Furthermore, the Al sites in Al-
containing POMs act as Lewis acid sites,[5b,5e] and Al-contain-
ing POMs are expected to be used as the Lewis-acid catalysis.
Despite their importance, only a few Al- and Ga-containing
POMs, in which addenda tungsten ions are substituted by Al3+

and Ga3+ ions, have been fully structurally characterized.[5,6e]

The Al-substituted POMs whose structures are determined
by X-ray crystallography include K6H3[ZnW11O40Al]·
9.5H2O,[5a] TBA3H[γ-SiW10O36{Al(OH2)}2(μ-OH)2]·
4H2O, TBA3[(C5H5N)H][γ-SiW10O36{Al(C5H5N)}2(μ-OH)2]·
2H2O (TBA = tetrabutylammonium),[5b]

K6Na[(A-PW9O34)2{W(OH)(OH2)}{Al(OH)(OH2)}{Al(μ-
OH)(OH2)2}2]·19H2O,[5c] TBA9[{γ-H2SiW10O36Al2(μ-
OH)2(μ-OH)}3], TBA6Li3[{γ-H2SiW10O36Al2(μ-OH)2(μ-
OH)}3]·18H2O,[5d] Rb2Na2[Al4(H2O)10(β-AsIIIW9O33H)2]·
20H2O, (NH4)2Na2[Al4(H2O)10(β-SbIIIW9O33H)2]·20H2O,[5e]

TBA6[α-PW11Al(OH)O39ZrCp2]2,[5f] and TMA14Na2[B-α-
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H3P2W15O59{Al(OH)}2{Al(OH2)}]2·39H2O (TMA = tetra-
methylammonium).[5g] Ga-substituted POMs have been
studied for their potential applications as radiopharmaceuticals
and antivirals, and several Ga-substituted POMs have been re-
ported so far.[6] However, the structurally characterized Ga-
substituted POMs by X-ray crystallography are still one of the
least reported compounds. Recently, Patzke et al. reported the
synthesis of tri- and di-Ga-substituted Keggin POM dimers,
i.e., [Ga6(H2O)x{α-SiW9O34(OH)y}2]n– (Ga6-dimer) and
[Ga4(H2O)2{α-SiW10O38}2]12– (Ga4-dimer).[6e] In this con-
text, Al- and Ga-substituted POMs remain challenging targets
from the synthetic and structural point of view. However, Al-
and Ga-containing open-Dawson structural POMs have never
been reported so far.

In this paper, the Al- and Ga-containing open-Dawson
POMs, K10[{Al4(μ-OH)6}(α,α-Si2W18O66)]·28.5H2O (Al4-
open) and K10[{Ga4(μ-OH)6}(α,α-Si2W18O66)]·25H2O (Ga4-
open) were synthesized and unequivocally characterized by
X-ray crystallography, 29Si and 183W NMR and FT-IR spec-
troscopy as well as elemental analysis, and TG/DTA.

Results and Discussion

Synthesis and Characterization

The potassium salts of aluminum(III)- and gallium(III)-con-
taining open-Dawson POMs, K10[{Al4(μ-OH)6}(α,α-
Si2W18O66)]·28.5H2O (Al4-open) and K10[{Ga4(μ-OH)6}(α,α-
Si2W18O66)]·25H2O (Ga4-open), as crystalline samples, were
obtained with 13.7% and 26.2% yields, respectively. Al4-open
was prepared by the 1:2 molar ratio reaction of the separately
prepared Na10[A-α-SiW9O34]·18H2O with Al(NO3)3·9H2O,
followed by stirring the solution at 80 °C for 30 min. Ga4-
open was prepared by the 1:2 molar ratio reaction of the sepa-
rately prepared K10[A-α-SiW9O34]·10H2O with Ga(NO3)3·
nH2O, followed by stirring the solution at 80 °C for 30 min.
The samples were characterized using elemental analysis, i.e.,
H, Al or Ga, Cl, K, Si, W analyses, FT-IR, TG/DTA, 29Si and
183W NMR in D2O, and X-ray crystallography. The formation
of polyoxoanions, [{M4(OH)6}(α,α-Si2W18O66)] (M = Al, Ga)
is represented by Equation (1).

2[SiW9O34]10– + 4M(NO3)3 + 4H2O � [{M4(OH)6}(Si2W18O66)]10– +
2H+ + 12NO3

– (M = Al, Ga) (1)

Al4-open was prepared at pH 2–3, and was crystallized at
pH 6.5. At the early stage of crystallization, minor products
were formed together with Al4-open. The minor product was
the Keggin POM tetramer containing Al16-hydroxide cluster,
i.e., [{α-Al3SiW9O34(μ-OH)6}4{Al4(μ-OH)6}]22– (Al16-tetra-
mer).[7] The pure Al4-open can be obtained from the mother
liquor after removal of the crude crystals by filtration and ad-
dition of saturated KCl aqueous solution.

The reaction condition of Ga4-open was similar to that of
Al4-open with the exception of the metal source, Ga(NO3)3·
nH2O instead of Al(NO3)3·9H2O, and the counter cations of
the precursor of trilacunary Keggin POM, i.e., K+ vs. Na+.
Patzke’s group has previously obtained Ga4-open only as a by-
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product of the trigallium(III)-substituted dimer, [Ga6(H2O)x{α-
SiW9O34(OH)y}2]n– (Ga6-dimer) and the di-gallium(III) sub-
stituted dimer, [Ga4(H2O)2{α-SiW10O38}2]12– (Ga4-dimer).[6e]

By using their synthetic method, Ga4-open was not isolated as
main product.

In contrast to Patzke’s method, our method allows the isola-
tion of Ga4-open as main product. There are two major differ-
ences between our method and theirs: (1) the order of addition
of reagents, i.e., [A-α-SiW9O34]10– vs. Ga(NO3)3·nH2O; (2) the
counter cations of the precursor of trilacunary Keggin POM,
i.e., K+ vs. Na+. In our method, Ga(NO3)3·nH2O was added to
the solution of [A-α-SiW9O34]10– adjusted to pH 7.5, whereas
in their method [A-α-SiW9O34]10– was added to the solution
of Ga(NO3)3. Because the solution of Ga(NO3) has a low pH,
their reaction conditions were more acidic than ours. In ad-
dition, the potassium salt of trilacunary Keggin POM, K10[A-
α-SiW9O34]·H2O was used as starting material, whereas others
used the sodium salt, Na10[A-α-SiW9O34]·15H2O, as precur-
sor. Hill et al. noted that the open-Dawson POM structures are
more easily maintained using the potassium salt of
[SiW9O34]10–, whereas the sandwich structures are more often
obtained using the sodium salt of [SiW9O34]10–.[2l] The crystal
structure of Ga4-open also indicated that K+ ions play an im-
portant role in the formation of the open-Dawson structural
POMs (see the molecular structure section). Although Al4-
open can be synthesized even if the sodium salt of trilacunary
Keggin POM, Na10[A-α-SiW9O34]·18H2O was used as starting
material, the addition of excess KCl was needed.

At the early stage of crystallization of Ga4-open, a few crys-
tals of Ga6-dimer were also occasionally formed as minor
product, together with Ga4-open, and the presence of the Ga6-
dimer was also confirmed by 183W NMR (see the NMR sec-
tion). Ga4-open in pure form can be obtained even after con-
tamination with small amounts of Ga6-dimer crystals, after
removal of the mixed crystals from the mother liquor by fil-
tration, and addition of saturated KCl aqueous solution.

The solid FT-IR spectra of Al4-open and Ga4-open, mea-
sured in KBr disks, are shown in Figures S1 and S2 (Support-
ing Information), respectively. The peaks at 1010, 958 cm–1

for Al4-open and 1007, 958 cm–1 for Ga4-open correspond to
νas(Si–O) and νas(W–Ot), respectively. The characteristic
bands at 900–600 cm–1 of both compounds are associated with
ν(W–Oc), ν(W–Ob), and ν(W–O–W).[2f] The IR spectra are
very similar to those of the common open-Dawson POMs.[2]

Molecular Structures

The molecular structure of the polyoxoanion of Al4-open,
its polyhedral representation, and the Al4 moieties are shown
in Figure 1a, b, and c, respectively.

The composition and formula of Al4-open, which contains
10 potassium counter cations, and 28.5 crystallization water
molecules, were determined by elemental analysis and TG
analysis. In X-ray crystallography, one open-Dawson poly-
oxoanion, 8 potassium cations, and 24 crystallization water
molecules per formula unit were identified in the crystal struc-
ture. As in the case of other structural investigations of crystals
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i ure 1. (a) Molecular structure of the polyoxoanion, [{Al4(μ-
OH)6}(α,α-Si2W18O66)]10– of Al4-open, (b) its polyhedral representa-
tion, and (c) the partial structure around the Al4 center. Color code:
Al, pink; O, red; Si, blue; W, gray.

of highly hydrated large polyoxometalate complexes, it was
not possible to locate every potassium cation and crystalline
water molecules in the crystal structure.

X-ray crystallography of Al4-open revealed that the {Al4(μ-
OH)6}6+ cluster was included in an open pocket of the open-
Dawson polyanion, [α,α-Si2W18O66]16– (Figure 1a). The open-
Dawson polyanion is formed by the fusion of two trilacunary
Keggin POMs, [A-α-SiW9O34]10–, by two W–O–W bonds.
The four central aluminum(III) atoms in the {Al4(μ-OH)6}6+

cluster unit are arranged in a rectangular array with Al···Al
distances of 2.858(5) (Al1–Al4), 2.880(5) (Al2–Al3), 3.528(5)
(Al1–Al2), and 3.498(5) (Al3–Al4) Å. This metal ion arrange-
ment is similar to that of [{Fe4(OH)6}(Si2W18O66)]10– reported
previously by Her et al.[2f] The Fe···Fe distances of
[{Fe4(OH)6}(Si2W18O66)]10– are 3.039(5) (Fe1–Fe4), 3.025(5)
(Fe2–Fe3), 3.632(5) (Fe1–Fe2), and 3.660(5) (Fe3–Fe4), and
are slightly longer than those of Al4-open. All aluminum
atoms are connected to neighboring aluminum atoms through
corner sharing oxygen atoms (O71 and O72) and edge sharing
oxygen atoms (O67, O68, O69, and O70). Bond valence sum
(BVS) calculations[11] have strongly suggested that the oxygen
atoms (O67, O68, O69, O70, O71, and O72) are protonated,
i.e., they are ascribed to the OH– groups (the BVS value; O67,
0.992; O68, 0.945; O69, 0.965; O70, 0.974; O71, 0.958; O72,
0.984; Table S1). Each Al atom is bonded to three oxygen
atoms of the lacunary site in the open-Dawson polyanion, [α,α-
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Si2W18O66]16– [Al–O average 1.940 Å]. Thus, four Al atoms
can be considered to be six-coordinate.

The molecular structure of the polyoxoanion of Ga4-open,
its polyhedral representation, and the partial structure around
the Ga4 centers are shown in Figure 2a, b, and c, respectively.

i ure 2. (a) Molecular structure of the polyoxoanion, [{Ga4(μ-
OH)6}(α,α-Si2W18O66)]10– of Ga4-open, (b) its polyhedral representa-
tion, and (c) the partial structure around the Ga4 center. Color code:
Ga, green; O, red; Si, blue; W, gray.

The composition and formula of Ga4-open, which contains
10 potassium countercations and 25 crystallization water mol-
ecules, were determined by elemental analysis and TG analy-
sis. In X-ray crystallography, one open-Dawson polyoxoanion,
7 potassium cations, and 21 crystallization water molecules per
formula unit were identified in the crystal structure. As in the
case of other structural investigations of crystals of highly hy-
drated large polyoxometalate complexes, it was not possible to
locate every potassium cation and crystalline water molecules.
The structure of Ga4-open is isostructural with Al4-open (Fig-
ure 2). Bond valence sum (BVS) calculations[11] suggested that
the oxygen atoms (O67, O68, O69, O70, O71, and O72) are
protonated (the BVS value; O67, 1.111; O68, 1.116; O69,
1.111; O70, 0.995; O71, 1.024; O72, 1.083; Table S2, Support-
ing Information). In contrast, it should be noted that Patzke’s
group reported that the corner- and edge-sharing oxygen atoms
connecting to neighboring gallium atoms were di-protonated,
i.e., [{Ga4(H2O)6}Si2W18O66]n–.[6e] Each Ga atom is bonded
to three oxygen atoms of the lacunary site in the open-Dawson
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polyanion, [α,α-Si2W18O66]16– [Ga–O average 2.014 Å]. Thus,
four Ga atoms can be considered to be six-coordinate.

In open-Dawson POMs, the bite angle can be defined as the
dihedral angle between the planes passing through the six oxy-
gen atoms of the lacunary site of each trilacunary Keggin units.
The bite angle changes depending upon the metal cluster in-
cluded in the open pocket of the [α,α-Si2W18O66]16– unit (Fig-
ure 3). The bite angles are 54.274° for Al4-open and 56.110°
for Ga4-open. The difference of the bite angles between Al4-
and Ga4-open is caused by the difference of ionic radii be-
tween Al (0.53 Å) and Ga (0.76 Å) ions.[12] The bite angles
in these open-Dawson POMs can be compared with those of
previously reported open-Dawson structural POMs; the bite
angles of Al4-open (54.274°) and Ga4-open (56.110°) are nar-
rower than those of the high-nuclear metal-substituted open-
Dawson POMs, including Co6 (60.045°),[2n] Zn6 dimer
(60.308°),[2j] Cu5 (61.663°),[2b,2d] and Ni5 (58.925°)[2k] clus-
ters. On the other hand, the low-nuclear metal-substituted
open-Dawson POMs such as Ni2 (53.3941°)[2l] and Co2
(53.3625°,[2a] 53.4437° [2c]) showed narrower bite angles than
those of our Al4- and Ga4-open. These results indicate that the
bite angle increases with the increase in the number of inserted
metals.

i ure . Bite angles of Al4-open (left) and Ga4-open (right).

There are many interactions between the oxygen atoms of
the polyanion moiety and the K+ cations in the crystal struc-
tures of both compounds. In particular, the terminal (O16,
O49) and the edge-sharing (O21, O55) oxygen atoms of the
WO6 polyhedra serving as a hinge between the two trilacunary
Keggin units interacted with K+ cations (K1, K4 for Al4-open;
K1, K3 for Ga4-open) [K1–O16, 2.661(8); K1–O49, 2.810(8);
K4–O21, 2.717 (8); K4–O55, 2.904(8) Å for Al4-open; K1–
O16, 2.784(10); K1–O49, 2.658(10); K3–O21, 2.895(9); K3–
O55, 2.740(9) Å for Ga4-open] (Figure 4). These interactions
between K+ ions and oxygen atoms in open-Dawson POM ap-
pear to play an important role in the formation of the open-
Dawson structural POMs. In fact, most of the previously re-
ported open-Dawson POMs adopted K+ ions as countercations,
and this type of interaction was observed in most open-
Dawson structural POMs, such as V2,[2f] Zn6 dimer,[2j] Ni5,[2k]

and Cu5.[2b,2d] Inter-POM interactions via K+ cations and
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crystallization water molecules were also observed in the crys-
tal structures of Al4- and Ga4-open, forming a 3D network
structure in the crystal (Figure 5).

i ure 4. Interactions with K+ cations of the terminal and the
edge-sharing oxygen atoms of the WO6 polyhedra serving as a hinge
between the two trilacunary Keggin units of Al4-open (left) and Ga4-
open (right).

i ure 5. Packing structures of Al4-open, viewed along (a) the crystal-
lographic a axis and (b) the axis.

Solution 29Si, 183W NMR

The solution 29Si NMR spectra of Al4- and Ga4-open in
D2O showed only one resonance, at –82.55 and –82.31 ppm,
respectively (Figure 6).

i ure 6. Solution 29Si NMR spectra of (a) Al4-open and (b) Ga4-
open dissolved in D2O.
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It has been recognized that 183W NMR chemical shifts are
extremely sensitive to tiny structural changes. The 183W NMR
spectra of Al4-open in D2O (Figure 7a) showed a five-line
spectrum at –79.67 (2 W), –83.33 (2 W), –149.84 (2 W),
–175.17 (1 W), and –197.67 (2 W) ppm. The five-line spec-
trum is consistent with the molecular structure of Al4-open.
The 183W NMR spectra of Ga4-open in D2O (Figure 7b) also
showed a five-line spectrum at –64.31 (2 W), –72.52 (2 W),
–151.79 (2 W), –167.10 (1 W), and –194.70 (2 W) ppm. The
trigallium(III)-substituted dimer, Ga6-dimer, and the di-galli-
um(III)-substituted dimer, Ga4-dimer, reported by Patzke et
al. showed a two-line spectrum (–81.289, –160.571 ppm) and
a six-line spectrum (–70.754, –85.283, –117.227, –156.435,
–164.894, and –169.969 ppm), respectively.[6e] The five-line
spectra are characteristic of Al4- and Ga4-open, suggesting
that Al4- and Ga4-open existed as a single species and main-
tained their structures in solution. In addition, Ga4-open was
clearly distinguishable from tri- and di-gallium(III)-substituted
dimers by 183W NMR spectroscopy.

i ure . Solution 183W NMR spectra of (a) Al4-open and (b) Ga4-
open dissolved in D2O.

The sample obtained in the early stage of crystallization of
Ga4-open showed two minor 183W NMR peaks at –80.73 and
–159.67 ppm, together with the main five peaks of Ga4-open
(Figure S3, Supporting Information). The chemical shifts of
the minor peaks were in accordance with those of the Ga6-
dimer, and, in fact, the Ga6-dimer was formed as a minor
product under our reaction conditions. The sample contami-
nated with Ga6-dimer can be easily purified by recrystalli-
zation from water.

onclusions

The open-Dawson structural POMs containing aluminum or
gallium, i.e., K10[{Al4(μ-OH)6}(α,α-Si2W18O66)]·28.5H2O
(Al4-open), and K10[{Ga4(μ-OH)6}(α,α-Si2W18O66)]·25H2O
(Ga4-open) were synthesized and characterized. The solution
29Si and 183W NMR spectra in D2O indicated that both Al4-
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open and Ga4-open were obtained as a single species and their
structures were maintained in solution. Single-crystal X-ray
analyses revealed that the {M4(μ-OH)6}6+ (M = Al, Ga) cluster
is included in an open pocket of the open-Dawson polyanion.
There are many interactions between the oxygen atoms of the
open-Dawson units and the K+ cations in the crystal structures
of Al4- and Ga4-open, and these interactions appear to play an
important role in the formation of open-Dawson structural
POMs. Synthesis and structural characterization of the open-
Dawson POMs family, which contains tetranuclear Al and Ga
moieties in the open pocket, elucidated clear difference of the
bite angles. The Al and Ga sites in Al4- and Ga4-open would
act as Lewis acid sites, and Al4- and Ga4-open are expected
to be used as the Lewis-acid catalysis. In addition, this work
can be extended to future molecular design of novel open-
Dawson POMs containing different transition metal ions with
varying nuclearities beyond group 13 elements. Studies of the
open-Dawson structural POMs containing other group 13
metal such as In3+ are in progress.

perimental ection

aterials The following reagents were used as received: Al(NO3)3·
9H2O, Ga(NO3)3·nH2O (n = 7–9), HCl, KOH, KCl (all from Wako
Pure Chemical Industries), and D2O (Kanto Chemical). The trilacunary
Keggin POMs, i.e., Na10[A-α-SiW9O34]·18H2O and K10[A-α-
SiW9O34]·10H2O, were prepared according to the literature meth-
ods,[8,9] and identified by TG/DTA and FT-IR analysis.

nstrumentation and Anal tical rocedures Elemental analyses
were carried out by Mikroanalytisches Labor Pascher (Remagen, Ger-
many). The samples were dried overnight at room temperature in the
range of 10–3 to 10–4 Torr before analysis. The 29Si NMR (99.4 MHz)
spectra in D2O solution were recorded in 5-mm outer diameter tubes
with a JEOL JNM ECP 500 FTNMR spectrometer and a JEOL ECP-
500 NMR spectroscopic data processing system. The 29Si NMR spec-
tra were referenced to an internal standard of DSS. The 183W NMR
(20.8 MHz) spectra were recorded in 10-mm outer diameter tubes, with
a JEOL JNM-ECP 500 FT-NMR spectrometer equipped with a JEOL
NM-50T10L low-frequency tunable probe and a JEOL ECP-500 NMR
spectroscopic data processing system. These spectra were referenced
to an external standard (saturated Na2WO4/D2O solution) by the sub-
stitution method. Chemical shifts were reported on the δ scale with
resonances upfield of Na2WO4 (δ = 0 ppm) as negative. Infrared spec-
tra were recorded with a Jasco 4100 FTIR spectrometer by using KBr
disks at room temperature. Thermogravimetric (TG) and differential
thermal analyses (DTA) were acquired with a Rigaku Thermo Plus 2
series TG8120 instrument. TG/DTA measurements were run under air
with a temperature ramp of 4.0 °C per min between 20 (for Al4-open)
or 22 (for Ga4-open) and 500 °C.

10 Al4 μ- 6 α α- i2 1 66 ·2 5 2 Al4-open Na10[A-α-
SiW9O34]·18H2O (6.0 g, 2.16 mmol) was suspended in 120 mL of
water. The pH was adjusted to 7.5 using HClaq (0.1 m). Al(NO3)3·
9H2O (1.62 g, 4.32 mmol) was added to the solution, and the solution
was heated to 80 °C for 30 min. The pH dropped to 2.00. Subsequently
the pH was adjusted to 6.5 by KOHaq. (1 m) and saturated KClaq.
(6 mL) was added to the solution. After 1 d, colorless crystals formed,
which were removed by a membrane filter (JG 0.2 μm). Saturated
KClaq. (6 mL) was added to the filtrate, and the solution was left undis-
turbed at room temperature. After 1 d, colorless needle crystals formed,
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which were collected on a membrane filter (JG 0.2 μm), washed with
cold water, and dried in vacuo for 2 h. The yield was 0.818 g
(0.148 mmol, 13.7% based on Na10[A-α-SiW9O34]·18H2O).

The crystalline sample was soluble in water but insoluble in
organic solvents such as methanol, ethanol, and diethyl ether.
H28Al4K10O83Si2W18 or K10[{Al4(OH)6}(Si2W18O66)]·11H2O: calcd.
H 0.54, Al 2.07, K 7.49, O 25.44, Si 1.08, W 63.39%; found: H 0.46,
Al 1.90, K 7.64, O 24.9, Si 1.05, W 63.2%, total 99.15 %. A weight
loss of 3.93% (solvated water) was observed during overnight drying
at room temperature, at 10–3 – 10–4 Torr before analysis, suggesting
the presence of 12 water molecules. TG/DTA under atmospheric con-
ditions: a weight loss of 9.26% was observed at below 500 °C; calcd.
9.27% for x = 28.5 in K10[{Al4(OH)6}(Si2W18O66)]·xH2O. R (KBr):
ν̃ = (polyoxometalate region): 1623 (m), 1385 (w), 1010 (m), 958 (s),
907 (vs), 801 (vs), 755 (s), 710 (s), 657 (m), 523 (m) cm–1. 2 i R
(40.0 °C, D2O, DSS, ppm): δ = –82.55. 1 R (D2O, ppm): δ =
–79.67 (2 W �2), –83.33 (2 W �2), –149.84 (2 W �2), –175.17
(1 W �2), –197.67 (2 W� 2).

10 Ga4 6 α α- i2 1 66 ·25 2 Ga4-open K10[A-α-
SiW9O34]·10H2O (3.0 g, 1.07 mmol) was suspended in 60 mL of
water. The pH was adjusted to 7.5 using HClaq (0.1 m). Ga(NO3)3·
nH2O (0.86 g, 2.14 mmol calculated based on octahydrate) was added
to the solution, and the solution was heated to 80 °C for 30 min. The
pH dropped to 1.78. Subsequently the pH was adjusted to 6.5 by
KOHaq (1 m) and saturated KClaq. (1.8 mL) was added to the solution.
After 1 d, colorless needle crystals formed, which were collected on a
membrane filter (JG 0.2 μm), and dried in vacuo for 2 h. The yield
was 0.79 g (0.140 mmol, 26.2% based on K10[A-α-SiW9O34]·10H2O).

The crystalline sample was soluble in water but insoluble in
organic solvents such as methanol, ethanol, and diethyl ether.
H16Ga4K10O77Si2W18 or K10[{Ga4(OH)6}(Si2W18O66)]·5H2O: calcd.
H 0.31, Ga 5.28, K 7.40, Si 1.06, W 62.63%; found: H 0.32, Ga 4.94,
K 7.75, Si 1.04, W 62.7%. A weight loss of 5.32% (solvated water)
was observed during overnight drying at room temperature, at 10–3 –
10–4 Torr, before analysis, suggesting the presence of 18 water mol-
ecules. TG/DTA under atmospheric conditions: a weight loss of 7.96%
was observed at below 500 °C; calcd. 8.09% for x = 25 in
K10[{Ga4(OH)6}(Si2W18O66)]·xH2O. R (KBr): ν̃ = (polyoxometalate
region): 1623 (m), 1007 (m), 958 (m), 925 (s), 898 (vs), 785 (vs), 740
(s), 675 (m), 638 (m), 545 (m), 521 (m), 494 (m) cm–1. 2 i R
(40.0 °C, D2O, DSS, ppm): δ = –82.31. 1 R (D2O, ppm): δ =
–64.31 (2 W �2), –72.52 (2 W �2), –151.79 (2 W � 2), –167.10
(1 W �2), –194.70 (2 W �2).

-ra r stallo rap Single crystals with dimensions of
0.24 �0.09 �0.05 mm3 for Al4-open, and 0.40�0.08�0.08 mm3 for
Ga4-open were surrounded by liquid paraffin (Paratone-N) and ana-
lyzed at 150(2) K. All measurements were performed with a Rigaku
MicroMax-007HF with Saturn CCD diffractometer. The structures
were solved by direct methods (SHELXS-97),[10a] followed by differ-
ence Fourier calculation and refinement by a full-matrix least-squares
procedure on 2 (program SHELXL-97).[10b] Most atoms in the main
part of the structure were refined anisotropically, while the rest (as
crystallization solvents) were refined isotropically because of the pres-
ence of disorder. The composition and formula of the POM containing
many countercations and many crystallization water molecules were
determined by elemental analysis and TG analysis. As with other struc-
tural investigations of crystals of highly hydrated large polyoxomet-
alate complexes, it was not possible to locate every countercation and
crystallization water molecule. This frequently encountered situation
is attributed to extensive disorder of the cations and many of the
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crystallization water molecules. The details of the crystallographic data
for Al4-open and Ga4-open are listed in Table 1.

a le 1. Crystallographic data and structure refinement results for Al4-
open and Ga4-open.

Al4 open-Dawson Ga4 open-Dawson

Formula Al4K8O96Si2W18 Ga4K7O93Si2W18
Formula weight 5322.20 5406.06
Color, shape colorless, prism colorless, needle
Crystal system monoclinic monoclinic
Space group P21/ P21/

/K 150(2) 150(2)
a /Å 18.015(3) 18.170(2)

/Å 20.254(3) 20.226(3)
/Å 24.115(4) 24.007(3)

β /° 111.4877(19) 111.8525(16)
/Å3 8187(2) 8212.2(18)

Z 4 4
Dcalc /g·cm–1 4.318 4.373

(000) 9328 9444
GOF 1.075 1.109

1 (I � 2.00σ(I)) 0.0430 0.0527
(all data) 0.0466 0.0584
2 (all data) 0.1067 0.1253

Further details of the crystal structures investigations may be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany (Fax: +49-7247-808-666; E-Mail:
crysdata@fiz-karlsruhe.de, http://www.fiz-karlsruhe.de/request for
deposited data.html) on quoting the depository numbers CSD-429730
for Al4-open (Identification code; 1403252) and CSD-428783 for
Ga4-open (Identification code; 1401212).

upportin n ormation (see footnote on the first page of this article):
Bond valence sum (BVS) calculations of Al4- and Ga4-open (Tables
S1, S2), FT-IR spectra of Al4- and Ga4-open (Figures S1 and S2),
183W NMR of the sample obtained in early stage of crystallization of
Ga4-open (Figure S3), TG/DTA data of Al4- and Ga4-open (Figures
S4 and S5).
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Abstract: The β,β-isomer of open-Wells–Dawson polyoxometalate (POM) containing a tetra-iron(III)
cluster, K9[{Fe4(H2O)(OH)5}(β,β-Si2W18O66)]¨ 17H2O (potassium salt of β,β-Fe4-open), was
synthesized by reacting Na9H[A-β-SiW9O34]¨ 23H2O with FeCl3¨ 6H2O at pH 3, and characterized
by X-ray crystallography, FTIR, elemental analysis, TG/DTA, UV–Vis, and cyclic voltammetry.
X-ray crystallography revealed that the {Fe3+

4(H2O)(OH)5}7+ cluster was included in the
open pocket of the β,β-type open-Wells–Dawson polyanion [β,β-Si2W18O66]16´ formed by
the fusion of two trilacunary β-Keggin POMs, [A-β-SiW9O34]10´, via two W–O–W bonds.
The β,β-open-Wells–Dawson polyanion corresponds to an open structure of the standard
γ-Wells–Dawson POM. β,β-Fe4-open is the first example of the compound containing a geometrical
isomer of α,α-open-Wells–Dawson structural POM.

Keywords: polyoxometalates; open-Wells–Dawson structural POM; iron; geometrical isomer

1. Introduction

Polyoxometalates (POMs) are discrete metal oxide clusters that are of interest as soluble
metal oxides, with applications in catalysis, medicine, and materials science [1–13]. Recently, the
open-Wells–Dawson POMs have been an emerging class of POMs [14–28]. The standard Wells–Dawson
structural POM is regarded as an assembly of two trilacunary Keggin POMs via six W–O–W bonds.
In 2014, Mizuno et al. reported the synthesis of a standard Wells–Dawson structural POM with
a highly charged guest SiO4

4´, TBA8[α-Si2W18O62]¨ 3H2O, by dimerization of a trilacunary Keggin
POM, [α-SiW9O34]10´, in an organic solvent [29]. However, in aqueous media, the electrostatic
repulsion induced by the highly charged guest XO4

4´ (X = Si, Ge) inhibits the assembly of the standard
Wells–Dawson structure [30]. Therefore, the two trilacunary Keggin units with XO4

4´ (X = Si, Ge)
are linked by two W–O–W bonds, forming open-Wells–Dawson structural POMs. The open pocket
of these POMs can accommodate up to six metals. Thus, these compounds constitute a promising
platform for the development of metal-substituted POM-based materials and catalysts. To date, many
compounds with various metal ions in their open pocket have been reported. For example, V5+ [19],
Mn2+ [16,21], Fe3+ [19], Co2+ [14,16,20,21,25,27], Ni2+ [16,21,24,27], Cu2+ [15–17], Zn2+ [23], Al3+ [28],
Ga3+ [28], and lanthanoid (Eu3+, Gd3+, Tb3+, Dy3+, Ho3+) [22,26].

The standard Wells–Dawson structural POM is one of the most deeply studied POMs. Baker and
Figgis predicted the existence of six possible structural isomers of the Wells–Dawson POM (α, β, γ, α*,
β*, γ*) [31]. So far, only the α-, β-, γ-, and γ*- isomers have been experimentally confirmed [32–37].
The α-Wells–Dawson POM has D3h symmetry (Figure 1, upper left). The β- and γ-Wells–Dawson
isomers exhibit C3V and D3h symmetries, respectively, and are derived from the α-Wells–Dawson
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isomer by a 60˝ rotation of one (β-isomer) or two (γ-isomer) {M3O13} caps about the three-fold
axis of the α-Wells–Dawson isomer (Figure 1, upper middle and right). Likewise, the α*-, β*-,
and γ*-Wells–Dawson isomers are derived from the α-, β-, and γ-isomer by a 60˝ rotation of half
{XM9} units.

Figure 1. The isomers of the usual Wells–Dawson structural POMs and the open-Wells–Dawson POMs.
Color code: XO4, blue; WO6, gray.

On the basis of the analogy with the standard Wells–Dawson isomers, the isomers of
the open-Wells–Dawson POMs are possible. The well-known α,α-open-Wells–Dawson POM
[α,α-X2W18O66]16´, built from two trilacunary α-Keggin units [A-α-XW9O34]10´ by two W–O–W
bonds, corresponds to an open structure of the conventional α-Wells–Dawson POM (Figure 1, lower
left). A similar assembly of two trilacunary β-Keggin units prompts the β,β-open-Wells–Dawson
isomer, which is viewed as an open structure of the γ-Wells–Dawson POM (Figure 1, lower right).
Likewise, an assembly of the trilacunary α- and β-Keggin POMs leads to the α,β-open-Wells–Dawson
isomer corresponding to an open structure of the β-Wells–Dawson POM. However, only the α,α-isomer
of the open-Wells–Dawson structural POM has been reported so far.

Herein, we report the synthesis of the β,β-isomer of the open-Wells–Dawson POM containing
a tetra-iron(III) cluster, K9[{Fe4(H2O)(OH)5}(β,β-Si2W18O66)]¨ 17H2O (potassium salt of β,β-Fe4-open)
and its characterization by X-ray crystallography, FTIR, elemental analysis, TG/DTA, UV–Vis, and
cyclic voltammetry. The β,β-Fe4-open is the first example of the compound containing a geometrical
isomer of the α,α-open-Wells–Dawson structural POM.

2. Results and Discussion

2.1. Synthesis and Characterization

The potassium salts of β,β-Fe4-open, K9[{Fe4(H2O)(OH)5}(β,β-Si2W18O66)]¨ 17H2O, were
prepared by the reaction of the separately prepared Na9H[A-β-SiW9O34]¨ 23H2O with FeCl3¨ 6H2O
in a 1:2 molar ratio at pH 3, followed by stirring the solution at 80 ˝C for 30 min. The β,β-type
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open-Wells–Dawson POM containing a tetra-iron(III) cluster was obtained as crystalline sample with
22.2% yield.

Equation (1) represents the formation of the polyoxoanion [{Fe4(H2O)(OH)5}(β,β-Si2W18O66)]9´.

2rβ ´ SiW9O34s10´ ` 4FeCl3 ` 4H2O Ñ rtFe4pH2OqpOHq5upβ,β ´ Si2W18O66qs9´ ` H+ ` 12Cl´ (1)

In the case of the α,α-analogue, i.e., K2Na8[{Fe4(OH)6}(Si2W18O66)]¨ 44H2O (α,α-Fe4-open) [19],
the K+ ions incorporating the open-Wells–Dawson POM, i.e., K13[{K(H2O)3}2{K(H2O)2}(α,α-
Si2W18O66)]¨ 19H2O (K-open), were used as a precursor, whereas the potassium salt of β,β-Fe4-open

was prepared from the trilacunary β-Keggin POM, i.e., Na9H[A-β-SiW9O34]¨ 23H2O. Both α,α- and
β,β-Fe4-open were prepared at ca. pH 3. Excess K+ ions are required for the formation of the
α,α-open-Wells–Dawson POM [25,28], indicating that K+ ions play an important role in the synthesis.
In the case of the present β,β-open-Wells–Dawson POM, the addition of excess KCl was needed,
indicating that K+ ions also play an important role in the formation of the β,β-open-Wells–Dawson
structural POMs.

The potassium salt of β,β-Fe4-open was characterized via elemental analysis. Prior to analysis,
the sample was dried overnight at room temperature under a vacuum of 10´3–10´4 Torr. All elements
(H, Fe, K, O, Si, and W) were analyzed for a total of 99.74%, indicating that the obtained compound
was highly pure. The observed data was in accordance with the calculated values for the formula
constituting four water molecules, i.e., K9[{Fe4(H2O)(OH)5}(β,β-Si2W18O66)]¨ 4H2O (see Experimental
Section). The weight loss observed during drying was 4.23% corresponding to ca. 13 crystallized water
molecules (calcd. 4.33%), and therefore, the sample contained a total of 17 crystallized water molecules.
On the other hand, during the TG/DTA measurements carried out under atmospheric conditions
(Figure S2), a weight loss of 6.10%, observed at temperatures below 500 ˝C, corresponded to ca. 18 water
molecules (calcd. 5.98%). Thus, the elemental analysis and TG/DTA displayed a presence of a total
of 17–18 water molecules for the sample under atmospheric conditions. The formula for the potassium
salt of β,β-Fe4-open presented herein is decided as K9[{Fe4(H2O)(OH)5}(β,β-Si2W18O66)]¨ 17H2O
based on the results of the complete elemental analysis.

2.2. Molecular Structure

X-ray crystallography of β,β-Fe4-open revealed that a β,β-type open-Wells–Dawson polyanion is
formed by the fusion of two trilacunary β-Keggin POMs, [A-β-SiW9O34]10´, via two W–O–W bonds,
and the {Fe3+

4(H2O)(OH)5}7+ cluster is included in the open pocket of the β,β-type open-Wells–Dawson
polyanion, [β,β-Si2W18O66]16´ (Figure 2). The structure of the β,β-open-Wells–Dawson polyanion
moiety is derived by a 60˝ rotation of two {M3O13} caps of the α,α-type isomer, corresponding
to an open structure of the γ-Wells–Dawson POM; it is the first example of the isomer of the
α,α-open-Wells–Dawson POM.

The four iron(III) centers in the open pocket were arranged in a rectangular array, and were
connected to the neighboring iron atoms through edge-sharing oxygen atoms (O67, O68, O69, and
O70) and corner-sharing oxygen atoms (O71 and O72). Bond valence sum (BVS) calculations [38] of
the oxygen atoms connected to the iron atoms suggested that four of the oxygen atoms (O67, O69,
O71, and O72) are protonated, i.e., they are ascribed to the hydroxide groups (the BVS values: O67,
1.106; O69, 1.157; O71, 1.170; O72, 1.255; Table S1). On the other hand, the BVS values of two inner
edge-sharing oxygen atoms (O68, 0.796 and O70, 0.660; Table S1) were slightly lower than those of other
oxygen atoms connected to the iron atoms. These results suggested that there is one proton between
two oxygen atoms (O68 and O70), i.e., the iron(III) cluster in the open pocket can be represented as
{Fe4(H2O)(OH)5}7+. All the iron atoms were in the +3 oxidation state (the BVS values: Fe1, 2.981; Fe2,
3.030; Fe3, 3.018; Fe4, 3.148; Table S1). These results were consistent with elemental analysis of the
potassium salt of β,β-Fe4-open. The Fe¨ ¨ ¨ Fe distances connected through edge-sharing oxygen atoms
were 3.103(4) (Fe1–Fe3) and 3.114(4) (Fe2–Fe4) Å, and through corner-sharing oxygen atoms were
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3.648(5) (Fe1–Fe2) and 3.646(5) (Fe3–Fe4). This metal ion arrangement was similar to that of previously
reported α,α-Fe4-open [19], and [{M4(OH)6}(α,α-Si2W18O66)]10´ (M = Al, Ga) [28].

The bite angle of β,β-Fe4-open was 58.736˝, similar to that of α,α-Fe4-open (58.147˝), and
as for the structure around the open pocket, no clear difference was observed between the α,α-

and β,β-Fe4-open.

Figure 2. (a) Molecular structure of the polyoxoanion [{Fe4(H2O)(OH)5}(β,β-Si2W18O66)]9´ of
potassium salt of β,β-Fe4-open; (b) its polyhedral representation; and (c) the partial structure around
the Fe4 center. Color code: Fe, brown; O, red; Si, blue; W, gray.

There are many interactions between the oxygen atoms of the polyanion moiety and K+ in the
crystal structure of β,β-Fe4-open. In particular, the terminal (O15, O16, O37, O38) oxygen atoms of
the WO6 polyhedra serve as a hinge between the two trilacunary Keggin units interacting with K+

cations (K1) (K1-O15, 2.800(14); K1-O16, 2.689(12); K1-O37, 2.685(14); K1-O38, 2.819(14) Å: Figure 3).
These interactions play an important role in the formation of the β,β-type open-Wells–Dawson
structural POMs and have been previously reported for the α,α-open-Wells–Dawson POMs [28].

2.3. Absorption Spectrum

The absorption spectrum of β,β-Fe4-open in H2O is shown in Figure 4. The shoulder band due
to the O to Fe3+ charge transfer [39] was observed around 450 nm (ε = 98 M´1¨ cm´1). This spectrum
was similar to that of α,α-Fe4-open (Figure S3).
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Figure 3. Interactions with K+ ions of the terminal oxygen atoms of the WO6 polyhedra serving as
a hinge between the two trilacunary β-Keggin units of β,β-Fe4-open.

Figure 4. UV/Vis absorption spectrum of potassium salt of β,β-Fe4-open in H2O. Inset shows
enlarged view.
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2.4. Electrochemistry

The cyclic voltammogram of 0.5 mM β,β-Fe4-open conducted in 0.5 M KOAc/HOAc buffer
(pH 4.8) solution at a scan rate of 25 mV¨ s´1 showed three characteristic peaks at ´0.665, ´0.794,
and ´0.939 V (vs. Ag/AgCl), respectively. These peaks were associated with W6+ centered reduction
processes (Figure 5). Hill et al. have reported similar redox processes based on Zn-containing
open-Wells–Dawson POMs [23], and noted that the second reduction wave associated with W6+

is a two-electron process. The cyclic voltammogram of 0.5 mM α,α-Fe4-open in 0.5 M KOAc/HOAc
buffer (pH 4.8) solution at a scan rate of 25 mV/s was similar to that of β,β-Fe4-open (Figure S4).
However, the reduction processes of α,α-Fe4-open based on W6+ were observed at a slightly more
negative potential i.e., (´0.704, ´0.866, ´0.936 V vs. Ag/AgCl) (Figure S4).

On the other hand, the redox waves observed at ´0.212 and 0.380 V can be attributed to the
redox processes of Fe3+ centers, since the Zn-containing open-Wells–Dawson POM displayed no redox
waves in this region [23]. The area ratio between the second reduction wave of W6+ (two-electron
process, E = ´0.794 V) and the reduction of Fe3+ (E = ´0.212 V) is ca. 1:2, i.e., 2:4 electrons. Based on
the comparison of the area ratio, the wave is likely to be the simultaneous one-electron redox of the
four-Fe3+ center.

Figure 5. Cyclic voltammograms (CV) of 0.5 mM potassium salt of β,β-Fe4-open in 0.5 M potassium
acetate buffer, pH 4.8, scan rate 25 mV¨ s´1, under N2.

3. Experimental Section

3.1. Materials

The following reagents were used as received: FeCl3¨ 6H2O, HCl, KOH, and KCl (from
Wako Pure Chemical Industries, Osaka, Japan). The sodium salt of trilacunary Keggin POM,
i.e., Na9H[A-β-SiW9O34]¨ 23H2O, and α,α-Fe4-open were prepared according to the literature
method [19,40], and identified by X-ray crystallography, TG/DTA, FT-IR, UV/Vis absorption spectra,
and cyclic voltammetry.
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3.2. Instrumentation and Analytical Procedures

Elemental analyses were carried out by Mikroanalytisches Labor Pascher (Remagen, Germany).
The sample was dried overnight at room temperature under 10´3–10´4 Torr before analysis.
Infrared spectra were recorded on a Jasco 4100 FTIR spectrometer (Jasco, Hachioji, Japan) using
KBr disks at room temperature. Thermogravimetric (TG) and differential thermal analyses (DTA)
were acquired using a Rigaku Thermo Plus 2 series TG8120 instrument (Rigaku, Akishima, Japan).
TG/DTA measurements were run under air with a temperature ramp of 4.0 ˝C/min between 20
and 500 ˝C. Absorption spectra in H2O were obtained on a JASCO V-630 spectrophotometer (Jasco).
Cyclic voltammetry was performed with ALS/CH Instruments (BAS, Sumida-ku, Japan), a Model
610E electrochemical analyzer with a three electrode cell in 0.5 M KOAc/HOAc buffer (pH 4.8) under
N2 atmosphere. A glassy carbon working electrode, a Pt auxiliary electrode and a Ag/AgCl reference
electrode were employed. The scan rate was 25 mV¨ s´1.

3.3. Synthesis of K9[{Fe4(H2O)(OH)5}(β,β-Si2W18O66)]¨ 17H2O (Potassium Salt of β,β-Fe4-Open)

Na9H[A-β-SiW9O34]¨ 23H2O (1.00 g, 0.351 mmol) was suspended in 50 mL of water. The pH
was adjusted to 3.0 using 1.0 M HClaq, and 1.0 mL of saturated KClaq. was added to the solution.
Upon addition of FeCl3¨ 6H2O (0.190 g, 0.703 mmol) to the solution, the pH dropped to 1.57.
Subsequently, the pH was adjusted to 3.0 using 1.0 M KOHaq. Thereafter, the solution was heated
to 80 ˝C for 30 min and the pH was re-adjusted to 3.0 using 1.0 M KOHaq. The resulting solution
was left to stand undisturbed at room temperature for one week. The resulting yellow plate crystals
were collected on a membrane filter (JG 0.2 μm), and dried in vacuo for 2 h to obtain a yield of 0.211 g
(0.0390 mmol, 22.2% based on Na9H[A-β-SiW9O34]¨ 23H2O).

The crystalline sample was soluble in water, but insoluble in organic solvents such as methanol,
ethanol, and diethyl ether. Complete elemental analysis (%) calcd. for H15Fe4K9O76Si2W18 or
K9[{Fe4(H2O)(OH)5}(β,β-Si2W18O66)]¨ 4H2O: H, 0.29; Fe, 4.32; K, 6.80; O, 23.51; Si, 1.09; W, 63.99.
Found: H, 0.29; Fe, 4.25; K, 6.57; O, 23.6; Si, 1.23; W, 63.8; total ~99.74%. A weight loss of 4.23%
(solvated water) was observed during overnight drying at room temperature, at 10´3–10´4 Torr
before analysis, suggesting the presence of 13 water molecules (calcd. 4.33%). TG/DTA under
atmospheric conditions: a weight loss of 6.10% was observed below 500 ˝C; calc. 5.98% for x = 18
in K9[{Fe4(H2O)(OH)5}(β,β-Si2W18O66)]¨ xH2O. IR (KBr, cm´1): 1615 (w), 1090 (w), 1008 (w), 962 (s),
906 (vs), 879 (vs), 810 (vs), 761 (vs), 716 (s), 643 (m), 520 (w), 483 (w), 407 (w).

3.4. X-ray Crystallography

For the potassium salt of β,β-Fe4-open, a single crystal with dimensions of 0.11 ˆ 0.08 ˆ 0.07 mm3

was surrounded by liquid paraffin (Paratone-N) and analyzed at 100(2) K. Measurement was performed
using a Bruker SMART APEX CCD diffractometer. The structure was solved by direct methods
(SHELXS-97), followed by difference Fourier calculations and refinement by a full-matrix least-squares
procedure on F2 (program SHELXL-97) [41].

Crystal data: triclinic, space group P´1, a = 12.560(2), b = 19.013(3), c = 20.359(4) Å, α = 92.925(3),
β = 98.002(3), γ = 93.086(3)˝, V = 4799.1(15) Å3, Z = 2, Dcalcd = 3.694 g¨ cm´3, μ(Mo-Kα) = 22.371 mm´1.
R1 (I > 2.00σ(I)) = 0.0605, R (all data) = 0.0751, wR2 (all data) = 0.1642, GOF = 1.032. Most atoms in
the main part of the structure were refined anisotropically, while the rest (as crystallization solvents)
were refined isotropically, because of the presence of disorder. The composition and formula of the
POM, containing countercations and crystalline water molecules, were determined by the complete
elemental and TG analyses. Similar to other structural investigations of crystals of highly hydrated
large polyoxometalate complexes, it was not possible to locate every countercation and hydrated water
molecule, due to the extensive disorder of the cations and crystalline water molecules. Further details
of the crystal structure investigations may be obtained from the Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (Fax: +49-7247-808-666; E-Mail: crysdata@fiz-karlsruhe.de,
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http://www.fiz-karlsruhe.de/request_for_deposited_data.html?&L=1) on quoting the depository
number CSD-431049 (Identification code; em1-6-3c).

4. Conclusions

In summary, we prepared a β,β-isomer of open-Wells–Dawson POM containing a tetra-iron(III)
cluster, K9[{Fe4(H2O)(OH)5}(β,β-Si2W18O66)]¨ 17H2O (potassium salt of β,β-Fe4-open), by reacting
trilacunary β-Keggin POM, Na9H[A-β-SiW9O34]¨ 23H2O, with FeCl3¨ 6H2O. This compound is the first
example containing the isomer of α,α-open-Wells–Dawson structural POM. Studies on the α,β-isomers
of open-Wells–Dawson POMs, regarded as an open structure of the standard β-Wells–Dawson POM,
are in progress.

Supplementary Materials: The following are available online at www.mdpi.com/2304-6740/4/2/15/s1, Table S1:
Bond valence sum (BVS) calculations of Fe and O atoms of the {Fe4(H2O)(OH)5} cluster moieties of β,β-Fe4-open;
Figure S1: FT-IR spectrum of potassium salt of β,β-Fe4-open (KBr disk); Figure S2: TG/DTA data of potassium
salt of β,β-Fe4-open; Figure S3: UV/Vis absorption spectra of α,α- and β,β-Fe4-open in H2O; Figure S4: Cyclic
voltammograms (CV) of 0.5 mM potassium salt of α,α- and β,β-Fe4-open in 0.5 M potassium acetate buffer,
pH 4.8, scan rate 25 mV¨ s´1, under N2; checkCIF/PLATON report.
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Abstract: We have successfully synthesized K17{[{KIn2(μ-OH)2}(α,α-Si2W18O66)]2[In6(μ-OH)13

(H2O)8]}¨ 35H2O (potassium salt of In10-open), an open-Wells–Dawson polyoxometalate (POM)
containing ten indium metal atoms. This novel compound was characterized by X-ray
crystallography, 29Si NMR, FTIR, complete elemental analysis, and TG/DTA. X-ray crystallography
results for {[{KIn2(μ-OH)2}(α,α-Si2W18O66)]2[In6(μ-OH)13(H2O)8]}17´ (In10-open) revealed two
open-Wells–Dawson units containing two In3+ ions and a K+ ion, [{KIn2(μ-OH)2}(α,α-Si2W18O66)]11´,
connected by an In6-hydroxide cluster moiety, [In6(μ-OH)13(H2O)8]5+. In10-open is the first example
of an open-Wells–Dawson POM containing a fifth-period element. Moreover, to the best of our
knowledge, it exhibits the highest nuclearity among the indium-containing POMs reported to date.

Keywords: polyoxometalates; open-Wells–Dawson structural polyoxometalate; Indium

1. Introduction

Polyoxometalates (POMs) are discrete metal oxide clusters that are of current interest as soluble
metal oxides, as well as for their application in catalysis, medicine, and materials science [1–13].
Recently, open-Wells–Dawson POMs have been reported as an emerging class of POMs [14–28].
These compounds are a dimerized species of the trilacunary Keggin POMs, [XW9O34]10´ (X = Si, Ge).
Standard Wells–Dawson structural POMs are regarded as two trilacunary Keggin POM units
assembled together via six W–O–W bonds. However, the electrostatic repulsion between the
two units in [XW9O34]10´ (X = Si and Ge), induced by the highly charged guest XO4

4´ (X = Si,
Ge) ion, is assumed to be so strong that it inhibits the assembly of the standard Wells–Dawson
structure in aqueous media. Therefore, when the two trilacunary Keggin units comprise an XO4

4´
(X = Si, Ge) ion, they are linked by only two W–O–W bonds. This results in the formation of
an open-Wells–Dawson structural POM [29]. The open pocket of these POMs can accommodate
multiple metal ions (one to six metal ions). Thus, this class of compounds may constitute a promising
platform for the development of metal-substituted-POM-based materials and catalysts. To date,
many compounds that contain various metal ions in their open pocket, e.g., V5+ [19], Mn2+ [16,21],
Fe3+ [19], Co2+ [14,16,20,21,25,27], Ni2+ [16,21,24,27], Cu2+ [15–17], and Zn2+ [23] have been reported.
Some lanthanoid (Eu3+, Gd3+, Tb3+, Dy3+, and Ho3+)-containing open-Wells–Dawson POMs have
also been reported [22,26]. However, the large ionic radii of these lanthanoid atoms inhibit
their complete insertion within the open pocket. This results in a weak coordination, similar
to that of the K ions in K-containing open-Wells–Dawson POMs. Recently, we synthesized the
Al4- and Ga4-containing open-Wells–Dawson POMs: [{Al4(μ-OH)6}{α,α-Si2W18O66}]10´ (Al4-open)
and [{Ga4(μ-OH)6}(α,α-Si2W18O66)]10´ (Ga4-open), respectively, and successfully determined their
molecular structures by single crystal X-ray crystallography [28]. X-ray structure analyses of Al4- and
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Ga4-open revealed that the {M4(μ-OH)6}6+ (M = Al3+, Ga3+) clusters are included in the open pocket
of the open-Wells–Dawson unit.

In general, trivalent group 13 ions are found as various oligomeric hydroxide species in aqueous
solution [30–32]. Synthetic and structural studies of group 13 ion-containing POMs provide informative
and definitive molecular models of group 13 metal clusters in solution. However, among all the Al-,
Ga-, and In-containing POMs, formed by the substitution of several tungsten ions in the parent POMs
with trivalent group 13 ions [28,33–40], few well-characterized In-containing POMs have been reported
to date [41–43]. Thus, In-containing POMs are intriguing target compounds from both a synthetic and
a structural point of view.

In this study, we successfully synthesized an open-Wells–Dawson POM containing ten indium
metal ions, K17{[{KIn2(μ-OH)2}(α,α-Si2W18O66)]2[In6(μ-OH)13(H2O)8]}¨ 35H2O (potassium salt of
In10-open), and characterized it by X-ray crystallography, 29Si NMR, FTIR, complete elemental analysis,
and thermogravimetric/differential thermal analyses (TG/DTA). In contrast to Al4- and Ga4-open,
In10-open showed a dimer structure bridged by a deca-indium-hydroxide cluster.

2. Results and Discussion

2.1. Synthesis

The crystalline sample of potassium salt of In10-open, was afforded in 17.9% yield. This complex
was prepared from a 1:5 molar ratio reaction of K13[{K(H2O)3}2{K(H2O)2}(α,α-Si2W18O66)]¨ 19H2O
with InCl3. The sample was characterized using complete elemental analysis (H, In, K, O, Si, and W
analyses), FTIR, TG/DTA, 29Si NMR in D2O, and X-ray crystallography.

The FTIR spectrum of potassium salt of In10-open (Figure S1) displays peaks at 1000 and 945 cm´1

that correspond to νas(Si–O) and νas(W–Ot), respectively. The characteristic bands at 900–600 cm´1

are associated with ν(W–Oc), ν(W–Ob), and ν(W–O–W). The IR spectrum is very similar to those of
the common open-Wells–Dawson POMs.

Before elemental analysis, the sample of In10-open was dried overnight at room temperature
under vacuum (10´3–10´4 Torr). All elements (H, In, K, O, Si, and W) were observed for a total
analysis of 100.37%. The recorded data were in good accordance with the calculated values for the
formula without water of crystallization, K17[{KIn2(μ-OH)2}(α,α-Si2W18O66)]2[In6(μ-OH)13(H2O)8]
(see Experimental section). The weight loss observed during drying, before analysis, was 5.28%
corresponding to ca. 35 crystalline water molecules. On the other hand, during the TG/DTA
measurements carried out under atmospheric conditions, a weight loss of 6.40%, observed at
temperatures below 500 ˝C, corresponding to a total of ca. 42 water molecules, i.e., 8 coordinated
water molecules and 34 molecules of water of crystallization (Figure S2). Thus, the elemental
analysis and TG/DTA displayed a presence of a total of 34–35 water molecules for the sample
under atmospheric conditions. The formula for potassium salt of In10-open presented herein was
determined as K17[{KIn2(μ-OH)2}(α,α-Si2W18O66)]2[In6(μ-OH)13(H2O)8]¨ 35H2O based on the results
of the complete elemental analysis.

2.2. Molecular Structure

The molecular structure of the polyoxoanion of potassium salt of In10-open and its
polyhedral representation are shown in Figure 1a,b, respectively. X-ray crystallographic data
of In10-open reveal that the two open-Wells–Dawson units that include two In3+ ions and
a K+ ion, [{KIn2(μ-OH)2}(α,α-Si2W18O66)]11´, are connected by a central In6-hydroxide cluster
moiety, [In6(μ-OH)13(H2O)8]5+, to form a dimeric open-Wells–Dawson polyanion, {[{KIn2(μ-OH)2}
(α,α-Si2W18O66)]2[In6(μ-OH)13(H2O)8]}17´ (Figure 1).
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Figure 1. Molecular structure of the polyoxoanion, {[{KIn2(μ-OH)2}(α,α-Si2W18O66)]2[In6(μ-OH)13

(H2O)8]}17´ of potassium salt of In10-open. (a) Its polyhedral representation; and (b) thermal ellipsoidal
plot. Color code: In, pink; K, purple; O, red; Si, blue; W, gray.

The two indium atoms in the open pocket of the open-Wells–Dawson POM units are connected
through edge-sharing oxygen atoms (O133, O134 for In1, In2; O137, O138 for In3, In4) with In¨ ¨ ¨ In
distances of 3.266(2) (In1¨ ¨ ¨ In2) and 3.299(2) (In3¨ ¨ ¨ In4) (Figure 2a). Each Indium atom in the open
pocket is bonded to three oxygen atoms of the lacunary site in the open-Wells–Dawson polyanion
[In–O average = 2.2011 Å]. Open-Wells–Dawson POMs that include two metal atoms in the open
pocket have been previously reported, e.g., K11[{KV2O3(H2O)2}(Si2W18O66)]¨ 40H2O (V2-open) [19].
In contrast to our In10-open, the two vanadium atoms in the open pocket of V2-open are bound to only
one half {SiW9} of the open-Wells–Dawson unit, and are linked in a corner-sharing fashion (Figure 2b).
Therefore, In10-open is the first example of an open-Wells–Dawson POM that includes two metal
atoms with edge-sharing fashion.
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Figure 2. The metal arrangement of (a) In10-open and (b) V2-open in the open pocket.

In addition to the indium atoms in the open-pocket, the complex contains six indium atoms
in the bridging hydroxide cluster. The indium atoms in the bridging cluster are connected to each
other in a corner-sharing fashion. Moreover, the In atoms in the open-pocket and the W atoms
of the open-Wells–Dawson POM units are also linked to the In atoms of the bridging cluster in
a corner-sharing fashion. Thus, all the Indium atoms can be considered to be 6-coordinated. Bond
valence sum (BVS) [44] calculations suggest that the corner- and edge-sharing oxygen atoms that
are linked to the In atoms (corner-sharing: O135, O136, O139, O140, O141, O142, O143, O144, O145,
O146, O147, O148, and O149; edge-sharing: O133, O134, O137, and O138) are protonated, i.e., they are
ascribed to the hydroxide groups. On the other hand, the terminal oxygen atoms on the indium atoms
(O150, O151, O152, O153, O154, O155, O156, and O157) are ascribed to the water groups (Table S1).

In10-open has a dimeric structure composed of two indium-containing open-Wells–Dawson POM
moieties bridged by In6 hydroxide clusters. Dimeric open-Wells–Dawson POMs, similar to In10-open,
have also been reported for {[Zn6(μ-OH)7(H2O)(α,α-Si2W18O66)]2}22´ (Zn12-open) by Hill et al. [23].
In this complex, the six zinc atoms are included in the open pocket of the open-Wells–Dawson unit,
and the two Zn6-containing open-Wells–Dawson units are connected through the two edge-sharing
oxygen atoms. The arrangement and the number of metal ions in the open-pocket of the In10-open are
different from those of the Zn12-open reported previously.

In open-Wells–Dawson POMs, the bite angle can be defined as the dihedral angle between
the planes that pass through the six oxygen atoms of the lacunary site of each trilacunary Keggin
unit. The bite angle varies, depending on the metal cluster included in the open pocket of the
open-Wells–Dawson unit. The bite angles of In10-open are 64.363˝ and 65.139˝ (Figure 3). These values
are wider than those of other open-Wells–Dawson POMs, including other group 13 ions, such as
Al4- (54.274˝) and Ga4-open (56.110˝) [28]. The difference between the bite angles of Al4-, Ga4-,
and In10-open is caused by the difference in the ionic radii of the Al (0.53 Å), Ga (0.76 Å), and
In (0.94 Å) ions [45,46]. In10-open displays the widest bite angles when compared to previously
reported open-Wells–Dawson POMs, including the Co6 (60.045˝) [27], Zn6 dimer (60.308˝) [23],
Ni5 (58.925˝) [24], and Cu5 (61.663˝) [15,17] clusters. The open-Wells–Dawson POM containing
a Cu5 cluster (Cu5-open) exhibits a large bite angle (61.663˝) due to the long bond lengths between the
copper and the edge-sharing oxygen atom, caused by Jahn–Teller distortion [15,17]. The bite angles
of In10-open are ca. 3˝ wider than that of Cu5-open. This increase appears to be caused by the large
ionic radius of the indium ions incorporated in the open pocket.
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Figure 3. Bite angles of In10-open.

The previously reported open-Wells–Dawson POMs mainly accommodated the fourth-period
elements. Except for the lanthanoid-containing open-Wells–Dawson POMs, whose open-pockets
weakly coordinate to the lanthanoid ions, open-Wells–Dawson POMs that accommodate the larger
fifth- and sixth-period elements have not been reported to date. Thus, In10-open indicates that
elements (such as indium) having large ionic radii (0.94 Å) can be incorporated in the open-pocket of
an open-Wells–Dawson unit.

2.3. Solution 29Si NMR

The solution 29Si NMR spectrum of In10-open in D2O displays a two-line spectrum at ´82.415
and ´83.159 ppm in a 1:1 ratio (Figure 4). The two Si atoms in one open-Wells–Dawson unit are
nonequivalent due to the configuration of the other open-Wells–Dawson unit, even though the two
units are equivalent. The adjacent two 29Si NMR peaks are consistent with the structure of In10-open

observed by X-ray crystallography. This suggests that In10-open exists as a single species and maintains
its structure in solution.

 

Figure 4. Solution 29Si NMR spectrum of potassium salt of In10-open dissolved in D2O.
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3. Experimental Section

3.1. Materials

The following reagents were used as received: InCl3 (from Sigma-Aldrich Japan, Shinagawa,
Japan), KOH, KCl (from Wako Pure Chemical Industries, Osaka, Japan), and D2O (Kanto
Chemical, Tokyo, Japan). The K ion-incorporating open-Wells–Dawson POM, K13[{K(H2O)3}2

{K(H2O)2}(α,α-Si2W18O66)]¨ 19H2O, was prepared according to literature [14], and identified by
TG/DTA and FT-IR analysis.

3.2. Instrumentation and Analytical Procedures

A complete elemental analysis was carried out by Mikroanalytisches Labor Pascher (Remagen,
Germany). The sample was dried overnight at room temperature under a pressure of 10´3–10´4 Torr
before analysis. The 29Si NMR (119.24 MHz) spectra in D2O solution were recorded in 5-mm
outer diameter tubes, on a JEOL JNM ECP 500 FTNMR spectrometer with a JEOL ECP-500 NMR
data-processing system (JEOL, Akishima, Japan). The 29Si NMR spectrum was referenced to an internal
standard of DSS. Infrared spectra were recorded on a Jasco 4100 FTIR spectrometer (Jasco, Hachioji,
Japan) by using KBr disks at room temperature. TG/DTA measurements were performed using
a Rigaku Thermo Plus 2 series TG8120 instrument (Rigaku, Akishima, Japan), under air flow with
a temperature ramp of 4.0 ˝C per min at a temperature ranging between 26 and 500 ˝C.

3.3. Synthesis of K17{[{KIn2(μ-OH)2}(α,α-Si2W18O66)]2[In6(μ-OH)13(H2O)8]}¨ 35H2O (Potassium Salt
of In10-open)

InCl3 (398 mg, 1.80 mmol) was dissolved in water (40 mL). A separate solution of
K13[{K(H2O)3}2{K(H2O)2}(α,α-Si2W18O66)]¨ 19H2O (2.00 g, 0.361 mmol) dissolved in 100 mL of distilled
water was added dropwise to the resulting solution. The pH of this solution was adjusted to 4.0 using
0.1 M KOHaq. Next, 4 mL of saturated KClaq were added to the solution. The resulting solution was
left to stand undisturbed at room temperature for 3 days. The afforded colorless needle crystals were
collected on a membrane filter (JG 0.2 μm), and dried in vacuo for 2 h. Yield = 0.381 g (0.0323 mmol,
17.9% based on K13[{K(H2O)3}2{K(H2O)2}(α,α-Si2W18O66)]¨ 19H2O).

The crystalline sample was soluble in water, but insoluble in organic solvents such as
methanol, ethanol, and diethyl ether. Elemental analysis (%) calcd. for H33In10K19O157Si4W36 or
K17{[{KIn2(μ-OH)2}(α,α-Si2W18O66)]2[In6(μ-OH)13(H2O)8]}: H 0.30, In 10.28, K 6.65, O 22.49, Si 1.01,
W 59.27; Found: H 0.23, In 10.0, K 6.42, O 23.4, Si 1.02, W 59.3 (total 100.37%). A weight loss of
5.28% (solvated water) was observed during overnight drying at room temperature, at a pressure of
10´3–10´4 Torr before analysis. This suggested the presence of 35 water molecules. From TG/DTA air
flow, a weight loss of 6.40% was observed at a temperature below 500 ˝C; calc. 6.42% for a total
of 42 water molecules, i.e., 34 solvated water molecules and 8 coordinated water molecules in
K17{[{KIn2(μ-OH)2}(α,α-Si2W18O66)]2[In6(μ-OH)13(H2O)8]}¨ 34H2O; IR (KBr, cm´1): 1622 (m), 1000 (w),
945 (m), 890 (vs), 786 (vs), 730 (vs), 649 (s), 548 (m), 523 (m); 29Si NMR (50.0 ˝C, D2O, DSS, ppm):
δ = ´82.415, ´83.159.

3.4. X-Ray Crystallography

For In10-open, a single crystal with dimensions of 0.21 ˆ 0.06 ˆ 0.05 mm3 was surrounded by
liquid paraffin (Paratone-N) and analyzed at 150(2) K. All measurements were performed on a Rigaku
MicroMax-007HF with a Saturn CCD diffractometer (Rigaku). The structure was solved by direct
methods (SHELXS-97), followed by difference Fourier calculations and refinement by a full-matrix
least-squares procedure on F2 (program SHELXL-97) [47].

Crystal data: monoclinic, space group P2(1)/a, a = 23.525(5), b = 32.926(7), c = 25.424(6) Å,
β = 93.273(2)˝, V = 19661(7) Å3, Z = 4, Dcalcd = 3.857 g cm´3, μ(Mo-Kα) = 22.491 mm´1;
R1[I > 2.00σ(I)] = 0.0829, R (all data) = 0.1012, wR2 (all data) = 0.2296, GOF = 1.056. Most atoms
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in the main part of the structure were refined anisotropically, while the rest (as crystallization solvents)
were refined isotropically, because of the presence of disorder. The composition and formula of
the POM (containing many countercations and many crystalline water molecules) were determined
from complete elemental and TG analyses. Similar to structural investigations of other crystals
of highly hydrated large POM complexes, it was not possible to locate every countercation and
hydrated water molecule in the complex. This frequently encountered situation is attributed to
the extensive disorder of the cations and many of the crystalline water molecules. Further details
on the crystal structure investigations may be obtained from: Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (Fax: +49-7247-808-666; E-Mail: crysdata@fiz-karlsruhe.de,
http://www.fiz-karlsruhe.de/request_for_deposited_data.html?&L=1) on quoting the depository
number CSD-430962 (Identification code; 56_11_1).

4. Conclusions

In summary, we prepared and characterized an open-Wells–Dawson structural POM,
potassium salt of In10-open, containing ten indium ions, i.e., K17{[{KIn2(μ-OH)2}(α,α-Si2W18O66)]2

[In6(μ-OH)13(H2O)8]}¨ 35H2O (potassium salt of In10-open). Single-crystal X-ray analyses revealed
that two open-Wells–Dawson units that include two In3+ ions and a K+ ion are connected by
an In6-hydroxide cluster moiety to form a dimeric open-Wells–Dawson polyanion. In10-open displayed
the widest bite angles among the previously reported open-Wells–Dawson POMs. This is mainly due
to the large ionic radius of the indium ion. The solution 29Si spectrum in D2O indicated that In10-open

was obtained as a single species and that its structure was maintained in solution. In10-open is the
first example of an open-Wells–Dawson POM containing a fifth-period element, and it exhibits the
highest nuclearity of any indium-containing POM reported to date. This work can be extended to the
future molecular design of novel open-Wells–Dawson POMs containing large fifth- and sixth-period
elements, such as Ru, Rh, Pd, Pt. Studies of open-Wells–Dawson structural POMs containing larger
metal atoms are in progress.

Supplementary Materials: The following are available online at www.mdpi.com/2304-6740/4/2/16/s1,
Figure S1: FT-IR spectrum of potassium salt of In10-open (KBr disk), Figure S2: TG/DTA data of potassium
salt of In10-open (from 22 to 500 ˝C), Table S1: Bond valence sum (BVS) calculations of In and O atoms of the
Indium-cluster moieties of In10-open: checkCIF/PLATON report.
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ABSTRACT: A DMSO-soluble intercluster compound consisting of
a tetra{phosphanegold(I)}oxonium cation and an α-Keggin poly-
oxometalate (POM) anion, [{Au(PPh3)}4(μ4-O)]3[α-PW12O40]2 (1),
was found to be an effective precatalyst for the silver- and acid-free
catalysis of diphenylacetylene hydration (0.67 mol % catalyst;
conversions 36.1%, 55.2%, and 93.7% after 4, 6, and 24 h reactions,
respectively). The reaction proceeded in the suspended system in 6
mL of 1,4-dioxane/water (4:1) at 80 °C because of the low solubility
of 1. Similar POM-based phosphanegold(I) compounds [{{Au-
(PPh3)}4(μ4-O)}{{Au(PPh3)}3(μ3-O)}][α-PW12O40]·EtOH (5),
which is composed of a heptakis{triphenylphosphanegold(I)}-
dioxonium cation and an α-Keggin POM anion, and [Au(CH3CN)-
(PPh3)]3[α-PMo12O40] (6), which consists of an acid-free monomeric
phosphanegold(I) acetonitrile cation and an α-Keggin molybdo-POM anion, also exhibited acid-free catalysis for the hydration of
diphenylacetylene. An induction period was observed in the catalysis by 5. On the other hand, their component species, or
phosphanegold(I) species without the POM anion, such as [{Au(PPh3)}4(μ4-O)](BF4)2 (2) and [{Au(PPh3)}3(μ3-O)]BF4 (3),
and the monomeric phosphanegold(I) complex [Au(RS-pyrrld)(PPh3)] (4) (RS-Hpyrrld = RS-2-pyrrolidone-5-carboxylic acid),
the last of which has been used as a precursor for the preparation of 1, 5, and 6, showed poor activities in this reaction (0.67 mol
% catalysts; conversions 1.8%, 1.7%, and 0.5% after 24 h reactions, respectively). However, upon adding the free-acid form of
Keggin POM, i.e., H3[α-PW12O40]·7H2O (H-POM: 0.67 mol %), 2−4 exhibited remarkably enhanced activities (conversion
97.6% each after 24 h reactions). In contrast, the activities were not enhanced after adding either the sodium salt of the Keggin
POM, Na3[α-PW12O40]·8H2O (Na-POM; 0.67 mol %), or a Brønsted acid 10% HBF4 aqueous solution (0.67 mol %). Both H-
POM and Na-POM themselves exhibited no activity. Catalysis by the phosphanegold(I) species for diphenylacetylene hydration
was influenced significantly under the free-acid form or sodium salt of the Keggin POM. Acid-free catalytic hydration by 1 of
other alkynes, such as phenylacetylene and 1-phenyl-1-butyne, was also examined.

■ INTRODUCTION

Polyoxometalates (POMs) are anionic, molecular metal−
oxygen bonding clusters that resemble the discrete fragments
of solid metal oxides and mimic soluble metal oxides. These
properties have led to a range of applications in different fields,
especially in catalysis, medicine, biology, electrochromism,
magnetism, and material science.1 A combination of POMs
with cluster cations or macrocations has resulted in the
formation of various interesting intercluster compounds from
the viewpoints of ionic crystals, crystal growth, crystal
engineering, structure, sorption properties, etc.2−4

Recently, we reported the formation of a novel intercluster
compound consisting of a tetrakis{triphenylphosphanegold-
(I)}oxonium cluster cation and the Keggin POM anion, i.e.,
[{Au(PPh3)}4(μ4-O)]3[α-PW12O40]2 (1).5a This compound
resulted from the POM-mediated clusterization of in situ-
generated monomeric phosphanegold(I) units, [Au(PPh3)]

+ or

[Au(L)(PPh3)]
+ (L = solvent), during the carboxylate

elimination of a monomeric phosphanegold(I) carboxylate,
[Au(RS-pyrrld)(PPh3)] (4) (RS-Hpyrrld = RS-2-pyrrolidone-5-
carboxylic acid),6 in the presence of the free-acid form of the
Keggin POM, H3[α-PW12O40]·7H2O (H-POM). In addition,
we reported the formation of a heptakis{triphenyl-
phosphanegold(I)}dioxonium cluster cation, [{{Au(PPh3)}-
4(μ4-O)}{{Au(PPh3)}3(μ3-O)}]

3+,5b by the reaction of [Au-
(RS-pyrrld)(PPh3)] with the sodium salt of the Keggin POM,
i.e., Na3[α-PW12O40]·9H2O (Na-POM). These reactions were
strongly dependent on the acidity, bulkiness, and high charge
density of the POM. Such reactions were also affected by the
substituents on the phosphane ligands.5c,e,f For example, novel
intercluster compounds [{(Au{P(p-RPh)3})2(μ-OH)}2]3[α-
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PM12O40]2·nEtOH (R = Me, M = W; R = Me, M = Mo; R = F,
M = Mo) have been synthesized at room temperature5c by
reactions between [Au(RS-pyrrld){P(p-RPh)3}] (R = Me, F) in
CH2Cl2 and H3[α-PM12O40]·nH2O (M = W, n = 7; M = Mo, n
= 14) in mixed EtOH/H2O solvents. Novel intercluster
compounds, i.e., [{Au(PPh3)}4(μ4-O)][α-XW12O40 {Au-
(PPh3)}3]·3EtOH (X = Al, B), composed of the tetrakis-
{triphenylphosphanegold(I)}oxonium cluster cation and a
saturated Keggin POM, together with three monomeric
phosphanegold(I) units coordinated to the OW2 oxygen
atoms of the edge-shared WO6 octahedra of the POM, were
also reported.5d

Several phosphanegold(I) complexes have been reported to
be effective homogeneous catalysts for organic synthesis.7 One
of the most straightforward ways of synthesizing compounds
with carbon−oxygen bonds is the hydration of unsaturated
organic compounds. In particular, the synthesis of carbonyl
compounds by the addition of water to alkynes is not only
environmentally benign but also economically attractive.8a For
alkyne hydration, active catalytic systems composed of a highly
toxic mercury salt and either a Lewis or Brønsted acid have
traditionally been used. Therefore, the development of less
toxic methods has attracted considerable interest.
In 2002, Tanaka et al. reported alkyne hydration, from 1-

octyne to 2-octanone, in MeOH at 70 °C catalyzed by an
organogold complex, [(PPh3)AuMe], that was activated by a
strong acid, such as H2SO4, CF3SO3H, or H3[PW12O40].

8b In
2004, Schmidbaur’s group reported that (phosphane)gold(I)
carboxylates and sulfonates are highly active and reusable
catalysts for the hydration of 3-hexyne by the addition of
water.8a

With regard to gold catalysis, the “silver effect”9a,b and
“counterion effect”9c−e need to be considered. For example, it
has been claimed that gold-catalyzed alkyne hydration cannot
be catalyzed only by [Au]+ and that the presence of silver is
required for the reaction to proceed.9a However, the role of the
counterion, such as OTf, SbF6, and BF4, or the “counterion
effect”, rather than the role of the silver salt has been pointed
out.9c−e In 2009, Corma et al. reported the first incidence of
acid- and silver-free gold(I)-catalyzed alkyne hydration using
gold(I) complexes with phosphane ligands combined with a
soft noncoordinating anion, e.g., [Au(L)]NTf2 (L = SPhos,
PPh3, PtBu3; NTf2 = bis(trifluoromethanesulfonyl)imidate), at
room temperature.8c In 2011, however, Nolan et al. revealed
the hydration of terminal and internal alkynes by NHC-gold(I)
precatalysts (NHC = N-heterocyclic carbene), e.g., [(IPr)-
AuOH] (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-yli-
dene), which can generate the active catalytic species
[(IPr)Au]+ by protonolysis in the presence of a Brønsted
acid, such as HSbF6, HNTf2, or HBF4.

8d They recently reported
a diaurated species, [{Au(IPr)}2(μ-OH)]BF4, as a silver- and
acid-free catalyst for alkyne hydration, nitrile hydration, and
some organic transformations with relatively low catalyst
loadings (0.5 mol %).9b On the other hand, Corma et al.
recently observed a clear induction time in the gold(I)−
carbene-catalyzed hydration of diphenylacetylene and suggested
that the gold(I)−carbene decomposes under these reaction
conditions. Moreover, the latter could be the catalytically active
gold species because 3−5-atom gold−alkyne clusters were
formed after an induction period.8e

Sicilia et al. discussed the theoretical aspects of the
[Au(PR3)]

+-catalyzed hydration of diphenylacetylene.10 The
calculations suggested that the rate-determining step of the

entire process is the addition of a second nucleophile molecule
to the formed enol ether to yield the final ketone product.
Regarding POM-based gold(I) catalysts, Blanc et al. reported

that proton-containing hybrid complexes [Au(CH3CN)-
(PPh3)]xH4−x[SiW12O40] (x = 1−4; B1−B4) exhibited effective
catalytic activity and selectivity as heterogeneous catalysts for
the conversion of enyne acetate to cyclopentenone and the
rearrangement of propargylic gem-diester to (E)-3-oxycarbonyl
enone derivatives.11a In addition, the related proton-containing
hybrid complexes [Au(CH3CN)(PR3)][POM-H] (R = Ph, Me;
POM-H = H3SiW12O40, H2PM12O40 (M = Mo, W),
H5P2W18O62) also exhibited bifunctional catalytic properties
for the tandem aza-Prins cyclization/enol ether hydrolysis.11b

In this work, we have examined diphenylacetylene hydration
catalyzed by acid-free intercluster compounds of
phosphanegold(I) cluster species with Keggin POMs, i.e.,
[{Au(PPh3)}4(μ4-O)]3[α-PW12O40]2·4EtOH (1) and [{{Au-
(PPh3)}4(μ4-O)}{{Au(PPh3)}3(μ3-O)}][α-PW12O40]·EtOH
(5), as well as [Au(CH3CN)(PPh3)]3[α-PMo12O40] (6),
consisting of an acid-free monomeric phosphanegold(I) cation
and α-Keggin molybdo-POM anion, under the following
conditions: catalysts (0.67 mol %), diphenylacetylene (1.5
mmol), toluene (4.7 mmol) as an internal standard, 1,4-
dioxane/water (4:1 v/v) mixed solvent, reaction temperature
80 °C. Complexes 1, 5, and 6 were the effective precatalysts of
the silver- and acid-free catalysis for diphenylacetylene
hydration. In addition, as control experiments, alkyne hydration
catalysis by two phosphanegold(I) cluster species without a
POM anion, ([{Au(PPh3)}4(μ4-O)](BF4)2 (2) and [{Au-
(PPh3)}3(μ3-O)]BF4 (3)), as well as by the monomeric
phosphanegold(I) complex [Au(RS-pyrrld)(PPh3)] (4) (all
0.67 mol %) was examined in the presence or absence of
additives (0.67 mol % each), such as H3[α-PW12O40]·7H2O
(H-POM), Na3[α-PW12O40]·8H2O (Na-POM), or aqueous
HBF4 solution (Table 1). This paper reports silver- and acid-
free catalysis using in situ-generated POM-assisted
phosphanegold(I) species from 1 and related compounds for
diphenylacetylene hydration.

■ EXPERIMENTAL SECTION
Materials. The following reactants were used as received:

diphenylacetylene, deoxybenzoin, phenylacetylene, acetophenone,
1,4-dioxane (Wako), 1-phenyl-1-butyne, butyrophenone, 1-phenyl-2-
butanone (TCI), [{Au(PPh3)}3(μ3-O)]BF4 (3) (Aldrich), and CD2Cl2
and DMSO-d6 (Isotec). Keggin POMs, such as H3[α-PW12O40]·7H2O
(H-POM), H3[α-PMo12O40]·14H2O, Na3[α-PW12O40]·8H2O (Na-
POM), H4[α-SiW12O40]·17H2O, H5[α-BW12O40]·15H2O, H5[α-
AlW12O40]·11H2O, and H6[α-ZnW12O40]·9H2O, were prepared
using the procedures reported elsewhere.5d,12 The compounds were
identified by Fourier transform infrared (FTIR) spectroscopy,
thermogravimetric and differential thermal analysis (TG/DTA), and
solution (27Al, 31P) nuclear magnetic resonance (NMR) spectroscopy.
The precursor [Au(RS-pyrrld)(PPh3)] (4) was synthesized using the
literature procedure6 and identified by CHN elemental analysis, FTIR
spectroscopy, TG/DTA, and solution (1H, 13C{1H}, 31P{1H}) NMR
spectroscopy.

The precatalysts [{Au(PPh3)}4(μ4-O)]3[α-PW12O40]2·4EtOH (1)
and [{{Au(PPh3)}4(μ4-O)}{{Au(PPh3)}3(μ3-O)}][α-PW12O40]·
EtOH (5) were prepared as crystalline samples using liquid−liquid
diffusion methods of the reaction systems consisting of [Au(RS-
pyrrld)(PPh3)] (4) in CH2Cl2 and H3[α-PW12O40]·7H2O (H-POM)
or Na3[α-PW12O40]·8H2O (Na-POM) dissolved in an EtOH/H2O
mixed solvent, respectively,5a,b and characterized by elemental analysis,
FTIR spectroscopy, TG/DTA, and 31P{1H} NMR spectroscopy.
[{Au(PPh3)}4(μ4-O)](BF4)2 (2) was prepared in BF4

− form from 1
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using an anion-exchange resin (Amberlyst A-27) via a batch method,
and the [PW12O40]

3−-free powder sample obtained was confirmed by
31P{1H} NMR in CD2Cl2.

5a

[Au(PPh3)2]BF4 was prepared13e and characterized by elemental
analysis, TG/DTA, and 31P{1H} NMR spectroscopy. Phosphanegold-
(I) cluster compounds, [Au9(PPh3)8](NO3)3

14a and [Au9(PPh3)8][α-
PW12O40],

2a were prepared using the methodology reported in the
literature and characterized by elemental analysis, TG/DTA, FTIR
spectroscopy, 31P{1H} NMR spectroscopy, and X-ray crystallography.
Instrumentation/Analytical Procedures. CHN elemental anal-

yses were carried out using a PerkinElmer 2400 CHNS elemental
analyzer II (Kanagawa University). IR spectra were recorded on a
Jasco 4100 FT-IR spectrometer in KBr disks at room temperature.
TG/DTA was performed using a Rigaku Thermo Plus 2 series TG/
DTA TG 8120 instrument.
The 1H NMR (500.00 MHz) and 31P{1H} NMR (202.00 MHz)

spectra in a DMSO-d6 solution were recorded in 5 mm-outer-diameter
tubes on a JEOL JNM-ECP 500 FT-NMR spectrometer using a JEOL
ECP-500 NMR data processing system. The 13C{1H} NMR (99
MHz) spectra were recorded in 5 mm-outer-diameter tubes on a JEOL

JNM-ECA 400 FT-NMR or a JEOL JNM-ECS-400 FT-NMR
spectrometer and a JEOL ECA-400 NMR or ECS-400 NMR data
processing system, respectively. The 1H and 13C{1H} NMR spectra
were referenced to an internal standard, tetramethylsilane (SiMe4).
The 31P{1H} NMR spectra were referenced to the external standard
25% H3PO4 in H2O in a sealed capillary. The 31P{1H} NMR data with
the usual 85% H3PO4 reference were shifted to +0.544 ppm from the
data.

The high-performance liquid chromatography (HPLC) apparatus
and conditions are as follows: Shimadzu LC-20AD with Shimadzu
SPD-20A (wavelength 260 nm) detector, using a VP-ODS (150 mm ×
4.6 mm) column, flow rate 0.7 mL per min, and the solvent MeOH/
water (30:17).

Preparation of [Au(CH3CN) (PPh3)]3[PMo12O40] (6). Compound 6
was obtained by a liquid−liquid diffusion method using a CH3CN/
water (5:1) mixed solvent, instead of the EtOH/H2O (5:1) mixed
solvent used in the synthesis of 1. [Au(RS-pyrrld)(PPh3)] (70.5 mg,
0.120 mmol) was dissolved in CH2Cl2 (10 mL). A yellow clear
solution of H3[α-PMo12O40]·14H2O (41.5 mg, 20 μmol) dissolved in
6 mL of a CH3CN/H2O (5:1, v/v) mixed solvent was added slowly
along the interior wall of a round-bottomed flask containing the
colorless clear solution of [Au(RS-pyrrld)(PPh3)]. The round-
bottomed flask containing two layers, i.e., the gold(I) complex
solution in the lower layer and the POM solution in the upper layer,
was sealed and left in the dark at room temperature. After 3 days,
yellow block crystals were formed, collected using a membrane filter
(JG 0.2 μm), washed with CH3CN (20 mL × 2) and Et2O (20 mL ×
2), and dried in vacuo over a 2 h period. Yield: 30 mg (45.1%). The
crystalline samples were soluble in DMSO but insoluble in H2O,
CH3CN, and Et2O. Anal. Calcd for C60H54N3O40P4Au3Mo12 or
[Au(CH3CN)(PPh3)]3[PMo12O40]: C, 21.69; H, 1.64; N, 1.26.
Found: C, 21.80; H, 1.33; N, 1.26. TG/DTA under atmospheric
conditions: a 3.02% weight loss due to desorption of CH3CN
molecules below 141.9 °C was observed with an endothermic peak at
143.4 °C; calcd 3.57% for three coordinated CH3CN molecules in 6.
FTIR (KBr): 1637 (m), 1479 (w), 1436 (m), 1312 (vw), 1181 (vw),
1158 (vw), 1102 (w), 1064 (s), 1027 (vw), 962 (vs), 874 (s), 803 (vs),
753 (s), 713 (s), 692 (s), 597 (m), 545 (s), 500 (s) cm−1. 31P{1H}
NMR [22.9 °C, DMSO-d6]: δ −3.32, 27.32 ppm. 1H NMR [22.2 °C,
DMSO-d6]: δ 2.08 (s, CH3CN), 5.76 (s, CH2Cl2), 7.56−7.70 (m, Ph)
ppm. Crystal data for 6: C60H54Au3Mo12N3O40P4; M = 3323.12;
rhombohedral, space group R3; a = 19.2205(6) Å, c = 19.179(12) Å, V
= 6134.4(5) Å3, Z = 3, Dc = 2.699 g cm−3, μ(Mo Kα) = 19.399 mm−1.
R1 = 0.0274, wR2 = 0.0648 (for all data). Rint = 0.0194, R1 = 0.0271,
wR2 = 0.0647, GOF = 1.033 (14 433 total reflections, 5185 unique
reflections where I > 2σ(I)). The same compound was recently
synthesized from a reaction of [Au(Me)(PPh3)] (1.0 equiv) with
H3[PMo12O40]·nH2O (1.0 equiv) in CH3CN (2.5 mL) at room
temperature, and reported together with the crystal data (CCDC
1407462) by Blanc et al.,11b even though their expected structure was
based on the proton-containing, bifunctional catalyst [Au(CH3CN)-
(PPh3)][H2PMo12O40].

Species Formed in the Catalyst System 3 + H-POM (Entries 1−7).
A colorless clear solution of H3[α-PW12O40]·7H2O (H-POM) (0.060
g, 0.02 mmol) dissolved in 6 mL of an EtOH/H2O (5:1, v/v) mixed
solvent was added slowly to a colorless clear solution of [{Au-
(PPh3)}3(μ3-O)]BF4 (3) (0.0592 g, 0.040 mmol) dissolved in 10 mL
of CH2Cl2. The vial containing two layers was sealed and left in the
dark at room temperature. After a few days, pale yellow block crystals
formed. A portion was used for X-ray crystallography, and the
remainder was collected with a membrane filter (JG 0.2 μm), washed
with EtOH (4 mL × 2) and Et2O (6 mL × 2), and dried in vacuo for 2
h. Yield of crystals: 55.6 mg (48.7%). Yellow block crystals were also
characterized by TG/DTA, X-ray crystallography, and 31P{1H} NMR
in DMSO-d6.

TG/DTA under atmospheric conditions: a 0.61% weight loss due to
two desorbed EtOH molecules was observed below 212.3 °C; calcd
0.41% for one EtOH molecule and 0.81% for two EtOH molecules.
31P{1H} NMR [21.7 °C, DMSO-d6]: δ −14.89, 24.90 ppm. X-ray
crystallography revealed the formation of a tetrakis{phosphanegold-

Table 1. Results of the Hydration of Diphenylacetylene
Catalyzed by Phosphanegold(I) Speciesa

conversion (%)

entry
after
4 h

after
6 h

after
24 h

1-1(1) [{Au(PPh3)}4(μ4-O)]3[α-PW12O40]2
(1)

36.1 55.2 93.7

1-1(2) 1 + HBF4(aq) 71.2 84.0 >99
1-1(3) 1 + NaBF4 17.4 22.9 54.0
1-1(4) 1 + KBF4 21.5 27.1 68.0
1-2 [{Au(PPh3)}4(μ4-O)](BF4)2 (2) 2.1 2.0 1.8
1-3 2 + H-POM 72.3 84.7 97.6
1-4 2 + Na-POM 1.5 2.3 9.7
1-5 2 + HBF4(aq) 6.0 7.0 7.2
1-6 [{Au(PPh3)}3(μ3-O)]BF4 (3) 2.0 1.4 1.7
1-7 3 + H-POM 73.1 87.0 97.6
1-8 3 + Na-POM 2.8 3.6 16.3
1-9 3 + HBF4(aq) 3.1 3.0 3.4
1-10 [Au(RS-pyrrld) (PPh3)] (4) 0.7 1.1 0.5
1-11 4 + H-POM 71.5 84.9 97.6
1-12b 4 + Na-POM 1.4 2.1 4.9
1-13 4 + HBF4(aq) 1.2 1.2 2.2
1-14 H3[α-PW12O40]·7H2O (H-POM) 0 0 0
1-15 Na3[α-PW12O40]·8H2O (Na-POM) 0 0 0
1-16(1) [{{Au(PPh3)}4(μ4-O)}

{{Au(PPh3)}3(μ3-O)}] [α-
PW12O40]·EtOH (5)

2.0 4.2 89.0

1-16(2) 5 + HBF4(aq) 14.9 24.1 87.3
1-16(3) 5 + NaBF4 0.3 0.5 8.4
1-16(4) 5 + KBF4 2.7 3.1 19.0
1-17 [Au(CH3CN) (PPh3)]3[α-PMo12O40]

(6)
71.8 84.9 91.6

aReaction conditions: main catalysts (0.67 mol %), additives (0.67 mol
%), substrate diphenylacetylene 1.5 mmol, toluene (4.7 mmol) as an
internal standard, solvent 6 mL of solvent mixture of 1,4-dioxane and
water (4:1), temperature 80 °C. bIn entry 1-12, the reaction was
followed after 24 h until 1 week, but their conversions were unchanged
(conversions 9.1% after 48 h, 8.7% after 72 h, and 9.7% after 168 h),
suggesting that the Na+ ion inhibits catalysis by the
heptaphoshanegold(I) cluster compound 5 or significantly lengthens
the induction period.
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(I)}oxonium cation [{Au(PPh3)}4(μ4-O)]
2+ as a countercation of the

[α-PW12O40]
3− anion. Crystal data: C216H180Au12O83P14W24; M =

11313.18; monoclinic, space group C2/c; a = 28.653(6) Å, b =
19.107(4) Å, c = 32.601(7) Å, α = 90°, β = 107.31(3)°, γ = 90°, V =
17040(6) Å3, Z = 2, Dc = 2.205 g cm−3, μ(Mo Kα) = 13.326 mm−1. R1
= 0.0715, wR2 = 0.1662 (for all data). Rint = 0.0548. R1 = 0.0681, wR2 =
0.1636 (I > 2σ(I)). GOF = 1.033.
Species Formed in the Catalyst System 3 + Na-POM (Entries 1−

8). A colorless clear solution of Na3[α-PW12O40]·8H2O (Na-POM)
(0.030 g, 0.010 mmol) dissolved in 3 mL of an EtOH/H2O (5:1, v/v)
mixed solvent was added slowly to a colorless clear solution of
[{Au(PPh3)}3(μ3-O)]BF4 (3) (0.036 g, 0.024 mmol) in 5 mL of
CH2Cl2. The vial containing two layers was sealed and left in the dark
at room temperature. After a few days, colorless plate crystals formed.
A portion was used for X-ray crystallography, and the remainder was
collected with a membrane filter (JG 0.2 μm), washed with EtOH (2
mL × 2) and Et2O (2 mL × 2), and dried in vacuo for 2 h. Yield of
crystals: 40.1 mg (64.5%).
The crystals were unsuitable for X-ray crystallography, but CHN

elemental analysis, TG/DTA, and 31P{1H} NMR spectroscopy in
DMSO-d6 identified them as an intercluster compound between the
heptakis{triphenylphosphanegold(I)}dioxonium cation and the [α-
PW12O40]

3− anion. This compound was obtained previously by a
reaction of [Au(RS-pyrrld)(PPh3)] (4) in CH2Cl2 with Na3[α-
PW12O40]·8H2O (Na-POM) dissolved in an EtOH/H2O mixed
solvent.5b

Anal. Calcd for C130H117O44P8Au7W12 or [{{Au(PPh3)}4(μ4-O)}-
{{Au(PPh3)}3(μ3-O)}][α-PW12O40]·2EtOH: H, 1.90; C, 25.12.
Found: H, 1.97; C, 24.74. TG/DTA under atmospheric conditions:
a 1.20% weight loss due to two desorbed EtOH molecules was
observed below 206.2 °C; calcd 0.75% for one EtOH molecule and
1.48% for two EtOH molecules. 31P{1H} NMR [22.3 °C, DMSO-d6]:
δ −14.94, 24.35.
Catalytic Reaction. The catalytic reaction was carried out under

the conditions reported elsewhere (Table 1).8f Diphenylacetylene
(0.267 g, 1.5 mmol) and toluene (100 μL, 0.94 mmol), as an internal
standard, were added to the precatalyst [{Au(PPh3)}4(μ4-O)]3[α-
PW12O40]2·4EtOH (1) (0.115 g, 0.01 mmol) suspended in 6 mL of a
solvent mixture of 1,4-dioxoane and water (4:1). After the dark yellow
suspension was flushed with N2 gas for 5 min, it was stirred in an oil
bath at approximately 80 °C for 1, 4, 6, 18, 20, and 24 h reactions. The
heterogeneous reaction mixture in each reaction time was cooled to
room temperature. The catalyst was allowed to settle in the bottom of
the vial. The supernatant solution of 100 μL was transferred to a 10
mL volumetric flask and diluted to 10 mL with MeOH. The
homogeneous MeOH solution of 5 μL was analyzed by HPLC.
Deoxybenzoin as the hydration product was produced exclusively and
evaluated.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of 6. The reaction of

[Au(RS-pyrrld)(PPh3)] dissolved in CH2Cl2 with H3[α-
PMo12O40]·14H2O dissolved in a CH3CN/H2O (5:1, v/v)
mixed solvent resulted in the formation of the compound
consisting of the monomeric phosphanegold(I) acetonitrile
complex cation and Keggin molybdo-POM anion [Au-

(CH3CN)(PPh3)]3[α-PMo12O40] (6) as a DMSO-soluble
crystalline sample. The compound was characterized by CHN
elemental analysis, FTIR spectroscopy, X-ray crystallography,
and solution (1H, 31P{1H}) NMR spectroscopy. Compound 1
has been obtained by a similar reaction of [Au(RS-pyrrld)-
(PPh3)] dissolved in CH2Cl2 with H3[α-PW12O40]·nH2O
dissolved in an EtOH/H2O (5:1) mixed solvent.5a Compounds
6 and 1 were formed only in a different solvent system using
the same reagents. Compound 6 did not contain a proton in
the countercation, but it showed acid-free effective catalysis for
the hydration of diphenylacetylene, which is in contrast to the
bifunctional catalysis by the proton-containing hybrid com-
plexes [Au(CH3CN)(PR3)][POM-H] (R = Ph, Me; POM-H =
H3SiW12O40, H2PM12O40 (M = Mo, W), H5P2W18O62).

11b

The solution 31P{1H} NMR spectrum of 6 in DMSO-d6
revealed two sharp signals at −3.32 and 27.32 ppm due to the
α-Keggin POM [PMo12O40]

3− and the PPh3 ligand in the
[Au(CH3CN)(PPh3)]

+, respectively. The signal of the PPh3
ligand at 27.32 ppm was similar to the signal observed at 27.61
ppm of the [Au(RS-pyrrld)(PPh3)] precursor. The tendency
toward the 31P{1H} NMR spectroscopic resonance of the
oligomeric phosphanegold(I) clusters appeared at a higher field
than that of the monomeric phosphanegold(I) complexes. This
suggests that the monomeric structure of 6 had been
maintained in the solution.5 The 31P{1H} NMR spectrum of
6 in DMSO-d6 was comparable to the reported 31P NMR
spectrum reported for [Au(MeCN)(PPh3)][H2PMo12O40]
(−4.1 and 26.6 ppm).11b

Catalysis by the Intercluster Compound 1 and the
Effect of HBF4(aq), NaBF4, and KBF4 Addition (Entries 1-
1(1)−(4)). The intercluster compound [{Au(PPh3)}4(μ4-
O)]3[α-PW12O40]2·4EtOH (1) showed acid-free, effective
catalysis for the hydration of diphenylacetylene (0.67 mol %,
entry 1-1(1), Table 1), in which its conversion to deoxybenzoin
was 36.1% after a 4 h reaction, 55.2% after a 6 h reaction, and
93.7% after a 24 h reaction, in 6 mL of 1,4-dioxane/water (4:1)
at 80 °C. Compound 1 is soluble in DMSO, but sparingly
soluble in the reaction solvent of 1,4-dioxane/water (4:1).
Therefore, the reaction appears to proceed in the suspension/
heterogeneous system. Compound 1 itself is not a catalyst, but
dissolved species generated in the dynamic process of 1, i.e., the
monomeric [Au(PPh3)]

+ or [Au(L)(PPh3)]
+ species (L =

solvent), will be the catalyst precursor. This was observed as an
averaged single peak in the solution 31P{1H} NMR spectrum of
1 in DMSO-d6.

5a This significant feature is suggested by the
catalytic reaction by [Au(CH3CN)(PPh3)]3[α-PMo12O40] (6)
(entry 1-17). Therefore, the actual reaction will proceed
through the homogeneous system by the dissolved [Au-
(PPh3)]

+ or [Au(L)(PPh3)]
+ species.

Interestingly, catalysis by 1 was influenced significantly by the
addition of HBF4(aq), NaBF4, and KBF4 (entries 1-1(1)−(4)).

Table 2. Effect of Various Amounts of Diphenylacetylene in Catalysis by 1a

deoxybenzoin formed (TON) conversion (%) = yield

entry after 4 h after 6 h after 24 h after 48 h after 4 h after 6 h after 24 h after 48 h

2-1b 214.4 233.9 396.5 521.5 28.6 31.2 52.9 69.5
2-2c 54.2 82.7 140.6 36.1 55.2 93.7
2-3d 141.1 134.7 140.3 47.0 44.9 46.8

aReaction conditions: catalyst [{Au(PPh3)}4(μ4-O)]3[α-PW12O40]2·4EtOH (1) 0.01 mmol, toluene (4.7 mmol) as an internal standard, solvent 6
mL of a mixed solvent of 1,4-dioxane and water (4:1), temperature 80 °C. bEntry 2-1. Catalyst 1 (0.13 mol %), substrate diphenylacetylene 7.5
mmol, max TON = 750.0. cEntry 2-2. Catalyst 1 (0.67 mol %), substrate diphenylacetylene 1.5 mmol, max TON = 150.0. dEntry 2-3. Extra substrate
(1.5 mmol) was added to the solution (entry 2-2) after 24 h of reaction by 1, max TON = 300.
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The catalytic activity of 1 (entry 1-1(1)) was enhanced further
by the addition of HBF4(aq), which was comparable to those of
2 + H-POM (entry 1-3), 3 + H-POM (entry 1-7), 4 + H-POM
(entry 1-11), and compound 6 alone. In contrast, it was
decreased by the addition of NaBF4 (entry 1-1(3)) and KBF4
(1-1(4)). A similar tendency was observed in the catalytic
systems of 5 by the addition of HBF4(aq), NaBF4, and KBF4
(entries 1-16(1)−(4). This suggests that the generation of the
catalyst precursor [Au(PPh3)]

+ or [Au(L) (PPh3)]
+ (L =

solvent) from 1 and 5 is influenced significantly by the addition
of HBF4(aq), NaBF4, and KBF4. The catalytic activities
observed here strongly suggest that the catalyst precursor is
the solvent-coordinating species [Au(L)(PPh3)]

+, such as the
countercation of 6 rather than the hypothetical, coordinating
unsaturated species [Au(PPh3)]

+. If this is the case, the
catalytically active species will be attributed to the alkyne-
coordinating species [Au(alkyne)(PPh3)]

+ that is stabilized by
the POM anion.
Under the conditions of increased amounts (7.5 mmol) of

diphenylacetylene using 1 (0.13 mol %), the conversion of
69.5% was observed after 48 h of reaction (Table 2, entry 2-1),
showing that the substrate still remains, and the hydration
reaction proceeded after 24 h. This shows that the catalyst
precursor (L = solvent) or the active species (L = alkyne) of the
[Au(L)(PPh3)]

+ species stabilized by [PW12O40]
3− can work

only when the substrate is present. However, after the substrate
has almost been completely consumed, the active species
readily changes to the inactive form, such as [Au(PPh3)2]

+.
Therefore, the reaction continues until the substrate has almost
been totally consumed.
Under the conditions of diphenylacetylene (1.5 mmol) and 1

(0.67 mol %) (entry 2-2 = entry 1-1); the conversion was
93.7% after a 24 h reaction, suggesting that the substrate is
almost completely consumed. Extra amounts of diphenylace-
tylene (1.5 mmol) were added to the solution of entry 2-2 after
a 24 h reaction, in which the active species had already changed
to the inactive form [Au(PPh3)2]

+. Time denotes the time after
the extra substrate had been added. The results are shown in
entry 2-3, in which conversions were unchanged, i.e., 47.0%
after 4 h, 44.9% after 6 h, and 46.8% after 24 h, indicating that
new deoxybenzoin has not accumulated. This means that the
active species cannot be recovered from the once formed,
inactive form and the reaction does not proceed further.

Effects of other mixed solvent systems (acetonitrile/water
(4:1), DMF/water (4:1)) on the catalytic activities of
diphenylacetylene hydration by 1 were also evaluated (Table
S1). The acetonitrile/water (4:1) system exhibited effective
activities (Table S1, entry 2), even though the activity was
found to be lower than that of the 1,4-dioxane/water (4:1)
system. The activity of the DMF/water (4:1) system (Table S1,
entry 3) was lower than those of the 1,4-dioxane/water (4:1)
and acetonitrile/water (4:1) systems.

Catalysis by 1 for Hydration of Other Alkynes. The
hydration of phenylacetylene and 1-phenyl-1-butyne as an
alkyne by 1 was also examined (Table 3). The hydration of
phenylacetylene by 1 resulted in the formation of acetophenone
with a TON of 141.5 (conversion 94.3%) after a 24 h reaction
at 80 °C (entry 3-1). These results revealed much more
effective catalysis by 1 under milder conditions compared to the
literature data (conversion 81%) using the catalyst system
NHC-gold(I) complex [Au(IPr)(OH)] (0.02 μmol) in the
presence of aqueous HSbF6 (0.06 μmol), in 2 mL of 1,4-
dioxane/water (2:1) after a 24 h reaction at 120 °C.8d

On the other hand, the hydration of 1-phenyl-1-butyne by 1
resulted in the formation of butyrophenone with a TON of
58.2 (conversion 38.8%) and 1-phenyl-2-butanone with a TON
of 85.5 (conversion 57.0%) after a 24 h reaction at 80 °C (entry
3-2). The conversion of more than 90% in the hydration of
diphenylacetylene and phenylacetylene by 1 was achieved after
a 24 h reaction, whereas the hydration of 1-phenyl-1-butyne
was complete within a 2 h reaction.
The hydration of 1-phenyl-1-butyne by 1 can be compared

with the formation of butyrophenone (15%) and 1-phenyl-2-
butanone (50%) via the catalyst system of [Au(IPr)(OH)]
(0.02 μmol) plus aqueous HSbF6 (0.06 μmol) after a 24 h
reaction at 120 °C.8d Therefore, compound 1 generates an acid-
free, effective catalyst under milder conditions.
The distribution of the products by 1, i.e., butyrophenone

(38.8%) and 1-phenyl-2-butanone (57.0%), shows that
coordination of the alkyne substrate in the [Au(L)(PPh3)]

+

species/POM and the subsequent nucleophilic attack of water
molecules are comparatively selective. Therefore, the [Au-
(PPh3)]

+ unit tends to coordinate to the site closer to the Ph
group of the alkyne and the water molecule attacks the opposite
site, i.e., the site closer to the Et group.

Table 3. Hydration of Phenylacetylene and 1-Phenyl-1-butyne Catalyzed by 1c

aReaction time: 24 h. bReaction time: 2 h. cReaction conditions: Catalyst 0.01 mmol (0.67 mol %), substrate 1.50 mmol, 1,4-dioxane/water = 4:1
mixed solvent 6 mL, N2 1 atm, temperature 80 °C. Max TON = 150.0.
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Catalysis by Related Compounds 5 and 6 for
Diphenylacetylene Hydration. The related, intercluster
compound consisting of the heptaphosphanegold(I) dioxonium
cation and Keggin POM, [{{Au(PPh3)}4(μ4-O)}{{Au-
(PPh3)}3(μ3-O)}][α-PW12O40]·EtOH (5), also showed effec-
tive catalytic activity (0.67 mol %, entry 1-16, Table 1); that is,
its conversion to deoxybenzoin was 2.0% after a 4 h reaction,
4.2% after a 6 h reaction, and 89.0% after a 24 h reaction. Note
that an induction period was observed in the early stages of the
reaction.
The heptaphosphanegold(I) cluster cation in 5 was formed

on ly in the pre sence o f POM.5b Indeed , the
heptaphosphanegold(I) cluster was not found, when the
anion of 5 was exchanged with BF4

− using anion-exchange
resin, but the tetraphosphanegold(I) cluster was observed in
solution due to decomposition.
On the other hand, another related compound, which was

composed of the monomeric phosphanegold(I) cation and
Keggin molybdo-POM, i.e., [Au(CH3CN) (PPh3)]3[α-
PMo12O40] (6), also showed effective catalysis (0.67 mol %,
entry 1-17, Table 1); the conversion was 71.8% after a 4 h
reaction, 84.9% after a 6 h reaction, and 91.6% after a 24 h
reaction. Compound 6 was prepared by the reaction between
[Au(RS-pyrrld)(PPh3)] and H3[α-PMo12O40]·14H2O in the
CH3CN/water solvent mixture, whereas compound 1 was
prepared using the same reagents in a different solvent system,
i.e., EtOH/water solvent mixture [see Experimental Section].
Although compound 6 also does not contain any acidic species,
it can work as an acid-free catalyst precursor.
In catalytic processes by 1 and 5, the catalyst precursor will

actually be the same as 6, i.e., [Au(L)(PPh3)]
+ (L = solvent),

and the active species is the L = alkyne compound derived from
it. In the catalysis by 1 and 5, the catalyst precursor will
originate from a “dynamic” process (or including fluxional or
scrambling of [Au(PPh3)]

+ species in solution).5a,b

Regarding the POM-based phosphanegold(I) catalysts, Blanc
et al. recently reported that the proton-containing hybrid
complexes [Au(CH3CN)(PR3)][POM-H] (R = Ph, Me; POM-
H = H3SiW12O40, H2PM12O40 (M = Mo, W), H5P2W18O62)
showed catalytic properties for the rearrangement of the enyne
esters to cyclopentenones and the cyclization of N-
propargylcarboxamides.11b They also reported bifunctional
catalytic properties for aza-Prins cyclization/enol ether hydro-
lysis.11a They also reported the X-ray structures of [Au-
(CH3CN)(PPh3)]3[PM12O40] (M = Mo, W) without acidic
protons, together with the related POM compounds, but none
of them had the expected structures.
Control Experiments 1: Catalysis by Phosphanegold(I)

Species without POM. For diphenylacetylene hydration, the
component species constituting 1 and 5, i.e., the tetra- and
triphosphanegold(I) cluster species [{Au(PPh3)}4(μ4-O)]-
(BF4)2 (2, entry 1-2) and [{Au(PPh3)}3(μ3-O)]BF4 (3, entry
1-6) and the POMs H3[α-PW12O40]·7H2O (H-POM, entry 1-
14) and Na3[α-PW12O40]·8H2O (Na-POM, entry 1-15),
showed poor activities (0.67 mol % each; conversions of
1.8%, 1.7%, 0%, and 0% after 24 h reactions, respectively). In
other words, the phosphanegold(I) species without POM
showed no activity. The complex precursor without POM, i.e.,
[Au(RS-pyrrld)(PPh3)] (4, entry 1-10), also showed only poor
activity (0.67 mol %; conversion of 0.5% after 24 h reaction).
Therefore, the activities of 1 and 5 suggest that the
phosphanegold(I) species exhibit catalytic activities only in
the presence of POM.

Control Experiments 2: Catalysis by Phosphanegold(I)
Species Brought about in the Presence of the Free-Acid
Form of Keggin POM (H-POM). Upon the addition of the
free-acid form of α-Keggin POM, H3[α-PW12O40]·7H2O (H-
POM; 0.67 mol %), compounds 2−4 (0.67 mol %) showed
remarkably enhanced activities (conversions of 72.3% (entry 1-
3), 73.1% (entry 1-7), 71.5% (entry 1-11) after 1 h reactions;
84.7% (entry 1-3), 87.0% (entry 1-7), 84.9% (entry 1-11) after
4 h reactions; and 97.6% each (entries 1-3, 1-7, and 1-11) after
24 h reactions). That is, all phosphanegold(I) species 2−4
showed effective activities for diphenylacetylene hydration only
under the conditions assisted by the free-acid form of Keggin
POM (H-POM). The observed activities were comparable to
those of the monomeric phosphanegold(I) cation with the
POM anion (6, entry 1-17) and of the system 1 + HBF4(aq)
(entry 1-1(2)). Note that all reactions of entries 1-3, 1-7, and 1-
11 actually form the tetraphosphanegold(I) cluster cation
[{Au(PPh3)}4(μ4-O)]

2+ in the solution (see Experimental
Section). Therefore, these reaction systems consist of [{Au-
(PPh3)}4(μ4-O)]

2+, [α-PW12O40]
3−, and acidic H+, or they are

compatible with the system of 1 plus H+ (entry 1-1(2)). Their
catalytic activities were higher than those of 1 only after 4 h and
6 h reactions (entry 1-1(1)). This suggests that the catalyst
precursor, [Au(L)(PPh3)]

+/POM (L = solvent), may be
generated more easily from 1 in the presence of acidic H+.
A combination of 4 and the free-acid form of various Keggin

POMs [XW12O40]
n− (X = Si, B, Al, Zn) was also used for

diphenylacetylene hydration (Table 4). All catalyst systems

exhibited effective activities (entries 4-2−4-5), even though the
activities of X = Si, B, Al, and Zn were found to be lower than
that of X = P (entry 1-11 = entry 4-1). The origin of the
observed differences is unclear.

Control Experiments 3: Catalysis by Phosphanegold(I)
Species in the Presence of Sodium Salt of Keggin POM
(Na-POM). No enhancement of their original activities was
observed (entries 1-4, 1-8, 1-12) after adding the sodium salt of
the Keggin POM, Na3[α-PW12O40]·8H2O (Na-POM; 0.67 mol
%), to compounds 2−4.
All the reactions of 2 + Na-POM (entry 1-4), 3 + Na-POM

(entry 1-8), and 4 + Na-POM (entry 1-12) resulted in the
formation of the heptaphosphanegold(I) cluster cation in the
solution (see Experimental Section). Therefore, these reaction
systems are composed of [{{Au(PPh3)}4(μ4-O)}{{Au-
(PPh3)}3(μ3-O)}]

3+, [α-PW12O40]
3−, and Na+, or they are

compatible with the system of 5 plus Na+ ion (entry 1-16(2)).
Catalysis by 5 itself was achieved after a clear induction period
(entry 1-16(1)), suggesting that it takes a longer time to
generate the catalyst precursor [Au(L)(PPh3)]

+. The catalytic
reaction by 5 is retarded by the presence of alkaline (Na+ and

Table 4. Hydration of Diphenylacetylene Catalyzed by
Combination of [Au(RS-pyrrld)(PPh3)] (4) + Free-Acid
Form of Various Keggin POMs

conversion (%)

entry
main catalyst [0.67 mol %], additives

[0.67 mol %]
after
4 h

after
6 h

after
24 h

4-1 4 + H3[α-PW12O40]·7H2O 71.5 84.9 97.6
4-2 4 + H4[α-SiW12O40]·17H2O 34.0 44.7 61.6
4-3 4 + H5[α-BW12O40]·15H2O 44.5 52.6 75.7
4-4 4 + H5[α-AlW12O40]·11H2O 36.7 51.7 56.8
4-5 4 + H6[α-ZnW12O40]·9H2O 38.1 49.0 62.1
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K+) ions (entries 1-16(3) and 1-16(4)), or the induction period
is lengthened remarkably, as shown in entry 1-12 [footnote b;
the reaction was followed from 24 h until 1 week, but their
conversions were unchanged (the conversions were 9.1% after
48 h, 8.7% after 72 h, and 9.7% after 168 h)]. Therefore, the
activities of the systems consisting of 5 plus Na+ ion (entry 1-
16(3)) are consistent with the results of entries 1-4, 1-8, and 1-
12. A similar tendency was found in the systems of 1 plus
NaBF4 and KBF4 (entries 1-1(3) and 1-1(4)).
Furthermore, the addition of an aqueous solution of the

Brønsted acid, 10% HBF4 (0.67 mol %), to compounds 2−4
did not have any effects on their original activities (entries 1-5,
1-9, 1-13). This shows that the free-acid form of POM, but not
the acidic proton without POM, significantly assists catalysis by
the monomeric phosphanegold(I) species [Au(L)(PPh3)]

+ (L
= solvent or alkyne).

31P{1H} NMR Characterization of the Reaction Systems
by 1, 5, and 6. (1) The reaction solution after a 6 h reaction at
80 °C using 1 (0.67 mol %, entry 1-1(1)), in which sufficient
amounts of diphenylacetylene still remained (conversion
55.2%), was evaporated to dryness. The residue was then
dissolved in CD2Cl2. The

31P{1H} NMR spectrum of a CD2Cl2
solution revealed a broad signal that was assigned to the
[Au(diphenylacetylene)(PPh3)]

+ species at 36.1 ppm, in
addition to the inactive [Au(PPh3)2]

+ species13 at 45.1 ppm
and [PW12O40]

3− at −14.6 ppm (Figure S1a). The signal at
36.1 ppm was consistent with a 31P NMR signal at 36.1 ppm in
CD2Cl2 of [Au(alkyne)(PPh3)]

+SbF6
− reported in the liter-

ature.15 31P{1H} NMR spectra in CD2Cl2 of the residues
obtained from the reaction systems after hydration reactions at
80 °C of other alkynes (phenylacetylene and 1-phenyl-1-
butyne) using 1 were also measured (Figure S1b,c): after 6 h
hydration reaction ([α-PW12O40]

3−, −14.7 ppm; [Au-
(phenylacetylene)(PPh3)]

+, 37.2 ppm; [Au(PPh3)2]
+, 45.2

ppm) and after 1 h hydration reaction ([α-PW12O40]
3−;

−15.0 ppm, [Au(1-phenyl-1-butyne)(PPh3)]
+; 34.4 and 36.2

ppm, [Au(PPh3)2]
+; 44.9 ppm). On the other hand, the

DMSO-d6 solution of the residue collected after a 6 h reaction

at 80 °C revealed a signal assignable to [Au(DMSO)(PPh3)]
+

at 27.30 ppm, as well as signals due to the inactive
[Au(PPh3)2]

+ at 43.8 ppm and [PW12O40]
3− at −14.93 ppm

(Figure S2).
The insoluble materials recovered by filtering off the reaction

solution after a 24 h reaction were dissolved in DMSO-d6, and a
31P{1H} NMR spectrum of the solution was measured. In such
materials, the starting compound 1, which is observed as a
signal at 24.98 ppm, was absent, but the 31P{1H} NMR
spectrum revealed characteristic signals due to several catalyti-
cally inactive compounds, such as [PW12O40]

3− at −14.85 ppm,
[Au(PPh3)2]

+ at 43 .68 ppm, and mixed-va lence
phosphanegold(I) cluster cations, such as [Au9(PPh3)8]

3+, as
signals at approximately 57−58 ppm.14a The filtrate obtained
after a 24 h reaction was evaporated to dryness, and the residue
was dissolved in DMSO-d6. The

31P{1H} NMR spectrum of the
solution showed no signal, suggesting that the reaction solution
after a 24 h reaction does not contain any materials originating
from PPh3 and [PW12O40]

3−. On the other hand, the 1H NMR
spectrum of the solution revealed the signals for a CH2 group
(4.28 ppm) and the phenyl groups of deoxybenzoin as the
hydration product (7.22−8.02 ppm). Because the conversion
was 93.7% after a 24 h reaction, the signals of diphenylacetylene
would be very small in the reaction solution.
(2) The solution 31P{1H} NMR spectrum of 5 in DMSO-d6

revealed two sharp signals at −14.92 and 24.46 ppm. The
former peak was assigned to the phosphorus heteroatom in the
α-Keggin POM, whereas the latter peak was assigned to the
averaged signal of PPh3 groups due to fluxional motion in the
solution of the heptaphosphanegold(I) cluster, which corre-
sponds to one broad signal at 24.6 ppm in the CPMAS 31P
NMR spectrum.5b The solid-state broad single peak was
attributed to the fact that all PPh3 groups are in an
approximately equivalent state, but they are not fluxional in
the solid state. The heptaphosphanegold(I) cluster would
probably be present in solution only in the presence of POM;
that is, it cannot exist without POM.5b The solution 31P{1H}
NMR signal at 24.46 ppm shifted slightly to a higher field from

Scheme 1
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the single peak observed at 24.84 ppm of the
tetraphosphanegold(I) cluster in solution.5a

The 31P{1H} NMR measurements in DMSO-d6 of the
insoluble materials recovered by filtering off the reaction
solution after a 24 h reaction showed that the signal of the
starting compound 5 had disappeared. However, the inactive
[Au(PPh3)2]

+ species as the major signal at 43.84 ppm and the
mixed-valence phosphanegold clusters ,14a such as
[Au9(PPh3)8]

3+, as the minor signals at 54.45 and 58.13 ppm
appeared, in addition to the signal of [PW12O40]

3− at −14.84
ppm. The 31P{1H} NMR spectrum of the reaction solution
after a 24 h reaction of 5 was similar to that of 1. The catalyst
precursor in the catalysis by 5 was also the [Au(L)(PPh3)]

+

species (L = solvent), but an induction period was required for
its generation.
(3) The 31P{1H} NMR measurements in DMSO-d6 of 6

before the reaction showed a signal at 27.32 ppm. The 31P{1H}
NMR measurements in DMSO-d6 of the insoluble materials
recovered after the 24 h reaction showed that the starting
compound 6 disappeared with the concomitant appearance of
the major signal at 43.55 ppm due to [Au(PPh3)2]

+ species and
many smaller signals at 56.19, 57.24, 57.85 (main peak), and
58.06 ppm due to the mixed-valence gold cluster species,14a

such as [Au9(PPh3)8]
3+. In addition, the signal due to

[PMo12O40]
3− at −3.32 ppm before the reaction changed to

that at −5.96 ppm after a 24 h reaction, which was attributed to
the partially reduced molybdo-POM. This shows that the
reaction contains a redox process, which will be brought about
together by the oxidation of PPh3 liberated from 6.
Reaction Scheme. The reaction scheme of diphenylacety-

lene hydration catalyzed by 1 is depicted in Scheme 1. The
generation of monomeric phosphanegold(I) species [Au(L)-
(PPh3)]

+ (L = solvent; catalyst precursor) in the presence of
the POM anion from 1 initiates alkyne coordination to the
Au(I) site by ligand exchange of L (catalytically active species),
followed by the subsequent nucleophilic attack of a water
molecule on the coordinated alkyne and the deprotonation of
coordinated water, resulting in the formation of the enol form
of deoxybenzoin and a transformation to the keto form on the
Au(I) site. By subsequent protonation, the catalytic cycle would
be completed. This is consistent with the theoretical discussion
of alkyne hydration catalyzed by gold(I) species.10 In this
catalytic cycle, the catalytically active, monomeric
phosphanegold(I) species [Au(L)(PPh3)]

+ (L = alkyne)
would be accompanied by the POM anion throughout the
process. The generation of the catalyst precursor [Au(L)-
(PPh3)]

+ (L = solvent) from 1 would be accelerated by the
acidic proton, as indicated by the reaction 1 + aqueous HBF4
(entry 1-1(2)), but may be retarded by alkaline (Na+ or K+)
ions (entries 1-1(3) and 1-1(4)). In the catalysis by 5 (entry 1-
16(1)), the induction period would also be related to the
process of generating the catalyst precursor [Au(L)(PPh3)]

+ (L
= solvent), which may be accelerated by the acidic proton
(entry 1-16(2)), but affected seriously by alkaline (Na+ and K+)
ions (entries 1-16(3) and -(4)).

■ CONCLUSION
Both compounds 1 and 6 exhibited acid-free, effective catalytic
activity for diphenylacetylene hydration (entries 1-1(1) and 1-
17, respectively). Compounds 1 and 6 were synthesized by the
same reaction process of 4 + H-POM using only different
solvent systems, EtOH/H2O vs CH3CN/H2O, respectively. In
both catalytic processes by 1 and 6, the active species was

attributed to the monomeric gold(I)−alkyne species stabilized
by POM, i.e., [Au(L)(PPh3)]

+/POM (L = alkyne). Indeed, the
reaction systems without POM, such as 2−4 (entries 1-2, 1-6,
and 1-10, respectively), exhibited poor activities. In catalysis by
1, the catalyst precursor [Au(L)(PPh3)]

+ (L = solvent) is
originated from the “dynamic” process (or the fluxional or
scrambling process of [Au(PPh3)]

+ species in solution, as
shown in the 31P{1H} NMR spectrum of 1 in DMSO-d6

5a),
whereas in catalysis by 6, it gave rise to ligand exchange with
the solvent used. The acidic proton enhances the activity of 1
(entry 1-1(2)), suggesting that the generation of the catalyst
precursor is accelerated by an acidic proton. Because the
catalyst systems of 2 + H-POM (entry 1-3), 3 + H-POM (entry
1-7), and 4 + H-POM (entry 1-11) generate the same
tetraphosphanegold(I) species in solution, such catalytic
systems are actually the same as that of 1 plus a proton, the
activities of which are higher than that of 1 itself (entry 1-1(1)).
In contrast, catalysis by 5 showed an induction period (entry 1-
16(1)), suggesting that it takes a longer time to generate the
catalyst precursor [Au(L)(PPh3)]

+. However, because the
catalyst systems of 2 + Na-POM (entry 1-4), 3 + Na-POM
(entry 1-8), and 4 + Na-POM (entry 1-12) form the same
heptakis{phosphanegold(I)} species in solution, their catalytic
activities are actually the same as the system of 5 plus a Na+ ion
(entry 1-16(3)). The catalytic reaction by 5 is retarded by the
presence of alkaline (Na+ and K+) ions. The induction period
may be lengthened markedly, as shown in entries 1-12
[footnote b] and 1-16(3) and -(4). Further work in this area
is currently under way. The influence of the stoichiometry of
the gold catalyst 4 versus the amount of POM (Table 4) will be
studied in our next plan. We have synthesized other types of
intercluster compounds consisting of the dimers of dinuclear
units in parallel-edge and crossed-edge arrangements of
phosphanegold(I) units and Keggin POMs and determined
their molecular structures.5c Catalytic behaviors of such POM-
based compounds will also be studied as future work.
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(b) Teźe,́ A.; Herve,́ G. Inorg. Synth. 1990, 27, 85−96. (c) Aoki, S.;
Kurashina, T.; Kasahara, Y.; Nishijima, T.; Nomiya, K. Dalton Trans.
2011, 40, 1243−1253. (d) Nakajima, K.; Eda, K.; Himeno, S. Inorg.
Chem. 2010, 49, 5212−5215.
(13) (a) Zhang, J.; Yang, C.-G.; He, C. J. Am. Chem. Soc. 2006, 128,
1798−1799. (b) Attar, S.; Bearden, W. H.; Alcock, N. W.; Alyea, E. C.;
Nelson, J. H. Inorg. Chem. 1990, 29, 425−433. (c) Carriedo, G. A.;
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The effect of counteranions on the molecular
structures of phosphanegold(I) cluster cations
formed by polyoxometalate (POM)-mediated
clusterization†

Eri Nagashima,a Takuya Yoshida,a,b,c Satoshi Matsunagaa and Kenji Nomiya*a

The effect of counteranions on the molecular structures of phosphanegold(I) cluster cations formed by

polyoxometalate (POM)-mediated clusterization was investigated. A novel intercluster compound,

[{(AuLCl)2(μ-OH)}2]3[α-PMo12O40]2·3EtOH (1-PMo12), was obtained as orange-yellow plate crystals in

12.0% yield from a 6 : 1 molar ratio reaction of the monomeric phosphanegold(I) carboxylato complex

[Au(RS-pyrrld)(LCl)] (RS-Hpyrrld = RS-2-pyrrolidone-5-carboxylic acid; LCl = tris(4-chlorophenyl)phos-

phane) in CH2Cl2 with the free acid-form of Keggin polyoxometalate (POM), H3[α-PMo12O40]·14H2O. An

EtOH/H2O (5 : 1, v/v) solvent mixture was used. The dimeric cation [{(AuLCl)2(μ-OH)}2]
2+ in 1-PMo12 was in

a parallel-edge arrangement that was formed by self-assembly through the inter-cationic aurophilic inter-

actions of the μ-OH-bridged dinuclear phosphanegold(I) cation. The POM anion in 1-PMo12 was success-

fully exchanged with a smaller PF6
− anion by the use of an anion-exchange resin. POM-free, colorless

block crystals of [{(AuLCl)3(μ3-O)}2](PF6)2·4CH2Cl2 (2-PF6) were obtained by vapor diffusion in 14.1% yield.

During the synthesis of 2-PF6, a compound with mixed counteranions (one POM and one PF6
− anion), i.e.

[{(AuLCl)4(μ4-O)}]2[α-PMo12O40]PF6 (3-PMo12PF6), was obtained in 66.4% yield. Both products were

characterized by elemental analysis, TG/DTA, FT-IR, 31P{1H} NMR, 1H NMR, and X-ray crystallography.

X-ray crystallography revealed that the countercation in 2-PF6 was the dimeric cation of the μ3-O-

bridged tris{phosphanegold(I)} species, whereas that in 3-PMo12PF6 consisted of an unusual μ4-O-

bridged tetragonal-pyramidal tetrakis{phosphanegold(I)} cation. Therefore, we concluded that the POM

anion significantly contributed to the stabilization of these countercations (parallel-edged arrangement in

1-PMo12 and μ4-O-bridged tetragonal-pyramid in 3-PMo12PF6). Moreover, the previously reported yellow

crystals of [{(AuLF)2(μ-OH)}2]3[PMo12O40]2·3EtOH (4-PMo12: LF = tris(4-fluoro phenyl)phosphane) were

successfully converted to the POM-free crystalline OTf− salt [{(AuLF)2(μ-OH)}2](OTf)2·0.5Et2O (4-OTf ) by

the use of an anion-exchange resin. X-ray crystallography also revealed that the parallel-edge arrange-

ment of the dimeric cation in 4-PMo12 was converted to the crossed-edge arrangement of that in 4-OTf.

These results illustrate that the Au⋯OPOM and hydrogen-bonding (C–H⋯OPOM and O–H⋯OPOM) inter-

actions between the phosphanegold(I) cluster cation and the Keggin POM anion in the solid state

significantly contribute to the structure, composition, and stability of the phosphane gold(I) cluster cations

in 4-PMo12.

Introduction

Polyoxometalates (POMs) are discrete metal oxide clusters that
are of current interest as soluble metal oxides, and for
their application in catalysis, medicine, and materials
science.1 The preparation of POM-based materials is therefore
an active field of research. Notably, a combination of POMs
with cluster cations or macrocations has resulted in the
formation of various intercluster compounds that are interest-
ing from the viewpoints of conducting research on ionic crys-
tals, crystal growth, crystal engineering, structure, sorption

†CCDC 1485425 (1-PMo12), 1485428 (2-PF6), 1485433 (3-PMo12PF6) and 1485430
(4-OTf ). For crystallographic data in CIF or other electronic format see DOI:
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properties, and so on. In many intercluster compounds, POMs
have been combined with separately prepared cluster cations.2

Recently, we discovered that POM-mediated clusterization
of monomeric [Au(PR3)]

+ units results in the formation of
an intercluster compound containing the tetra{phosphanegold(I)}-
oxonium cluster cation [{Au(PPh3)}4(μ4-O)]3[α-PW12O40]2·
4EtOH (5-PW12). This discovery was made during the carboxylate
elimination of [Au(RS-pyrrld)(PPh3)] (RS-Hpyrrld = RS-2-pyrroli-
done-5-carboxylic acid),3 in the presence of the free-acid form
of the α-Keggin POM, H3[α-PW12O40]·7H2O.

4a The tetra{phos-
phanegold(I)}oxonium cluster cation in 5-PW12 exhibited the
C3v symmetry. Here, it should be noted that the abbreviations
of the compounds are based on the combination of phosphane-
gold(I) cations and counteranions, in which different com-
positions of the phosphanegold(I) cations are abbreviated as
different, boldfaced numbers such as 1, 2, 3 and so on,
and the Keggin POM [PMo12O40]

3−, PF6
− and trifluoro-

methanesulfonate (OTf−) anions are abbreviated as PMo12, PF6
and OTf, respectively (see Abbreviations listed at the end of
the text).

We also discovered that the reaction of [Au(RS-pyrrld)(PPh3)]
with the sodium salt of the α-Keggin POM, Na3[α-P-
W12O40]·9H2O afforded the heptakis{triphenylphosphanegold-
(I)}dioxonium cation [{{Au(PPh3)}4(μ4-O)}{{Au(PPh3)}3(μ3-O)}]3+.4b

This was confirmed only in the presence of POM anions.
Phosphane ligands in the carboxylatophosphanegold(I) pre-

cursors were found to have significant influence on the POM-
mediated clusterization of monomeric [Au(PR3)]

+ units. For
example, the [{(Au{P(p-RPh)3})2(μ-OH)}2]3[α-PM12O40]2 series
(R = Me, M = W; R = Me, M = Mo; R = F, M = Mo (4-PMo12)) has
recently been synthesized from the reactions between [Au(RS-
pyrrld){P(p-RPh)3}] in CH2Cl2 and H3[α-PM12O40]·nH2O (M =
W, n = 7 and M = Mo, n = 14) in mixed EtOH/H2O solvents.4c,d

In each cluster cation, the OH-bridging dimer of the dipho-
sphanegold(I) units, [(Au{P(p-RPh)3})2(μ-OH)]+, was formed as
a crossed-edge arrangement for R = Me, whereas a parallel-
edge arrangement was formed for R = F, depending upon the
substituent on the aryl group of the triarylphosphanes.

Novel intercluster compounds [{Au(PPh3)}4(μ4-
O)][α-XW12O40{Au(PPh3)}3]·3EtOH (X = Al, B) have been prepared
from the reactions between [Au(RS-pyrrld)(PPh3)] in CH2Cl2 and
the free-acid form of the highly negatively charged Keggin POM,
H5[α-XW12O40]·nH2O (X = Al, n = 12; X = B, n = 14), in EtOH/H2O
at room temperature (Au : POM molar ratio = 7 : 1).4e Hence, the
POM-mediated clusterization of [Au(PR3)]

+ units provides an
effective synthetic route for the preparation of novel phosphane-
gold(I) cluster cations.

In addition, element-centered gold(I) clusters [E(AuL)n]
m+

have been studied extensively by Schmidbaur,5a–d and
Laguna.5e For example, a tris{phosphanegold(I)} oxonium
cluster [{Au(PMe3)}3(μ3-O)]+ was found to be a structural motif
for chalcogen-centered gold(I) clusters, where the monomeric
units are aggregated through crossed edges.5b Element-
centered gold(I) clusters are also apt models for the isolobal protic
species [H3O]

+ and [H4O]
2+ that are currently of great interest.6

As for their applications, several phosphanegold(I) complexes

have been proven to work as effective catalysts for organic
transformation reactions.4f,7,8

The tetra{phosphanegold(I)}oxonium cluster cation
[{Au(PPh3)}4(μ4-O)]2+ in 5-PW12 was confirmed to exhibit the
C3v symmetry,4a but the X-ray structure of the POM-free com-
pound [{Au(PPh3)}4(μ4-O)](BF4)2 (5-BF4, Td symmetry) has not
been determined to date.5a,9b Nevertheless, it has been dis-
cussed that the molecular structures (C3v vs. Td symmetry) in
the solid state of the tetra{phosphanegold(I)}oxonium
cation are significantly influenced by the presence of large
POM anions.5 On the other hand, the POM-free [(Au{P(o-
MePh)3})4(μ4-O)]2+ cation in the BF4

− salt (6-BF4) has
been determined to exhibit Td symmetry.9b Unfortunately,
X-ray structure analysis to confirm the C3v symmetry in
[(Au{P(o-MePh)3})4(μ4-O)]3[α-PW12O40]2 (6-PW12) has been
unsuccessful.

We focused on the effect of POM anions on the structure of
the phosphanegold(I) cluster cation in solid state intercluster
compounds. To investigate this effect, we needed to prepare
the crystalline compounds of the phosphanegold(I) cluster
cations (both with and without the presence of POM anions),
and determine their molecular structures. Therefore, in this
study, we report the preparation of the intercluster compound
[{(AuLCl)2(μ-OH)}2]3[α-PMo12O40]2·3EtOH (1-PMo12) and its
POM-free salt [{(AuLCl)3(μ3-O)}2](PF6)2·4CH2Cl2 (2-PF6) using
an anion-exchange resin. During the synthetic process from
1-PMo12 to 2-PF6, we unexpectedly obtained a novel compound
with mixed anions [{(AuLCl)4(μ4-O)}]2[α-PMo12O40]PF6
(3-PMo12PF6). The molecular structures of all the afforded pro-
ducts were determined by X-ray crystallography. Interestingly,
the unusual μ4-O-bridged tetragonal-pyramidal cation struc-
ture in 3-PMo12PF6 belonged to a class of electron-deficient
species stabilized by both [α-PMo12O40]

3− and PF6 anions.
Moreover, using the previously reported 4-PMo12 moiety,4c we
successfully obtained the POM-free, OTf− salt [{(AuLF)2(μ-OH)}2]
(OTf)2·0.5Et2O (4-OTf), and determined its molecular structure.

Herein, we demonstrate that the molecular structures of the
phosphanegold(I) cations in 1-PMo12, 2-PF6, 3-PMo12PF6, and
4-OTf are strongly dependent on the POM anions.

Results and discussion
Syntheses and composition characterization

The intercluster compounds obtained from the phosphane-
gold(I) cluster and the Keggin POM anion, and their anion-
exchanged compounds were obtained as follows: 1-PMo12 in
12.0% (0.032 g scale) yield, 2-PF6 in 14.1% (0.017 g scale) yield,
3-PMo12PF6 in 66.4% (0.061 g scale) yield, and 4-OTf in 56.0%
(0.040 g scale) yield.

The compound 1-PMo12 was prepared from a reaction
between [Au(RS-pyrrld)(LCl)] in CH2Cl2 and the free-acid form
of the α-Keggin POM, H3[α-PMo12O40]·14H2O in a mixed EtOH/
H2O solvent. Crystallization was carried out by slow evapor-
ation at room temperature in the dark. The CHN elemental
analysis and TG/DTA of 1-PMo12 indicated that 1-PMo12 con-
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sisted of three [{(AuLCl)2(μ-OH)}2]
2+ cations, two Keggin

[α-PMo12O40]
3− POM anions, and three EtOH solvent mole-

cules. These results were consistent with the X-ray crystallo-
graphic data (see the molecular structure). In the 31P{1H} NMR
analysis in DMSO-d6, the signals for phosphanegold(I) cluster
cations and Keggin POM anions were observed at 25.08 ppm
and −3.29 ppm, respectively. The three EtOH solvent mole-
cules were also confirmed by a weight loss of 1.54% observed
by TG/DTA, and by a signal at 1.09 ppm (t, J = 6.9 Hz,
CH3CH2OH) in the 1H NMR analysis in DMSO-d6. The solid-
state IR spectrum of 1-PMo12 displayed characteristic
vibrational bands owing to the coordinating LCl ligand, and
prominent vibrational bands from the α-Keggin molybdo-POM
moiety with a P heteroatom (1062, 957, 879, and 802 cm−1).10

In the IR spectrum, the carbonyl vibrational bands of the
anionic RS-pyrrld ligand in the [Au(RS-pyrrld)(LCl)] precursor
disappeared. Elimination of the carboxylate ligand was also
confirmed by 1H NMR analysis in DMSO-d6.

The POM-free powder compounds 2-PF6 and 4-OTf were
prepared from the intercluster compounds 1-PMo12 and
4-PMo12, respectively, using anion-exchange resins (PF6

− and
OTf− forms). This was followed by crystallization in a refriger-
ator by vapor diffusion in a solvent system (CH2Cl2 internal
solution and Et2O external solvent). The X-ray crystallographic
data indicated the formation of oxygen-bridged gold(I) cluster
cations [{(AuLCl)3(μ3-O)}2]2+ in 2-PF6, and [{(AuLF)2(μ-OH)}2]

2+

in 4-OTf. The use of an anion-exchange method resulted in the
transformation of the original dimer-of-dinuclear cluster in
1-PMo12 to the dimer-of-trinuclear-cluster cation [{(AuLCl)3(μ3-
O)}2]

2+ in 2-PF6. On the other hand, this same method trans-

formed the parallel-edge arrangement in 4-PMo12 into the
crossed-edge arrangement of [{(AuLF)2(μ-OH)}2]

2+ in 4-OTf. The
CHN elemental analysis results and the TG/DTA data for 2-PF6
and 4-OTf were consistent with the X-ray crystallographic
results. The solid-state IR spectra of 2-PF6 and 4-OTf exhibited
characteristic vibrational bands due to the coordinating triaryl-
phosphane ligands. The prominent vibrational bands of the
POM anions in 1-PMo12 and 4-PMo12 disappeared, suggesting
that the POM anions were completely exchanged. This sugges-
tion was also confirmed by the 31P{1H} NMR spectra.

The compound 3-PMo12PF6 was prepared from 1-PMo12
using a small amount of an anion-exchange resin (PF6

−,
1 mL). The resulting product was then crystallized. The X-ray
crystallographic data of 3-PMo12PF6 revealed a discrete inter-
cluster compound containing two [{(AuLCl)4(μ4-O)}]2+ cations,
one [α-PMo12O40]

3−, and one PF6
− anion. The structure of

[{(AuLCl)4(μ4-O)}]2+ in 3-PMo12PF6 was found to be an unusual
μ4-O-bridged tetragonal-pyramid with the C4v symmetry. This
was a first example of electron-deficient oxygen-bridged gold(I)
cluster species (see the molecular structures). The solid-state
IR spectrum of 3-PMo12PF6 displayed characteristic vibrational
bands owing to the [α-PMo12O40]

3− (1062, 957, 878, and
803 cm−1) and PF6

− anions.

Molecular structure of the [{(AuLCl)2(μ-OH)}2]
2+ cation in

1-PMo12

Single-crystal X-ray analysis revealed that 1-PMo12 crystallizes
in the triclinic P1̄ space group, and is composed of three tetra-
gold(I) cluster cations [{(AuLCl)2(μ-OH)}2]

2+, and two saturated
α-Keggin POMs [α-PMo12O40]

3− as counteranions (Fig. 1). The

Fig. 1 (a) Molecular structure of [{(AuLCl)2(μ-OH)}2]3[α-PMo12O40]2·3EtOH (1-PMo12), (b) the partial structure around the tetragold(I) cluster core of
1-PMo12 in a parallel-edge fashion, and (c) the short interactions between the tetragold(I) unit and the α-Keggin POM unit.
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digold(I) unit consists of two {(AuLCl)2(μ-OH)} monomers
linked by a μ-OH ligand, and the two digold(I) units dimerized
by aurophilic interactions [Au1–Au2, 3.166(5) Å; Au3–Au4,
3.253(5) Å; and Au5–Au6, 3.395(7) Å] to form the tetragold(I)
cluster cation [{(AuLCl)2(μ-OH)}2]

2+. Three crystallographically
independent tetragold(I) cations were present in the unit cell.
The digold(I) cations of 1-PMo12 dimerized in a parallel-edge
arrangement, leading to a rectangular array of four gold(I)
atoms (Fig. 1(b)). Parallel-edge tetragold(I) cations similar to
those observed in 1-PMo12 have been reported for [{(AuLF)2-
(μ-OH)}2]3[α-PMo12O40]2·3EtOH,4c [(Au{P(m-FPh)3})4(μ4-O)]2[{(Au-
{P(m-FPh)3})2(μ-OH)}2][α-PMo12O40]2·EtOH,4d and [{(AuLCl)2-
(μ-OH)}2]-[α-SiMo12O40(AuLCl)2]·EtOH.4g With the exception of
the substituent of the phosphane ligand (Cl vs. F), the compo-
sition of [{(AuLF)2(μ-OH)}2]3[α-PMo12O40]2·3EtOH

4c was similar
to that of 1-PMo12, i.e., three parallel-edge tetragold(I) clusters,
and two [α-PMo12O40]

3− anions. On the other hand, [(Au{P(m-
FPh)3})4(μ4-O)]2[{(Au{P(m-FPh)3})2(μ-OH)}2][α-PMo12O40]2·EtOH

4d

was synthesized with the same POM [α-PMo12O40]
3− as 1-PMo12,

but contained two types of tetragold(I) cluster cations. These
were the oxo-centered tetragold(I) cluster cations [(Au{P(m-
FPh)3})4(μ4-O)]2+, as well as one parallel-edge tetragold(I) cluster
[{(Au{P(m-FPh)3})2(μ-OH)}2]. In the case of [{(AuLCl)2(μ-OH)}2]-
[α-SiMo12O40(AuLCl)2]·EtOH, two mononuclear phosphanegold
(I) cations, [AuLCl]

+, linking to the OMo2 oxygen atoms of the
Keggin POM anion, co-existed with the parallel-edge tetragold(I)
clusters.

The parallel-edge tetragold(I) cluster [{{Au(PR3)}2(μ-OH)}2]
2+

has never been synthesized without POM anions. The
structure of the parallel-edge arrangement, without the POM,
has only been reported for the thiolato-bridged cations,
[{{Au(PR1

3)}2(μ-SR2)}2]
2+ (R1 = Ph, Me; R2 = CMe3,

2-H2NC6H4, CH2CMe3, 4-MeC6H4, 2,3,4,6-tetraacetyl-1-thio-D-
glucopyranosato).11

Molecular structure of the [{(AuLCl)3(μ3-O)}2] cation in 2-PF6

X-ray crystallography revealed that the cation containing the
μ3-O atom (2) [{(AuLCl)3(μ3-O)}2]2+, in 2-PF6, is dimeric in the
crystalline form (Fig. 2). The species {(AuLCl)3(μ3-O)}+ has a
pyramidal structure, and the μ3-O atom is outside the Au3
plane.

The Au⋯O distances in (2) (1.997–2.070 Å; average 2.043 Å)
were slightly longer than those of the related compound
[{(AuPPh3)3(μ3-O)}2](BF4)2 (1.93–2.04 Å; average 1.97 Å).9a Both
were slightly shorter than the sum of the singly bound Au and
O covalent radii (2.10 Å). The Au⋯P bond lengths in (2)
(2.216–2.224 Å) were close to those of [{(AuPPh3)3(μ3-O)}2]-
(BF4)2 (2.25–2.27 Å).9a Both were shorter than the sum of the
Au and P covalent radii. The phosphorus coordination was
close to tetrahedral.

Both intra- and intermolecular Au⋯Au contacts existed,
and the intermolecular interactions led to a dimeric structure
in which two pyramidal [(AuPR3)3(μ3-O)]+ units, related by an
inversion center, are edge-bridged through two gold atoms.
The intra- and intermolecular Au⋯Au distances in (2) are com-
parable (3.003–3.193 Å; average 3.109 Å and 3.073 Å, respec-
tively). Both were significantly longer than the distances in the
Au metal (2.884 Å),12 but shorter than the sum of the Au van
der Waals radii (3.32 Å).13 The intramolecular Au⋯Au dis-
tances in (2) were close to those of [{(AuPPh3)3(μ3-O)}2](BF4)2
(3.032–3.215 Å; average 3.094 Å),9a but the intermolecular
Au⋯Au distance in (2) was significantly shorter than that
(3.162(6) Å) in the [{(AuPPh3)3(μ3-O)}2]2+ cation.

These Au⋯Au distances can be compared to those of the
μ3-S analogues. The intramolecular Au⋯Au distances in the
dimeric cation [{(AuPPh2Me)3(μ3-S)}2]2+ with an OTf− anion14

are in the range of 3.0187(12)–3.2534(13) Å (average 3.114 Å).
These values are comparable to those of [(AuPPh3)3(μ3-S)]+

Fig. 2 (a) Molecular structure of [{(AuLCl)3(μ3-O)}2](PF6)2 (2-PF6), and (b) the partial structure around the dimeric tris{phosphanegold(I)}oxonium
cluster cation(2).
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(3.071–3.409 Å).15a,b The most pronounced difference was
found in the intermolecular Au⋯Au contacts: 3.0774(1) Å in
[{(AuPPh2Me)3(μ3-S)}2]2+ against 3.236 and 3.361 Å in
[(AuPPh3)3(μ3-S)]+.15a,b

Molecular structure of the [{(AuLCl)4(μ4-O)}]
2+ cation in

3-PMo12PF6

The [{(AuLCl)4(μ4-O)}]2+ cation (3) crystallized with one
[α-PMo12O40]

3− anion and one PF6
− anion (3-PMo12PF6, Fig. 3).

The structure of cation 3 in 3-PMo12PF6 consisted of a tetra-
gonal-pyramidal framework, with the oxygen atom occupying
the apical position (Fig. 3(b)). The distances between the adja-
cent Au atoms [2.8708(7)–2.8709(7) Å] were close to or slightly
shorter than the distances in the Au metal (2.88 Å),12 and sig-
nificantly shorter than the sum of the Au van der Waals radii
(3.32 Å).13 The distances between the diagonally opposed Au
atoms were 4.0599(6) (Au1–Au1) and 4.0570(6) Å (Au2–Au2).
The O atom was 0.612 Å (O12) and 0.503 Å (O13) out of the Au4
plane. The Au–O distances are 2.120(4) (Au1–O12) and 2.090(4)
(Au2–O13) Å, and the Au–O–Au angles are 85.2(2)° and
146.4(8)° (Au1–O12–Au1), and 86.7(2)° and 152.2(9)°
(Au2–O13–Au2).

These data can be compared to those of the μ4-S analogous
[(AuPPh3)4(μ4-S)]2+ cation with a ClO4

− anion.14 The distances
between the adjacent Au atoms are 2.883(2)–2.901(2) Å, and
those between the diagonally opposed Au atoms are 4.079 Å

and 4.102 Å. The S atom lies 1.25 Å out of the Au4 plane. The
Au–S distances are in the range of 2.392(7)–2.408(7) Å, and the
Au–S–Au angles are in the range of 73.8(2)–74.5(2)°.

The bonding mode of the μ4-O atom and the gold(I) centers
in the [{(AuLCl)4(μ4-O)}]2+ cation (3) can be described by a
simple MO diagram, similar to that of the S-analogous
[(AuPPh3)4(μ4-S)]2+ with C4v symmetry.14 Three bonding
orbitals are filled by six available valence electrons, and the
non-bonding orbital a1, as the HOMO, is occupied by two elec-
trons. The bonding mode can be identified as an electron-
deficient species with a bond order of 3/4 for four O–AuPR3

bonds, and a μ4-O ion with one lone pair. This compound is in
contrast to the previously reported C3v symmetry compound,
[{Au(PR3)4}(μ4-O)]2+ (R = Ph, m-FPh, m-Me),4a,d in which the
four O–AuPR3 bonds can be regarded as a single bond with a
bond order of 1. Thus, the present cation (3) is of a class of
hypercoordinated species, together with [(AuPPh3)5(μ5-C)]+,15c

[(AuPPh3)6(μ6-C)]2+,15d [(AuPPh3)5(μ5-N)]2+,15e,f [(AuPPh3)5-
(μ5-P)]2+,15g [(AuL)6(μ6-P)]3+ (L = PtBu3, PiPr3),

15h [(AuPPh3)4-
(μ4-S)]2+,14,15i and [(AuPPh3)3(μ3-S)]+.15a,b

Molecular structure of the [{(AuLF)2(μ-OH)}2]
2+ cation in 4-OTf

Single-crystal X-ray analysis revealed that 4-OTf crystallizes in
the tetragonal P4(2)/n space group and is composed of one
tetragold(I) cluster cation, [{(AuLF)2(μ-OH)}2]

2+, and two OTf−

anions (Fig. 4). The digold(I) unit consists of two

Fig. 3 (a) Molecular structure of [{(AuLCl)4(μ4-O)}]2[α-PMo12O40]PF6 (3-PMo12PF6), (b) the partial structure around the tetragold(I) cluster core of
[{(AuLCl)4(μ4-O)}]2+ (3), and (c) the short interactions between the tetragold(I) unit and the α-Keggin POM unit.
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{(AuLF)2(μ-OH)} monomers linked by a μ-OH ligand, and the
two digold(I) units dimerized in a crossed-edge arrangement
by aurophilic interactions (Au–Au, 3.2530(4) Å) to form the tetra-
gold(I) cluster cation [{(AuLF)2(μ-OH)}2]

2+. The crossed-edge
cluster cation [{(AuLF)2(μ-OH)}2]

2+ in 4-OTf was converted from
the original parallel-edge cluster in 4-PMo12 during the anion-
exchange procedure. This suggests that the counteranion plays
an important role in the formation of the gold(I)phosphane
cluster cations. Crossed-edge tetragold(I) cations [{(Au-
(PR3))2(μ-OH)}2]

2+ similar to that observed in 4-OTf have been
reported for [{(Au{P(p-MePh)3})2(μ-OH)}2]3[α-PM12O40]2·nEtOH
(M = W, n = 1; M = Mo, n = 0),4c and [{(Au(PPh3))2(μ-OH)}2]-
(OTf)2.

16 Halide-bridged tetragold(I) cations with a crossed-
edge arrangement, [({Au(PR)}2(μ-X))2](SbF6)2 (X = Cl, Br, I; R =
Ph3, {(MeO)2C6H3}Ph2) have also been reported.17

Solution (31P{1H} and 1H) NMR

The solution 31P{1H} NMR spectrum of 1-PMo12 in DMSO-d6
(Fig. 5(a)) exhibited a sharp peak at 25.08 ppm owing to the
P(p-ClPh)3 ligands (LCl) of the gold(I) cluster cation, and
another peak at −3.29 ppm owing to the heteroatom phos-
phorus in the Keggin molybdo-POM anion. In addition to
these main peaks, several minor peaks attributed to the
decomposition of the gold(I) cluster cation (41.79 ppm) and
the Keggin molybdo-POM anion (−0.04, −0.46 ppm) were also
observed, because of the instability of 1-PMo12 in DMSO-d6. In
general, 31P{1H} NMR peaks of the oxygen-centered phosphane-
gold(I) clusters are observed at higher field values when
compared to those of the precursor [Au(RS-pyrrld)(LCl)];
27.40 ppm in CDCl3.

In the solution 31P{1H} NMR spectrum of 2-PF6 in DMSO-d6
(Fig. 5(b)), a singlet attributed to the LCl ligands of the gold(I)
cluster cation, and a quintet attributed to the PF6

− counter-
anion were observed at 22.43 and −143.41 (coupling constant
JPF = 711 Hz) ppm, respectively. The peak due to the
LCl ligands of the gold(I) cluster cation was observed in a
higher field than that of 1-PMo12 (25.08 ppm).

In the solution 31P{1H} NMR spectrum of 3-PMo12PF6 in
DMSO-d6 (Fig. 5(c)), the peaks attributed to the LCl ligands of
the pyramidal gold(I) cluster cation, the heteroatom phos-
phorus in the Keggin molybdo-POM anion, and the PF6

−

anion were observed at 24.83, −3.46, and −143.75 (coupling
constant JPF = 711 Hz) ppm, respectively. In addition to these
peaks, several peaks (−0.61, 41.63 ppm) attributed to the
decomposition of the gold(I) cluster cation and the Keggin
molybdo-POM anion (−0.61 ppm) were also observed because
of the instability of 3-PMo12PF6 in DMSO-d6. The decompo-
sition species of the gold(I) cluster cation at 41.63 ppm was
assigned to the diphosphane gold(I) complex [Au(LCl)2]

+. The
solid-state CP-MAS 31P NMR of 3-PMo12PF6 displayed signals
owing to the LCl ligands of the pyramidal gold(I) cluster cation,
the heteroatom phosphorus in the Keggin molybdo-POM
anion, and the PF6

− anion (24.09, −3.57, and −144.29 (coup-
ling constant JPF = 707 Hz) ppm, respectively) (Fig. 6). In con-
trast to the solution 31P{1H} NMR spectrum of 3-PMo12PF6 in
DMSO-d6, the peaks due to the decomposition of the gold(I)
cluster cation and the Keggin molybdo-POM anion were not
observed.

Because 4-OTf is soluble in CD2Cl2, the solution 31P{1H}
NMR spectrum of 4-OTf was measured in CD2Cl2 (Fig. 5(d)).

Fig. 4 Molecular structure of [{(AuLF)2(μ-OH)}2](OTf)2·0.5Et2O (4-OTf ).
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A peak owing to the P(p-FPh)3 ligands (LF) of the crossed-edge
tetragold(I) cluster cation was observed at 23.17 ppm. No peaks
attributed to the decomposition species of the gold(I) cluster
cation were observed in CD2Cl2.

Conclusions

During the anion exchange of 1-PMo12 and PF6
−, two types of

phosphanegold(I) cluster cations were formed. These were the

Fig. 6 Solid-state CP-MAS 31P NMR spectrum of 3-PMo12PF6.

Fig. 5 31P{1H} NMR spectra of (a) 1-PMo12 in DMSO-d6, (b) 2-PF6 in DMSO-d6, (c) 3-PMo12PF6 in DMSO-d6, and (d) 4-OTf in CD2Cl2.
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monomeric tetrakis{phosphanegold(I)} species (3) with both
POM and PF6

− anions (3-PMo12PF6), and the dimeric tris{phos-
phanegold(I)} species (2) with only the PF6

− anion (2-PF6).
X-ray crystallography revealed that the cationic species contain-
ing the μ4-O atom (3) showed an unusual geometry (a square-
pyramidal structure with the local C4v symmetry). The bonding
mode can be described as an electron-deficient species with a
bond order of 3/4 for four O–AuPR3 bonds, and a μ4-O ion with
one lone pair. This species was first formed in the presence of
both POM and PF6

− anions, while the dimeric tris{phosphane-
gold(I)}(μ3-O) species (2) was formed as a PF6

− salt in a system
without a POM anion. The previously reported intercluster
compound 4-PMo12 was successfully converted to the POM-
free, crystalline OTf− salt, 4-OTf, by using an anion-exchange
resin. The crossed-edge cluster cation [{(AuLF)2(μ-OH)}2]

2+ in
4-OTf was converted from the original parallel-edge cluster in
4-PMo12 during the anion-exchange. This suggested that the
counteranion plays an important role in the formation of
gold(I)phosphane cluster cations.

Experimental
Materials

The following reactants were used as received: EtOH, CH2Cl2,
Et2O (Wako), and DMSO-d6, CD2Cl2 (Isotec). The free-acid
form of α-Keggin POM, H3[α-PMo12O40]·14H2O was prepared
according to the ether extraction method,18 and identified by
FT-IR, TG/DTA, and solution 31P NMR. The phosphanegold(I)
carboxylate precursors, [Au(RS-pyrrld)(LX)] (X = Cl, F), were syn-
thesized using LX (X = Cl, F) in the reported preparation of [Au-
(RS-pyrrld)(PPh3)],

3 and identified by CHN elemental analysis,
FT-IR, TG/DTA, and (1H, 13C{1H} and 31P{1H}) NMR spec-
troscopy. The intercluster compound containing the μ-OH-
bridged parallel-edge dimer cations, 4-PMo12, was prepared
according to a recently reported method,4c and its yellow plate
crystals (27.9% yield) were identified by CHN elemental ana-
lysis, FT-IR, TG/DTA, and (1H, 31P{1H}) NMR spectroscopy.

Instrumentation/analytical procedures

CHN elemental analyses were carried out with a Perkin-Elmer
2400 CHNS Elemental Analyzer II (Kanagawa University). The
IR spectra were recorded on a Jasco 4100 FT-IR spectrometer
using KBr disks at room temperature. The TG/DTA data were
acquired using a Rigaku Thermo Plus 2 series TG 8120 instru-
ment. Both the 1H NMR (500.00 MHz) and 31P{1H} NMR
(202.00 MHz) spectra of the samples were recorded in 5 mm-
outer-diameter tubes on a Jeol JNM-ECP 500 FT-NMR spectro-
meter equipped with a Jeol ECP-500 NMR data processing
system. The 1H NMR spectra were referenced to an internal
standard of tetramethylsilane (SiMe4). The 31P{1H} NMR
spectra were referenced to an external standard of 25% H3PO4

in H2O in a sealed capillary. The 31P{1H} NMR data with the
usual 85% H3PO4 reference are shifted to +0.544 ppm from
our data. Solid-state CP-MAS 31P NMR (121.00 MHz) spectra
were recorded using 6 mm-outer-diameter rotors with a Jeol

JNM-ECP 300 FT-NMR spectrometer equipped with a Jeol
ECP-300 NMR spectroscopic data processing system.

Syntheses

[{(AuLCl)2(μ-OH)}2]3[α-PMo12O40]2·3EtOH (1-PMo12). A solu-
tion of [Au(RS-pyrrld)(LCl)] (0.192 g, 0.300 mmol) dissolved in
25 mL of CH2Cl2 was slowly added to a yellow clear solution of
H3[α-PMo12O40]·14H2O (0.104 g, 0.050 mmol) dissolved in
15 mL of an EtOH/H2O (5 : 1, v/v) mixed solvent. After stirring
for 1 h at room temperature, the reaction solution was filtered
through a folded filter paper (Whatman no. 5). The resulting
yellow clear solution was slowly evaporated at room tempera-
ture in the dark. Orange-yellow plate crystals were formed
after 10 days. They were collected on a membrane filter (JG
0.2 μm), washed with EtOH (20 mL × 2) and Et2O (20 mL × 2),
and dried in vacuo for 2 h [yield = 32 mg (12.0%)]. The crystal-
line samples were soluble in DMSO, but insoluble in H2O,
EtOH, and Et2O. Calcd for C222H168O89P14Cl36Mo24Au12 or
[{(AuLCl)2(μ-OH)}2]3[α-PMo12O40]2·3EtOH: C, 25.07; H, 1.59%.
Found: C, 24.81; H, 1.77%. TG/DTA under atmospheric con-
ditions: a weight loss of 1.54% due to desorption of EtOH was
observed at temperatures <191.1 °C; calcd 1.30% for three
EtOH molecules. IR (KBr): 1575 m, 1560 w, 1479 m, 1388 m,
1301 vw, 1183 vw, 1088 s, 1062 m, 1012 m, 957 s, 879 m, 802
vs, 751 s, 705 w, 631 vw, 572 w, 496 m, 454 vw cm−1. 31P{1H}
NMR (25.2 °C, DMSO-d6): δ (ppm): −3.29, 25.08 (main), −0.46,
−0.04, 41.79 (minor). 1H NMR (24.5 °C, DMSO-d6): δ (ppm):
1.09 (t, J = 6.9 Hz, CH3CH2OH), 7.54–7.59 (m, Aryl). Note: the
1H NMR signals owing to CH3CH2OH overlapped with those
attributed to the H2O present in DMSO-d6.

[{(AuLCl)3(μ3-O)}2](PF6)2 (2-PF6). An orange-yellow crystalline
sample of 1-PMo12 (0.100 g, 9.44 μmol) was added to the
anion-exchange resin (PF6

−, 5 mL) suspended in 20 mL of a
CH2Cl2/CH3CN (1 : 1, v/v) mixed solvent. After stirring for
30 min at room temperature, the suspension was filtered
through a membrane filter (JV 0.1 μm). The filtrate was evapor-
ated to dryness with a rotary evaporator at 30 °C, and the
residue was dried in vacuo for 2 h. The afforded colorless white
powder was dissolved in 8 mL of CH2Cl2. Vapor diffusion in a
solvent system (CH2Cl2 internal solution and an Et2O external
solvent) was performed in a refrigerator (∼3 °C). After three
days, colorless block crystals were formed. X-ray diffraction
measurements were performed for some of the crystals, and
the remaining crystals were collected on a membrane filter
(JG 0.2 μm), washed with Et2O (20 mL × 2), and dried in vacuo
for 2 h. A colorless white powder, soluble in CH2Cl2, CHCl3,
DMSO, and DMF, and insoluble in Et2O, was obtained [yield =
16.9 mg (14.1%)]. Calcd for C108H72O2F12P8Cl18Au6 or
[{(AuLCl)3(μ3-O)}2](PF6)2: C, 35.08; H, 1.96%. Found: C, 34.81;
H, 1.65%. TG/DTA under atmospheric conditions: no weight
loss was observed before decomposition. IR (KBr): 1646 m,
1575 s, 1559 s, 1479 vs, 1389 s, 1301 m, 1183 m, 1141 w, 1088
vs, 1012 s, 847 s, 816 s, 751 s, 724 w, 702 w, 632 w, 572 m,
557 m, 540 m, 503 m, 495 m, 469 w, 451 m, 420 w cm−1.
31P{1H} NMR (21.9 °C, DMSO-d6): δ (ppm): −143.41 ( JPF =
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711 Hz, owing to PF6), 22.43. 1H NMR (22.9 °C, DMSO-d6):
δ (ppm): 7.46–7.76 (m, Aryl).

[{(AuLCl)4(μ4-O)}]2[α-PMo12O40]PF6 (3-PMo12PF6). An anion-
exchange resin (PF6

−, 1 mL) was used in the synthesis of 2-PF6.
Yellow needle-shaped crystals were formed. X-ray diffraction
measurement was performed on part of the crystals, and the
remaining crystals were collected on a membrane filter
(JG 0.2 μm), washed with Et2O (20 mL × 2), and dried in vacuo
for 2 h. A yellow powder that was soluble in DMSO and DMF,
slightly soluble in CH2Cl2 and CHCl3, and insoluble in Et2O,
was obtained [yield = 61.1 mg (66.4%)]. Calcd for
C144H96O42F6P10Cl24Mo12Au8 or [{(AuLCl)4(μ4-O)}]2[α-PMo12O40]-
PF6: C, 26.61; H, 1.49%. Found: C, 26.66; H, 1.45%. TG/DTA
under atmospheric conditions: no weight loss was observed
before decomposition. IR (KBr): 1636 w, 1575 m, 1559 w, 1480
s, 1388 m, 1301 vw, 1184 vw, 1141 vw, 1088 vs, 1062 m, 1012 m,
957 s, 878 m, 803 vs, 751 vs, 743 s, 704 w, 633 w, 573 m, 495 m,
452 w, 421 vw, 405 w cm−1. Solid-state CP-MAS 31P NMR (RT):
δ (ppm): −144.29 ( JPF = 707 Hz, owing to PF6), −3.57, 24.09.
31P{1H} NMR (22.9 °C, DMSO-d6): δ (ppm): −143.75 ( JPF = 711
Hz, owing to PF6), −3.46, 24.83 (main), −0.61, 41.63 (minor).
1H NMR (23.8 °C, DMSO-d6): δ (ppm): 1.09 (t, J = 6.9 Hz, Et2O),
3.39 (q, J = 7.1 Hz, Et2O), 7.52–7.75 (m, Aryl).

[{(AuLF)2(μ-OH)}2](OTf)2·0.5Et2O (4-OTf). An anion-exchange
resin (OTf−, 5 mL) and 4-PMo12 (0.100 g, 10.0 mmol) were
used in the synthesis of 2-PF6 to afford a yellow-white powder
[yield = 66.0 mg]. The powder was dissolved in 5 mL of
CH2Cl2. Vapor diffusion in a solvent system (CH2Cl2 internal
solution and an Et2O external solvent) was performed in the
dark, at room temperature. Colorless block crystals were de-
posited after five days. X-ray diffraction measurements were
performed on part of the crystals, and the remaining crystals
were collected on a membrane filter (JG 0.2 μm), washed with
Et2O (20 mL × 2), and dried in vacuo for 2 h. During the
process, the crystals were converted into a white powder that

was soluble in CH2Cl2, DMSO, and DMF, and insoluble in
EtOH and Et2O [yield = 39.5 mg (56.0%)]. Calcd for
C76H55O8.5F18S2P4Au4 or [{(AuLF)2(μ-OH)}2]-(OTf)2·0.5Et2O: C,
37.69; H, 2.29%. Found: C, 37.03; H, 2.39%. TG/DTA under
atmospheric conditions: no weight loss was observed before
decomposition.IR (KBr): 1589 vs, 1496 vs, 1396 vs, 1349 w,
1265 vs, 1159 vs, 1102 vs, 1032 vs, 1013 s, 709 m, 638 vs,
618 m, 575 m, 534 vs, 524 vs, 450 vs, 441 vs cm−1. 31P{1H}
NMR (24.3 °C, CD2Cl2): δ (ppm): 23.17. 1H NMR (23.8 °C,
CD2Cl2): δ (ppm): 1.15 (t, J = 8.5, 9.0 Hz, Et2O), 3.43 (q, J =
17.5 Hz, Et2O), 7.11–7.54 (m, Aryl).

X-ray crystallography

Single crystals with dimensions of 0.26 × 0.09 × 0.03 mm3

(1-PMo12), 0.12 × 0.10 × 0.03 mm3 (2-PF6), 0.17 × 0.04 ×
0.02 mm3 (3-PMo12PF6), and 0.23 × 0.19 × 0.19 mm3 (4-OTf )
were mounted on cryoloops using liquid paraffin, and cooled
by using a stream of cooled N2 gas. Data collection was per-
formed on a Bruker SMART APEX CCD diffractometer at 100 K
for 1-PMo12 and 4-OTf, and a Rigaku VariMax with a Saturn
CCD diffractometer at 150 K for 2-PF6 and 3-PMo12PF6. The
intensity data were automatically collected for Lorentz and
polarization effects during integration. The structure was
solved by direct methods (program SHELXS-97),19a followed by
subsequent difference Fourier calculations, and refined by a
full-matrix, least-squares procedure on F2 (program
SHELXL-97).19b Absorption corrections were performed with
SADABS19c for 1-PMo12 and 4-OTf, and with the CrystalClear
program19d for 2-PF6 and 3-PMo12PF6. The composition and
formula of the POM moiety containing the solvated molecule
were determined by CHN elemental analysis, TG/DTA, and 1H
NMR. Solvent molecules in the structure were highly dis-
ordered and impossible to refine by using conventional dis-
crete-atom models. To resolve these issues, the contribution of
the solvent electron density was removed by using the

Table 1 Crystallographic data for 1-PMo12, 2-PF6, 3-PMo12PF6, and 4-OTf

Parameters 1-PMo12 2-PF6 3-PMo12PF6 4-OTf

Formula C216H144Au12Cl36Mo24O86P14 C108H72Au6Cl18F12O2P8 C164H144Au8Cl32F6Mo12O50P10 C74H48Au4F18O8P4S2
Formula weight 10 491.25 3697.32 7199.90 2382.99
Color, shape Yellow, plate Colorless, block Yellow, needle Colorless, block
Crystal system Triclinic Triclinic Tetragonal Tetragonal
Space group P1̄ P1̄ P4/n P4(2)/n
T/K 100 150 150 100
a/Å 17.823(3) 15.019(3) 22.6489(7) 15.9305(3)
b/Å 22.894(4) 15.422(3) 22.6489(7) 15.9305(3)
c/Å 24.124(4) 15.667(3) 23.3214(9) 17.0830(8)
α/° 68.125(3) 74.16(3) 90 90
β/° 83.712(3) 64.13(3) 90 90
γ/° 82.884(3) 64.20(3) 90 90
V/Å3 9043(3) 2924.2(10) 11 963.2(7) 4335.3(2)
Z 1 1 2 2
Dcalc/g cm−3 1.926 2.100 1.999 1.825
F000 4906 1744 6824 2252
GOF 0.990 1.072 1.033 1.111
R1 (I > 2.00σ(I)) 0.0743 0.0497 0.0824 0.0522
R (all data) 0.1685 0.0553 0.0882 0.0647
wR2 (all data) 0.1868 0.1259 0.2888 0.1586
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SQUEEZE routine in PLATON for 1-PMo12.
19e The details of the

crystallographic data for 1-PMo12, 2-PF6, 3-PMo12PF6, and
4-OTf are listed in Table 1.

Abbreviations

LCl P(p-ClPh)3
LF P(p-FPh)3
1-PMo12 [{(AuLCl)2(μ-OH)}2]3[α-PMo12O40]2·3EtOH
2-PF6 [{(AuLCl)3(μ3-O)}2](PF6)2·4CH2Cl2
2 [{(AuLCl)3(μ3-O)}2]2+

3-PMo12PF6 [{(AuLCl)4(μ4-O)}]2[α-PMo12O40]PF6
3 [{(AuLCl)4(μ4-O)}]2+

4-PMo12 [{(AuLF)2(μ-OH)}2]3[α-PMo12O40]2·3EtOH
4-OTf [{(AuLF)2(μ-OH)}2](OTf)2·0.5Et2O
5-PW12 [{Au(PPh3)}4(μ4-O)]3[α-PW12O40]2·4EtOH
6-PW12 [(Au{P(o-MePh)3})4(μ4-O)]3[α-PW12O40]2
6-BF4 [(Au{P(o-MePh)3})4(μ4-O)](BF4)2
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ABSTRACT: To develop novel immobilized metallocomplex
catalysts, allyltris(3-trifluoromethylpyrazol-1-yl)borate (allyl-
TpCF3) was synthesized. A boron-attached allyl group reacts
with thiol to afford the desired mesoporous silica-immobilized
TpCF3. Cobalt(II) is an efficient probe for estimating the
structures of the immobilized metallocomplexes. The
structures of the formed cobalt(II) complexes and their
catalytic activity depended on the density of the organic thiol
groups and on the state of the remaining sulfur donors on the
supports.

1. INTRODUCTION
Hydrotris(pyrazolyl)borates (TpR) and related multidentate
“scorpionate” ligands have been utilized extensively in
coordination chemistry, with applications in areas such as
organometallic and biomimetic catalysis.1 An attractive
characteristic of TpR is the feasibility for molecular designing
by incorporation of the appropriate substituent groups on the
pyrazolyl rings. Both electronic and structural properties of the
substituent groups on the R3−R5 positions of the pyrazolyl
rings influence the reactivity at the metal center of the resulting
complex.1,2 Recently, interest in the modification of the boron
center of TpR has increased. Replacement of a boron-attached
hydride to a suitable functional group might yield a
corresponding boron center-functionalized ligand (FG-TpR)
that is applicable to various conjugate materials, with retention
of the facially capping tridentate metal-supporting scaffolds.3−5

Immobilization of FG-TpR on organic polymer-based
supports has been achieved. Notably, the molecular structures
of TpR−metal complexes correlate with the flexibility of the
base polymer.5 On the flexible polymer support, metalation of
the immobilized TpR yields a coordinatively saturated [M-
(TpR)2] species because the flexible polymer backbone results
in two approaching TpR moieties. Although the formed
[M(TpR)2] sites function as cross-linking points of the
polymers,5b these sites appear to be catalytically inert. By
contrast, TpR can be immobilized while retaining a high-
dispersion state on the rigid supports. In fact, the Tp ligand
immobilized on the less flexible, highly cross-linked polystyrene
resin support yields the desired coordinatively unsaturated
[M(TpR)(L)n] species, some of which exhibit catalytic
activity.5c Even in the successful resin-supported compounds,
the correlation between the structure of the formed metal−TpR
complexes and the local environments of the immobilized TpR

ligands (which are affected by the morphology of the support,

density of TpR, interaction of metals with functional groups
other than immobilized ligands, etc.) has never been examined.
A few TpR-based heterogenized metallocomplex catalysts in
which the boron centers of TpR are not functionalized (i.e., in
which a hydride group remains) and silica and resin beads are
used as supports have been reported thus far.6 Also, iron
complexes of tris(pyrazolyl)methane, which is a carbon-
centered Tp analogue, have been immobilized on zeolite and
carbon materials with similar manner, and catalytic activities of
the immobilized complexes are higher than those of the
corresponding homogeneous parent.7 By contrast, immobiliza-
tion of FG-TpR on rigid inorganic supports has not been
reported so far.8 Controlling the three-dimensional environ-
ments surrounding the immobilized FG-TpR and its metal-
locomplexes can be achieved using these inorganic supports
with an ordered structure. In this context, we have been
developing ordered mesoporous, silica-immobilized metal-
locomplex catalysts based on FG-TpR, as reported herein.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of Allyl-TpCF3 and
Its Complexes of Cobalt(II). Our imidazole-based scorpio-
nate analogue, allylbis(imidazolyl)methylborate (Lallyl), can be
immobilized onto thiol-functionalized inorganic supports using
thiol−ene coupling.9 A similar ligand immobilization method
has also been used with the N,N,O-type carbon-based
scorpionate compound.8c Therefore, we have designed an
allyl-functionalized tris(3-trifluoromethylpyrazol-1-yl)borate
(allyl-TpCF3) as a metal-supporting ligand for a biomimetic
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oxidation catalyst because fluoroalkyl groups resist oxidation.10

Thus far, a nonsubstituted pyrazole-based ligand, allyl-TpH, has
been synthesized by Camerano et al.11 Our target ligand, allyl-
TpCF3, can be synthesized in a similar manner: condensation of
allylbis(alkoxy)borane with two equiv of 3-trifluoromethylpyr-
azole (pzCF3H) and nucleophilic addition of a potassium salt of
pzCF3.
Before immobilization of the synthesized allyl-TpCF3 onto

inorganic supports, we examined coordination properties of the
ligand toward cobalt(II) and characterized the resulting
complexes. We selected cobalt(II) because of its usefulness as
a structural probe stemming from the rich chemistry associated
with the correlation between coordination geometries of
cobalt(II) centers and their UV−vis spectral patterns. Reaction
of the potassium salt of allyl-TpCF3 and CoBr2·6H2O in
tetrahydrofuran (THF) yielded a blue solution. From this
solution, blue crystalline solids of a bromide complex,
[CoBr(allyl-TpCF3)] (1), were obtained as the major product.
In addition, a small amount of a pale-pink compound, the
homoleptic complex [Co(allyl-TpCF3)2] (2), was also obtained.
The molecular structures of 1 and 2 were determined using X-
ray crystallography (Figure 1). The geometries of the cobalt(II)

centers of 1 and 2 were pseudotetrahedral and octahedral,
respectively. In both 1 and 2, the allyl-TpCF3 coordinated to the
cobalt(II) centers in a facially capping tridentate mode through
three pyrazolyl nitrogen donors. No flipping from 3-CF3-
pyrazolyl to 5-CF3-pyrazolyl occurred.

12 The allyl groups in 1
and 2 did not coordinate to the cobalt centers, although
coordination of a boron-attached allyl group in a hybrid
scorpionate ligand, [(allyl)B(pzH)2(CH2PPh2)]

−, to an iridium-
(I) center has been reported by Camerano et al.13 Compounds
1 and 2 retained their molecular structures when dissolved in
appropriate solvents, as indicated by the similarity of the
spectral features of visible-light absorption by the solutions (1
in CH2Cl2 and 2 in THF) and the solids. Reaction of allyl-

TpCF3 with Co(OAc)2·4H2O yielded a violet-colored com-
pound 3, which exhibited a λmax of approximately 580 nm in
both solid and solution states.14 Although attempts to obtain
single crystals suitable for X-ray analysis were not successful,
compound 3 is tentatively assigned as a κ2-acetate complex with
a penta-coordinated cobalt(II) center.

2.2. Synthesis and Characterization of Immobilized
Cobalt Complex Catalysts. Allyl-TpCF3 was anchored onto
organothiol-functionalized silica using a thiol−ene coupling
reaction. As we reported previously, the structural properties of
the support, such as the support surface morphology and the
loading density of the organic linker group, are the dominant
factors controlling the structure and performance of the
resulting metallocomplex active sites of the immobilized
catalysts.15−17 Therefore, in this study, SBA-15-type meso-
porous SiO2 with controlled thiol group (SBASH) loadings was
used as the support. This support was prepared through one-
pot condensation of tetraethoxysilane (TEOS) and 3-
mercaptopropyltrimethoxysilane (MPTMS) in the presence
of a polymer micelle template.16−18 The condensation ratios of
TEOS and MPTMS were controlled as TEOS:MPTMS = (100
− x):x, where x = 0.5 or 1.0. The resultant thiol-functionalized
SBA-15-type supports (SBASH(x)), which were obtained by
removing the template using Soxhlet extraction, had a desired
mesoporous structure, as confirmed by XRD analysis and N2
isotherm absorption/desorption behavior. Remaining Si−OH
groups on the surface of the mesopore walls were end-capped
by treatment with 1,1,1,3,3,3-hexamethyldisilazane (HMDS) at
323 K. The end-capping of the Si−OH groups led to a decrease
in the acidity and an increase in the hydrophobicity of the silica
support; these characteristics should avoid degradation of the
TpCF3 moiety through hydrolysis of the B−N linkages. The
loading amount of the thiol groups was consistent with the
value of x estimated by 1H NMR analysis of the alkyl groups.
The densities of the loaded thiol on SBASH(x) were
approximately 0.06 molecules/nm2 for x = 0.5 and 0.12
molecules/nm2 for x = 1.0.
The coupling reaction of SBASH(x) with a CHCl3 solution of

allyl-TpCF3, which gave SBASH−Tp(x), was initiated by adding a
small amount of AIBN under heating. The immobilized amount
of TpCF3 for SBASH−Tp(0.5) was approximately the same as the
loadings of thiol groups. For SBASH−Tp(1.0), some of the
loaded thiol groups were not connected with TpCF3. Further
reaction of the remaining thiol groups for SBASH−Tp(1.0) with
additional allyl-TpCF3 did not occur. The steric bulkiness of
allyl-TpCF3 resulted in a saturation of the ligand loadings.
Therefore, to prevent the formation of thiolato complexes, the
remaining thiol groups were transformed to thioacetate ester by
the reaction with acetyl chloride and the resultant supports
were named as SBASAc−Tp(x).
Reaction of the TpCF3-anchored supports with an MeCN

solution of CoBr2·6H2O yielded the corresponding immobi-
lized cobalt complex catalysts Co/SBASH−Tp(x) (4; x = 0.5 and
5; x = 1.0) and Co/SBASAc−Tp(x) (4′; x = 0.5 and 5′; x = 1.0)
(Scheme 1). Loading amounts of the cobalt ion on the catalysts
varied depending on the initial SH loadings and on the state of
the non-Tp-anchored sulfur groups as SH or SAc (see Table
S2). Coordination environments of the cobalt(II) center of the
immobilized complexes were explored using diffuse reflectance
UV−vis spectrophotometry; the results are shown in Figure 2.
Comparison of the spectral patterns of the immobilized
complexes and those of 1−3 in the solid state revealed the

Figure 1. ORTEP drawings of complexes 1 and 2 at the 30%
probability level. For clarity, covalent bonds in CF3 groups are
displayed by white lines and the hydrogen atoms are omitted.
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coordination number of the cobalt(II) centers of the
immobilized complexes.
For the lower thiol loading supports (where x = 0.5), a

tetrahedral cobalt(II) species was mainly formed, as suggested
by the similarity between the spectral patterns of 1 and those of
the catalysts 4 and 4′. Although the loading amounts of cobalt
and the states of the remaining sulfur groups on 4 and 4′ were
somewhat different, the similar spectral patterns of 4 and 4′
indicated that the dispersive immobilization of TpCF3 resulted
in the formation of the tetrahedral cobalt species.
The spectral patterns of the higher-thiol-loaded catalysts (x =

1.0) clearly differed from that of the catalysts with x = 0.5 and

that of tetrahedral complex 1. The spectrum of 5 (SBASH−Tp

derivative) appears to contain both hexa- and penta-
coordinated cobalt(II), similar to the mixture of 2 and 3. The
cobalt loadings on 5 were higher than the amounts of the
immobilized TpCF3 (see Table S2). Notably, only trace
amounts of cobalt were immobilized onto the reaction of
non-TpCF3-anchored support SBASH(1.0) and the MeCN
solution of CoBr2·6H2O. Therefore, the co-existence of TpCF3

and the thiol groups would lead to the formation of some
multinuclear cobalt complexes on the support. By contrast, the
UV−vis spectrum of the SBASAc−Tp derivative 5′ suggested that
the major species was the penta-coordinate species and that
small amounts of hexa- and tetra-coordinate species also
existed. From the densities of the loaded thiol groups, their
average distances were estimated to be 2.9 nm for SBASH(1.0)
and 4.1 nm for SBASH(0.5). In such situations, the immobilized
TpCF3 appears to be isolated even on SBASH(1.0), and it might
be difficult to access the other groups (SH, SAc, and TpCF3) of
the formed TpCF3Co moieties on the supports (SBASH−Tp and
SBASAc−Tp). However, the location of the immobilized
complexes was not a flat surface but a curved inner wall of
the straight pore. As a result, the distances between the
functional groups and the cobalt center of TpCF3Co were
sufficiently small for them to coordinate and form the penta-
coordinate complexes. Therefore, the structures of the
immobilized complexes were affected by the structures of the
supports, the density of the organic functional groups, and the
state of the remaining sulfur donors.
We also examined Co(OAc)2·4H2O as the metal source

instead of CoBr2·6H2O (Table S2 and Figure S6). In the
reaction of the non-TpCF3-immobilized support SBASH with an
MeCN solution of Co(OAc)2·4H2O, some cobalt species were
anchored on the support. By contrast, no cobalt species was
anchored onto SBASH(0.5) when CoBr2·6H2O was used as a
precursor. Additionally, the reaction of SBASAc−Tp(x) with an

Scheme 1. Preparation of the Supports and Catalysts

Figure 2. Diffuse-reflectance UV−vis spectra of the solid of the cobalt
complexes 1−3 (a) and the immobilized cobalt complex catalysts with
an initial thiol-loading ratio with x = 0.5 (b) and 1.0 (c).
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MeCN solution of Co(OAc)2·4H2O resulted in the immobi-
lized cobalt ions were in excess of the amount of the anchored
TpCF3. The spectral patterns of the cobalt species on each of the
supports [i.e., SBASH(0.5), SBASH−TpCF3(0.5 and 1.0), and
SBASAc−TpCF3(0.5 and 1.0) shown in Figure S6] varied
depending on the anion of the precursor. These different
behaviors of the cobalt species when anchoring to the
functionalized supports imply that the counteranions of
cobalt(II) dominate control of the structure of the immobilized
cobalt compounds. The acetate anions tend to become bridging
ligands that yield multinuclear cobalt species that interact with
the TpCF3 and even with the SH groups on the supports.
2.3. Correlation between the Structure and Activity of

Immobilized Cobalt Complex Catalysts. Substrate-oxidiz-
ing activities of the obtained immobilized cobalt complex
catalysts were examined by using cyclohexene as a substrate.
First, we compared the activity of the catalysts prepared from

CoBr2·6H2O to clarify the performance of the cobalt centers
supported by the TpCF3 scaffold. When aqueous H2O2 was used
as the oxidant, the immobilized catalysts exhibited catalase-like
H2O2 degradation activity, with the formation of O2 bubbles.
On the contrary, when tert-BuOOH was used as the oxidant,
catalytic allylic oxygenation of cyclohexene occurred. No
leaching of the cobalt species was observed under these
reaction conditions. The major product was dialkylperoxide in
all reactions, which indicated the reactions proceeded through a
Habor−Weiss mechanism. Similar reactivity toward cyclo-
hexene oxidation with tert-BuOOH has been observed on a
cobalt-based MOF catalyst.19 The turnover number (TON)
order of the cobalt centers was 4′ > 5′ > 4 > 5 > 1
(homogeneous conditions). It is worth noting that the
immobilized TpCF3Co complex catalysts exhibited higher
activity compared with the homogeneous cobalt species derived
from genuine cobalt(II) salts (CoBr2·6H2O and Co(OAc)2·
4H2O; Table S3). The higher activities of the immobilized
catalysts are attributed to the suppression of bimolecular
reactions that lead to catalyst decomposition. The differences in
the TONs of the immobilized catalysts indicate that the
structures of the cobalt centers affect the catalytic efficiencies.
The most active catalyst was 4′, which was composed of
isolated TpCF3Co sites without free thiol groups. The remaining
thiol groups suppress the catalytic activity, as clearly
demonstrated by comparisons with the activities of 5 and 5′.
The lowest activity of 5 suggests that the hexa-coordinated
cobalt center is less reactive than the coordinatively unsaturated
tetra- and penta-coordinated cobalt species formed on the other
immobilized catalysts. Catalyst 5′, the second-most active
catalyst, exhibited better selectivity toward epoxidation than
that observed for 4′ (Figure 3).
The activities of the immobilized cobalt complex catalysts

derived from Co(OAc)2·4H2O were also examined (Table S3).
The non-TpCF3-coordinated cobalt species formed on SBASH

also exhibited better activity and epoxidation selectivity. In the
catalysts derived from Co(OAc)2·4H2O, the supports of the
most active and the second-most active catalysts were
SBASAc−TpCF3(0.5) and SBASH−TpCF3(1.0), respectively. Trends
of the product selectivity of these catalysts were similar to those
observed for 4′ and 5′ (derived from CoBr2·6H2O). The
catalysts supported on the highly dispersed TpCF3 (i.e., x = 0.5)
exhibited a strong radical character that is sufficient to induce
the oxygenation of the allylic position. For the catalysts formed
on the support with higher loadings of TpCF3 and thiol (i.e., x =
1.0), a small increase in epoxide selectivity was observed.

Therefore, the local structure of the functionalized supports
might be a controlling factor for the structures and activities of
the metal centers. In the case of the cobalt-acetate-based
catalysts, however, the nature of acetate makes selective
formation of the isolated cobalt centers supported by TpCF3

difficult.

3. CONCLUSIONS
The boron-functionalized scorpionate ligand was successfully
immobilized onto mesoporous silica through covalent bonds.
The structures of the formed cobalt(II) complexes and their
catalytic activities depended on the density of the organic thiol
groups and on the state of the remaining sulfur donors on the
inner wall of the mesopores. Additionally, the nature of the
anions of the metal sources was a dominant factor affecting the
structures of the immobilized metallocomplexes. As demon-
strated herein, cobalt(II) is an efficient probe for estimating the
structures of the immobilized species.

4. EXPERIMENTAL SECTION
4.1. Materials and Methods. All solvents used for the

synthesis of the ligand and catalytic reaction (THF, toluene,
CH2Cl2, and MeCN) were purified over a Glass Contour
Solvent Dispending System under an Ar atmosphere. Other
reagents of the highest grade that were commercially available
were used without further purification. Atomic absorption
analysis was performed on a Shimadzu AA-6200. Elemental
analysis was performed on a Perkin-Elmer CHNS/O Analyzer
2400II. GC analysis was performed on a Shimadzu GC2010 gas
chromatograph with an Rtx-5 column (Restek, length = 30 m,
i.d. = 0.25 mm, and thickness = 0.25 μm). IR spectra were
recorded on a JASCO FT/IR 4200 spectrometer. NMR spectra
were recorded on a JEOL ECA-600 spectrometer. UV−vis
spectra of solution samples were recorded on a JASCO V650
spectrometer, and solid reflectance spectra were recorded on
the same instrument with a PIN-757 integrating sphere
attachment for solid. Nitrogen sorption studies were performed
at liquid nitrogen temperature (77 K) using Micromeritics
TriStar 3000. Before the adsorption experiments, the samples
were outgassed under reduced pressure for 3 h at 333 K.

Figure 3. Cyclohexene oxidation with TBHP catalyzed by the
compounds derived from CoBr2·6H2O. TONs were estimated on
the basis of the oxidizing equivalent of the products according to the
following equation: TON = (cyclohexene oxide (E) + cyclohexen-1-ol
(A) + 2 × cyclohexen-1-one (K) + tert-butyl-cyclohexenyl-1-peroxide
(P))/cobalt.
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4.2. Synthesis of Potassium Salt of Allyltris(3-
triluoromethylpyrazol-1-yl)borate (=[K(allyl-TpCF3)]). Po-
tassium salt of 3-trifluoromethylpyrazole (=pzCF3K) was
obtained by the condensation reaction of KOH (0.33 g, 5.0
mmol) with pzCF3H (0.68 g, 5.0 mmol) in dry methanol (30
mL) at ambient temperature for 1 h and the volatiles were
removed by evaporation. The obtained white solids of pzCF3K,
pzCF3H (2.66 g, 19.0 mmol), and allyldiisopropoxyborane
(=B(allyl)(OiPr)2; 1.0 mL, 4.89 mmol) were dissolved in
toluene (125 mL) and refluxed for 24 h using Dean−Stark
equipment. Crude products obtained by evaporation were
washed with pentane. An analytically pure product was
obtained as a pale yellow solid (0.60 g, 26% yield). 1H NMR
(C3D6O, rt): δ (ppm) = 2.40 (d, 2H, CH2CHCH2−), 4.46−
4.70 (dd, 2H, CH2CHCH2−), 5.92 (m, 1H, CH2
CHCH2−), 6.39 (s, 3H, pz-4H), and 7.34 (s, 3H, pz-5H).
13C NMR (THF-d8, rt): δ (ppm) = 30.30 (CH2CHCH2−),
102.16 (pz-4C), 112.54 (CH2CHCH2−), 120.24−125.56
(CF3), 135.28 (pz-5C), 139.50 (CH2CHCH2−), and
141.82−142.54 (pz-3C). 19F NMR (C3D6O, rt): δ (ppm) =
−60.18 (CF3). ESI-TOF MS (MeOH solution, negative
mode): m/z = 457 ([M − K]−).
4.3. Reaction of [K(allyl-TpCF3)] and CoBr2·6H2O

(Formation of [CoIIBr(allyl-TpCF3)] (1) and [CoII(allyl-
TpCF3)2] (2)). A THF (100 mL) solution of [K(allyl-TpCF3)]
(1.00 g, 2.02 mmol) was added slowly to CoBr2·6H2O (0.529 g,
2.42 mmol) dissolved in THF (90 mL) at ambient temperature.
After stirring for 1 h, volatiles were removed under reduced
pressure. The resultant solids were suspended in pentane and
then decanted. The resultant solids were dissolved in CH2Cl2,
and insoluble materials were removed by filtration through a
Celite plug. From the filtrate, the volatiles were removed under
reduced pressure, and the resultant solids were dissolved in a
mixture of CH2Cl2 and n-hexane. Refrigeration of this solution
at 243 K afforded a small amount of pale yellow crystalline
solids of the homoleptic complex 2. After the removal of 2 by
filtration, the resultant solution was concentrated and stored at
243 K, yielding a blue powder of the desired bromide complex
1 (220 mg, 0.369 mmol, 18% yield). 1H NMR (CDCl3, rt): δ
(ppm) = 47.00 (s, 3H, pz-4H) and 68.19 (s, 3H, pz-5H). IR
(KBr): νC−H = 3263 cm−1; νB−C = 1260 cm−1. ESI-TOF MS
(MeOH solution, positive mode): m/z = 548 [M − Br +
MeOH]+. UV−vis (CH2Cl2, rt): λ (nm (M−1 cm−1)) = 669
(330).
4.4. Reaction of [K(allyl-TpCF3)] and Co(OAc)2·4H2O

(Formation of [CoII(OAc) (allyl-TpCF3)] (3)). A THF (90 mL)
solution of [K(allyl-TpCF3)] (0.870 g, 1.75 mmol) was added
slowly to an MeOH (60 mL) solution of Co(OAc)2·4H2O
(0.371 g, 2.10 mmol) at ambient temperature. After stirring for
1 h, volatiles were removed under reduced pressure. The
resultant solids were suspended in pentane and then decanted.
The resultant solids were dissolved in CH2Cl2, and insoluble
materials were removed by filtration through a Celite plug.
From the filtrate, the volatiles were removed under reduced
pressure, and purple species were obtained from the resultant
solids by extraction with MeCN. From this solution, MeCN
was removed by evaporation, and the resultant solids were
dissolved in a mixture of CH2Cl2 and n-hexane. Refrigeration of
this solution at 243 K yielded reddish purple solids of 3. IR
(KBr): νC−H = 3161 cm−1; νCO = 1605 cm−1; νB−C = 1258
cm−1. UV−vis (CH2Cl2, rt): λ (nm (M−1 cm−1)) = 561 (56).
4.5. Preparation of SBASH(x). Thiol-functionalized meso-

porous silica supports (=SBASH(x)) were prepared by a similar

manner for the previously reported organoazide-functionalized
SBA-15 by Nakazawa and Stack.18 Condensation ratio of
mercaptopropyltrimethoxysilane (=MPTMS; x mol % of Si)
and tetraethoxysilane (=TEOS; (100 − x) mol % of Si) were
defined as x = 0.5 or 1. In a flask, 8.0 g of the surfactant
Pluronic P123 [=triblock copolymer EO20PO70EO20, where EO
= poly(ethylene glycol) and PO = poly(propylene glycol)] was
placed and then dissolved in 260 mL of water with 40 mL of
conc. HCl solution (35 wt %) by stirring at 313 K for 4 h. To
the resultant solution, 18.4 mL (81.3 mmol) of TEOS and
appropriate amounts of MPTMS (76.0 μL when x = 0.5 or 155
μL when x = 1.0) were added. The mixture was stirred at 323 K
for 24 h and subsequently heated at 363 K for 24 h. Once
cooled, the solid product was filtered and washed with
deionized H2O and EtOH. The P123 surfactant was removed
using Soxhlet extraction with a mixture of 200 mL of H2O and
200 mL of EtOH over 24 h. The resultant white solid was dried
under vacuum. Then the remaining silanol groups on the as-
prepared thiol-functionalized SBA-15 were end-capped by the
trimethylsilyl group. A suspension of the dried solid of the
precursor of SBASH(x) (5.4 g) and 1,1,1,3,3,3-hexamethyldisi-
lazane (=HMDS; 10 mL) in toluene (100 mL) was stirred at
323 K for 1 h. The resultant solid was collected by filtration
then washed with toluene and CH2Cl2. Dryness under
evacuation yielded 5.3 g of end-capped support, namely,
SBASH(x). Loading amounts of the thiol groups were
determined using 1H NMR spectrometry as follows: 10 mg
of SBASH(x) was dissolved in 2 mL of D2O solution containing
a small amount of NaOH under heating. To this solution, 10
mg (0.072 mmol) of p-nitrophenol was added as an internal
standard. The loading amounts of the thiol groups were
estimated by a comparison of the integration values of 1H
NMR signals of ethylene and phenyl groups.

4.6. Preparation of SBASH−Tp(x). To a suspension of
SBASH(x) (2.0 g) in CHCl3 (30 mL), [K(allyl-TpCF3)] (180
mg, 0.38 mmol) and AIBN (10 mg) were added. The resultant
mixture was refluxed for 6 h. The white solid of SBASH−Tp was
obtained by filtration. The resultant solid was washed with
CHCl3 and then dried under evacuation. The loading amounts
of Tp were estimated from the contents of nitrogen (wt % of
N) using CHN elemental analysis (data are shown in Table
S2).

4.7. Preparation of SBASAc−Tp(x). In 30 mL of toluene, an
appropriate amount of SBASH−Tp(x) was suspended. To this
suspension, acetyl chloride (2.0 equiv with respect to the
loading amounts of thiol) and DBU (2.5 equiv) were added,
and the resultant mixture was refluxed for 6 h. The white
filtrates of SBASAc−Tp(x) were washed with toluene and then
dried under evacuation.

4.8. Preparation of Catalysts. In 20 mL of CH2Cl2, 0.20 g
of the support [SBASH−Tp(x) or SBASAc−Tp(x)] was suspended.
To this suspension, an acetonitrile (10 mL) solution of CoBr2·
6H2O (13 mg, 0.039 mmol) was added, and the resultant
mixture was stirred at room temperature for 2 h. Filtration,
washing with MeCN and methanol, and then drying under
evacuation yielded a pale blue solid of the catalysts Co/
SBASH−Tp(x) (4 (x = 0.5) and 5 (x = 1.0)) or Co/SBASAc−Tp(x)
(4′ (x = 0.5) and 5′ (x = 1.0)). Loading amounts of cobalt on
the catalysts were determined as follows. The catalyst (10 mg)
was dissolved into 1 mL of aqueous solution of KOH (0.04 g/
mL) under heating. Then, the solution was acidified with 2 mL
of conc. aq. HNO3 and diluted with H2O to 50 mL volume.
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The solution was passed through syringe filter before being
introduced into an atomic absorption spectrometer.
4.9. Catalytic Reactions. Typical procedure for the

heterogeneous reaction is as follows: In Schlenk flask, an
appropriate amount of the catalyst (1 μmol cobalt on the
immobilized catalyst) was suspended in 5 mL of MeCN.
Cyclohexene (0.25 mL, 2.5 mmol), nitrobenzene (10 μL, 0.10
mmol; as internal standard), and 70 wt % aqueous tert-BuOOH
(2.5 mmol) were added to this suspension. All reactions were
carried under Ar, and the products were analyzed using GC
with an internal standard.
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P. J. Organometallics 2000, 19, 285−289. (b) Díaz-Requejo, M. M.;
Belderraín, T. R.; Peŕez, P. J. Chem. Commun. 2000, 1853−1854.
(c) Casagrande, A. C. A.; Tavares, T. T. d. R.; Kuhn, M. C. A.;
Casagrande, O. L., Jr.; dos Santos, J. H. Z.; Teranishi, T. J. Mol. Catal.
A: Chem. 2004, 212, 267−275. (d) Desrochers, P. J.; Besel, B. M.;
Corken, A. L.; Evanov, J. R.; Hamilton, A. L.; Nutt, D. L.; Tarkka, R.
M. Inorg. Chem. 2011, 50, 1931−1941.
(7) (a) Martins, L. M. D. R. S.; Pombeiro, A. J. L. Eur. J. Inorg. Chem.
2016, 2236−2252. (b) Martins, L. M. D. R. S.; Pombeiro, A. J. L.
Coord. Chem. Rev. 2014, 265, 74−88. (c) Martins, L. M. D. R. S.;
Martins, A.; Alegria, E. C. B. A.; Carvalho, A. P.; Pombeiro, A. J. L.
Appl. Catal., A 2013, 464−465, 43−50. (d) Martins, L. M. D. R. S.; de
Almeida, M. P.; Carabineiro, S. A. C.; Figueiredo, J. L.; Pombeiro, A. J.
L. ChemCatChem 2013, 5, 3847−3856.
(8) Functionalized carbon-based scorpionate ligands, namely
alkynyltris(pyrazolyl)methane, 2,2,2-tris(pyrazolyl)ethanol and allyl-
bis(pyrazolyl)acetate, have been immobilized onto silica supports so
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a b s t r a c t

NaY-zeolite was employed as a support of ruthenium catalysts for aqueous phase

reforming of acetic acid. Catalytic activities of the supported ruthenium species on NaY-

zeolite depended on oxidation state controlled by preparation conditions. Catalyst

NaY(exc), whose 5 wt% ruthenium precursors were supported through cation-exchanging

process, produced H2 continuously for 10 h when the catalysts were used without reducing

by H2 prior to usage. Decreasing the loading amounts of ruthenium on NaY(exc) led to

improve the selectivity toward complete reforming of acetic acid giving H2 and CO2 because

of the strong interaction between positively charged ruthenium particle and the support.

However, contents of sodium cations controlled by the pH of precursor solutions did not

affect the catalytic performances.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

It has been generally accepted that hydrogen fuel cells are

environmentally clean and highly efficient devices for elec-

trical power generation [1e3]. They cannot have, however, a

high impact on solving environmental problems without

overcoming the shortage of hydrogen production from high-

temperature steam reforming of non-renewable hydrocar-

bon feedstock [4e6]. The full environmental benefit of gener-

ating power from hydrogen fuel cells is achieved when

hydrogen is produced from renewable sources such as solar

power and biomass which are promising major challenges as

the global energy generation moves toward a “hydrogen

society”.

Fifteen years ago, it was reported for the first time that the

liquid phase reactions of methanol, ethylene glycol, glycerol

and other oxygenates with water were catalyzed by supported

Pt and Ni metals, which can be a model catalytic reaction for

biomass conversion [7,8]. The mechanism of H2 production

from ethylene glycol was recognized to involve the cleavages

of CeCandCeHbonds to formadsorbedCO followedbywater-

gas shift to H2 and CO2 formation [9,10]. Consequently, a good

catalyst for aqueous phase reforming (APR) process must be

active in the cleavage of CeC bonds and water-gas shift reac-

tion, but it must inhibit the cleavage of CeO bond and

methanation reactions. It has been generally accepted that

alcohols suchasmethanol, ethylene glycol andglycerol,where

the CeH bond of each carbon atom is activated by adjacent OH

groups,might be converted selectively toH2 andCO2 [7,11e13].

* Corresponding author.
E-mail address: naitos01@kanagawa-u.ac.jp (S. Naito).

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.elsevier .com/locate/he

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 2 ( 2 0 1 7 ) 1 6 8e1 7 6

http://dx.doi.org/10.1016/j.ijhydene.2016.10.028
0360-3199/© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

─ 462 ─



For ethanol, however, it is rather difficult to obtain H2 and CO2

selectively as complete reforming products because of the

non-activated methyl group, which is easily transformed to

CH4 [14e16]. Accordingly we will obtain a 1:1 ratio of CH4 and

CO2 together with acetic acid, and formed CO or CO2 is trans-

formed intoCH4 throughamethanation reactionwhich results

inanexcessCH4 compared toCO2 [17].However, apossibility of

reforming acetic acid in steam reforming (SR) as well as APR

reactions exists at lower temperatures.

Recently we have studied APR reactions of ethanol (EtOH)

and acetic acid (AcOH) as model compounds of biomass for

hydrogen production over various supported precious metal

catalysts [17]. In the case of EtOH-APR over TiO2 supported 5wt

% metal catalysts, the activity as well as the selectivity differ

depending on the kind of metals with the following activity

order: Ru>Rh>Pt> Ir. Over Pt/TiO2 and Ir/TiO2, a large amount

of AcOH was formed by the hydration of acetaldehyde (AcH)

with smaller amounts of CO2 and CH4 (1:1 ratio), indicating the

absence of complete reforming process with water. On the

other hand, over Rh/TiO2 and Ru/TiO2 catalysts, major prod-

ucts were CH4 and CO2 with a small amount of liquid phase

products and excess CH4 was formed afterword indicating the

operation of an unfavorable methanation reaction.

We have also studied the metal particle size effects upon

the APR reactions of ethanol and acetic acid over Ru/TiO2

catalysts to clarify the controlling factors for the selectivity of

this reaction [18]. Decomposition processes from AcH and

AcOH occurred over larger Ru metals, forming 1:1 ratio CH4

and CO (or CO2). On the other hand, positively charged (Rudþ)
Ru species would be the active sites for the hydration of AcH

where CO2 methanation was inhibited completely. From AcH

and AcOH, a certain extent of complete reforming process to

form H2 and CO2 was observed especially over smaller Ru

metal catalysts. At this stage, however, detailed active site

structure and the mechanism of the complete reforming

process were not clarified yet.

In the present study, we have designed Ru/NaY-zeolite

catalysts for APR reaction of AcOH. NaY zeolite has unique

three-dimensional ordered porous structure as well as cation-

exchangeable ability. Such characteristics would be efficient

for controlling the structural and electronic properties of

supported ruthenium species. As we have expected, Ru/NaY-

zeolite catalysts exhibit high selectivity for complete reform-

ing. In this work, we have tried to characterize the efficient

active site formed on NaY zeolite.

Experimental

Preparation of catalysts and reaction procedures

Supported ruthenium catalysts were prepared by simple

impregnation of a precursor compound or cation-exchanging

method. A cationic ruthenium(III) complex, [Ru(NH3)6]Cl3, was

employed as a precursor of all the supported ruthenium

catalysts.

Impregnation method
The supports (NaY zeolite, Al2O3, SiO2, and SiO2eAl2O3) were

dispersed in pure water and stirred for 30 min. To this slurry,

an aqueous solution of [Ru(NH3)6]Cl3 (5 wt% of the support)

was added and the resulting mixture was stirred for 30 min at

room temperature. After additional stirring for 1 h at 333 K,

volatiles were evaporated. The obtained solids were dried

overnight at 373 K and grinded. Prior to employ as catalyst, the

solids were reduced at 623 K under H2 stream.

Cation-exchanging method
NaY zeolite (2.95 g) was dispersed to de-ionizedwater (400mL)

and stirred for 30 min at room temperature. To this slurry,

aqueous HCl (1 mol L�1) was added to adjust the pH to a

desired value (4.5e7.0). In another vessel, [Ru(NH3)6]Cl3 (an

appropriate amount of ruthenium regarding to the support;

0.5 wt%e5 wt%) was dissolved in water (50 mL). This solution

was stirred for 30min at ambient temperature and then dilute

aqueous HCl (0.1 mol L�1) was added to adjust the pH as 4.5.

The resulting ruthenium precursor solution was added to the

support-dispersed solution. After stirring the mixture at room

temperature for 24 h, solid materials were collected by

centrifugation. The resulting catalysts were washed with

water (300 mL � 3) and dried by vacuum at room temperature

overnight. The loading amounts of ruthenium and sodium

were quantified by inductively coupled plasma mass spec-

trometry (ICP-MS) and atomic absorption spectroscopy (AAS),

respectively. The resulting catalysts, xwt%Ru/NaY(exc) (pH y)

[where x ¼ 5, 2, 1, or 0.5 on y ¼ 4.5 (changing the loading

amounts of ruthenium), and, y ¼ 4.5, 5.0, 5.5, 6.0, 6.5, or 7.0

when x ¼ 5 (changing the pH of the catalyst-preparing solu-

tion)] were applied to the reaction with or without pre-

reduction treatment under H2 streaming at 623 K.

Catalyst SA(exc), namely SiO2eAl2O3 based ruthenium

catalysts, was also prepared by cation-exchangingmethod via

similarmanner. The support SA, whose cationwas exchanged

from Hþ to NH4
þ, was dispersed in pure water. To this

support-dispersed slurry, the precursor solution was added

immediately and stirred for 24 h at room temperature. Then

the solids were collected by filtration and washed with 1 L of

de-ionized water. Contents of ruthenium in the washed water

were quantified by ICP-MS to estimate the exchanged ratio of

cations. The resulting catalysts were evacuated at room

temperature overnight. The resulting 3.4 wt% Ru/SA(exc) was

applied to the reaction with or without pre-reduction

treatment.

Aqueous phase reforming of acetic acid with water

The catalyst (0.5 g) was put into a stainless steel autoclave

(400mL). After purging by pure N2, 80mL of degassed aqueous

solution of acetic acid (1 vol%: AcOH ¼ 28.0 mmol gcat:
�1) was

introduced into the reactor under nitrogen atmosphere. The

reforming reaction was conducted in a batch mode, which

was connected to an online TCD gas chromatograph to

analyze the gas phase products during the reaction (molecular

sieve 13X column and Porapak Q column). After quick heating

(about 60 min), the reaction was started at 473 K under

2.5e3.0 MPa pressure. During the reaction, the liquid phase

content of the autoclave was stirred vigorously by a magnetic

stirrer. A small part of the liquid phase products was sampled

using an online sampling tube (1 mL) and analyzed using an

FID gas chromatograph (CP PoraBond Q column).
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Characterization of catalysts

A transmission electron microscope (JEM-2010, JEOL) with an

acceleration voltage of 200 kV and LaB6 cathodewas applied to

observe the images of the supported catalysts. Samples were

prepared by suspending the catalyst powder ultrasonically in

methanol and depositing a drop of the suspension on a

standard copper grid covered with carbon monolayer film. X-

ray photoelectron spectroscopy (JPS-9010, JEOL) with a MgKa

X-ray source (10 kV, 10 mA) was applied for the analysis of the

chemical states of the catalysts. The catalyst was pressed into

a 20 mm diameter disk. Then the disk was mounted on the

sample holder of the XPS preparation chamber and reduced by

H2 at 473 K or 623 K and transferred to the analysis chamber

without exposure to air. The observed binding energy was

calibrated by using a O1s transition peak.

The amount of CO adsorption was measured by a static

volumetric adsorption apparatus (Omnisorp100CX, Beckmann

Coulter) at room temperature and used for TOF estimation. The

metal dispersion (D (%); percentage of metal atoms exposed to

the surface) on the support was evaluated from the amount of

chemisorbed COby assuming the stoichiometry of CO(a)/M¼ 1.

Fourier transform infrared spectroscopy (FT-IR) measure-

ments were carried out by use of a self-support catalyst disk

mounted in a transmission cell and a FT-IR spectrometer (FT-

IR/6100, JASCO) equippedwith a closed gas circulation system.

Similar pretreatment as the reaction procedure was carried

out before CO adsorption measurements.

Results and discussion

Comparison of different preparation methods upon the
activity and selectivity of AcOH-H2O reaction over NaY-
zeolite, Al2O3, SiO2 and SiO2eAl2O3 supported Ru catalysts

NaY zeolite is one of the ordered structured aluminosilicates.

In order to estimate the support effect, AcOH conversion ac-

tivities of supported ruthenium catalysts on the related Sie

AleO based supports (NaY zeolite, SiO2eAl2O3, SiO2, and

Al2O3) were examined as summarized in Table 1 and Fig. 1. To

NaY zeolite and SiO2eAl2O3 (abbreviated as NaY and SA,

respectively), a ruthenium precursor, [RuIII(NH3)6]
3þ, was

loaded by two different methods, that is, simple impregnation

and cation-exchanging. Such difference of the preparation

methods would affect the structure of the resulting supported

ruthenium species. On these catalysts except SA(exc), 5 wt%

of rutheniumwas supported. Immobilization of [RuIII(NH3)6]
3þ

on SiO2eAl2O3 by cation-exchangemethod resulted in loading

of ruthenium with 3.4 wt% due to the limitation of

exchangeable amounts of cation. SiO2- and Al2O3-suported

catalysts were prepared by impregnation of the same pre-

cursor. The supported ruthenium species of these catalysts

were treated with H2 stream at 623 K prior to applying to the

catalytic reaction. Also, the catalysts prepared by cation-

exchanging method (i.e. NaY(exc) and SA(exc)) were applied

to the catalytic reaction without pre-reducing treatment.

The catalyst NaY(imp), which was prepared by impregna-

tionmethod, exhibited highest AcOH conversion. The products

were H2, CO2 and CH4 and no other product was detected in

either liquid- or gas phase. If ideal complete reforming of AcOH

(CH3COOH þ 2H2O / 4H2 þ 2CO2) occurred, no CH4 would be

yieldedand the ratio of formedH2 toCO2wouldbe2:1.After10h

of the reaction, almost same amounts of CO2 and CH4 were

formed, whereas the production of H2 was terminated appar-

ently. In the initial stage, however, the ratiosof productsH2/CO2

and CO2/CH4, estimated from the formation rates of each sur-

face ruthenium site (TOF), were 0.93 and 1.68, respectively.

These time-dependence reaction profiles (Fig. 1(a)) imply the

complete reforming of AcOH catalyzed by the ruthenium sites

on NaY(imp), although degradation of AcOH

(CH3COOH / CH4 þ CO2) occurred concomitantly and the

catalysis of the ruthenium sites was changed during the reac-

tion.Theobserved reactionprofilesonNaY(imp)weresimilar to

those found on the TiO2 supported 5wt% rutheniumcatalyst as

we had reported previously. In contrast, other catalysts whose

ruthenium species were supported by impregnation method

(SA(imp), SiO2 and Al2O3) exhibited similar reaction profiles to

those found on 1 wt% Ru over TiO2 support. Although AcOH

conversion activities were lower, the major product was H2

after 10 h reaction and the values of the both H2/CO2 and CO2/

CH4 on each catalysts were higher than those on NaY(imp).

The catalytic activities of the supported ruthenium species

on NaY-zeolite remarkably depended on the immobilization

methods of the precursor and oxidation state controlled by

treatment procedures. NaY(exc), whose rutheniumprecursors

were supported through cation-exchanging process, produced

H2 continuously for 10 h when supported ruthenium species

was not treated with H2 prior to the catalytic reaction.

Although AcOH conversion activity was lower, the formation

of CH4 was suppressed over NaY(exc) compared to that

observed over NaY(imp). On the contrary, when it was

reduced by H2 at 623 K prior to the reaction, the profile was

similar to that found for the reaction catalyzed by NaY(imp).

These observations might suggest obvious difference of cat-

alytic active sites for reforming and degradation, and dynamic

structural changing of the immobilized ruthenium species

during the reduction by H2 at high temperature.

Changes of the catalytic performance of the supported

ruthenium were also observed on the SA-based catalysts. The

conversion of AcOH over SA(exc) was somewhat lower than

that over SA(imp). On the other hand, the reaction selectivity

toward complete reforming became higher over the catalyst

prepared by the cation-exchanging method. In the case of

SA(exc), no pre-reduction of the supported ruthenium led to

somewhat lowering the activity and selectivity compared to

those of the corresponding pre-reduced catalyst. Such differ-

ence between NaY(exc) and SA(exc) might suggest that not

only the structure and electronic state of the supported

ruthenium but also the components of the support were

dominant factors for the catalysis.

Structural differences between impregnated and ion-
exchanged catalysts and their correlation to catalytic
behaviors

Since catalytic activity and selectivity of AcOH reforming re-

action were strongly affected by the kinds of the supports and

the way of loading and pretreatments, the characterization of

employed catalysts was carried out.
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As estimated from the amount of adsorbed CO (i.e.

dispersion of ruthenium) shown in Table 1, ruthenium metal

particle sizes were dependent on themethod of the loading as

well as on the kinds of the supports. Especially on the cation-

exchangeable support (i. e. NaY or SA), the size of the sup-

ported particles became smaller when the catalysts prepared

by ion exchange method rather than impregnation. These

results may be explained by the electrostatic interaction be-

tween support and the ruthenium complex cations,

{[Ru(NH3)6]Cl3en}
nþ, derived from the precursor.

Fig. 2 shows the TEM images of 5 wt% supported Ru cata-

lysts after H2 reduction at 623 K for 2 h. As shown in Fig. 2(a), in

the case of NaY(imp)-zeolite, together with well dispersed

uniform 2 nm Ru clusters, 2e10 nm larger Ru particles were

observed randomly, which may be formed on the outer-

surface of NaY-zeolite. In the case of impregnated Ru over

other supports, broad distributions of the 2e3 to 10e20 nm Ru

nano-clusters and their coagulated metal particles were

observed as shown in Fig. 2(b)e(d). These tendencieswerewell

correlated with those estimated by CO adsorption. On the

Table 1 e Results of AcOH þ H2O reaction at 473 K for 10 h over various 5 wt% supported Ru catalysts.

Entry Catalystsa Disp./%b Amounts of products/mmol gcat:
�1 H2/CO2

(10 h)
CO2/CH4

(10 h)
Conv./%
(10 h)H2 CO2 CH4

1 NaY (imp) 25.0 8.42 24.37 23.38 0.35 1.04 85.3

2 SA (imp) 13.9 9.50 6.20 2.73 1.53 2.27 15.9

3 SiO2 7.8 6.05 4.16 1.08 1.45 3.87 9.4

4 Al2O3 5.0 8.67 4.90 2.33 1.77 2.10 12.9

5 NaY (exc) 64.7 8.14 18.08 17.33 0.45 1.04 63.2

6 SA (exc) 79.9 8.32 5.19 2.36 1.60 2.20 13.5

7c NaY (exc) (64.7) 10.65 6.14 2.50 1.74 2.46 15.4

8c SA (exc) (79.9) 6.45 4.51 1.63 1.43 2.77 11.0

Entry Catalystsa Disp./%b Initial formation rates/mmol gcat:
�1 h�1 TOF/�10�3 s�1 H2/CO2

(Initial)
CO2/CH4

(Initial)H2 CO2 CH4 H2 CO2 CH4

1 NaY (imp) 25.0 3.71 3.98 2.37 8.32 8.95 5.33 0.93 1.68

2 SA (imp) 13.9 1.92 1.20 0.20 7.75 4.85 0.83 1.60 5.87

3 SiO2 7.8 2.62 1.37 0.13 18.89 9.89 0.97 1.91 10.19

4 Al2O3 5.0 2.32 0.95 0.33 26.04 10.67 3.74 2.44 2.85

5 NaY (exc) 64.7 3.88 3.20 1.92 3.36 2.77 1.67 1.21 1.66

6 SA (exc) 79.9 1.59 0.85 0.12 1.65 0.88 0.12 1.88 7.04

7c NaY (exc) (64.7) 2.03 1.10 0.37 1.76 0.95 0.32 1.85 2.94

8c SA (exc) (79.9) 1.88 1.11 0.17 1.94 1.14 0.18 1.70 6.35

Reaction conditions: Amount of catalyst; 0.5 g, Catalyst pretreatment; H2 reduction at 623 K for 2 h, Internal standard gas; N2 1 atm, Reactant

solution; 1 vol% AcOHaq 80 mL (AcOH ¼ 28.0 mmol gcat:
�1), Reaction temp.; 423 K.

a Ru loading amount; 5 wt% except Ru/SA(exc), Ru loading of Ru/SA(exc) ¼ 3.4 wt%.
b Dispersion; calculated by chemisorbed CO.
c As-prepared.

Fig. 1 e Time courses of AcOHþ H2O reaction at 473 K for 10 h over various supported Ru catalysts, (a) NaY(imp), (b) SA(imp),

(c) SiO2, (d) Al2O3, (e) NaY(exc), (f) SA(exc) after H2 reduction at 623 K, (g) NaY(exc), (h) SA(exc), as-prepared.
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contrary, in the case of cation exchanged NaY-zeolite, bigger

Ru particles were rarely observed as shown in Fig. 2(e), and

none in the case of SA(exc) catalysts(Fig. 2(f)).

Fig. 3 shows the XPS analyses of Ru 3d transitions of the

various Ru catalysts after in-situ pretreatments in the prepa-

ration chamber of the spectrometer. Spectra (a) summarize

the Ru 3d transition of as-prepared catalysts. Because of

overlapping of C 1s and Ru 3d3/2 transitions around 285 eV, the

states of Ru were estimated on the basis Ru 3d5/2 transitions

appeared in the lower energy region. In the case of impreg-

nation catalysts, all the catalysts exhibit the same peak at

282.4 eV, which can be assigned to Ru3þ of physisorbed

[Ru(NH3)6]
3þ complexes. When these catalysts were reduced

at 473 K, this peak shifted to 279.5 eV, which can be assigned to

Ru0. Accordingly, in the cases of impregnated catalysts, the

interaction between the precursor complex with supports is

very weak and easily reduced to Ru metal.

The situation was rather different in the cases of cation-

exchanged NaY and SA catalysts. As shown in the top part

of Fig. 3(a), Ru 3d5/2 transition peaks shifted to the lower

binding energy position (NaY: 280.9 and SA: 281.9 eV), indi-

cating stronger interaction of precursor complexes with sup-

ports. However, the successive reduction byH2 at 473 K did not

cause the change of the peak position very much (NaY: 280.6

and SA: 281.9), indicating lower reducibility of these catalysts.

Fig. 4 shows the IR spectra of CO adsorption at r.t over

impregnated and cation-exchanged catalysts after H2 reduc-

tion at indicated temperatures. In the cases of impregnated

catalysts (Fig. 4(a)), three characteristic CO(a) adsorption

bands were observed at around 2150, 2080 and 2030 cm�1. The

former two bands can be assigned to the germinal Rudþ(CO)2
species and the third one, to zero-valent Ru0eCO band whose

intensity ratios were decreased with the increase of reduction

temperatures from 473 K to 623 K.

Fig. 2 e TEM images of various supported Ru catalysts after H2 reduction at 623 K for 2 h, (a) NaY(imp), (b) SA(imp), (c) SiO2, (d)

Al2O3, (e) NaY(exc), (f) SA(exc).
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On the other hand, the situation was rather different in the

cases of cation exchanged catalysts. As shown in Fig. 4(b), over

NaY(exc) catalyst the peak intensities of adsorbed CO

increased extraordinarily suggesting sudden occurrence of

the precursor complex reduction at around 473 K. Amiridis

et al. investigated the adsorption of CO over Al2O3- and SiO2-

supported Ru catalysts through FT-IR spectroscopy [19]. Ac-

cording to their discussion, two kinds of pair peaks at [1980,

2062 cm�1] and [2011, 2105 cm�1] can be assigned to two Ru

dicarbonyl adsorbed species, Ru0(CO)2 and Ru2þ(CO)2, respec-

tively. By raising the reduction temperature up to 623 K, these

dicarbonyl peaks decreased gradually, and a new peak

emerged at around 2029 cm�1, which can be assigned to lin-

early adsorbed CO(a) on top of Ru0 species.

In the case of SA catalysts, similar spectral changes were

observed as shown in Fig. 4(c). Until at 323 K, four main peaks

were observed at 1970, 2017, 2082 and 2160 cm�1, which can be

assigned to weakly adsorbed tricarbonyl species (Runþe(CO)3;

n ¼ 1e3) and liner species Rudþe(CO). At 473 K, tricarbonyl

species decreased gradually, and additional peaks were

observed at 1990, 2017 and 2090 cm�1, which can be assigned

to Ru2þ dicarbonyl and linear CO(a) on top of small Ru0 clus-

ters. Accordingly, the reduction of Ru precursor complexes

started at around 473 K, which corresponded well to the

occurrence of complete AcOH reforming reaction. Further

reduction up to 623 K caused the appearance of large peaks at

2026e2043 cm�1, which can be assigned to the linearly

adsorbed CO on the larger Ru nanoparticles.

These characterization results indicate that cation-

exchange preparation method is much more efficient than

impregnation method to control the metal particle sizes of

supported catalysts. Moreover, cation-exchanged Ru species

on the supports are more stable and less reducible than

impregnated ones, which exhibit higher selectivity for com-

plete reforming of aqueous AcOH reforming reaction.

Correlation between the activities and preparation
conditions of NaY catalyst

In the case of TiO2 supported ruthenium catalysts, the

decreasing of the loadings of ruthenium leads to reduce the

particle size of the supported ruthenium species due to strong

Fig. 3 e XPS analyses of Ru 3d transitions of various supported Ru catalysts, (a) (exc) and (imp) catalysts as-prepared, (b)

(imp) catalysts reduced by H2 at 473 K, (c) (exc) catalysts reduced by H2 at 473 K and 623 K.

Fig. 4 e FT-IR spectra of CO adsorption at r.t. over supported Ru catalysts after H2 reduction at each temperature, (a) (imp)

catalysts, (b) NaY(exc) catalyst, (c) SA(exc) catalyst.
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interaction between the TiO2 support and the impregnated

ruthenium species. The resulting small ruthenium particles

are positively charged and such Rudþ species are proposed as

the active sites for the complete reforming of AcOH on the

basis of improvement of the products selectivity, that is,

higher H2/CO2 and CO2/CH4. Therefore, we examined chang-

ing the loadings of ruthenium in the present NaY zeolite

catalysts.

A lower ruthenium loading amount catalyst, 0.5 wt% Ru/

NaY(exc), was prepared by cation-exchanging method at pH

4.5 same as the corresponding 5 wt% Ru/NaY(exc). On the pre-

reduced 0.5 wt% catalyst, the dispersion of the supported

ruthenium estimated by CO absorption was increased

Table 2 e Ru dispersion and loading amounts of Ru and
Na on the NaY supported Ru catalysts prepared by cation-
exchanging method.

Applied
Ru/wt%

pH Ru loadings/
wt %

Ru dispersion/
%

Na loadings/
wt%

0.5 4.5 0.49 113.5 6.95

1.0 4.5 0.99 94.7 6.08

2.0 4.5 1.99 67.0 4.86

5.0 4.5 4.96 64.7 2.79

5.0 5.0 4.98 90.3 3.34

5.0 5.5 4.99 108.4 5.74

5.0 6.0 4.99 126.0 5.89

5.0 6.5 4.99 114.8 6.07

5.0 7.0 4.99 41.8 6.06

Fig. 5 e Time courses of AcOH þ H2O reaction at 473 K for 10 h over various Ru/NaY(exc) catalysts, (a) Ru loading amounts:

5 wt%, catalyst conditions: H2 red., (b) 5 wt%, as-pre, (c) 0.5 wt%, H2 red., (d) 0.5 wt%, as-pre.
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compared to the 5 wt% one (65% on 5 wt% Ru catalyst whereas

114% on 0.5 wt% Ru one; see Table 2). Over 0.5 wt% Ru/

NaY(exc), CH4 formation was tremendously suppressed,

although the AcOH conversion was low (3.1%). Moreover, H2

generation was continuous with almost the same and con-

stant rate for 10 h. After 10 h, the values of H2/CO2 and CH4/

CO2 were 1.7 and 3.8, respectively. In the case of the 0.5 wt%

Ru-loading catalysts, the catalytic activity of a non-reduced

catalyst (Fig. 5(d)) was essentially identical with that of the

pre-reduced one (Fig. 5(c)), whereas those of the 5 wt% Ru-

loading catalysts were different whether pre-reduced

(Fig. 5(a)) or not (Fig. 5(b)).

Fig. 6 summarized the trends of the changes of the initial

formation rates of the products over reduced and non-

reduced catalysts with respect to the loading amounts of

ruthenium on NaY through ion-exchange immobilization

method. Drastic change of the initial reaction rates and the

selectivity dependency on the Ru loading manner was

observed on the pre-reduced catalysts. The higher ruthenium

loading catalysts exhibited the lower values of the ratio of the

CO2/CH4 formation rates although the formation rates of all

gaseous products were high. Such inverse trends between the

ratio of CO2/CH4 and the respective formation rates of the

products would arise from the increase of the activity toward

AcOH decomposition rather than reforming over the pre-

reduced higher Ru loading catalysts. In the case of non-

reduced catalysts, the trend of the decrease of the products

formation rates was similar to that observed on the pre-

reduced catalysts. However, the ratios of the CO2/CH4 forma-

tion rates exhibited similar values on the catalysts despite of

the different Ru loadings. Therefore, distributions of the active

sites toward reforming or degradation have varied depending

on the combination of the loading amounts and the electronic

structures of ruthenium.

Generally speaking, addition of basic sites onto the

reforming catalysts would be efficient for the improvement of

the catalytic activity because such basic sites take a role in

H2O activation. Therefore, we explored the correlation be-

tween the contents of Naþ, as well as Ru, and the catalytic

performances. The catalysts 5 wt% NaY(exc at pH y; where

y¼ 5.0, 5.5, 6.0), whichwere prepared at pH 5.0, 5.5, 6.0 and 7.0,

contained higher amount of sodium compared to those of the

corresponding catalyst prepared at pH 4.5 (5 wt% NaY(exc at

pH 4.5)). Therefore, the contents of sodium depended on the

acidity of the catalyst-preparing media because partial

exchanging of Naþ to Hþ occurred at lower pH. The initial

formation rates of the gaseous products were compared as

shown in Fig. 6. Both on the pre-reduced and non-reduced

catalysts, the rates as well as the CO2/CH4 ratios were

similar to each other, although the dispersions of the ruthe-

nium were varied (see Table 2). On the higher ruthenium

loading catalysts, the pH of the precursor solutions did not

Fig. 6 e Initial formation rates of products and reforming selectivity (¼ CO2/CH4) for AcOH þ H2O reaction at 473 K over

various x wt% Ru/NaY (exc, pH y) catalysts prepared by cation-exchanging method, (x ¼ 0.5, 1.0, 2.0, 5.0 wt%, y ¼ pH 4.5, 5.0,

5.5, 6.0, 6.5, 7.0). The dependence of Ru loading amounts (a: after H2 reduced at 623 K, b: as-prepared) and preparation pH

conditions (c: after H2 reduced at 623 K, d: as-prepared).
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influence the catalytic performances although the partial

catalyst structures, i.e., the contents of sodium as well as the

dispersion of rutheniumwere varied. XPS spectra of the 5 wt%

NaY(exc) catalysts prepared at pH 6.0 were similar to those of

the catalysts prepared at pH 4.5. In both pH 6.0 and 4.5 cata-

lysts, H2 treatment at 473 K led to partial reduction of Ru(III) to

some cationic Rudþ species, whereas complete reduction of

Ru(III) to Ru(0) occurred at high temperature. Therefore, elec-

tronic states would be a dominant factor for emergence of the

reforming activity.

Conclusions

Catalytic activities of the supported ruthenium species on

NaY-zeolite depended on immobilization conditions of

[Ru(NH3)6]
3þ and oxidation state controlled by treatment

procedures. The catalyst NaY(exc), whose 5 wt% ruthenium

precursors were supported through cation-exchanging pro-

cess, produced H2 continuously for 10 h when the catalysts

were used without being reduced by H2 prior to usage.

Decreasing the loading amounts of ruthenium led to improve

the selectivity toward complete reforming of acetic acid giving

H2 and CO2. Spectroscopic analyses of the surface ruthenium

species formed on NaY suggest that the cationic Rudþ sites

formed via partial reduction of Ru(III) catalyze the reforming

of CH3COOH with H2O yielding H2 and CO2, while the metallic

Ru(0) sites catalyze the decomposition of acetic acid giving

CH4 and CO2. Reducing the loading amounts of [Ru(NH3)6]
3þ on

NaY(exc) might result in stabilization of the Rudþ sites through

electrostatic interaction between NaY.

Acknowledgements

The authors are grateful for financial support through a

Strategic Development of Research Infrastructure for Private

Universities (S1201017) from the Ministry of Education, Cul-

ture, Sports, Science, and Technology (MEXT), Japan.

Appendix A. Supplementary data

Supplementary data related to this article can be found at

http://dx.doi.org/10.1016/j.ijhydene.2016.10.028.

r e f e r e n c e s

[1] Alaswad A, Baroutaji A, Achour H, Carton J, Makky AA,
Olabi AG. Developments in fuel cell technologies in the
transport sector. Int J Hydrogen Energy 2016;41:16499e508.

[2] Fletcher T, Thring R, Watkinson M. An Energy Management
Strategy to concurrently optimise fuel consumption & PEM

fuel cell lifetime in a hybrid vehicle. Int J Hydrogen Energy
2016;41(46):21503e15. http://dx.doi.org/10.1016/
j.ijhydene.2016.08.157.

[3] Dodds PE, Staffell I, Hawkes AD, Li F, Grünewald P,
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Poly(pyrazol-1-yl)borates have been utilized extensively in coordination

compounds due to their high affinity toward cationic metal ions on the basis

of electrostatic interactions derived from the mononegatively charged boron

centre. The original poly(pyrazol-1-yl)borates, christened ‘scorpionates’, were

pioneered by the late Professor Swiatoslaw Trofimenko and have expanded to

include various borate ligands with N-, P-, O-, S-, Se- and C-donors. Scorpionate

ligands with boron–carbon bonds, rather than the normal boron–nitrogen bonds,

have been developed and in these new types of scorpionate ligands, amines and

azoles, such as pyridines, imidazoles and oxazolines, have been employed as N-

donors instead of pyrazoles. Furthermore, a variety of bis- and tris(oxazolin-

yl)borate ligands, including chiral ones, have been developed. Tris(oxazolin-2-

yl)borates work as facially capping tridentate chelating ligands in the same way

as tris(pyrazol-1-yl)borates. In the title compound, [Ni(C21H29BN3O3)Cl], the

NiII ion is coordinated by three N atoms from the facially capping tridentate

chelating tris(4,4-dimethyloxazolin-2-yl)phenylborate ligand and a chloride

ligand in a highly distorted tetrahedral geometry. The Ni—Cl bond length

[2.1851 (5) Å] is comparable to those found in a previously reported tris(3,5-

dimethylpyrazol-1-yl)hydroborate derivative [2.1955 (18) and 2.150 (2) Å]. The

molecular structure deviates from C3v symmetry due to the structural flexibility

of the tris(4,4-dimethyloxazolin-2-yl)phenylborate ligand.

1. Introduction

Poly(pyrazol-1-yl)borates, [B(pzR)nX4–n]
� (n = 2–4; R =

substituent groups on the pyrazoles; X = H, alkyl, phenyl etc.),

have been utilized extensively in various coordination

compounds due to their high affinity toward cationic metal

ions on the basis of electrostatic interactions derived from the

mononegatively charged boron centre, as well as for their

chelating effect (Trofimenko, 1999). The types of borate-based

chelating ligands, namely ‘scorpionates’, have been growing,

since the original poly(pyrazol-1-yl)borates were pioneered by

the late Professor Swiatoslaw Trofimenko (Trofimenko, 1966),

and include various borate ligands with N- (other than pyra-

zole, see below), P- (Barney et al., 1999; Thomas & Peters,

2001), O- (Al-Harbi et al., 2011), S- (Garner et al., 1996; Ge et

al., 1994; Riordan, 2010), Se- (Minoura et al., 2006) and C-

donors (Fränkel et al., 2001; Cowley et al., 2006). Some scor-

pionate ligands with boron–carbon bonds, rather than the

normal boron–nitrogen bonds, had appeared after the mid-

1990s (Pettinari, 2008). In such new types of scorpionate

ligands, amines (Betley & Peters, 2002) and azoles, such as

pyridines (Hodgkins & Powell, 1996; Khaskin et al., 2006),
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imidazoles (Fujita et al., 2000) and oxazolines (Mazet et al.,

2005; Dunne et al., 2008), have been employed as N-donors

instead of pyrazoles. Furthermore, a variety of bis- and tris-

(oxazolinyl)borate ligands, including chiral ones, have been

developed because various oxazoline derivatives are available.

Tris(oxazolin-2-yl)borates, namely ToR (where R denotes

substituent groups on the oxazoline rings), work as facially

capping tridentate chelating ligands in the same way as tris-

(pyrazol-1-yl)borates (TpR). In the tris(oxazolin-2-yl)borates,

substituent groups at the 4-position of oxazoline would be as

effective in controlling the coordination environment of a

metal centre as those at the 3-position of the pyrazoles in TpR.

In this study, tris(4,4-dimethyloxazolin-2-yl)phenylborate,

which is abbreviated as ToMe2 (Dunne et al., 2008), was

employed as a coordinating ligand in a chloride complex of

nickel(II). The molecular structure of the resulting complex,

[NiII(ToMe2)Cl], (I), was compared with that of the related

tris(3,5-dimethylpyrazol-1-yl)hydroborate (abbreviated as

TpMe2) derivative, i.e. [NiII(TpMe2)Cl], (II) (Desrochers et al.,

2003).

2. Experimental

2.1. Synthesis and crystallization

The title compound, [NiII(ToMe2)Cl], (I), was prepared by

reaction of nickel(II) dichloride and the sodium salt NaToMe2,

which was synthesized from the protonated ligand HToMe2

(Dunne et al., 2008). A solution of HToMe2 (1.472 g, 3.84 mmol)

in tetrahydrofuran (THF, 40 ml) was added slowly to sodium

hydride (0.153 g, 3.82 mmol) suspended in THF (40 ml)

through a cannula at 273 K. The reaction mixture was stirred

for 2 h after the generation of hydrogen gas had ceased. The

solvent was removed under reduced pressure. The resulting

solid was suspended in pentane, with stirring for 10 min, and

then the liquid was decanted. This was repeated twice to yield

a pale-yellow powder of NaToMe2. NaToMe2 is hygroscopic (i.e.

hydrolyzed to HToMe2) and so the solid obtained was used in

the following reactions without further purification. A solution

of NaToMe2 (345 mg, 0.852 mmol) in THF (15 ml) was added

slowly to nickel(II) chloride (anhydrous, 118 mg, 0.908 mmol)

suspended in anhydrous MeOH (15 ml), and the resultant

mixture was stirred for 30 min at ambient temperature. After

removal of the solvent under reduced pressure, the resulting

solid was dissolved in CH2Cl2 and insoluble materials were

removed by filtration through a Celite plug. The solvent was

evaporated under reduced pressure and the resulting solid was

dissolved in MeCN. Refrigeration of this MeCN solution at

243 K afforded a pink powder of (I) (yield 384 mg,

0.807 mmol, 94%). Pale-red–pink single crystals of (I) suitable

for X-ray analysis were obtained by the vapour diffusion

method, i.e. hexane vapour was diffused into a CHCl3 solution

of (I) at 243 K. Analysis calculated for C21H29BClN3NiO3: C

52.94, H 6.14, N 8.82%; found: C 53.07, H 6.21, N 8.80%. ESI–

MS+ (m/z): [M + H]+ calculated for C21H30BClN3NiO3: 476.1;

found: 476.0. IR (KBr pellet, 	, cm�1): 3075, 3048, 3035, 2968,

2930, 2899, 2871, 1600, 1570, 1496, 1461, 1434, 1388, 1369, 1352,

1278, 1253, 1194, 1166, 1038, 1018, 990, 957, 918, 894, 846, 817,

751, 713, 670, 658, 648, 640, 619. UV–vis [CH2Cl2 solution,

room temperature, nm, (", M�1 cm�1)]: 309 (220), 483 (315),

818 (93).

2.2. Refinement

Crystal data, data collection and structure refinement

details are summarized in Table 1. The H atoms were placed in

geometrically idealized positions and constrained to ride on

their parent atoms, with C—H distances of 0.95 (aryl), 0.99

(methylene) or 0.98 Å (methyl) and with Uiso(H) = 1.5Ueq(C)

for the methyl groups and 1.2Ueq(C) otherwise.

3. Results and discussion

The NiII centre of (I) displays a highly distorted tetrahedral

geometry, with a terminal chloride anion and three facially

scorpionates

Acta Cryst. (2016). C72, 842–845 Takayama et al. � [Ni(C21H29BN3O3)Cl] 843

Table 1
Experimental details.

Crystal data
Chemical formula [Ni(C21H29BN3O3)Cl]
Mr 476.44
Crystal system, space group Monoclinic, P21/c
Temperature (K) 113
a, b, c (Å) 10.8792 (17), 13.221 (2), 15.972 (3)
� (�) 96.899 (2)
V (Å3) 2280.7 (7)
Z 4
Radiation type Mo K�
� (mm�1) 1.00
Crystal size (mm) 0.35 � 0.35 � 0.20

Data collection
Diffractometer Saturn70 (4�4 bin mode)
Absorption correction Numerical [CrystalClear (Rigaku,

2007) and ABSCOR (Higashi,
1995)]

Tmin, Tmax 0.761, 0.861
No. of measured, independent and

observed [I > 2�(I)] reflections
16162, 5168, 4140

Rint 0.029
(sin �/�)max (Å

�1) 0.649

Refinement
R[F 2 > 2�(F 2)], wR(F 2), S 0.024, 0.061, 0.99
No. of reflections 5168
No. of parameters 277
H-atom treatment H-atom parameters constrained
��max, ��min (e Å�3) 0.37, �0.25

Computer programs: CrystalClear (Rigaku, 2007), SORTAV (Blessing, 1995), SIR92
(Altomare et al., 1994), SHELXL2014 (Sheldrick, 2015), ORTEP-3 for Windows
(Farrugia, 2012) and WinGX (Farrugia, 2012).
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arranged N-atom donors from the oxazolinyl (ox) groups of

the ToMe2 ligand, as shown in Fig. 1. As summarized in Table 2,

the Ni—Cl bond length in (I) is comparable to those found in

the two crystallographically independent molecules of the

previously reported analogous TpMe2 derivative, i.e.

[NiII(TpMe2)Cl], (II). The average Ni—N bond length of (I)

[1.994 (1) Å] is also close to the Ni—N bond lengths of (II).

However, the three Ni—Noxazolinyl bond lengths of (I) are

slightly different from each other; in contrast, the three Ni—

Npyz bond lengths (pyz is pyrazolyl) in the molecules of (II)

are almost identical. Also, the three Cl—Ni—Nox angles in (I)

are substantially different, ranging from 114.91 (3) to

136.75 (3)�, while the Cl—Ni—Npyz angles in (II) are similar

[121.63 (15)–125.44 (11)�]. The dihedral angles between the

planes of adjacent oxazoline rings are 102.80 (7), 125.25 (8)

and 131.84 (8)� in complex (I) (the oxazoline rings are planar

to within 0.090 Å). In contrast, the dihedral angles between

planes of adjacent pyrazole rings in (II) are 125.77, 117.12 and

117.12� for the molecule 1 and 119.83, 120.08, 120.08 � for the
molecule 2. Therefore, the molecular structure of (I) is highly

distorted compared to the pseudo-C3v-symmetric structures of

(II). Clear evidence of the distortion of (I) is that the Cl—

Ni� � �B angle [167.03 (3)�] deviates greatly from 180�. In

contrast, the facially capping tridentate TpMe2 ligand of (II) is

located on a pseudo-C3v axis, as indicated by the Cl—Ni� � �B
angles of 177.5 and 178.7�. The calculated equivalent cone

angles (ECA) of the scorpionate ligands, which are derived

from the atomic coordinates of (I) and (II), are 211.70� for

ToMe2, and 204.13 and 201.37� for TpMe2 (Guzei & Wendt,

2006). As shown in the space-filling model of compound (I) in

Fig. 2, six methyl groups surround the metal centre. Steric

repulsion between the methyl groups would form the cavity

surrounded by the rigid and bulky Me—Cox—Me groups

which results in the larger ECA value of ToMe2. Some TpR

ligands with large cone angles (i.e. TpR with bulky substituent

groups surrounding the metal centre) are recognized to be

enforcing tetrahedral geometry giving pseudo-C3v-symmetric

structures. In the ToMe2 complex, (I), however, the chloride

ligand was not forced to lie on the extension of the Ni� � �B axis.

The distance between the chloride ligand of (I) and the least-

squares plane defined by the six methyl C atoms at the

4-positions of the oxazolinyl groups is 2.1201 (3) Å, whereas

the distance between the Cl atom and the plane defined by the

three methyl C atoms at the 3-positions of the pyrazolyl

scorpionates
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Figure 1
The molecular structure of [NiII(ToMe2)Cl], (I), showing the atom-
labelling scheme. Displacement ellipsoids are drawn at the 50%
probability level. H atoms have been omitted for clarity.

Table 2
Comparison of the structural parameters (Å, �) of [NiII(ToMe2)Cl], (I),
and its TpMe2 analogue, (II).

[NiII(ToMe2)Cl], (I) [NiII(TpMe2)Cl], (II)

Molecule 1 Molecule 2

Ni—Cl 2.1851 (5) 2.1955 (18) 2.150 (2)
Ni—N1 2.0002 (11) 1.964 (3) 1.992 (3)
Ni—N2 1.9982 (11) 1.964 (3) 1.992 (3)
Ni—N3 1.9825 (11) 1.962 (5) 1.992 (5)

Cl—Ni—N1 136.75 (3) 123.66 (10) 125.44 (11)
Cl—Ni—N2 119.62 (4) 123.66 (10) 125.44 (11)
Cl—Ni—N3 114.91 (3) 122.39 (16) 121.63 (15)
Cl—Ni—B 167.03 (3) 178.7 177.5
N1—Ni—N2 89.79 (5) 91.47 (18) 90.30 (19)
N1—Ni—N3 92.22 (4) 93.51 (14) 92.16 (14)
N2—Ni—N3 93.12 (5) 93.51 (14) 92.16 (14)

Figure 2
Space-filling diagrams of (I) and (II), viewed (a) along the Ni� � �B axis
and (b) from the side with H atoms omitted.
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groups of TpMe2 in (II) are 1.655 and 1.662 Å. Therefore, the

bowl-shaped cavity derived from the six methyl substituents of

ToMe2 is shallower than that made from the three methyl

groups of TpMe2, and the extent of the protrusion of the

chloride ligand from the bowl-shaped cavity in (I) is larger

than that found in (II).

To date, several molecular structures of tetracoordinated

zinc(II) complexes with ToMe2 have been reported (Mukherjee

et al., 2010). A chloride complex, [ZnIICl(ToMe2)], has pseudo-

C3v symmetry, as evidenced by an almost linear arrangement

of the Cl, Zn and B atoms [Cl—Zn� � �B = 174.27 (2)�]. In a tert-
butoxide (OtBu) complex, [ZnII(OtBu)(ToMe2)], the O—

Zn� � �B angle is significantly nonlinear [166.03 (6)�], as found
here for chloridonickel(II) complex (I). These observations

seem to indicate a structurally flexible tendency of the

tridentate ToMe2 complexes.

We have also reported a related chloride complex of nickel(II)

with tris(3,5-dimethyl-4-bromopyrazol-1-yl)hydroborate, i.e.

[NiIICl(TpMe2,Br)] (Hikichi et al., 2013). Remarkably, this

brominated ligand complex has a dimeric structure with

pentacoordinated nickel(II) formulated as [{Ni(TpMe2,Br)}2(�-
Cl)2] in the solid state, as revealed by X-ray crystallography. In

CH2Cl2, however, the UV–vis spectrum of this brominated

complex was similar to that of complex (I) and to those of a

series of Ni—X (X = Cl, Br and I) complexes with TpMe2

(Desrochers et al., 2006), suggesting that in solution all

complexes are tetrahedrally coordinated, with pseudo-C3v

symmetry, and that the varying degrees of distortions in the

solid state arise from crystal-packing effects.

While it is known that divalent metal ions of group 10

elements (i.e. NiII, PdII and PtII) favour a square-planar

geometry, all the chloride complexes of nickel(II) with various

TpR and ToMe2 ligands are tetrahedral, with the ligand coor-

dinating in a facially capping tridentate manner. In contrast, in

the palladium analogues [PdIICl(
2-TpiPr2)(py)] and [{PdII(
3-
TpiPr2)}2(�-Cl)2] [Tp

iPr2 denotes tris(3,5-diisopropylpyrazol-1-

yl)hydroborate and py is pyridine], the coordination geometry

of palladium is square planar, with only two of the pyrazole N

atoms of the TpiPr2 ligand coordinating to the metal (Akita et

al., 2000).
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A pseudotetrahedral nickel(II) complex with a tridentate oxazoline-based 

scorpionate ligand: chlorido[tris(4,4-dimethyloxazolin-2-yl)phenyl-

borato]nickel(II)

Tomoaki Takayama, Jun Nakazawa and Shiro Hikichi

Computing details 

Data collection: CrystalClear (Rigaku, 2007); cell refinement: CrystalClear (Rigaku, 2007); data reduction: CrystalClear 
(Rigaku, 2007), SORTAV (Blessing, 1995); program(s) used to solve structure: SIR92 (Altomare et al., 1994); program(s) 
used to refine structure: SHELXL2014 (Sheldrick, 2015); molecular graphics: ORTEP-3 for Windows (Farrugia, 2012); 
software used to prepare material for publication: WinGX publication routines (Farrugia, 2012).

Ni(Ph-To)Cl 

Crystal data 
C21H29BClN3NiO3

Mr = 476.44
Monoclinic, P21/c
a = 10.8792 (17) Å
b = 13.221 (2) Å
c = 15.972 (3) Å
β = 96.899 (2)°
V = 2280.7 (7) Å3

Z = 4

F(000) = 1000
Dx = 1.388 Mg m−3

Mo Kα radiation, λ = 0.71073 Å
Cell parameters from 6816 reflections
θ = 1.9–27.5°
µ = 1.00 mm−1

T = 113 K
Block, red
0.35 × 0.35 × 0.20 mm

Data collection 
Saturn70 (4x4 bin mode) 

diffractometer
Radiation source: Rotating Anode
Detector resolution: 28.5714 pixels mm-1

ω scans
Absorption correction: numerical 

[CrystalClear (Rigaku , 2007) and ABSCOR 
(Higashi, 1995)]

Tmin = 0.761, Tmax = 0.861

16162 measured reflections
5168 independent reflections
4140 reflections with I > 2σ(I)
Rint = 0.029
θmax = 27.5°, θmin = 1.9°
h = −10→14
k = −16→16
l = −20→20

Refinement 
Refinement on F2

Least-squares matrix: full
R[F2 > 2σ(F2)] = 0.024
wR(F2) = 0.061
S = 0.99
5168 reflections

277 parameters
0 restraints
Hydrogen site location: inferred from 

neighbouring sites
H-atom parameters constrained
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w = 1/[σ2(Fo
2) + (0.0354P)2] 

where P = (Fo
2 + 2Fc

2)/3
(Δ/σ)max < 0.001

Δρmax = 0.37 e Å−3

Δρmin = −0.25 e Å−3

Special details 
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance 
matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; 
correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate 
(isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2) 

x y z Uiso*/Ueq

Ni1 0.81347 (2) 0.22126 (2) 0.46290 (2) 0.01215 (6)
Cl1 0.99249 (3) 0.25093 (3) 0.53634 (2) 0.02534 (9)
O1 0.58962 (8) 0.07426 (6) 0.28034 (6) 0.01325 (19)
O2 0.47256 (9) 0.13747 (7) 0.52167 (6) 0.0182 (2)
O3 0.54481 (8) 0.41357 (7) 0.36278 (6) 0.0176 (2)
N3 0.72065 (10) 0.34364 (8) 0.42058 (7) 0.0128 (2)
N1 0.75107 (10) 0.14194 (8) 0.35986 (7) 0.0124 (2)
N2 0.67335 (10) 0.16895 (8) 0.52071 (7) 0.0140 (2)
C8 0.66903 (13) 0.12461 (10) 0.60568 (8) 0.0159 (3)
C11 0.60804 (12) 0.32907 (10) 0.38978 (8) 0.0119 (3)
C7 0.53129 (14) 0.09517 (11) 0.60120 (9) 0.0218 (3)
H7A 0.5217 0.0207 0.6018 0.026*
H7B 0.4941 0.1240 0.6495 0.026*
C6 0.56418 (12) 0.17442 (9) 0.47998 (8) 0.0123 (3)
C4 0.83302 (14) −0.02671 (10) 0.39302 (9) 0.0203 (3)
H4A 0.8900 0.0028 0.4387 0.030*
H4B 0.8712 −0.0866 0.3708 0.030*
H4C 0.7559 −0.0463 0.4147 0.030*
C3 0.80490 (12) 0.05100 (10) 0.32263 (8) 0.0136 (3)
C2 0.69696 (12) 0.01915 (10) 0.25686 (9) 0.0159 (3)
H2A 0.7137 0.0379 0.1993 0.019*
H2B 0.6832 −0.0548 0.2589 0.019*
C12 0.63387 (13) 0.49687 (10) 0.37142 (10) 0.0204 (3)
H12A 0.6008 0.5548 0.4010 0.024*
H12B 0.6528 0.5198 0.3154 0.024*
C10 0.75462 (15) 0.03299 (11) 0.61774 (9) 0.0249 (3)
H10A 0.7318 −0.0159 0.5724 0.037*
H10B 0.7466 0.0013 0.6723 0.037*
H10C 0.8405 0.0547 0.6163 0.037*
C21 0.30135 (13) 0.24998 (10) 0.38473 (9) 0.0187 (3)
H21 0.3166 0.2558 0.4444 0.022*
C13 0.75064 (13) 0.45344 (10) 0.42343 (9) 0.0158 (3)
C18 0.25241 (13) 0.23450 (10) 0.21099 (9) 0.0184 (3)
H18 0.2366 0.2286 0.1514 0.022*
C5 0.92108 (13) 0.07726 (11) 0.28313 (10) 0.0237 (3)
H5A 0.9020 0.1301 0.2405 0.036*
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H5B 0.9513 0.0169 0.2564 0.036*
H5C 0.9850 0.1017 0.3269 0.036*
C16 0.39976 (12) 0.22645 (9) 0.33932 (8) 0.0129 (3)
C1 0.63387 (12) 0.14514 (9) 0.33751 (8) 0.0114 (3)
C19 0.15687 (13) 0.25763 (10) 0.25776 (10) 0.0212 (3)
H19 0.0754 0.2683 0.2305 0.025*
C9 0.70621 (15) 0.20563 (11) 0.67177 (9) 0.0255 (3)
H9A 0.7910 0.2280 0.6671 0.038*
H9B 0.7019 0.1777 0.7282 0.038*
H9C 0.6497 0.2633 0.6625 0.038*
C17 0.37173 (12) 0.21982 (9) 0.25145 (8) 0.0147 (3)
H17 0.4364 0.2048 0.2184 0.018*
C14 0.86871 (14) 0.47303 (11) 0.38378 (11) 0.0255 (3)
H14A 0.9381 0.4381 0.4164 0.038*
H14B 0.8854 0.5459 0.3837 0.038*
H14C 0.8588 0.4477 0.3257 0.038*
C20 0.18157 (13) 0.26514 (11) 0.34502 (10) 0.0223 (3)
H20 0.1166 0.2806 0.3777 0.027*
C15 0.76375 (16) 0.48866 (12) 0.51477 (10) 0.0298 (4)
H15A 0.6853 0.4783 0.5379 0.045*
H15B 0.7852 0.5607 0.5174 0.045*
H15C 0.8292 0.4497 0.5478 0.045*
B1 0.54017 (13) 0.21873 (11) 0.38307 (9) 0.0116 (3)

Atomic displacement parameters (Å2) 

U11 U22 U33 U12 U13 U23

Ni1 0.01108 (9) 0.01108 (9) 0.01357 (9) −0.00066 (7) −0.00151 (6) 0.00106 (7)
Cl1 0.01819 (18) 0.0260 (2) 0.0285 (2) −0.00325 (14) −0.01106 (15) 0.00344 (15)
O1 0.0131 (5) 0.0119 (5) 0.0145 (5) 0.0008 (4) 0.0004 (4) −0.0035 (4)
O2 0.0176 (5) 0.0204 (5) 0.0175 (5) −0.0041 (4) 0.0057 (4) 0.0032 (4)
O3 0.0143 (5) 0.0094 (5) 0.0277 (6) 0.0000 (4) −0.0035 (4) 0.0030 (4)
N3 0.0139 (6) 0.0103 (6) 0.0138 (6) −0.0020 (4) 0.0004 (4) 0.0006 (4)
N1 0.0125 (5) 0.0100 (5) 0.0148 (6) 0.0006 (4) 0.0016 (4) −0.0007 (4)
N2 0.0174 (6) 0.0130 (6) 0.0114 (6) −0.0013 (5) 0.0014 (4) 0.0018 (4)
C8 0.0243 (8) 0.0138 (7) 0.0099 (6) −0.0017 (6) 0.0030 (6) 0.0018 (5)
C11 0.0147 (7) 0.0116 (6) 0.0095 (6) 0.0019 (5) 0.0020 (5) 0.0010 (5)
C7 0.0275 (8) 0.0225 (8) 0.0159 (7) −0.0054 (6) 0.0049 (6) 0.0039 (6)
C6 0.0156 (6) 0.0075 (6) 0.0143 (6) −0.0024 (5) 0.0042 (5) −0.0025 (5)
C4 0.0241 (8) 0.0145 (7) 0.0209 (8) 0.0037 (6) −0.0029 (6) 0.0000 (6)
C3 0.0137 (7) 0.0119 (6) 0.0153 (6) 0.0024 (5) 0.0024 (5) −0.0009 (5)
C2 0.0162 (7) 0.0156 (7) 0.0159 (7) 0.0044 (5) 0.0024 (5) −0.0026 (5)
C12 0.0191 (7) 0.0093 (7) 0.0314 (8) −0.0023 (5) −0.0028 (6) 0.0026 (6)
C10 0.0344 (9) 0.0212 (8) 0.0193 (8) 0.0055 (7) 0.0038 (7) 0.0055 (6)
C21 0.0170 (7) 0.0193 (7) 0.0201 (7) 0.0009 (6) 0.0035 (6) −0.0015 (6)
C13 0.0177 (7) 0.0088 (6) 0.0198 (7) −0.0020 (5) −0.0015 (6) 0.0005 (5)
C18 0.0196 (7) 0.0132 (7) 0.0208 (7) −0.0025 (6) −0.0042 (6) 0.0010 (6)
C5 0.0160 (7) 0.0251 (8) 0.0313 (8) 0.0020 (6) 0.0083 (6) −0.0002 (7)
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C16 0.0130 (6) 0.0063 (6) 0.0192 (7) −0.0014 (5) 0.0013 (5) −0.0002 (5)
C1 0.0157 (7) 0.0090 (6) 0.0097 (6) −0.0026 (5) 0.0019 (5) 0.0027 (5)
C19 0.0123 (7) 0.0162 (7) 0.0335 (9) −0.0020 (5) −0.0044 (6) 0.0036 (6)
C9 0.0350 (9) 0.0252 (8) 0.0163 (7) −0.0053 (7) 0.0027 (6) −0.0043 (6)
C17 0.0143 (6) 0.0109 (6) 0.0185 (7) 0.0003 (5) 0.0008 (5) −0.0007 (5)
C14 0.0199 (8) 0.0197 (8) 0.0364 (9) −0.0050 (6) 0.0016 (7) 0.0081 (7)
C20 0.0132 (7) 0.0231 (8) 0.0314 (8) 0.0011 (6) 0.0054 (6) 0.0019 (6)
C15 0.0358 (10) 0.0242 (8) 0.0275 (9) 0.0036 (7) −0.0041 (7) −0.0111 (7)
B1 0.0115 (7) 0.0100 (7) 0.0131 (7) −0.0005 (6) 0.0011 (6) 0.0001 (6)

Geometric parameters (Å, º) 

Ni1—N3 1.9825 (11) C12—H12A 0.9900
Ni1—N2 1.9982 (11) C12—H12B 0.9900
Ni1—N1 2.0002 (11) C10—H10A 0.9800
Ni1—Cl1 2.1851 (5) C10—H10B 0.9800
O1—C1 1.3559 (15) C10—H10C 0.9800
O1—C2 1.4631 (15) C21—C20 1.394 (2)
O2—C6 1.3546 (15) C21—C16 1.3984 (19)
O2—C7 1.4627 (16) C21—H21 0.9500
O3—C11 1.3550 (15) C13—C14 1.521 (2)
O3—C12 1.4624 (16) C13—C15 1.522 (2)
N3—C11 1.2788 (16) C18—C19 1.385 (2)
N3—C13 1.4875 (16) C18—C17 1.3923 (19)
N1—C1 1.2827 (16) C18—H18 0.9500
N1—C3 1.4919 (17) C5—H5A 0.9800
N2—C6 1.2859 (17) C5—H5B 0.9800
N2—C8 1.4842 (16) C5—H5C 0.9800
C8—C9 1.5241 (19) C16—C17 1.4027 (18)
C8—C10 1.5259 (19) C16—B1 1.6049 (19)
C8—C7 1.542 (2) C1—B1 1.6412 (19)
C11—B1 1.6327 (19) C19—C20 1.391 (2)
C7—H7A 0.9900 C19—H19 0.9500
C7—H7B 0.9900 C9—H9A 0.9800
C6—B1 1.6462 (19) C9—H9B 0.9800
C4—C3 1.5267 (19) C9—H9C 0.9800
C4—H4A 0.9800 C17—H17 0.9500
C4—H4B 0.9800 C14—H14A 0.9800
C4—H4C 0.9800 C14—H14B 0.9800
C3—C5 1.5191 (19) C14—H14C 0.9800
C3—C2 1.5373 (18) C20—H20 0.9500
C2—H2A 0.9900 C15—H15A 0.9800
C2—H2B 0.9900 C15—H15B 0.9800
C12—C13 1.5427 (19) C15—H15C 0.9800

N3—Ni1—N2 93.12 (5) H10A—C10—H10B 109.5
N3—Ni1—N1 92.22 (4) C8—C10—H10C 109.5
N2—Ni1—N1 89.79 (5) H10A—C10—H10C 109.5
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N3—Ni1—Cl1 114.91 (3) H10B—C10—H10C 109.5
N2—Ni1—Cl1 119.62 (4) C20—C21—C16 121.89 (14)
N1—Ni1—Cl1 136.75 (3) C20—C21—H21 119.1
C1—O1—C2 106.68 (10) C16—C21—H21 119.1
C6—O2—C7 107.12 (10) N3—C13—C14 110.27 (11)
C11—O3—C12 106.60 (10) N3—C13—C15 108.84 (11)
C11—N3—C13 110.81 (11) C14—C13—C15 111.13 (12)
C11—N3—Ni1 115.69 (9) N3—C13—C12 100.57 (10)
C13—N3—Ni1 133.26 (8) C14—C13—C12 113.23 (12)
C1—N1—C3 109.90 (11) C15—C13—C12 112.25 (12)
C1—N1—Ni1 116.07 (9) C19—C18—C17 119.91 (13)
C3—N1—Ni1 129.78 (8) C19—C18—H18 120.0
C6—N2—C8 110.86 (11) C17—C18—H18 120.0
C6—N2—Ni1 117.14 (9) C3—C5—H5A 109.5
C8—N2—Ni1 131.99 (9) C3—C5—H5B 109.5
N2—C8—C9 108.71 (11) H5A—C5—H5B 109.5
N2—C8—C10 110.07 (11) C3—C5—H5C 109.5
C9—C8—C10 111.30 (12) H5A—C5—H5C 109.5
N2—C8—C7 101.23 (10) H5B—C5—H5C 109.5
C9—C8—C7 112.66 (12) C21—C16—C17 116.42 (12)
C10—C8—C7 112.37 (12) C21—C16—B1 122.43 (12)
N3—C11—O3 115.12 (11) C17—C16—B1 120.85 (12)
N3—C11—B1 124.38 (12) N1—C1—O1 115.17 (11)
O3—C11—B1 120.50 (11) N1—C1—B1 123.08 (11)
O2—C7—C8 105.34 (10) O1—C1—B1 121.27 (11)
O2—C7—H7A 110.7 C18—C19—C20 119.28 (13)
C8—C7—H7A 110.7 C18—C19—H19 120.4
O2—C7—H7B 110.7 C20—C19—H19 120.4
C8—C7—H7B 110.7 C8—C9—H9A 109.5
H7A—C7—H7B 108.8 C8—C9—H9B 109.5
N2—C6—O2 114.86 (12) H9A—C9—H9B 109.5
N2—C6—B1 121.89 (11) C8—C9—H9C 109.5
O2—C6—B1 123.19 (11) H9A—C9—H9C 109.5
C3—C4—H4A 109.5 H9B—C9—H9C 109.5
C3—C4—H4B 109.5 C18—C17—C16 122.29 (13)
H4A—C4—H4B 109.5 C18—C17—H17 118.9
C3—C4—H4C 109.5 C16—C17—H17 118.9
H4A—C4—H4C 109.5 C13—C14—H14A 109.5
H4B—C4—H4C 109.5 C13—C14—H14B 109.5
N1—C3—C5 111.55 (11) H14A—C14—H14B 109.5
N1—C3—C4 107.60 (11) C13—C14—H14C 109.5
C5—C3—C4 110.88 (11) H14A—C14—H14C 109.5
N1—C3—C2 100.89 (10) H14B—C14—H14C 109.5
C5—C3—C2 112.60 (12) C19—C20—C21 120.22 (14)
C4—C3—C2 112.82 (11) C19—C20—H20 119.9
O1—C2—C3 104.85 (10) C21—C20—H20 119.9
O1—C2—H2A 110.8 C13—C15—H15A 109.5
C3—C2—H2A 110.8 C13—C15—H15B 109.5
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O1—C2—H2B 110.8 H15A—C15—H15B 109.5
C3—C2—H2B 110.8 C13—C15—H15C 109.5
H2A—C2—H2B 108.9 H15A—C15—H15C 109.5
O3—C12—C13 105.30 (10) H15B—C15—H15C 109.5
O3—C12—H12A 110.7 C16—B1—C11 111.78 (11)
C13—C12—H12A 110.7 C16—B1—C1 117.01 (11)
O3—C12—H12B 110.7 C11—B1—C1 104.99 (10)
C13—C12—H12B 110.7 C16—B1—C6 117.86 (11)
H12A—C12—H12B 108.8 C11—B1—C6 103.70 (10)
C8—C10—H10A 109.5 C1—B1—C6 99.73 (10)
C8—C10—H10B 109.5

C6—N2—C8—C9 −113.21 (13) O3—C12—C13—C14 129.85 (12)
Ni1—N2—C8—C9 65.54 (15) O3—C12—C13—C15 −103.32 (13)
C6—N2—C8—C10 124.64 (13) C20—C21—C16—C17 0.6 (2)
Ni1—N2—C8—C10 −56.60 (15) C20—C21—C16—B1 174.30 (12)
C6—N2—C8—C7 5.59 (14) C3—N1—C1—O1 −6.50 (15)
Ni1—N2—C8—C7 −175.65 (9) Ni1—N1—C1—O1 −165.66 (8)
C13—N3—C11—O3 3.59 (16) C3—N1—C1—B1 165.61 (11)
Ni1—N3—C11—O3 178.61 (8) Ni1—N1—C1—B1 6.46 (16)
C13—N3—C11—B1 −175.62 (11) C2—O1—C1—N1 −4.34 (14)
Ni1—N3—C11—B1 −0.61 (16) C2—O1—C1—B1 −176.61 (11)
C12—O3—C11—N3 5.09 (15) C17—C18—C19—C20 −0.5 (2)
C12—O3—C11—B1 −175.66 (11) C19—C18—C17—C16 0.7 (2)
C6—O2—C7—C8 7.07 (14) C21—C16—C17—C18 −0.76 (19)
N2—C8—C7—O2 −7.40 (13) B1—C16—C17—C18 −174.60 (12)
C9—C8—C7—O2 108.52 (13) C18—C19—C20—C21 0.3 (2)
C10—C8—C7—O2 −124.79 (12) C16—C21—C20—C19 −0.4 (2)
C8—N2—C6—O2 −1.40 (15) C21—C16—B1—C11 −85.36 (15)
Ni1—N2—C6—O2 179.64 (8) C17—C16—B1—C11 88.09 (14)
C8—N2—C6—B1 −178.93 (11) C21—C16—B1—C1 153.55 (12)
Ni1—N2—C6—B1 2.11 (16) C17—C16—B1—C1 −32.99 (17)
C7—O2—C6—N2 −3.84 (15) C21—C16—B1—C6 34.61 (18)
C7—O2—C6—B1 173.66 (11) C17—C16—B1—C6 −151.93 (12)
C1—N1—C3—C5 133.38 (12) N3—C11—B1—C16 −178.65 (12)
Ni1—N1—C3—C5 −71.20 (14) O3—C11—B1—C16 2.18 (16)
C1—N1—C3—C4 −104.79 (13) N3—C11—B1—C1 −50.82 (16)
Ni1—N1—C3—C4 50.63 (15) O3—C11—B1—C1 130.00 (12)
C1—N1—C3—C2 13.59 (14) N3—C11—B1—C6 53.38 (16)
Ni1—N1—C3—C2 169.01 (9) O3—C11—B1—C6 −125.79 (12)
C1—O1—C2—C3 12.67 (13) N1—C1—B1—C16 171.15 (12)
N1—C3—C2—O1 −15.31 (12) O1—C1—B1—C16 −17.21 (17)
C5—C3—C2—O1 −134.34 (11) N1—C1—B1—C11 46.57 (16)
C4—C3—C2—O1 99.21 (12) O1—C1—B1—C11 −141.79 (11)
C11—O3—C12—C13 −11.02 (14) N1—C1—B1—C6 −60.57 (15)
C11—N3—C13—C14 −129.72 (12) O1—C1—B1—C6 111.08 (12)
Ni1—N3—C13—C14 56.45 (16) N2—C6—B1—C16 −177.58 (12)
C11—N3—C13—C15 108.13 (13) O2—C6—B1—C16 5.10 (18)
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Ni1—N3—C13—C15 −65.69 (15) N2—C6—B1—C11 −53.47 (15)
C11—N3—C13—C12 −9.95 (14) O2—C6—B1—C11 129.21 (12)
Ni1—N3—C13—C12 176.23 (10) N2—C6—B1—C1 54.71 (15)
O3—C12—C13—N3 12.23 (14) O2—C6—B1—C1 −122.62 (12)
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Synthesis, Characterization and Aerobic Alcohol Oxidation

Catalysis of Palladium(II) Complexes with a

Bis(imidazolyl)borate Ligand

Kenta Ando,[a] Jun Nakazawa,*[a] and Shiro Hikichi*[a]

Abstract: Chloro- and hydroxo-palladium(II) complexes with an
imidazole-based scorpionate ligand bis(1-methylimidazolyl)-
methylphenylborate, [B(ImN–Me)2MePh]– (= LPh), have been syn-
thesized. Reaction of a lithium salt of LPh with [PdCl2(NCPh)2]
yields a miscellaneous mixture involving a homoleptic complex
[Pd(LPh)2]. Replacement of the neutral ligand (benzonitrile) in
the starting material with pyridine leads to the desired chloride
complex 1. X-ray crystallographic analysis reveals the formula of
1 to be [PdCl(LPh)(py)] with a square-planar palladium(II) center

Introduction

Poly(pyrazolyl)borates, [B(pzR)nX4–n]– (n = 2–4; R = substituent
groups on the pyrazole ring; X = H, akyl, phenyl, etc.), have
been extensively utilized in various coordination compounds
ranging from bioinorganic models to organometallics.[1,2] In ad-
dition to these authentic “scorpionate” ligands, interests in
other borate-based chelating ligands with N-,[3–6] P-,[7] S-[8] and
C-donors[9] have been growing in recent years. As N-donating
ligands, azoles such as pyridines,[4] oxazolines,[5] and imid-
azoles[6] have been employed instead of pyrazoles. In such N-
donating ligands, except for the poly(pyrazolyl)borates, the az-
oles are connected to a boron atom through carbon–boron
bonds. The higher covalency of B–C linkages makes such spe-
cies resistant to hydrolytic degradation. Consequently, these
new types of scorpionate ligands are expected to be extensively
applied to various organometallic and biomimetic catalysts.

Many complexes of group 10 elements with a family of
poly(pyrazolyl)borates including hydrotris(pyrazolyl)borates
(= TpR) have been reported thus far. In PdII complexes, TpR be-
haves as bidentate ligand, because PdII favors a square-planar
geometry forming metastable 16e– species.[10–13] Therefore, bi-
dentate 4e– donating ligands would be suitable to obtain PdII

complexes. In fact, bis(pyrazolyl)borates (= BpR) have been em-
ployed as supporting ligands for PdII, and a few such molecular
structures are known.[10,14] Our developed imidazole-based –1
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supported by the bidentate LPh ligand. Treatment of 1 with
NaOH yields non-pyridine-containing hydroxo species with LPh

such as [Pd(OH)(LPh)(H2O)] and [(PdLPh)2(μ-OH)2]. The hydroxo
species 2 can convert into active species for catalytic secondary
alcohol oxidation with O2 in the absence of extra base. The
utility of 2 as a catalyst precursor and the inertness of chloride
complex 1 suggest that the basic nature of the co-ligand (i.e.
OH–) on the palladium center supported by LPh is essential to
the formation of a putative palladium–alkoxide intermediate.

charged scorpionate ligands, namely bis(1-methyl-2-imid-
azolyl)methylborate, [B(ImN–Me)2MeX]– (= LX), would be applica-
ble as supporting ligands of PdII as predicted from the estab-
lished formation of square-planar NiII complexes with a series
of LX.[6c,6d] In LX, X can represent various functional groups such
as alkoxy, alkyl, carboxy, chloride, hydride and phenyl on the
boron center. Interestingly, the bulkiness of X affects the dihe-
dral angle of two imidazolyl groups contained within LX coordi-
nating to a metal center. Although the phenyl group is a two-
dimensional planar component based on sp2-hybridized carbon
atoms, it is less bulky than alkyl groups composed of sp3-hy-
bridized carbon atoms with respect to three-dimensional occu-
pancy.[6d] Therefore, the arrangement of the phenyl group on
LPh is one of the critical factors dictating the molecular structure
of resulting metallocomplexes. In this study, N2-donating LPh

complexes of PdII have been synthesized. Additionally, the cata-
lytic activities of the newly synthesized PdII complexes in alco-
hol oxidation reactions have been examined.

Results and Discussion

Synthesis, Characterization and Reactivity of

Chloropalladium(II) Complexes with LPh

Reaction of the benzonitrile adduct of dichloropalladium(II),
[PdCl2(PhCN)2], and 1 equiv. of LiLPh, generated in situ by treat-
ment of HLPh with nBuLi, yielded a mixture of LPh complexes of
palladium(II) as suggested by moderately complicated 1H NMR
data. ESI-MS analysis of this product mixture displayed several
ion peaks attributed to fragments containing a [Pd(LPh)]+ com-
ponent. Formation of a desired chloropalladium(II) complex,
[PdIICl(LPh)(PhCN)], was suggested by elemental analysis data as
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well as the observation of ion peaks assigned as
{[PdIICl(LPh)(NCPh)] + Li + H2O}+ in the ESI mass spectrum and
an IR peak consistent with CN stretching that could be attrib-
uted to a Pd-binding benzonitrile molecule. From this crude
product mixture, however, only a trace amount of crystalline
solid could be isolated. Preliminary X-ray crystallographic analy-
sis revealed the molecular structure of the isolated solid to be
homoleptic complex [PdII(LPh)2] (see Supporting Information).
Notably, this homoleptic complex would be one of the antici-
pated equilibrium products formed through dissociation of
benzonitrile as proposed in Scheme 1. In the case of TpiPr2 com-
plexes, a dinuclear PdII-chlorido species without any neutral li-
gand {i.e. [(PdTpiPr2)2(μ-Cl)2]}, has been generated by acetonitrile
dissociation from starting compound [PdCl2(MeCN)2].[12] Our at-
tempts to isolate putative chlorido complexes such as dinuclear
bis-μ-chloride species and the mononuclear benzonitrile ad-
duct have, thus far, failed.

Scheme 1. Reaction of [PdCl2(PhCN)2] with Li·LPh affords a product mixture
in equilibrium.

The chloropalladium complex with LPh could be trapped by
changing the neutral benzonitrile co-ligand to pyridine
(Scheme 2). The molecular structure of the pyridine adduct,
[PdIICl(LPh)(py)] (1), was solved by X-ray crystallography (Fig-
ure 1). The palladium center has a square-planar geometry sup-
ported by an N3Cl donor set, and the bond lengths of Pd–N
are different due to a trans influence. The Pd–N3 bond, of which
one of two nitrogen donors from LPh is located trans to the Cl
ligand, is somewhat longer than the Pd–N1 one, another N-
donor from the LPh trans to the pyridine ligand. The overall
structure of the coordination sphere of the palladium center is
similar to that of a previously reported TpiPr2 complex, namely
[PdIICl(κ2-TpiPr2)(py)] (Table 1). In the TpiPr2 complex, two of the
three pyrazolyl N-donors coordinate to the Pd center, and a
remaining pyrazolyl group is not directed towards the palla-
dium atom.[12] In LPh of 1, the planar phenyl substituent on the
boron center is located in the cleft between the two N-methyl
groups of the imidazolyl donors. As a result, the dihedral angle
of the two imidazolyl rings (154.7°) is wider than that found in
[PdII(LPh)2] (122.0°), in which the boron-coordinated phenyl

Eur. J. Inorg. Chem. 2016, 2603–2608 www.eurjic.org © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2604

group faces the Pd center and the boron-associated methyl
group resides between two N-methyl groups.[6d] A CDCl3 solu-
tion of 1 displayed two sets of 1H NMR signals for the imidazolyl
groups of LPh. In addition, 1H NMR signals attributed to the Pd-
binding pyridine of 1 were moderately shifted relative to those
of [PdIICl2(py)2]. These observations support the notion that the
coordination structure of 1 is maintained in the solution state.
In an ESI mass spectrum of an MeOH/CH2Cl2 solution of 1, ion
peaks assigned to [Pd(LPh)]+ were observed as major signals. In
addition to the ion peaks of several mononuclear Pd species,
minor signals representative of [PdII2Cl(LPh)2]+ (m/z = 777.8), a
putative Cl– dissociated cation from the putative dinuclear pal-
ladium(II)-bis(μ-chlorido) complex, were observed. This observa-
tion suggests that dissociation of the neutral ligand (e.g. benzo-
nitrile and pyridine) leads to dimerization of the [PdIIX(LPh)] moi-
ety.

Scheme 2. Formation of chlorido (1) and hydroxo (2) complexes.

Figure 1. Molecular structure of 1 (30 % probability).

Table 1. Selected structural parameters of 1 and [PdCl(κ2-TpiPr2)(py)].[12]

Complex: 1 [PdCl(κ2-TpiPr2)(py)]
N2 ligand: LPh TpiPr2

Bond lengths [Å]

Pd–Cl 2.3065(10) 2.285(1)
Pd–N1 2.011(3) 2.002(3)
Pd–N3 2.031(3) 2.015(3)
Pd–N5 2.034(3) 2.032(3)

Bond angles [°]

Nl–Pd1–Cl 92.41(10) 92.59(9)
Nl–Pd1–N3 91.04(13) 86.2(1)
Nl–Pd1–N5 178.48(13) 176.7(1)
N3–Pd1–Cl 176.35(9) 177.72(9)
N3–Pd1–N5 89.67(12) 92.1(1)
N5–Pd1–Cl 86.84(10) 89.01(9)

The present chloride complex 1 was converted into hydroxo
species 2 through reaction with NaOH in a THF/toluene mix-
ture. An ESI mass spectrum of an MeOH/CH2Cl2 solution of 2
exhibited ion peaks attributable to not only monomeric species

─ 484 ─



Full Paper

such as [Pd(LPh)]+ and its MeOH adducts, but also dinuclear Pd
species assigned as Na+ adducts of [PdII2(LPh)2(OH)(OMe)] and
[PdII2(LPh)2(OMe)2]. In the 1H NMR spectrum (Figure S7, Support-
ing Information), no signals attributed to pyridine were ob-
served. Two sets of signals representing methyl groups bound
to the boron center and the imidazolyl 1-nitrogen atom of LPh

were observed in a ratio of 3:2. Also, the ratio of peak areas for
two signals at δ = –2.63 and –2.52 ppm was 3:2. These higher-
magnetic-field signals disappeared upon addition of D2O due
to fast H/D exchange involving the hydroxide ligands. In the
mononuclear and dinuclear hydroxo complexes of palladium(II)
with TpiPr2, the signals of the proton of the OH group were
observed at δ = –1.79 ppm for [PdII(OH)(κ2-TpiPr2)(py)] and δ =
–1.71 ppm for [{PdII(κ2-TpiPr2)(H2O)}2(μ-OH)2], respectively.[12]

Therefore, 2 is likely a mixture of non-pyridine-containing hy-
droxo complexes. A possible explanation for the existence of
two sets of 1H NMR signals for OH and LPh is that 2 is a mixture
of a mononuclear hydroxo complex with an aqua ligand,
[PdII(OH)(LPh)(H2O)] (2a), and a dinuclear complex without neu-
tral ligands, [(PdIILPh)2(μ-OH)2] (2b), as shown in Figure 2. At this
stage, we cannot exclude another possibility, the existence of
structural isomers arising from orientational differences involv-
ing the Ph group in LPh {i.e. “facing towards the metal center”
as found in [PdII(LPh)2] or “sitting between two N-methyl
groups” as in complex 1}. Additionally, such orientational differ-
ences may involve different arrangements of LPh (i.e. “syn” ver-
sus “anti” with respect to the boron-linked methyl groups) in
complex 2b.

Figure 2. Plausible structures of the hydroxo species 2.

Alcohol Oxidation Catalysis

Interest in oxidative transformations of organic substrates em-
ploying O2 as the terminal oxidant has been growing substan-
tially. To date, many palladium species have been employed as
catalysts for various oxidative reactions.[15,16] Several palladium
complexes have been reported as catalysts for aerobic alcohol
oxidation reactions. Among successful ligands employed for
such palladium-based catalysts are N2-chelating phenanthrol-
ine derivatives.[17] The present LPh ligand is also an N2-chelating
species consisting of the π-accepting imidazole. Therefore, the

Table 2. Activities for the solvent-free oxidation of 1-phenylethanol with O2.

Compound Amount of acetophenone [μmol] TON per palladium
6 h 24 h 24 h

none 34.8 61.0 –
1 22.0 27.8 2.8
2 120.1 129.6 13.0

[PdCl2(py)2] 72.0 194.1 19.4
[PdCl2(py)2] + HLPh 36.3 181.9 18.2
[PdCl2(PhCN)2] 33.2 59.6 6.0

[PdCl2(PhCN)2] + HLPh 40.5 84.1 8.4

Eur. J. Inorg. Chem. 2016, 2603–2608 www.eurjic.org © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2605

possible application of LPh complexes 1 and 2 as precursors of
a catalyst for alcohol oxidations with O2 was examined. In addi-
tion to synthetic LPh-containing compounds 1 and 2, precursor
species [PdCl2(py)2] and [PdCl2(PhCN)2] along with addition of
HLPh to these precursors were examined in such oxidative as-
says.

In this study, solvent-free oxidation of 1-phenylethanol under
relatively mild conditions (353 K, 1 atm of O2, no additive) was
tested. A product formed under these conditions was acetophe-
none, although bis(1-phenylethyl) ether was also detected in
one exceptional case (see below). Time courses and yields of
acetophenone production with all the systems examined are
summarized in Figure 3 and Table 2, respectively. Hydroxo spe-
cies 2 clearly served as a precursor to the alcohol-oxidizing cat-
alyst. An initial reaction rate for the 2-based system was the
fastest of all those evaluated. In contrast, chlorido complex 1

seemed to serve as an inhibitor for alcohol autoxidation. Also,
the mixture of [PdCl2(PhCN)2] and HLPh appeared to induce only
a small extent of catalysis. These observations indicate that the
hydroxide ligand may work efficiently in the PdII-LPh com-
pounds. Metal–alkoxide species are often proposed to be im-
portant intermediates in alcohol oxidation reactions; examples
include many catalytic systems such as homogeneous metallo-
complex catalysts, enzymes, and heterogeneous supported

Figure 3. Time course of 1-phenylethanol oxidation with O2.
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Scheme 3. Proposed reaction mechanisms for 1-phenylethanol oxidation.

metal catalysts.[18–20] In our system, dehydrative condensation
of hydroxo species 2 with the alcohol substrate would yield a
palladium(II) alkoxide intermediate; this might explain why such
reactions did not require a base additive. As we have reported
previously, palladium(II)-hydroxo complexes [PdII(OH)(κ2-
TpiPr2)(py)] and [{PdII(κ2-TpiPr2)(H2O)}2(μ-OH)2] react with various
protic compounds HA to give the corresponding A– complexes,
where HA may represent an alcohol (= MeOH), phenol, or hy-
droperoxide (= H2O2, tBuOOH).[12,13] In fact, we noted that the
present LPh complexes 2 were readily converted into their corre-
sponding alkoxide species during ESI-MS ionization as de-
scribed above. The chloride ligand of 1 proved inert with re-
spect to the presence of alcohol, and the coordinating pyridine
ligand in 1 was insufficient in terms of driving the reaction. In
contrast, starting compound [PdCl2(py)2] was an efficient pre-
cursor to the oxidative catalyst. Although the initial reaction
rate of the system with [PdCl2(py)2] was slower than that meas-
ured for 2, the yield of acetophenone after 24 h proved optimal
among the systems evaluated. Analogous complex
[PdCl2(PhCN)2] failed to serve as a catalyst precursor due to
formation of palladium black (Pd0). In this system, a dehydrative
coupling of 1-phenylethanol substrate was noted to afford the
corresponding symmetric ether. Notably, the addition of LPh to
[PdCl2(PhCN)2] suppressed the precipitation of Pd0 but did little
to improve the desired catalytic oxidation chemistry.

For the PdII complex catalyzed alcohol oxidation, two possi-
ble reaction mechanisms are proposed as shown in Scheme 3.
One mechanism invokes a putative palladium(II) hydride inter-
mediate (I in Scheme 3) that reacts with O2 giving a palla-
dium(II)-hydroperoxo species (II). Another mechanistic possibil-
ity entails reductive elimination of HX from the Pd(H)(X) species
I to yield the corresponding Pd0 compound and subsequent
reaction with O2 giving palladium(II)-peroxo species III. In the
former mechanism, the oxidation state of the palladium center
remains +2 throughout the catalyst turnover process.[15,16,21]

Our –1-charged LPh ligand might favor palladium(II) rather than
palladium(0), as suggested by the absence of peaks during the
initial reductive scan within –1.1 V (v.s. Fc/Fc+) in the CV data for
1 and 2 (see Supporting Information). However, in the reaction
mediated by complex 2, the rate of formation for acetophenone
was seen to gradually diminish, and the conversion of 1-phenyl-
ethanol was almost completely stopped at a reaction time of
6 h (Figure 3 and Table 2). During this reaction the color of the
reaction mixture turned from pale yellow to brown during the
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initial stages, and the brown color darkened with further
progress of the reaction. These observations suggest that the
catalytically active species formed from 2 might react with H2O2

generated during catalytic turnover.[21] Such a reaction with
H2O2 may lead to a less basic and effectively inert species,
thereby serving as a means of catalyst quenching. To gain fur-
ther insight into our catalytic reaction mechanism, the reactivity
of 2 with H2O2 warrants further investigation. Towards this end,
the results of ongoing work will be reported in due course.

Conclusions

Imidazole-based scorpionate ligand LPh was employed as a bi-
dentate support for palladium(II). Reaction of [PdCl2(PhCN)2]
with LPh yielded a miscellaneous mixture including the homo-
leptic complex [PdII(LPh)2]. The mononuclear chloropalladium(II)
complex with pyridine as co-ligand (= 1) was synthesized from
the [PdCl2(py)2] precursor and characterized by X-ray crystallog-
raphy. Hydrolysis of pyridine-containing chloride complex 1

gave non-pyridine-containing hydroxo species 2, an efficient
precursor of the catalyst for secondary alcohol oxidations with
O2. Moreover, hydroxo species 2 is a promising precursor of
catalysts for various oxygen-coupled oxidation reactions such
as oxidative functionalization of alkenes.[15]

Experimental Section

Instrumentation: Elemental analyses were performed with a Per-
kin–Elmer CHNS/O Analyzer 2400II. IR measurements of KBr pellets
of solid compounds were carried out by using JASCO FT/IR 4200
spectrometers. NMR spectra were recorded with a JEOL ECA-600
(1H, 600.0 MHz) spectrometer. Chemical shifts (δ) are reported in
ppm downfield from the signal of internal SiMe4. Mass spectra were
measured with a JEOL JMS-T100LC using the electrospray ionization
(ESI) method (positive mode). Gas chromatographic (GC) analyses
were carried out with a Shimadzu GC-2010 instrument with a flame
ionization detector equipped with a RESTEK Rtx-Wax (30 m,
0.25 mmID, 0.25 μmdf) capillary column.

Materials and Methods: All manipulations were performed under
argon using standard Schlenk techniques. THF, Et2O, pentane, tolu-
ene, CH2Cl2, and MeCN were purified by means of a Glass Contour
Solvent Dispending System under Ar. Other reagents of the highest
grade commercially available were used without further purifica-
tion. [PdCl2(PhCN)2][22] and H·LPh[6b] were prepared according to the
methods described in the literature.
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Synthesis of the Compounds

[PdCl(LPh)(py)] (1): In a 100 mL Schlenk tube, addition of pyridine
(0.23 mL, 2.8 mmol) to a reddish-brown CH2Cl2 (40 mL) solution of
[PdCl2(PhCN)2] (216 mg, 0.56 mmol) yielded a pale yellow solution
of [PdCl2(py)2]. In another Schlenk tube, a 1.6 M n-hexane solution
of n-butyllithium (0.43 mL, 0.68 mmol) was slowly added to a THF
(20 mL) solution of H·LPh (180 mg, 0.68 mmol) at –80 °C. The result-
ing mixture containing lithium the salt of LPh was warmed gradually
to ambient temperature, and stirring was continued for 30 min. This
Li·LPh solution was slowly added to the prepared THF solution of
[PdCl2(py)2], and the resultant mixture was stirred at room tempera-
ture for 1 h, then heated at reflux for 3 h. After removal of the
volatiles under reduced pressure, the resulting solid was dissolved
in CH2Cl2, and insoluble materials were removed by filtration
through a Celite plug. From the filtrate, the volatiles were removed
under reduced pressure to yield 1 as a yellow powder.
C20H23BClN5Pd (486.12): calcd. C 49.42, H 4.77, N 14.41; found C
49.61, H 4.81, N 14.60. IR (KBr): ν̃ = 3132 (w, νCH), 3062 (w, νCH),
2993 (s, νCH), 2908 (s, νCH), 1605 (s, νCN), 1547 (w), 1449 (s), 1283 (s,
νBC), 1136 (s), 942 (s), 745 (s), 712 (s), 689 (s) cm–1. 1H NMR (CDCl3):
δ = 0.54 (s, 3 H, Me-B), 2.94 (s, 3 H, Me-N), 2.95 (s, 3 H, Me-N), 5.66
(d, J = 1.4 Hz, 1 H, 4-Him), 6.38 (d, J = 1.4 Hz, 1 H, 5-Him), 6.52 (d,
J = 1.4 Hz, 1 H, 4-Him′), 7.06 (t, J = 7.2 Hz, 1 H, 4-HPh), 7.15 (t, J =
7.2 Hz, 2 H, 3,5-HPh), 7.21 (d, J = 6.9 Hz, 2 H, 2,6-HPh), 7.39 (t, J =
7.2 Hz, 2 H, 3,5-Hpy), 7.46 (d, J = 2.1 Hz, 1 H, 5-Him′), 7.84 (t, J =
7.6 Hz, 1 H, 4-Hpy), 8.72 (d, J = 4.8 Hz, 2 H, 2,6-Hpy) ppm. ESI-MS
(positive; MeOH/CH2Cl2): m/z = 370.9 [Pd + L]+, 402.9 [Pd + L +
MeOH]+, 449.9 [Pd + L + Py]+, 482.0 [Pd + L + Py + MeOH]+, 777.8
[2 Pd + 2 L + Cl]+.

Hydroxo Species 2: In a 50 mL Schlenk tube, 1 (48.6 mg,
0.10 mmol) was dissolved in a mixture of THF (2 mL) and toluene
(10 mL) at ambient temperature under Ar. To this solution, a powder
of NaOH (100 mg, 2.5 mmol) was added, and the mixture was
stirred at room temperature for 15 h. Then insoluble compounds
were removed by filtration through a Celite plug, and the volatiles
were removed from the filtrate by evaporation to give 2 as a pale-
yellow powder. IR (KBr): ν̃ = 3378 (w), 3133 (w), 3060 (w, νCH), 3041
(w, νCH), 2993 (s, νCH), 2923 (s, νCH), 1589 (w, νCN), 1572 (s, νCN), 1443
(s), 1431 (s), 1415 (s), 1285 (s, νBC), 1141 (s), 938 (s), 736 (s), 713 (s),
523 (s) cm–1. 1H NMR (CDCl3): δ = –2.63 (s, 0.6 H, OH), –2.52 (s, 0.4
H, OH), 0.29 (s, 1.2 H, Me-B), 0.29 (s, 1.8 H, Me-B), 3.00 (s, 3.6 H, Me-
N), 3.08 (s, 2.4 H, Me-N), 6.48 (d, J = 1.8 Hz, 1.2 H, 4-Him), 6.49 (d,
J = 1.8 Hz, 0.8 H, 4-Him), 6.76 (d, J = 1.8 Hz, 2 H, 5-Him), 7.12 (m, 1
H, 4-HPh), 7.14 (m, 2 H, 3,5-HPh), 7.18 (m, 2 H, 2,6-HPh) ppm. ESI-MS
(positive; MeOH/CH2Cl2) m/z = 371.0 [Pd + L]+, 403.0 [Pd + L +
MeOH]+, 452.0 [Pd + L + OH + 2 MeOH]+, 484.1 [Pd + L + OH + 3
MeOH]+, 815.0 [2 Pd + 2 L + OH + MeO + Na]+, 829.0 [2 Pd + 2 L
+ 2 MeO + Na]+.

Catalytic Alcohol Oxidation with O2: To 1-phenylethanol (1.2 mL,
10 mmol), the examined Pd compounds (10 μmol of Pd) and
naphthalene (12.8 mg, 100 μmol; as an internal standard for GC
analyses) were added. All reactions were carried at 353 K under
1 atm of O2, and the products were analyzed by GC.

X-ray Data Collections and Structural Determinations: Single
crystals of [Pd(LPh)2] and chloride complex 1 were obtained by ap-
plication of the vapor diffusion method; to CH2Cl2 solutions of the
complexes, the vapor of hexane was diffused. Diffraction data were
collected using a Rigaku Satarn 70 CDD area detector system with
graphite-monochromated Mo-Kα radiation. The crystals were
mounted on loops using liquid paraffin flash-cooled to 113 K, and
the data collections were carried at the same temperature. Crystal-
lographic data and the results of refinement are summarized in
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Table S-1. Structure analyses were performed by using the Win-GX
program package.[23] The structures of the complexes were solved
by direct methods using the SIR-92 program.[24] The structures were
refined on F2 with full-matrix least-squares methods using SHELXL-
2014/7.[25] All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms on the pyrazolyl and phenyl groups were added
in the riding mode with C–H 0.96 Å (for methyl groups) or 0.93 Å
(for aromatic rings) with Uiso(H) = 1.2 Uiso(attached atom). CCDC
1434363 (for [Pd(LPh)2]), and 1434364 (for 1) contain the supple-
mentary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre.

Supporting Information (see footnote on the first page of this
article): Reaction procedures for [PdCl2(PhCN)2] with LPh and spec-
troscopic data of [Pd(LPh)2]; procedures and results of cyclic voltam-
metry of 1 and 2; ORETP diagram and selected structural parame-
ters of [Pd(LPh)2]; 1H NMR, ESI mass and IR spectra of [Pd(LPh)2], 1,
and 2.
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Abstract Enhancement of the oxygen reduction reaction

(ORR) was examined with Pd3Pb ordered intermetallic

nanoparticles (NPs) supported on titania (Pd3Pb/TiO2). The

Pd3Pb/TiO2 catalyst was synthesized by a conventional wet

chemical method with Pd and Pb ion precursors, a reducing

agent and TiO2 powder under ambient temperature. X-ray

diffraction, transmission electron microscopy, and X-ray

photoelectron spectroscopy measurements indicated the

formation of the ordered intermetallic phase of Pd3Pb in

the NP form on the TiO2 surface. Electrochemical mea-

surements showed that the Pd3Pb/TiO2 catalyst markedly

enhanced the ORR in an alkaline environment due to the

unique surface of Pd3Pb NPs and the strong interaction

between Pd3Pb and TiO2 compared with TiO2-supported

Pd, Pt, and PtPb NPs. The onset potential of Pd3Pb/TiO2

was shifted toward a higher potential by 110–150 mV

compared with Pd/TiO2, PtPb/TiO2, and Pt/TiO2.

Graphical Abstract

Keywords Electrocatalysis � Oxygen reduction reaction �
Ordered intermetallic phase � Alkaline media

1 Introduction

The direct conversion of chemical energy to electrical

energy via fuel cells plays a vital role in the development

of sustainable technologies to decrease the consumption of

fossil fuels and to mitigate climate warming [1, 2]. Among

the different types of fuel cells, polymer electrolyte

membrane fuel cells (PEMFCs) have attracted enormous
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attention due to their high energy conversion efficiency

with zero emissions. Hence, significant efforts have been

put into the design and synthesis of metal-based nanos-

tructures for PEMFC catalysts to increase their catalytic

activity and stability. Sluggish kinetics are associated with

the oxygen reduction reaction (ORR) at PEMFCs [3, 4].

Platinum (Pt) is the most efficient catalyst for the ORR at

PEMFCs, but the high cost and poor poison resistance of

Pt-based PEMFC technology are major problems hindering

its commercialization [5–7]. Therefore, it is urgent to

develop a low-cost electrocatalyst with highly improved

kinetics toward the ORR [8]. To achieve these require-

ments, several methods have been developed, such as using

nanostructures to increase the surface-to-volume ratio [9],

using an alloying technique to incorporate non-precious

metals into the nanostructures, and replacing core atoms in

Pt nanoparticles (NPs) with a non-precious metal [10].

These approaches have not achieved the performance

necessary to satisfy the requirements of customers. In the

development of electrocatalysts for PEMFCs and the

search for the next promising electrocatalyst, the devel-

opment of alkaline cation exchange membranes has drawn

increasing attention to electrocatalysis in an alkaline

environment because the overpotential for the ORR is

significantly reduced in an alkaline environment [11].

Thus, researchers have focused on a wider selection of

elements as electrocatalysts instead of Pt in an alkaline

environment [11, 12]. Palladium (Pd) is a promising sub-

stitute for Pt because the Pd catalyst possesses intrinsic

electrocatalytic performance toward the ORR in alkaline

media [8, 13, 14]. Other attractive aspects are that Pd is

much more abundant and is less expensive than Pt [15].

Furthermore, Pd has similar properties to Pt (same FCC

crystal structure and atomic size), and it also possesses

respectable oxygen reduction activity, as well as catalytic

durability [16, 17]. Thus, significant efforts have been

focused on promoting the electrocatalytic activity of Pd

toward the ORR in alkaline media [18]. The catalytic

activity and stability of Pd catalysts can be further

improved by forming Pd-alloyed bimetallic catalysts [19,

20]. Alloying Pd with other metals improves the catalytic

activity and reduces the Pd loading and cost [11]. Pd-based

alloys with transition metals (Co, Cu, Ni, Fe) or less

expensive metals, such as Pb and Bi, showed enhanced

catalytic activities. These alloys include Pd-Ni [18, 21], Pd-

Cu [22], Pd-Fe [19, 23], Pd-Co [20, 24], Pd-Bi [25], Pd-Au

[26–28], and Pd-Ag [29]. These materials can be used as

low-cost materials for different fuel-cell applications.

Recently, transition metal oxide-supported metal nanocat-

alysts have been widely examined as oxidation and

reduction electrocatalysts in PEMFCs. Transition metal

oxides (TiO2, CeO2, Nb2O5, WO3, ZrO2) play an important

role in catalytic reactions to accelerate the reaction rate

because of the strong interaction of the electrocatalyst with

the transition metal oxides [30]. We have also reported the

enhancement of the ORR on ordered intermetallic PtPb

NPs supported on TiO2 [31] and considered that the sur-

faces of ordered intermetallic PtPb NPs have intrinsic high

ORR activity due to the electronic interaction between Pt

and Pb atoms in the PtPb NPs. However, the Pb metal at

the PtPb surface can be dissolved by electrochemical

polarization during the ORR, and the TiO2 support mate-

rials prevent the electrochemical dissolution of Pt from the

PtPb NPs due to the strong interaction between the PtPb

NPs and TiO2 support. As a result, the PtPb surface has an

important role in the ORR on the electrocatalyst surface

without the electrochemical dissolution of Pb metal from

the PtPb NPs. We expected that the same phenomenon

would also occur on the Pd3Pb NPs supported on TiO2 to

enhance the ORR in an alkaline environment. Herein, we

report the synthesis of a Pd3Pb intermetallic catalyst on

TiO2 and examine its catalytic activity toward the ORR in

an alkaline environment to find promising electrocatalysts

for the ORR in alkaline media. The ultrafine intermetallic

Pd3Pb was prepared on the TiO2 surface (Pd3Pb/TiO2)

using sodium borohydride as the reductive agent of the Pd

and Pb precursors in a methanol medium under an Ar

atmosphere. The resultant catalysts were characterized by

X-ray diffraction (XRD), energy-dispersive X-ray analysis

(EDX), scanning transmission electron microscopy

(STEM), transmission electron microscopy (TEM), X-ray

photoelectron spectroscopy (XPS), and inductively coupled

plasma-mass spectrometry (ICP-MS). In addition, the

electrocatalytic performance, kinetics and stability of the

ordered intermetallic Pd3Pb catalyst on TiO2 for the ORR

under alkaline conditions were examined by linear sweep

voltammetry and chronoamperometry. The electrocatalytic

activity of Pd3Pb/TiO2 for the ORR was compared with the

activities of Pd/TiO2, PtPb/TiO2, and Pt/TiO2 as reference

catalysts.

2 Experimental

2.1 Synthesis of Pd3Pb/TiO2, Pd/TiO2, Pt/TiO2,

and PtPb/TiO2

The Pd precursor, Pd(CH3COO)2; Pb precursor, Pb(CH3-

COO)2; and Pt precursor, H2PtCl6�6H2O were purchased

from Wako Pure Chemical Industries, Ltd., Japan, and

were used as received without further purification. Pd3Pb

NPs on TiO2 supports were synthesized through a wet

chemical route using the borohydride reduction method.

Briefly, 0.5 g of TiO2 (anatase, particle size \25 nm,

99.7 %, Sigma-Aldrich) was suspended in 15 mL of

anhydrous methanol (99.8 %, Sigma-Aldrich) for 15 min
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in a two-neck round-bottom flask. The Pd precursor

(0.26 mmol) and Pb precursor (0.082 mmol) were dis-

solved in a 15-mL shielded vial under an Ar atmosphere

and were subsequently transferred to the TiO2 suspension.

Then, the solution was stirred for 30 min to yield a

homogeneous reddish-yellow solution. After 30 min,

5.2 mmol of freshly prepared NaBH4 (Sigma-Aldrich) in

methanol was injected into the solution by cannula. The

color of the solution immediately turned dark gray after the

addition of NaBH4, indicating the formation of Pd3Pb NPs

on the TiO2 support. The products were washed with

anhydrous methanol three times and dried under vacuum.

Pd/TiO2, Pt/TiO2, and PtPb/TiO2 were synthesized using

the Pd precursor (or Pt, Pb precursors) and TiO2 support

under the same synthetic conditions.

2.2 Physical characterization

XRDmeasurements were performed between the diffraction

angles (2h) of 20� and 80�, and the structural patterns were

collected using a Rigaku RINT-ULTIMA III X-ray powder

diffractometer with CuKa radiation (k = 0.1548 nm). The

XPSmeasurementswere used to examine the chemical states

of the catalyst, and the spectra were collected using a JPS-

9010 JEOL instrument. An MgKa X-ray source with an

anodic voltage of 10 kV and a current of 10 mAwas used for

the XPS spectral measurements. TEM images were obtained

with a JEOL 2100-Fmicroscopewith an operating voltage of

200 kV. STEM was performed, and the composition of

Pd3Pb NPs/TiO2 was analyzed by an energy-dispersion

spectrometer (EDS, Oxford link system), which was con-

nected to the TEM. The samples for TEM were prepared by

dropping a methanol suspension of the catalyst powder onto

a copper grid (150 mesh). The metal (Pd, Pt, Pb) contents of

the products were determined by inductively coupled

plasma-mass spectrometry (ICP-MS, Agilent, 77009).

2.3 Electrochemical measurements

The NP/support material samples were coated on a glassy

carbon (GC) electrode (diameter = 5 mm) from a suspen-

sion prepared by the ultrasonic mixing of Pd3Pb/TiO2 (5.0

wt%), Pb/TiO2 (5.0 wt%), or Pt/TiO2 (5.0 wt%) samples

(1 mg) with Milli-Q water (995 lL), isopropanol (250 lL,
99.7 %, Wako Pure Chemical Industries Ltd., Japan), and

Nafion solution (5 lL, 5 wt%, EW: 1100, Sigma-Aldrich)

for 30 min. The loadings of NP on the TiO2 support material

were evaluated by ICP-MS. A 12 lL aliquot of catalyst

suspension was dropped onto the cleaned GC electrode and

was dried under vacuum. The loading of Pd3Pb/TiO2 (or Pd/

TiO2, PtPb/TiO2, and Pt/TiO2) on the GC electrode was

50.0 lg cm-2. Prior to modification of the GC electrode, the

GC electrode was mirror-polished with a 0.05 lm alumina

slurry for 10 min, sonicated for 5 min to remove any

adsorbed impurities on the GC electrode and dried under Ar.

The electrochemical measurements were performed in a

conventional two-compartment, three-electrode cell with the

catalyst-coated GC electrode as the working electrode, a

platinumwire as the auxiliary electrode and NaCl (3 M) Ag/

AgCl as the reference electrode. All potentials were refer-

enced to the reversible hydrogen electrode (RHE). The

electrochemical measurements were performed on a Bio-

Logic SAS workstation (Model, VMP3). Oxygen gas was

purged for 30 min into a 0.1 M aqueous KOH solution to

prepare an O2-saturated solution. The catalyst-coated elec-

trode was rotated using an electrode rotator (Hokuto Denko,

Japan, HR-30) at 2000 rpm. The ORR polarization curves

were recorded using linear sweep voltammetry in an O2-

saturated 0.1 M KOH aqueous solution with a scan rate of

10 mV s-1. Stability tests were performed by chronoam-

perometry at 0.85 V (vs. RHE) with a rotation speed of

2000 rpm in an O2-saturated 0.1 M KOH aqueous solution.

The current densities shown in the voltammograms were

normalized by the geometric surface area of theGCelectrode

(0.20 cm2).

3 Results and discussion

3.1 Physical characterization

XRD measurements were used to analyze the crystal

structure of the synthesized Pd3Pb NPs on the TiO2 surface.

Figure 1 shows the XRD profiles for TiO2 (a), Pd NPs/

TiO2 (b), and Pd3Pb NPs/TiO2 (c). The XRD profile for the

Pd NPs (Fig. 1b) shows barely recognized reflection peaks

Fig. 1 XRD patterns of the synthesized nanoparticles: TiO2 (a), Pd/

TiO2 (b), and Pd3Pb/TiO2 (c). The XRD profiles for the simulated

XRD lines for Pd and Pd3Pb are shown for reference. Open circle and

filled circle correspond to the peaks of Pd and Pd3Pb
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at 39.6� and 46.8� that are assigned to the (111) and (200)

reflection planes corresponding to the Pd as well as the

peaks originating from TiO2, as shown in Fig. 1a. In the

profile, the broadening of the peaks for Pd/TiO2 is due to

nano-sized particles of Pd on the TiO2 support. The XRD

profile (Fig. 1c) for the products prepared with Pd and Pb

precursors on TiO2 also shows very small reflection peaks

at 38.6� and 44.8� that can be assigned to the (111) and

(200) reflection planes of an ordered intermetallic Pd3Pb

phase (Cu3Au, Pm-3 m, a = b = c = 0.4035 nm),

respectively, with the peaks originating from TiO2. Com-

pared with the Pd/TiO2, the characteristic peaks of Pd3Pb/

TiO2 ((111) and (200)) are noticeably shifted toward lower

diffraction angles, indicating an increase in the lattice

constant of Pd atoms due to the incorporation of Pb atoms

into the Pd lattice [32]. The average crystallite sizes of the

Pd and Pd3Pb NPs were estimated based on the diffraction

peaks of the (200) plane using the Scherrer equation and

were approximately 3.5 and 3.8 nm, respectively.

Because there is a problem with the identification of the

Pd3Pb ordered intermetallic NPs based on the XRD results,

TEM measurements were used to confirm the formation of

Pd3Pb ordered intermetallic phase in the NPs and to

investigate the morphology and particle size distribution of

the Pd3Pb NPs on TiO2. Figure 2A shows the TEM images

of the Pd3Pb/TiO2. The prepared NPs with a diameter of

2–5 nm are finely dispersed on the TiO2 support. The

histogram (Fig. 2B) of the particle diameter evaluated from

the TEM image showed a symmetrical distribution on the

TiO2. From the histogram, the average diameter of the

prepared Pd3Pb NPs on the TiO2 is 4.0 nm. The prepared

Pd, Pt, and PtPb NPs on the TiO2 have average sizes of 3.8,

3.9, and 4.2 nm. From the HR-TEM image (Fig. 2C) of the

Pd3Pb/TiO2 catalyst, the d-spacings of the lattice fringes

were 0.283 and 0.313 nm, which correspond to the (110)

and (101) planes of the ordered intermetallic Pd3Pb,

respectively. The corresponding FFT pattern showed sharp

(110) and (101) super lattice spots characteristic of the

ordered Cu3Au-type structure (D) of a Pd3Pb compound.

Compositional mapping by STEM-EDS analysis was used

to determine the elemental distribution in the Pd3Pb NPs

(Fig. 3). STEM (A)-energy-dispersive spectroscopy (EDS)

mappings (B–D) also indicated that the NPs are composed

of Pd and Pb atoms on TiO2 and demonstrated that the

average mole ratio of Pd to Pb for the Pd3Pb NPs is con-

sistent with the desired value (Pd:Pb = 75.0:25.0 for Pd3-
Pb), namely Pd:Pb = 73.6:26.4, as determined by the

STEM image captured in the area of 50 nm 9 50 nm.

Figure 3E displays the profiles of the EDS line scans (point

resolution of EDX beam: 0.2 nm) along with the lines

presented in Fig. 3A. The average mole ratios of Pd to Pb,

which were evaluated using the STEM-EDS mappings,

were consistent with the desired value for Pd3Pb

(Pd:Pb = 75.0 ± 3:25.0 ± 3), which was predicted from

stoichiometric ratio of 3:1 in the Pd3Pb compound, at all

points for the Pd3Pb NPs. The TEM/STEM results indicate

that both Pd and Pb atoms are distributed throughout the

particles, and the Pd and Pb atoms form an ordered inter-

metallic phase in the NP, although the formation of a Pd3Pb

ordered intermetallic phase could not be confirmed from

the XRD profile.

XPS measurements were used to investigate the elec-

tronic environment of Pd in the Pd3Pb/TiO2. Figure 4

shows the XPS spectral profiles of Pd NPs (a, commer-

cially available product, E-TEK), Pd/TiO2 (b), and Pd3Pb/

TiO2 (b) in the Pd 3d region. The two peaks around the

binding energies of 335 and 340 eV are assigned to the Pd

3d5/2 and Pd 3d3/2 emission peaks of Pd and reveal that the

Pd in the samples of (A–C) is metallic Pd (0). The binding

energies for Pd metal (A) are Pd 3d5/2, 335.1 ± 0.2 eV,

and Pd 3d3/2, 340.6 ± 0.2 eV. On the other hand, two

coupled peaks for Pd/TiO2 (b) appear at the binding

energies of 335.2 ± 0.2 and 340.6 ± 0.2 eV in the Pd

3d signal region. Compared with the binding energy levels

of Pd NPs, the two peaks for Pd/TiO2 shifted to higher

binding energy due to the electronic interaction between

the Pd NPs and TiO2 support. The XPS spectral profiles of

Pd3Pb/TiO2 (c) also exhibit a peak shift of the Pd

3d emission peaks to higher binding energy. The peaks can

be observed at 335.8 ± 0.20 and 341.0 ± 0.20 eV. The

large peak shift is caused by the change in the electronic

structure of Pd from the interaction between the Pd and

inserted Pb atoms, as well as between the Pd atoms in the

Fig. 2 TEM (A) and HR-TEM (B) images of Pd3Pb/TiO2, as well as

the particle size distribution (C) of Pd3Pb NPs. D FFT pattern

obtained from (B)
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Pd3Pb NPs and the TiO2 support. Although the results are

not shown here, XPS signals of Pb in the Pd3Pb NPs were

also detected in the Pb 3d region. The atomic ratio of Pd to

Pb (3:1), based on the comparison between the XPS peak

areas of Pd and Pb atoms and the peak shift in the Pb

3d region to the low binding energy side, confirms the

formation of the Pd3Pb ordered intermetallic phase.

3.2 Electrochemical measurements

Catalyst-coated GC electrodes were used to study the ORR

activities and kinetics at the Pd/TiO2 and Pd3Pb/TiO2

electrodes. Figure 5 shows the ORR polarization curves of

the Pd/TiO2 (a), Pd3Pb/TiO2 (b), Pt/TiO2 (c), and PtPb/

TiO2 (d) catalysts obtained in an O2-saturated 0.1 M KOH

aqueous solution at a rotation speed of 2000 rpm. The

onset potential (potential where the reduction current pas-

sed through -0.01 mA cm-2) of the Pd/TiO2 (a) for the

ORR is 0.90 V (vs. RHE). On the other hand, the curve of

Pd3Pb/TiO2 (b) has an onset potential at 0.98 V, which is

more positive than that of Pd/TiO2, indicating that the

Fig. 3 STEM (A) image and

EDS mapping images of Pd3Pb/

TiO2: Pd (B), Pb (C), and
mixture (D) of images (B) and
(C) for the Pd3Pb sample.

E Line-scanning profile across

Pd3Pb NPs on TiO2

Fig. 4 XPS spectral profiles for Pd 3d in Pd (a) NPs, Pd (b) on TiO2,

and Pd3Pb (c) on TiO2

Fig. 5 ORR polarization curves of Pd/TiO2 (a), Pd3Pb/TiO2 (b), Pt/

TiO2 (c), and PtPb /TiO2 (d) catalysts in an O2-saturated 0.1 M KOH

solution at a scan rate of 10 mV s-1 and an electrode rotation rate of

2000 rpm
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Pd3Pb NPs feature significant enhancement in electrocat-

alytic ORR in an alkaline environment compared with Pd/

TiO2. Furthermore, the electrocatalytic ORR activity of

Pd3Pb/TiO2 was also compared with that of the Pt/TiO2

(c) and PtPb/TiO2 (d) catalysts. The Pt/TiO2 and PtPb/TiO2

catalysts have onset potentials of 0.88 and 0.86 V. The

PtPb/TiO2, which exhibits superior ORR activity in acidic

aqueous solution, [31] displayed degradation behavior in

alkaline media. The Pd3Pb/TiO2 sample has the highest

onset potential; in other words, the ORR was enhanced to

the greatest extent on the Pd3Pb/TiO2 among the four

samples examined in this study. The polarization curves for

the Pd3Pb/TiO2 show a well-defined diffusion-limited

current near -4.8 mA cm-2 in the region from 0.3 to

0.7 V. The value of the theoretical diffusion-limited cur-

rent density for ORR in 0.1 M KOH aqueous solution is

approximately -6 mA cm-2 at the electrode rotation

speed of 2000 rpm. The Pd/TiO2, Pt/TiO2, and PtPb/TiO2

also exhibit lower diffusion-limited currents than the

expected diffusion-limited current density due to the use of

low electron-conductive TiO2 as a support material. If the

low conductivity of the TiO2 support influences the ORR

curves, the shape of the ORR voltammograms become less

sharp, namely the potential where the reduction current

density reaches the diffusion-limited region shifts toward

negative potential, and the value of the diffusion-limited

current density does not decrease. However, the Pd3Pb/

TiO2 caused diffusion plateaus lower than the theoretical

value and flattened the shape of the voltammogram. There

are several discussions on influencing the diffusion-limited

current density level [33–35]. The much lower electrical

conductivity of TiO2 as the support decreases the diffusion-

limited current density, as confirmed by Popov (see the

supporting information section of [35]). Although they did

not mention the reason for the decreased diffusion-limited

current in the paper, we believe that the agglomerate for-

mation of the TiO2 support is related to the decrease in the

diffusion-limited currents. Highly agglomerated NPs/TiO2

inhibits O2 diffusion to the NP surfaces; as a result, the lack

of O2 has a negative effect on the diffusion-limited current

density.

The catalyst loading on the GC electrode, the surface

area of the catalysts, and the mass- and surface area-

specific activities for Pd3Pb/TiO2, Pd/TiO2, Pt/TiO2, and

PtPb/TiO2 are summarized in Table 1. The electrochemical

surface area of the Pd3Pb NPs could not be measured using

the monolayer PdO reduction peak (405 lC cm-2 [36])

observed by cyclic voltammetry in acidic aqueous solution

because of the insertion of Pb atoms in the Pd crystal

structure and the electronic interaction between Pt and Pb

atoms in the ordered intermetallic NPs, as has been

reported in the case of PtPb ordered intermetallic NPs [37].

Therefore, the surface area of the NPs was calculated based

on the observed average NP’s diameter and the NP loading

on TiO2. The NPs on TiO2 were considered to have the

form of a hemisphere and the density (13.41 g cm-3) [38]

of Pd3Pb for the calculation of the surface area. In Table 1,

all samples have almost the same loading weight and

diameter on the TiO2 support. The geometric factor of the

NPs on the TiO2 support does not result in the difference of

the electrocatalytic activities observed for the Pd3Pb, Pd,

Pt, and PtPb NPs/TiO2 samples. In the aspect of both the

mass- and surface area-specific activities measured at

0.85 V, Pd3Pb/TiO2 exhibits superior activities compared

to Pd/TiO2, PtPb/TiO2, and Pt NPs/TiO2. Kim reported

high catalytic activity for the ORR with the graphene-

supported Pd (Pd/GNS) catalyst in alkaline aqueous solu-

tions [39]. Our Pd3Pb sample exhibits comparable ORR

activities (-0.81 mA cm-2 and -0.90 mA lg-1 at

0.85 V) with their results (-1.52 mA cm-2 and

-0.84 mA lg-1 with Pd/GNS at 0.85 V). From the

viewpoint of mass activity, our sample is superior to Pd/

GNS. The defeat of the Pd3Pb/TiO2 with respect to the

surface area activity is caused by overestimation of the

surface area of the Pd3Pb NPs. In reality, the active sur-

faces are lower than the estimated surface area because of

the strong aggregation of Pd3Pb/TiO2. A portion of NPs on

the TiO2 was blocked by other Pd3Pb/TiO2, and the feed of

O2 to the blocked NP surfaces is reduced. Therefore, the

working surface areas of the NPs are smaller than the

surface areas of the NPs summarized in Table 1. The

inherent surface area activity is therefore higher than the

estimated values.

To evaluate the kinetic parameters (kinetic current

density and the number of transferred electrons) on the

Pd3Pb surface on TiO2 during the course of the ORR, the

polarization curves were recorded at different disk rotation

rates in a rotating disk electrode (RDE) experiment. Fig-

ure 6A depicts the dependence of the ORR curves on the

disk rotation rate for the Pd3Pb/TiO2-coated GC. The j-1

versus x-1/2 plots at different potentials are presented in

Fig. 6B. The number of electrons involved in the ORR can

be determined from the slope of the Koutecky–Levich (K–

L) plot [40]

j ¼ 1=jk þ 1=Bð Þ=x0:5 ð1Þ
B ¼ 0:2 nF DO2

ð Þ2=3 mð Þ�1=6
CO2

; ð2Þ
where j is the measured current density, jk is the kinetic

current, x is the electrode rotation rate, n is the number of

electrons, F is the Faraday constant, DO2
is the diffusion

coefficient of O2 (DO2
= 1.9 9 10-5 cm2 s-1) [41], m is

the kinetic viscosity of the solution (0.01 cm2 s-1) [41],

and CO2
is the bulk concentration of O2 (CO2

= 1.2 9 10-6

mol cm-3) [41]. From the straight lines shown in the K–L

plots (Fig. 6B), the number of electrons transferred in the
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ORR was calculated to be 3.65–3.76 at approximately

0.57–0.77 V, indicating that the ORR is relatively domi-

nated by the four-electron reduction of O2 in the potential

region from 0.57 to 0.77 V. In the j-1 versus x-1/2 plots,

the kinetic current for the Pd3Pb/TiO2 was calculated from

the intercept of the plots. At 0.77 V, the kinetic current

density was evaluated to be 11.7 mA cm-2. Our prepared

Pd3Pb/TiO2 exhibits comparable kinetic current density

with those observed for benchmarked Pd/carbon black

(CB) (3 mA cm-2 at 0.77 V [42]) and Pt/CB

(12.5 mA cm-2 at 0.8 V [43]), although the TiO2 support

material has high electron resistivity.

A chronoamperometric study was conducted to investi-

gate the durability of the catalyst for the ORR. The current-

time curves on Pd3Pb/TiO2 (a) and Pd/TiO2 (b) catalysts in

an O2 saturated 0.1 M KOH(aq) solution are shown in

Fig. 7. For the ORR on Pd3Pb/TiO2 (a) at constant applied

potential of 0.85 V, the current densities of the catalysts

change quickly initially, and after reaching -5 mA cm-2,

the current density decreases slowly. After 50 min, the

current density decreased to -4.2 mA cm-2 (to 84 %). In

contrast, for Pd/TiO2, the current rapidly decreased to

-0.9 mA cm-2 in 50 min. The above results indicate that

Pd3Pb/TiO2 is more stable than Pd/TiO2 in terms of their

catalytic activities for the ORR.

The synergistic effect of the inherent electrocatalytic

activity of the Pd3Pb ordered intermetallic surfaces and the

electronic interaction [44, 45] between Pd3Pb NPs and

TiO2, which was taken from the XPS results, produces

superior ORR activity. The electronic interaction between

Pd and TiO2 via the Ti–O–Pd bridging, as mentioned in the

XPS results, contributes to the enhancement of ORR with

the following two factors: (1) OH adsorbed on the Pd

surface in the Pd3Pb NPs is spilled over to the TiO2 (re-

duction of the formation of OH on the Pd surface) [46, 47]

and (2) the d orbital electron in the Pd atoms is donated to

Ti atoms through the bridging Ti–O–Pd bond (d orbital

vacancy, resulting in enhanced 2p electron donation from

Table 1 Summary of the NP particle size, surface area, electrocatalytic activities characterized by TEM, and electrochemical analyses for

Pd3Pb/TiO2, Pd/TiO2, PtPb/TiO2, and Pt/TiO2

Catalyst (NP/TiO2)

loading on the GC

electrode (lg m-2)

Average diameter

of NP (nm)

Density of

metal (g m-3)

Surface area of metal

NP (m2 g-1)

Mass-specific activity

mAlg-1 (of NP) at

0.85 V vs. RHE

Surface area-specific

activity (mA m-2) at

0.85 V vs. RHE

Pd3Pb/TiO2 50 9 104 4.0 13.4 9 106 111 -0.90 8.1 9 103

Pd/TiO2 50 9 104 3.8 12.0 9 106 250 -0.034 1.4 9 102

Pt/TiO2 50 9 104 3.9 21.5 9 106 92 -0.030 3.2 9 102

PtPb/TiO2 50 9 104 4.2 15.5 9 106 71 -0.018 2.5 9 102

Fig. 6 The dependence of the ORR current density of the Pd3Pb/TiO2-coated GC electrode in a 0.1 M KOH solution on the electrode rotation

rate: 400 (a), 900 (b), 1600 (c), 2500 (d), and 3600 (e) rpm
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O2 to the surface of Pd3Pb and back donation of the elec-

trons) [47, 48], both of which facilitate O2 adsorption on

the Pd surface, that is, the first step of the ORR, to rapidly

produce two desirable H2O molecules.

4 Conclusions

We have described the synthesis of finely dispersed Pd3Pb

NPs on TiO2, which were prepared by the co-reduction of

Pd and Pb precursors through a wet chemical synthetic

route. The formation of Pd3Pb NPs on TiO2 was confirmed

by XRD, XPS, and TEM/STEM. The HR-TEM images

showed that the synthesized NPs are intermetallic, with an

average size of 4.0 nm. The nanostructured Pd3Pb has

better catalytic properties toward the ORR compared with

the Pd and Pt catalysts. The kinetics of the ORR principally

involves a four-electron reduction with first-order kinetics.

The stability and kinetics of the catalyst are reasonable;

therefore, the catalyst is a low-cost candidate to replace Pt

as a fuel-cell catalyst. The incorporation of Pb into the Pd

catalyst modifies the electronic properties of Pd and pro-

motes the electrocatalytic ORR activity.
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a b s t r a c t

Alloy nanoparticles (NPs) loaded TiO2 photocatalysts have attracted considerable attention in the recent
years as a promoter of highly active photocatalysts under ultraviolet (UV) irradiation. Many synthetic
techniques have been utilized in preparation of binary alloy NPs loaded TiO2. However, control of depo-
sition site for alloy NPs on TiO2 is one of the challenging themes in TiO2 study. Herein, we present that
site-selective Pt–Pb NPs deposition on rutile TiO2 nanorod by successive reduction in metal ions,
photo-reduction of Pt4+ and followed by microwave assisted polyol reduction of Pb2+ (2-step method).
The Pt–Pb NPs were site-selectively deposited on the reduction site on (110) surface of the rutile TiO2

nanorod. The photocatalytic activity of rutile TiO2 was significantly enhanced after Pt–Pb NPs loading
for oxidative decomposition of AcOH in aqueous phase. The AcOH was completely oxide to CO2 and
the CO2 evolution of the site-selectively Pt–Pb NPs deposited TiO2 was nearly six times higher than that
of a bare rutile TiO2 and three times higher than randomly Pt–Pb NPs deposited TiO2. The well mating of
the reduction reaction site on photocatalyst, TiO2, and deposition site for co-catalyst, Pt–Pb NPs, induces
efficient electron injection from photocatalyst TiO2 to co-catalyst Pt–Pb NPs, promoting oxygen reduction
reaction and reduction process of AcOH oxidative decomposition. The accelerated electron consumption
in reduction process leads to smooth oxidative decomposition of AcOH at oxidation site. These findings
suggest that the site-selective deposition of alloy NPs is a predominant way to bring out catalytic perfor-
mance of co-catalyst alloy NPs on TiO2.

� 2016 Elsevier Inc. All rights reserved.

1. Introduction

Titanium dioxide (TiO2) is one of the most important photocat-
alysts in the area of environmental purification, hydrogen genera-
tion, and CO2 photoreduction [1,2]. Application of a bare TiO2 is
limited, due to their low quantum conversion efficiency. The pho-
tocatalytic activities of TiO2 are usually limited by rapid recombi-
nation of photogenerated electron–hole pairs. In order to reduce
the electron–hole recombination, one of the effective ways is to
load surface modifiers as co-catalyst on TiO2 photocatalyst. If trace
co-catalyst is loaded onto photocatalyst surfaces, the photogener-
ated electron–hole pairs could be spatially separated, because

electrons and holes could be respectively localized onto the sur-
faces of photocatalyst and co-catalyst. Consequently, the recombi-
nation of photogenerated electron–hole pairs could be inhibited,
and the oxidation and reduction reactions could occur at different
surface positions. Among various organic and inorganic com-
pounds are used as co-catalyst, metal and/or metal oxide particles
were widely used as co-catalysts on TiO2 in the past, since they
enhance the electron transfer prolonging the lifetime of charge car-
riers [3]. For example, Zhao reported Pt loading suppresses the
recombination and promotes the absorption of visible light of
TiO2 [4]. Miyauchi reported the grafting of CuxO clusters on TiO2

achieves the efficient photocatalytic VOCs decomposition and anti-
pathogenic effect in in-door condition [5–7]. So far, monometals,
such as Pt, have been extensively studied as co-catalyst. Recently,
bimetallic alloy has attracted considerable attention as a class of
highly active co-catalyst [8]. In particular, Pt alloy NPs loaded
TiO2 can exhibit interesting photocatalytic properties for organic
oxidation and CO2 reduction that are absent in the monometallic

http://dx.doi.org/10.1016/j.jcat.2016.05.027
0021-9517/� 2016 Elsevier Inc. All rights reserved.
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Pt NPs loaded TiO2 [8]. In addition, Pt alloy co-catalyst is more cost
efficient due to the decrease in the usage of Pt. Several bimetallic
alloy loaded TiO2 was applied for photocatalytic reactions under
UV irradiation. Alloying with Pt changes the surface chemical com-
position, crystalline and valence structures of original Pt, promot-
ing electron transfer and absorption strengthen between Pt and
reactant. It is acknowledged that metal/semiconductor heterojunc-
tion creates a Schottky barrier (Ub) at the interface. Photogener-
ated electron in semiconductor must jump this barrier and is
transferred to metal. The Ub at Pt/TiO2 junction is relatively high
because of the large difference between the work function of Pt
(UPt = 5.6 eV) [9] and the electron affinity of TiO2 conduction band
(vTiO2 = 3.8 eV) [10]. The high barrier at Pt/TiO2 junction can pre-
vent more electrons from flowing from TiO2 to Pt, and more energy
is needed for the electrons to flow, which suppresses electron
transfer, although large barrier enhances electron–hole separation.
Therefore, a moderate barrier height that allows smooth electron
transfer and efficient electron–hole separation is necessary for effi-
cient photocatalytic reaction in TiO2. Alloying of other metal with a
lower work function is an effective way to decrease work function
of Pt [11,12], leading to decreaseUb. Shiraishi et al. reported that Pt
alloying with Cu decreases the work function of Pt NPs and
decreases the height of Schottky barrier at the Pt–Cu/TiO2 hetero-
junction, and this leads to enhance photocatalytic activity [11].
These findings indicate that Pt-M alloy loaded TiO2, in which M is
metal with lower work function than that of Pt such as Pb, Bi
and Cu, has a potential as a high active photocatalyst. Recently,
our group has reported that Pt–Pb and Pt–Cu alloy loaded TiO2

exhibited higher electrocatalytic activity toward oxygen reduction
reaction [13,14] and intermetallic PtPb or PtTi3 loaded WO3

showed enhanced photocatalytic activity toward acetic aldehyde
and acetic acid (AcOH) decomposition under visible light irradia-
tion [15–18]. Beside, photocatalytic properties for co-catalyst
deposited TiO2 are significantly affected by deposition site of co-
catalyst on the exposed crystal faces on TiO2 particles. In the case
of single metal loading, photoreduction method using hole scav-
enger (e.g., methanol) is often used to site-selectively immobilize
metal nanoparticles on the reduction site of photocatalyst
[19,20]. However, site-selective deposition has not been developed
for alloy NPs loading on photocatalyst yet. Alloy NPs are usually
prepared by simultaneous reduction in metal ions (e.g., impregna-
tion or precipitation method) [8]. These conventional preparation
methods lead to random deposition of alloy NPs irrespective of
reactive sites on photocatalyst surface. Therefore, the control of
deposition site of Pt alloy NPs on exposed crystal faces of TiO2

would be crucial for the enhancement of the photocatalytic activity
of TiO2. To obtain the most out of the enhancement effect by alloy
NPs loading, it is required to advance preparation method achiev-
ing site-selective deposition of alloy NPs on target reaction site of
TiO2.

Herein, we present the site-selective deposition method of
Pt–Pb alloy NPs on rutile TiO2 nanorod (TiO2-rod). We select rect-
angular shaped rutile TiO2-rod with clear automorphism as a pho-
tocatalyst, since it is hard to identify reaction sites on TiO2

spherical particles or polycrystalline aggregated particles. Ohno
et al. reported that rutile TiO2-rod with specific exposed crystal
faces are prepared by hydrothermal treatment of titanium trichlo-
ride (TiCl3) solution and its surfaces exposed (110) crystal faces act
as reductive face while (001), (111) act as oxidative faces for pho-
tocatalytic reaction [19,21,22]. The exposed crystal faces facilitate
the separation of electrons and holes, resulting in improvement
in photocatalytic activity. Using well-crystallized rutile TiO2-rod,
one can confirm the site-selection of alloy NPs deposition on
TiO2-rod. In this study, site-selective deposition of Pt–Pb NPs on
the reduction site on (110) surface for TiO2-rod is accomplished
by 2-step reduction method of metal ions, i.e., photoreduction of

Pt4+ and followed by microwave assisted polyol reduction of
Pb2+. The Pt–Pb NPs/TiO2 prepared by the 2-step enhances signifi-
cantly photocatalytic activity for AcOH decomposition, much
higher than conventional co-reduction method (1-step) and mono-
metal Pt/TiO2. We show a great efficiency for the site-selective
deposition of alloy NPs on TiO2.

2. Materials and methods

2.1. Chemicals

All chemical reagents were commercial products used without
further treatment. Titanium trichloride (TiCl3), sodium chloride
(NaCl), methanol (CH3OH), potassium hydroxide (KOH), ethylene
glycol (C2H6O2), hexachloroplatinic acid (H2PtCl6�6H2O), lead
acetate trihydrate (Pb(CH3COO)2�3H2O), lead nitrate (Pb(NO3)2),
nitric acid (HNO3) and ammonia solution (2.5%NH3) were
purchased from Wako Pure Chemical Industries, Ltd., and acetic
acid (CH3COOH) was purchased from Kanto Chemical Co., Inc.,
and dichloro (cycloocta-1,5-diene) platinum (Pt(COD)Cl2) was
purchased from Strem Chemicals Inc., and hydrogen peroxide
(30%H2O2) was purchased from Junsei Chemical Co., Ltd. (all are
of reagent grades). TiO2 (MT-600B, TAYCA), a rutile with an average
surface area (SBET) of 35 m2 g�1, was used as a reference
photocatalyst.

2.2. Procedure for preparation of rutile TiO2 nanorods

Exposed-crystal-face-controlled rutile TiO2 nanorods were pre-
pared by hydrothermal synthesis, following a modified version of
the previous reports [19]. 14.61 g of sodium chloride (5 M) was
added to 45.73 cm3 of Milli-Q water with vigorous stirring and
then 4.27 cm3 of titanium trichloride (0.15 M) was added. The
solution was put in a sealed Teflon-lined autoclave reactor (Sanaik-
agaku Co., HU-100) and heated at 190 �C for 6 h in an oven. After
hydrothermal treatment, the residue in the Teflon bottle was
washed with Milli-Q water and dried under reduced pressure at
70 �C for 12 h. Surface modified rutile TiO2 nanorods were pre-
pared by H2O2–NH3 chemical etching. A synthesized rutile TiO2

nanorods (250 mg) were added to a H2O2–NH3 mixed solutions
(25 mL of 30% H2O2 and 2.5 mL of 2.5%NH3) according to the liter-
ature [21] and stirred for 1–4 h at room temperature. After etching
treatment, the TiO2 nanorods were filtered and washed with
Milli-Q water.

Fig. 1. XRD pattern for the prepared rutile TiO2 nanorod and after etching for 4 h.
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2.3. Reactivity evaluation of exposed crystal faces by photodeposition
of Pt and lead(IV) oxide (PbO2) on rutile TiO2 nanorods

Photodeposition of Pt and PbO2 was carried out to determine
reduction and oxidation sites on the prepared TiO2 nanorods,
respectively. In order to determine reduction sites, photodeposi-
tion of Pt on exposed crystal surface of TiO2 nanorods was per-
formed. A 0.97 mM hexachloroplatinic acid (H2PtCl6�6H2O)
solution (corresponding to 1 wt% Pt loading) was added to an aque-
ous rutile TiO2 nanorod suspension (0.74 g L�1) containing 4.6 M
methanol and then the mixture was irradiated with a 300W Xe-
lamp (Perkin Elmer, PE300BF) for 3 h under full arc. The light inten-
sity was determined by a spectroradiometer (USR-40D, Ushio) and
set to be 0.1 mW/cm2. Ar gas was vigorously purged through the
suspension during the irradiation. After irradiation, the color of
the powder changed from white to silver, and the suspension
was centrifuged and washed with Milli-Q water and then collected
as powder after drying for 12 h at 70 �C under reduced pressure.

Using this platinized TiO2 nanorods, PbO2 nanoparticles were
deposited as a result of Pb2+ ion oxidation in order to identify

oxidation sites on the surface of rutile TiO2 nanorods. This reaction
was carried out in an aqueous rutile TiO2 nanorod suspension
(1 g L�1) containing 1 M Pb(NO3)2 under an aerated condition.
The pH of the solution for this reaction was adjusted to 1.0 by
the addition of nitric acid according to the literature [20,23]. After
photoreaction for 12 h using a 300 W Xe-lamp (Perkin Elmer,
PE300BF) under full arc, the light intensity was 0.1 mW/cm2, and
the color of the powder changed from white to brown, indicating
that PbO2 had been deposited on the surface. The resulting suspen-
sion was centrifuged and washed with Milli-Q water and then col-
lected as powder after drying for 12 h at 70 �C under reduced
pressure. Pt and PbO2 particles deposited on TiO2 were observed
with in a SEM and TEM.

2.4. Pt–Pb alloy NPs deposition as co-catalyst on rutile TiO2

Site-selective deposited Pt–Pb NPs on TiO2 were prepared by 2-
step reduction in metal ions (2-step method). In the first, Pt was
site-selectively deposited on the reduction site of rutile TiO2

nanorods by photodeposition. The photodeposition of Pt on rutile

Fig. 2. SEM (a and b) and TEM (c) images and corresponding SAED (d) pattern for rutile TiO2-nanorods. SEM images for TiO2 nanorods after H2O2–NH3 etching at 1 h (e) and at
4 h (f).
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TiO2 nanorods was carried out with the same procedure as noted in
Section 2.3 (1 wt% Pt loading). In the second, Pb2+ ion was reduced
and alloyed with the surface of Pt of the firstly prepared site-
selectively platinized TiO2 nanorod using microwave assisted
polyol method. In the polyol method, the firstly prepared
platinized rutile TiO2 nanorods (200 mg) were dispersed in 50 mL
ethylene glycol as reducing agent, and then 5.0 mg of lead acetate
trihydrate (Pb(CH3COO)2�3H2O) and 1 mg of potassium hydroxide
were added to the suspension with vigorous stirring. The pla-
tinized rutile TiO2 nanorod suspension contains lead precursor
treated in the flask with a reflux set for 12 min under 300W of a
microwave (Focused microwave instrument, CEM). After cooling
with water until to room temperature, the prepared Pt–Pb NPs
deposited rutile TiO2 nanorods were collected by centrifugation
and washed with methanol and then collected as powder after
drying for 12 h at 70 �C under reduced pressure. To make a com-
parative study for site selective deposition, random site deposited
Pt–Pb NPs on TiO2 were prepared by co-reduction of Pt and Pb ions
with microwave assisted polyol method (1-step). A 200 mg TiO2

power was dispersed in 50 mL ethylene glycol as reducing agent
and then 3.8 mg of Pt(COD)Cl2, 5.0 mg of (Pb(CH3COO)2�3H2O)
and 1 mg of potassium hydroxide were added to the suspension

with vigorous stirring. The TiO2 suspension was treated in the flask
with a reflux set for 24 min under 300 W of a microwave (Focused
microwave instrument, CEM). After cooling with water until to
room temperature, washing and drying were conducted as the
same procedure as 2-step.

2.5. Characterization of prepared samples

Phase identification was performed by means of X-ray diffrac-
tion (XRD) using Cu Ka (k = 1.543 Å) operation at 40 kV and
40 mA (Rigaku RINT-Ultima III). The surface morphology of the
samples was observed by field emission scanning electron micro-
scopy (FE-SEM) with a HITACHI SU-8010. Transmission electron
microscopy (TEM) analysis was carried out with a JEOL 2100F
microscope with an operating voltage of 200 kV. The composition
of the prepared samples was analyzed by an EDS spectrometer,
which was attached onto the TEM. Using a surface area analyzer
(Micromeritics Tristar 3000), specific BET surface areas of the pre-
pared TiO2 nanorods were determined by their N2 adsorption at
�196 �C. UV–vis diffuse reflectance spectra (DRS) were obtained
using a spectrometer (Shimadzu UV2600) by using BaSO4 as an
internal reference.

Fig. 3. TEM images for rutile TiO2 nanorod after Pt-photodeposition (a) and PbO2-photodeposition (b), and etched TiO2 nanorod after Pt-photodeposition (c) and
PbO2-photodeposition (d). Schematic image of reactive surface for TiO2 nanorods.
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2.6. Photocatalytic decomposition of AcOH

The photocatalytic activities of the TiO2 samples were evaluated
by AcOH decomposition in an aqueous solution containing photo-
catalyst under oxygen (O2) using a circulation system when irradi-
ating by a Xe lamp (Perkin Elmer, PE300BF) under full arc. The light
intensity was determined by a spectroradiometer (USR-40D,
Ushio) and set to be 0.1 mW/cm2. A powder sample (30 mg) and
an aqueous solution of AcOH (5 vol%, 50 mL) were put into a quarts
cell. After purging of air by vacuum, O2 (30 kpa) was introduced to
the circulation system with volume of 142.3 mL. The suspension
was irradiated at 298 K using the 300W Xe lamp and evolved
CO2 was measured as a function of irradiation time. Acetic acid is
a stronger acid than carbonic acid, thus acetic acid keeps CO2 away
from the solution. So we assume that actual dissolved CO2 in solu-
tion is negligibly small. During the reaction, the suspension was
continuously stirred. Reference sample was selected to test the
generality of our results (TEYCA, MT-500B as rutile spherical parti-
cle). The amount of evolved CO2 amount as a result of decomposi-
tion of AcOH was measured by a gas chromatograph (Shimadzu,
GC-8A).

3. Results and discussion

3.1. Characterization of TiO2-nanorod

Fig. 1 shows powder XRD pattern for the prepared TiO2-rod and
after etching for 4 h. The crystal structure of prepared material was
attributed to single phase for rutile TiO2 (JCPDS21-1276) and the
crystal structure was retained after the etching treatment.
Fig. 2a and b shows SEM images of the TiO2-rod. The prepared
material was an aggregate of rods-shaped morphology with an
approximate length of 300–400 nm and width of 20–50 nm. The
specific surface area (SBET) of the TiO2-rod was 38 m2/g.
Fig. 2c and d shows TEM image and its corresponding electron
diffraction (SAED) pattern at the selected-area of TiO2-rod. The
TEM image shows the TiO2 material was the rod like rectangular
shape with a truncated square pyramid end. The sharp reflection
spots in SAED pattern obtained from the TiO2-rod, which corre-
sponds to the h1�10i zone axis of rutile TiO2, indicate that the
individual rods were single-domain and of high crystallinity.
Assignment of crystal planes for these exposed surfaces of the pre-

pared TiO2-rod was confirmed by the TEM and the SAED pattern.
Rutile TiO2 is tetragonal, and exposed crystal faces of truncated
square pyramid end were assigned to {111}, {100} and large side
surfaces were assigned to {110}, as pointed in the TEM image
(Fig. 2c). Long axis of TiO2-rod is equivalent to the [001] direction.
The exposed area of side faces (110) is larger than that of the other
crystal faces, i.e. the side surfaces showed a higher ratio relative to
the truncated pyramid end for the prepared TiO2-rod. To control
the ratio of side surface area to truncated pyramid end, chemical
etching with H2O2–NH3 solution was carried out according to the
literature [21]. Fig. 2e and f shows SEM images for TiO2-rod after
etching with H2O2–NH3 solution at 1 h and 4 h, respectively. Sur-
faces of TiO2-rod were selectively etched from the square pyramid
faces {111} and neighboring side surface {110} by H2O2–NH3

etching, and the angle between square pyramid faces became shar-
per with increase in etching time. The newly exposed crystal faces
on the TiO2-rod after etching were assigned to {11n} (0 < n < 1)
faces and its close crystal faces as pointed in Fig. 2f. With an
increase in etching time, the tip ends of the TiO2-rod became shar-
per and flat side surface {110} decreased.

3.2. Determination of reaction selectivity on crystal faces in TiO2-rod

To determine reactive sites on the exposed crystal faces of the
prepared TiO2-rod, photodeposition of Pt and PbO2 was carried
out, which method is used to determine reactive sites for well-
faceted TiO2 material [19–21,23]. The colors of the prepared TiO2

powder after UV-light irradiation in the presence of H2PtCl6 aque-
ous solutions changed to gray. This color change in rutile TiO2-rod
suggested that Pt particles were deposited on the TiO2 surface.
Under UV-light irradiation, the photogenerated electrons migrate
to the TO2 surfaces and can reduce Pt4+ to the metallic Pt while
holes are consumed by hole scavenger (e.g., methanol), resulting
in the formation of Pt NPs on the TiO2 surfaces. The reductive site
of photocatalyst material corresponds to the surface site where
photogenerated electrons preferentially react with reactive sub-
strate rather than other sites. Pt4+ is reduced by photogenerated
electrons to metallic Pt in photodeposition of Pt; thus, the Pt site
corresponds to the reductive site of TiO2-rod. We can consider
the Pt NPs deposition site as landmark covering the reductive site
on TiO2-rod surface. Fig. 3a shows TEM observations of the TiO2-
rod after photodeposition of Pt, where the deposited particles were
analyzed by EDS analysis (see Fig. S1-a). Pt nanoparticles were
mainly deposited on the side surfaces surrounded by {110} faces
of TiO2-rod. This result indicates that the side surfaces exposed
{110} act as reductive face of TiO2-rod providing dense surface
reductive site of TiO2-rod. According to literatures, rutile TiO2

(110) surface is constructed by alternate arrangement of two dif-
ferent atomic rows, i.e., rows of 5-coordinated Ti atoms and of
bridging oxygens [24]. There are number of surface exposed
5-coordinated Ti sites on (110) surface than those of other faces.
The exposed lower 5-coordinated Ti site prefers to scavenge elec-
tron from bulk TiO2 due to lower electron density than other sites.
Therefore, (110) surface making many exposed 5-coordinated Ti
sites are more likely to capture electron than other crystal faces
and provide a number of the reductive sites of rutile TiO2, while,
after UV-light irradiation in the presence of Pb(NO3)2 under an aer-
ated condition, the colors of the platinized TiO2 powder changed to
gray, indicating that PbO2 particles were deposited on the TiO2 sur-
face. In photodeposition of PbO2, Pb2+ was oxidized by hole in TiO2

to produce PbO2 nanoparticles while photogenerated electrons are
consumed by electron scavengers (e.g., dissolved oxygen). Hence,
the deposition site of PbO2 is considered as landmark covering
the photocatalytic oxidative site on TiO2-rod surface. Fig. 3b shows
TEM image of the TiO2-rod after photodeposition of PbO2 and cor-
responding EDS analysis is shown in Fig. S1-b. The compositional

Fig. 4. Time course of CO2 evolution for AcOH decomposition over rutile TiO2

nanorod samples before and after etching with H2O2–NH3 solution.
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analysis showed that the mole ratio was almost Pb/O = 1/2 ((Pb:
O = 32.6:67.4 (at%)). Large PbO2 particles with sizes of more than
100 nm were solely deposited on the square pyramid end sur-
rounded by {001}, {111} faces as illustrated in Fig. 3e. These show
that the rod ends exposed {001}, {111} act as oxidative face of
TiO2-rod providing dense surface oxidative site of TiO2-rod. There
are double rows of bridging oxygen alternating with single rows
of exposed Ti atoms on (001) surface [24]. Since the exposed Ti
atom position is shifted toward the direction of bulk with structure
relaxation, bridging oxygen mostly covers the surface of (001)
face. The bridging oxygen prefers to scavenge hole from bulk due
to higher electron density than other atomic sites. Therefore
(001) surface is more likely to capture hole at the bridging oxygen
site and provides effective oxidative site. Moreover for (111), there
is alternate arrangement of double rows of 2-coordinated oxygen

and single rows of Ti atoms [24]. The exposed Ti site of (111) sur-
face is also shifted to the direction of bulk with structure relax-
ation; hence, the oxygen atomic sites are in rich on (111)
surface, leading to prefer to scavenge hole at (111) surface. The
exposed crystal faces and corresponding reactive faces of the pre-
pared TiO2-rod were consistent with the reported rutile TiO2

nanorod [19]. Fig. 3c and d shows TEM images of H2O2–NH3 chem-
ical etched TiO2-rod after the Pt and PbO2 photodeposition under
UV-irradiations, respectively. Pt nanoparticles were compactly
deposited on the middle position of side surfaces, while it was
rarely observed on newly exposed etched faces (Fig. 3c). These
results indicate that the etched faces lose its function as reductive
faces, while PbO2 particles were deposited not only on rod ends
but the newly exposed surfaces (Fig. 3d). Note that the newly
exposed {11n} faces with H2O2–NH3 etching provide oxidative

Scheme 1. Preparation procedure for site-selective Pt–Pb deposition on the reduction site of rutile TiO2 nanorod (2-step method). Photoreduction of Pt4+ on the reduction site
of TiO2 nanorod and followed by microwave assisted polyol reduction of Pb2+ and simultaneously alloying with Pt.

Fig. 5. TEM images (a and b), HRTEM image (c) and corresponding FFT pattern (d) for Pt–Pb NPs deposited TiO2 nanorod prepared by 2-step method. STEM-DF image (e) and
EDS elemental mapping of Pt (green) (f), Pb (red) (g), Ti (blue), composite image (h) for the Pt–Pb NPs.
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faces. Fig. 4 shows the time course of CO2 evolution for AcOH
decomposition over TiO2-rod before and after etching with H2O2–
NH3 solution. It is known that AcOH is completely oxidized to
CO2 in aerated solution (CH3COOH + 2O2 ? 2CO2 + H2O) [25]. In
our experimental conditions, only CO2 was produced and any by-
product was not detected, indicating complete oxidation of AcOH.
The prepared TiO2-rod samples exhibited much higher photocat-
alytic activities than those of commercial spherical rutile TiO2 par-
ticles (MT-500B). The specific BET surface area of the samples was
not so different, 38 m2/g for TiO2-rod and 35 m2/g for MT-500B.
Thus photocatalytic activity in our experimental condition strongly
depends on well-defined facet structure.

Using well-faced TiO2-rod, the efficiency of charge separation
will be enhanced as the result of the spatial separation between

oxidation site and reduction site on the surfaces. Because electrons
and holes are preferentially captured at the reduction site and oxi-
dation site, respectively, the electron–hole pairs could be spatially
separated on the well-faced TiO2 surfaces. Consequently, the
recombination of photogenerated electron–hole pairs could be
suppressed, leading to enhanced charge separation. The recombi-
nation of electron–hole pairs is more likely to occur in the case
of poor faceted spherical particles because reduction and oxidation
site cannot be sufficiently separated on the limited surface region.

When compared with chemical etched samples for the activity
trend (Fig. 4), TiO2-rod before etching showed the highest activity.
The etched TiO2-rod showed an appreciable decrease in photocat-
alytic activity. It has been reported that H2O2 treatment influences
the absorption range due to the generation of surface peroxide spe-
cies [26], but the deference in diffuse reflectance spectra was not
observed among TiO2-rod before and after etching as shown in
Fig. S2 and a color change of samples was not observed after etch-
ing, indicating that the absorbed photon numbers in these TiO2

samples are identical. Although the color of peroxide species on
titanium ions is usually yellow [27,28], the influence of peroxide
species was not the reason for decrease in photocatalytic activity.
Also, surface areas of these samples are not so different, 38–
41 m2/g for etched samples, and the photocatalytic reaction in
the present condition proceeds under light limited condition.
Based on these results, photocatalytic activity in our experimental
condition strongly depends on exposed faces of TiO2-rod. We sug-
gest that modification of reactive surface by H2O2–NH3 etching
induced activity changes. Chemical etching affected the balance
of reactive faces between reductive and oxidative face {110} side
surface performing as reductive face was greatly decreased and
alternatively newly exposed {11n} faces were increased with
increasing the etching time. The activity test showed that higher
ratio of reductive face induces to higher photocatalytic activity
for AcOH decomposition. This suggests that reduction process
has a predominant influence for photocatalytic activity of TiO2-
rod. Oxygen (O2) reduction reaction is known as a counter process

Fig. 6. TEM images (a and b), HRTEM image (c) and corresponding FFT pattern (d) for Pt–Pb NPs deposited TiO2 nanorod prepared by 1-step method. STEM-DF image (e) and
EDS elemental mapping of Pt (green) (f), Pb (blue) (g), and composite image (h) for the Pt–Pb NPs.

Fig. 7. Time course of CO2 evolution for AcOH decomposition over Pt–Pb NPs
deposited and Pt NPs deposited rutile TiO2 nanorod samples.
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of organic decomposition [29]. Since the degree of dissolved O2 in
aqueous solution is limited at much lower level, oxygen reduction
reaction is, thus, most likely dominant process for AcOH decompo-
sition under our experimental condition. Among exposed crystal
faces on TiO2-rod, oxygen reduction reaction will be preferentially
promoted on {110} side surfaces assigned to reductive face. Since
photogenerated-electrons were consumed by oxygen reduction
reaction on the reductive face, holes remained at valence band
could decompose AcOH efficiently, resulting in the high perfor-
mance for the well-faceted TiO2-rod without etching.

3.3. Site-selective Pt–Pb NPs deposition as cocatalyst on TiO2 nanorod

Site-selectively deposited Pt–Pb NPs on TiO2 was prepared by 2-
step reduction of metal ions as illustrated in Scheme 1. In the first,
Pt was site-selectively deposited on the reduction site of {110}
face of TiO2-rods by photodeposition method as evident from
Fig. 3a. The site-selective photodeposition of Pt was carried out
with the same procedure as noted in Section 2.3. In the second,
Pb2+ ion was reduced and alloyed with the site-selectively depos-
ited Pt to form Pt–Pb on the TiO2 nanorod using microwave
assisted polyol method. The prepared Pt–Pb alloy NPs thus site-
selectively locate on the reduction site of TiO2 nanorod as illus-
trated in Scheme 1. Fig. 5a and b shows TEM images for TiO2

nanorod after loading of Pt–Pb NPs by successive reduction in
metal ions (2-step method). The TEM observation confirmed that
the prepared Pt–Pb were site-selectively deposited on {110}
reductive face of TiO2-rod (Fig. 5c). Rarely observed on the trun-
cated pyramid end {001}, {111} oxidative faces. The average par-

ticle size of Pt–Pb NPs was 5.6 nm. HRTEM image (Fig. 5c) of Pt–Pb
NPs and its corresponding FFT pattern (Fig. 5d) indicate that the
Pt–Pb NPs formed FCC-type structure, showing the formation of
solid solution phase in Pt–Pb alloy system. The elemental mapping
with STEM–EDS over the Pt–Pb NPs is presented in Fig. 5e–h.
Importantly, the distribution of Pt (green) and Pb (red) is uniform
over the Pt–Pb NPs, as is evident from the composite image
(Fig. 5h). The EDS spectra with point analysis confirmed that the
Pt- to Pb atomic ratio in the Pt–Pb NPs is nearly 3:1 (Fig. S3). The
molar ratio of metals in precursor solution was Pt/Pb � 1/1.3.
Excess Pb ion was fully removed under washing process as con-
firmed with ICP analysis of final catalyst (Table S1).

To make a comparative study for site selective deposition, Pt–Pb
NPs were randomly deposited on TiO2-rod by co-reduction method
(1-step method). Pt4+ and Pb2+ are simultaneously reduced and
alloyed to Pt–Pb NPs on TiO2 surfaces by microwave heating
assisted polyol reduction. Fig. 6a and b shows TEM images for
TiO2-rod after Pt–Pb NPs loading by 1-step method. The TEM
observation shows that Pt–Pb NPs were randomly deposited on
TiO2-rod irrespective of exposed crystal faces. The HRTEM image
and its corresponding FFT pattern indicate that Pt–Pb NPs prepared
by 1-step formed FCC-type structure, solid solution phase as the
same crystal structure as Pt–Pb NPs by 2-step. The average particle
size was 3.7 nm, whose size was smaller than 2-step. The STEM–
EDS analysis (Fig. 6e–h) confirmed that distribution of Pt(green)
and Pb(blue) is uniform over the Pt–Pb NPs, as shown in the com-
posite image (Fig. 6h). The Pt- to Pb atomic ratio is nearly 3:1 over
Pt–Pb NPs (Fig. S3). The TEM observations of Pt–Pb/TiO2 prepared
by 1-step showed no major change of Pt–Pb particle size and

Fig. 8. Schematic images of interfacial electron transfer steps of Pt–Pb/TiO2-rod (a) and reduction site of (110) TiO2 surface (b).
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particle dispersion among the three exposed TiO2 faces
(Fig. 6a and b). Thus, the difference of nucleation process between
the three surfaces would be negligibly small. From these findings,
we concluded that Pt–Pb alloy NPs prepared by polyol reduction
(1-step) were randomly deposited on TiO2-rod.

The activity of the Pt–Pb/TiO2-rod materials toward the AcOH
decomposition was tested (Fig. 7). The Pt–Pb loading enhanced sig-
nificantly the activity of TiO2-rod, and these activities were much
higher than monometal Pt loading. The evolved CO2 of Pt–Pb/
TiO2-rod prepared by 2-step was six times higher than that of bare
TiO2-rod and four times higher than Pt/TiO2-rod. We calculated
apparent quantum efficiency Uapp to evaluate Pt–Pb/TiO2 catalyst.
Since the stoichiometry in this photocatalytic reaction system is
known to be CH3COOH + 2O2 = 2CO2 + 2H2O, we assumed eight
holes (CH3COOH + 2H2O + 8 h+ ? 2CO2 + 8H+) and electrons are
required when Uapp was calculated and ignored a possible radical
chain mechanism (see Supplementary Information). Uapp

(k > 260 nm) was calculated to 22.5% for site-selective Pt–Pb/
TiO2-rod. This efficiency is much higher than that of reported
TiO2 materials [30]. As discussed in Section 3.2, oxygen reduction
reaction is predominant process for AcOH decomposition in our
experimental condition. It is reported that Pt–Pb NPs exhibit excel-
lent electrocatalytic activity for oxygen reduction reaction than Pt
NPs [31]. This enhanced oxygen reduction activity of Pt–Pb NPs
accounts for high photocatalytic performance of Pt–Pb/TiO2-rod.
Another factor contributing to catalytic performance of Pt–Pb
NPs/TiO2-rod might be stabilization of adsorbed O2 on Pt–Pb NPs.
The FTIR analysis in previous study [32] has shown that acetate
species are preferentially coordinated on rutile TiO2 surface when
photocatalytic decomposition of AcOH solution indicates the diffi-
culty of O2 access on TiO2 surface. According to thermodynamic
data, the formation enthalpy of a stable Pb oxide (PbO2) is large
(�274.47 kJ/mol) [33], and thus it is predicted that Pb atom shows
a strong oxygen affinity prefers to create a stable bonding to oxy-
gen. We propose that dissolved O2 would be stabilized on surface
Pb atom on Pt–Pb NPs. The increase in adsorbed O2 on TiO2 surface
leads to accelerate oxygen reduction reaction rate and may pro-
mote radical chain reaction process for AcOH oxidation, because
the both reactions are enhanced by the presence of O2 [29,34].

Compared with deposition method of Pt–Pb NPs, 2-step method
was much effective to enhance the activity than 1-step (Fig. 7). The
evolved CO2 for 2-step was three times higher than that of 1-step
despite larger particle was observed for 2-step than 1-step (Figs. 5

and 6). Chemical composition and elemental distribution of Pt–Pb
NPs were almost the same level in the two samples as evident from
the TEM observations. Diffuse reflectance spectra showed no obvi-
ous change among the two samples as shown in Fig. S2. From these
results, the difference in physical property of Pt–Pb NPs was not
reason for the activity variation for the Pt–Pb/TiO2-rod. We assume
that the deposition site of Pt–Pb NPs on TiO2 greatly influences the
activity.

Fig. 8a illustrates a schematic image of interfacial electron
transfer steps of Pt–Pb/TiO2-rod. 2-step method provides the
site-selective deposition of Pt–Pb NPs just above the reduction
sites on (110) reductive face of TiO2-rod (see Fig. 5 and Scheme 1).
Photogenerated electrons migrate from the bulk to the (110) sur-
face and are captured at the reduction sites. If Pt–Pb NPs are selec-
tively deposited on the reduction sites, the captured electrons at
the reduction sites can be directly injected to co-catalyst Pt–Pb
NPs through the Pt–Pb/TiO2 interface. This direct injection of elec-
trons through the interface will take the shortest route between
the reduction site and co-catalyst Pt–Pb and this smooth electron
injection leads to suppress recombination concerning at electron
transfer from TiO2 to co-catalyst, by contrast, when Pt–Pb NPs
are randomly deposited on TiO2 surfaces by 1-step method
(Fig. 6). The trapped electrons at reduction sites need to depart
from the reduction site and migrate to Pt–Pb NPs site due to the
mismatch between the reduction site and co-catalyst deposition
site (Fig. 8a). We expect that the extra migration of electron from
the reduction site to Pt–Pb NPs site increases the probability of
the recombination and may need more energy to migrate due to
the de-trapping from the reduction site. This indirect electron
injection from the reduction site to Pt–Pb NPs site will give rise
to the low efficient activity for oxygen reduction reaction as the
result of increase in recombination and a more difficult electron
transfer. The well mating of the Pt–Pb NPs deposition site and
the reduction sites by the site-selective deposition using 2-step
method are very important for efficient charge transfer between
co-catalyst Pt–Pb NPs and TiO2. The efficient electron transfer
and great oxygen reduction activity of Pt–Pb NPs doubly enhance
oxygen reduction reaction on TiO2 and suppress surface elec-
tron–hole recombination, giving rise to the high catalytic perfor-
mance for the site-selectively deposited Pt–Pb NPs/TiO2-rod.

The TEM and activity test results indicate that the reduction site
on (110) surface is a key surface site for the enhancement of cat-
alytic activity. Fig. 8b shows the schematic image of reduction site
of (110) TiO2 surface. As mentioned above, there are exposed 5-
coordinated Ti atoms on (110) face. Among the exposed Ti atoms
on (110) face, the Ti atoms located at surface defects such as step,
kink, and neighboring oxygen vacancy will be expected to have a
lower coordination numbers than those in terrace site, i.e., less
than 5 coordination. The lower (<5) coordinated Ti atoms at surface
defects will have lower electron density that is more benefit to
scavenge photogenerated-electrons among the surface exposed Ti
atoms. Therefore, these lower coordinated Ti atoms located at
the surface defects are considered to be the reduction sites of
(110) surface (Fig. 8b). In addition, the reduction sites involving
surface defects will act as electron trapping sites for TiO2. Di
Valentin et al. reported that electrons populate surface trap sites
due to the lattice relaxation associated with the trapping is more
feasible at the surface site than in the bulk, and the surface trap
energy levels are deeper with respect to the bulk levels, confirm-
ing that there is a driving force for electrons migrating from bulk
to surface trapping site [35]. When considering energy level
matching, electron transfer from the shallow trap electrons to Pt
is preferable than from free electrons at conduction band. From
these finding, we may expect that the surface defects of (110) sur-
face will provide shallow trapping sites and act as reduction sites
on TiO2-rod.

Fig. 9. Time course of CO2 evolution for AcOH decomposition over Pt–Pb NPs
deposited on etched TiO2 nanorods (1 h etching) and on spherical TiO2 (MT-500B).
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In addition to promoting effect for reduction process in AcOH
decomposition by Pt–Pb loading, the oxidation process would be
affected by the difference in deposition method of Pt–Pb NPs. For
oxidation reaction process, holes directly attack AcOH as first step
in radical chain reaction process [29] and also produce OH radical
by reacting with water, which radical has been often regarded to
play an important role in the oxidation mechanism [36]. Since
Pt–Pb NPs catalyze oxygen reduction reaction efficiently, it is prob-
ably that Pt–Pb NPs work as electron accepter even though depos-
ited on oxidation site. Hence, the presence of Pt–Pb NPs on
oxidative face will promote recombination with trapped electron
on Pt–Pb NPs and hole. The random site deposition using by
1-step method provided Pt–Pb NPs loading on the {001}, {111}
oxidative faces (Fig. 6), and this would significantly reduce the cat-
alytic efficiency for AcOH decomposition. On the other hand the
site-selective deposition with 2-step avoided Pt–Pb NPs loading
on the oxidative faces, leading to achieve full potential of strong
oxidation power of holes for TiO2.

3.4. Effect of TiO2 morphology

In order to elucidate the general applicability of site-selective
deposition for different shaped TiO2 samples, the photocatalytic
activity of the Pt–Pb NPs loaded on etched TiO2-rod and spherical
TiO2 (MT-500B) toward AcOH decomposition was tested (Fig. 9).
Similar to TiO2-rod, Pt–Pb NPs loading significantly enhanced pho-
tocatalytic activity and higher activity was observed for 2-step
than 1-step, indicating the site-selective deposition is extremely
effective for several types of TiO2 particles. Fig. 9 shows the
enhancement effect by Pt–Pb co-catalyst loading as well as the
effect of the shape of TiO2. When Pt–Pb was randomly loaded on
TiO2 by 1-step, the catalytic activity strongly depended on the ratio
of reductive face TiO2 (110), where a higher ratio of reductive face
(110) induces to higher photocatalytic activity, e.g., Pt–Pb/TiO2-
rod > Pt–Pb/TiO2-etched rod > Pt–Pb/spherical TiO2 (Fig. 7 and 9).
The oxygen reduction reaction on TiO2 will mainly occur at elec-
tron trapped site, i.e., reduction site, on TiO2 (110) surface as illus-
trated in Fig. 8(a and b). However, if co-catalyst is loaded on TiO2,
the oxygen reduction reaction proceeds on co-catalyst site as well
as the reduction site on TiO2 (110) surface. Because of the mis-
match between the reduction site and co-catalyst Pt–Pb site for
randomly Pt–Pb deposited TiO2 (1-step) samples, the oxygen
reduction reaction will proceed simultaneously at the both sites,
at the reduction site on TiO2 (110) and at the Pt–Pb deposition site,
as illustrated in Fig. 8(a). These suggest that the shape of TiO2 lar-
gely influences catalytic activity in case of Pt–Pb/TiO2 (1-step)
samples because the oxygen reduction reaction on TiO2 (110) sur-
face significantly contributes to the catalytic activity.

On the other hand, the activities were not susceptible to TiO2

morphology when Pt–Pb alloy was site-selectively loaded on the
reduction site on TiO2 (110) surface by 2-step. Similar activities
were observed among the Pt–Pb/TiO2 (2-step) samples (Figs. 7
and 9). This is because that the oxygen reduction reaction will pref-
erentially proceed on the Pt–Pb surface instead of TiO2 surface for
Pt–Pb/TiO2 (2-step) samples due to the well mating of the reduc-
tion site and Pt–Pb deposition site. When Pt–Pb NPs are selectively
deposited on the reduction sites on TiO2 (110) surface by 2-step,

photogenerated-electrons in TiO2 can be directly injected to co-
catalyst Pt–Pb NPs though the Pt–Pb/TiO2 interface and the oxygen
reduction reaction are significantly accelerated on Pt–Pb surface as
shown in Fig. 8(a). From these findings, the oxygen reduction reac-
tion will preferentially occur on the Pt–Pb alloy surface rather than
TiO2 surface in case of Pt–Pb/TiO2 (2-step) samples. The site-
selective deposition (2-step) can get out full catalytic performance
of Pt–Pb alloy. Since the site-selective Pt–Pb loading reduces a fre-
quency of the oxygen reduction reaction on TiO2 surface, it weak-

ens the morphology effect of TiO2 for catalytic activity. Therefore,
Pt–Pb/TiO2 (2-step) samples showed essentially the same perfor-
mance independently of the shape of TiO2. Among the Pt–Pb/TiO2

(2-step) samples, Pt–Pb/etched TiO2-rod exhibited the best activ-
ity, which is higher than that of Pt–Pb/TiO2-rod before etching
(Fig. 7). Since the electron consumption with oxygen reduction
reaction is significantly improved by the site-selective Pt–Pb depo-
sition, it is suggested that the photocatalytic activity is affected by
the difference of the oxidation power of TiO2 after Pt–Pb loading by
2-step. The ratio of oxidative faces on TiO2-rod was increased with
the etching treatment as shown in Figs. 2f and 3d. The newly
exposed {11n} faces by chemical etching will have a stronger oxi-
dation power than those of originally exposed {110}, {111} as
reported in previous paper [21]. Thus, the highest activity for
etched TiO2-rod after Pt–Pb loading by 2-step may result from
the strong oxidation power of the newly exposed {11n} faces.

4. Conclusions

Site-selective Pt–Pb loaded TiO2 nanorod was prepared. Pt–Pb
NPs were selectively loaded on the reduction site of rutile TiO2

by the successive 2-step reduction of metal ions, photo-reduction
of Pt and followed by alloying with Pb by microwave assisted
polyol reduction method. Photocatalytic activities for AcOH
decomposition for site-selectively and randomly Pt–Pb loaded
TiO2 were carried out under UV–vis irradiation. The site-
selectively Pt–Pb loaded TiO2 exhibited a much higher activity than
random deposited ones. This is attributed to the enhancement of
oxygen reduction reaction due to the well mating of Pt–Pb loading
site and reduction site of TiO2. In addition, the site-selective depo-
sition of Pt–Pb was effective for different shape of TiO2 particles.
We have demonstrated that the photocatalytic activities strongly
depend on the deposition site of alloy NPs onto the specific crystal
faces of rutile TiO2. Control of deposition site of alloy NPs in the
present study is a strategical way of enhancement on the photocat-
alytic activity of TiO2. Site-selectively alloy loaded TiO2 is promis-
ing photocatalyst material for organic decomposition.
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A B S T R A C T

The effects of additives, such as 4-pyridinecarboxylic acid hydrazide (4-PCAH) and its analogs, and
organic solvents, such as toluene, benzene and xylene, on the brightness of aluminum (Al) prepared using
constant-current deposition from an ionic liquid of ethyl-3-methylimidazolium chloride (EMIC)-
aluminum chloride (AlCl3) were investigated by light spectroscopy, scanning electronmicroscopy (SEM),
reflectivity tests, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and electrochemical
impedance spectroscopy. In order for the deposited Al films to exhibit high brightness, a combined use of
4-PCAH and toluene is effective. Moreover, the relationship between the brightness (i.e., reflectance) of
the prepared Al films and the molecular structure of a variety of additives was clarified. Both a pyridine
ring and an acetyl hydrazine group are necessary for constituting an effective additive. The structural
isomers of a given additive bring about different surface brightness, e.g., for PCAHs the reflectance at
450nm is in the order of para-isomer >meta-isomer > ortho-isomer. It was considered that in 4-PCAH
electron-withdrawing acetyl hydrazine group is bounded to the pyridine ring, and consequently the
electron density around the nitrogen atom in the pyridine ring is decreased, which is conducive to the
adsorption of 4-PCAH on the cathode of deposited Al films. In addition, the reflectance was found to
increase with decreasing the crystalline domain size of Al deposits and with increasing the reaction
resistance for Al electrodeposition. The reaction mechanism of Al electrodeposition from the present
ionic liquid media containing various additives is also discussed briefly.

ã 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Aluminum (Al) is the second most abundant metallic element
in the Earth's crust. Al has been widely used as a coating material
because Al has the ability to resist corrosion due to passivation and
a high visible light reflectivity. Thin layers of Al are typically
deposited onto a flat surface using physical vapor deposition [1],
chemical vapor deposition [2] or hot-dip coating processes [3]. The
electrochemical deposition of Al at ambient temperature in coating
processes has been extensively investigated for many years,
because this deposition process does not require expensive
equipment and the size of the Al film deposited with a uniform
thickness can be easily scaled-up or scaled-down and can be

prepared on surfaceswith various shapes.Much attention has been
devoted to the electrochemical deposition of Al using organic
solvents [4–8] and ionic liquids [4,9–11] containing Al(III) ions to
prevent a preferential hydrogen evolution in aqueous solutions.
However, even in organic solvents and ionic liquids, the deposition
of Al occurswith a lowefficiency and the uniformness of the Al film
deposited is still inadequate with poor smoothness and brightness
[12]. Recently, the electrochemical deposition of smoother Al films
composed of nanocrystalline deposits has been reported with
several organic solvents [8] and ionic liquids [13,14], i.e., they
possess high reflectance values ranging from 70 to 80% in the
visible light region [15–19]. If a high deposition efficiency and a
smooth Al film formation can be achieved using electrochemical
deposition, Al films would be applicable to a wide range of
decorative coatings and optoelectronic materials. To form smooth
surface with a high deposition efficiency, in many researches
[16–25], additives such as organic and inorganic molecules have* Corresponding author. Fax: +81 45 4139770.

E-mail address: fmatsumoto@kanagawa-u.ac.jp (F. Matsumoto).
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been added to the electrodeposition bath, typically polyethylene
amines [16] and dimethylammonium chloride [17] in dimethyl-
sulfone-AlCl3 baths,1,10-phenanthroline and nicotinic acid in ionic
liquids as well as mixtures of ionic liquids and organic solvents
[20–22] and also organic solvents such as toluene are added to the
baths [23]. In addition, more recently, systematic studies on the
additives, which are selected in the viewpoint of electron-donating
or �withdrawing properties in their molecules [24] and which are
alkali metal chlorides, rare earth chlorides, small organic
molecules, and surfactants [25] to clarify the key factors for
fabricating Al films with bright surfaces, have been carried out.

In our recent studies, we have demonstrated that the addition
of 4-pyridinecarboxylic acid hydrazide (4-PCAH) to an EMIC/AlCl3/
toluene mixture improves the brightness of the deposited Al film
[26,27]. The prepared Al films posses surface characteristics of the
degree that the characters reflected on the surfaces are readable.
The reflectivity of the Al film prepared in EMIC/AlCl3/toluene/4-
PCAH was 84% at 450nm. To the best of our knowledge, this
reflectivity is the highest reported value. In the present study, to
clarify how the addition of 4-PCAH to the EMIC/AlCl3/toluene bath
effectively improves the brightness of electrodeposited Al films, a
systematic series of organic molecules were studied as molecular
additives, and based on the SEM image, reflectance, XRD profile
and reaction resistance data of the films obtained by adding the
individual additives, the relationship between the brightness of
the prepared Al films and the molecular structure of the additives
was examined and based on the results obtained, the reaction
mechanism of Al electrodeposition was discussed. In this paper,
the additive is defined as the organic molecules added to the EMIC/
AlCl3 ionic liquid, although, generally, the additive is defined as the
molecules that are added to the solutions by small amount. The
small molecules such as 4-PCAH and its analogues and solvents
such as toluene and xylene are classified in the category of
additives in this study. Generally ionic liquids are known as so-
called green solvents and the EMIC/AlCl3 ionic liquid is also
considered to be environmentally benign. The addition of organic
solvent to the ionic liquids produces a negative effect in the
viewpoint of environment. However, as mentioned below, the
addition of organic solvent is required to achieve high brightness of
electrodeposited aluminum surface.

2. Experimental

The electrolytic baths were prepared by the stepwise addition
of anhydrous AlCl3 grains (0.19mol, Fluka, crystallized, 99%; used
as received) into EMIC (9.5�10�2mol, Wako Pure Chemicals Co.
Ltd. (Wako), 99%; used as received) at 25 �C in an argon-filled glove
box (MDB-1KXV,Miwa, Japan). Aftermixing AlCl3 and EMIC (molar
ratio EMIC: AlCl3 = 1: 2) for 6h at room temperature, toluene
(0.87mol, 99.0+%, Wako) was added to the pretreated EMIC/AlCl3
electrolyte bath prior to the final addition of each additive (1.8mM)
at 25 �C. The detailed procedure for preparation of the bath
solutions for the Al electrodeposition is described in the Electronic
Supplementary Information (ESI). The following organicmolecules
were used as additives without further purification: 4-pyridine-
carboxylic acid hydrazide (4-PCAH, 98%), 3-pyridinecarboxylic acid
hydrazide (3-PCAH) and 2-pyridinecarboxylic acid hydrazide (2-
PCAH) (98%, Tokyo Chemical Industry (TCI)), 4-pyridinecarbox-
aldehyde (4-PCA, 98%, Alfa Aesar), 3-pyridinecarboxaldehyde (3-
PCA) and 2-pyridinecarboxaldehyde (2-PCA) (98%, TCI), 4-methox-
ypyridine (4-MP), 3-methoxypyridine (3-MP) and 2-methoxypyr-
idine (2-MP) (97%, Wako), 4-aminopyridine (4-AP, 98%, Kanto
Chemicals Co. Ltd. (Kanto)), 3-aminopyridine (3-AP) and 2-
aminopyridine (2-AP) (99%, Wako), benzoyl hydrazine (BH, 98%,
TCI), pyridine-4-carboxamide (P-4-CA, 99%, Junsei Chemicals Co.
Ltd.), pyridine-3-carboxamide (P-3-CA, 98%, Wako), pyridine-2-

carboxamide (P-2-CA, 95%, TCI), acetyl hydrazide (AH, 98%, Kanto),
acetamide (AA) and 4-pyridyl hydrazide (4-PH) (98%, TCI), 4-
(aminomethyl)pyridine (4-AP) and pyridine (PY) (99.5%, TCI).

The pretreated Cu plateswere served as theworking electrodes.
Aluminum (99.999%, 5�5 cm2) sheets and Al wire (99.999%, 3 cm
in length, 1mm in diameter) were used as the counter and
reference electrodes, respectively. The electrochemical deposition
of Al was carried out with a constant-current mode of 8.0 mAcm�2

using an electrochemical analyzer (Hokuto Denko, HZ-5000). The
method for pretreatment of Cu plates and the procedure for the
electrochemical deposition of Al are explained in the ESI.

Field emission scanning electron microscopy (FE-SEM), X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and
electrochemical impedance spectroscopy (EIS) were used to
characterize the prepared Al films (see the ESI for the FE-SEM,
XRD, XPS and EIS procedures).

3. Results and discussion

3.1. Optimization of the bath composition

Fig. 1(A-F) show the micrographs of the Al film surfaces
obtained by the electrodeposition of Al in the EMIC/AlCl3/toluene
bath containing different concentrations (0.45–3.6mM) of the 4-
PCAH additive. The EMIC/AlCl3/toluene composition was fixed as
mentioned in the Experimental section. A constant current density
of 8.0mAcm�2 and a deposition time of 2h were used for all of the
Al electrodeposition. To determine the brightness differences
between the Al films, pictures were taken of the Al films on which
the characters “KUKU UNIV” were reflected (upper part: Al film,
lower part: printed-out characters). The visibility of the characters
reflected on the Al films was considered as a measure indicating
the surface brightness. As the concentration of 4-PCAH was
increased, the “KUKU UNIV” characters became clearer (A-C),
indicating an improvement in the surface brightness. At the
concentration of 1.8mM, the highest reflectance was observed (D).
Then, the visibility decreased gradually due to the formation of
yellow deposit. As can be readily seen from Fig. 1(G), the
reflectance of visible light (450nm) of the Al films indicates the
similar 4-PCAH concentration dependence to that of the visibility,
i.e., the reflectance increases from 69 to 78% with increasing the 4-
PCAH concentration from 0.45 to 1.35mM, and it attains its
maximum (84%) at 1.8mM and further increasing the concentra-
tion leads to a gradual decrease in the reflectance.

In Fig. 2, is shown the dependence of the reflectance of the Al
films electrodeposited from EMIC/AlCl3/4-PCAH bath upon the
concentration of organic solvents added (i.e., toluene, benzene and
xylene) in the concentration range of 4.96 to 10.79M, inwhich the
bath solutions containing benzene (or xylene) of 10.41 and 10.79M
could not be used as a uniform solution. Interestingly, we can see
from Fig. 2 that the visibility of the characters reflected on the Al
films largely depends on the organic solvent added, that is, among
the solvents examined the addition of toluene brings about the
significant improvement in the surface brightness and in addition,
the visibility largely depends on the concentration of toluene and
the highest visibility was obtained at 9.25M. Fig. 2(E) demon-
strates the dependence of the reflectance of visible light (450nm)
upon the toluene concentration. The maximum reflectance was
obtained at 9.25M. The reflectance maximum observed is
considered to result from the dependence of the solution viscosity
(h) and the concentration (C(Al3+)) of electroactive Al3+ species
(Al2CL7�, mentioned below) in the bath solution on the amount of
toluene added. Thehand C(Al3+) increases and decreases, respec-
tively, with increasing the added amount of toluene. The low ion-
conductivity due to the low viscosity of the bath solution induces
the deposits of the Al films at high overpotential, leading to low
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Fig. 1. Micrographs (A-F) of the Al film surfaces obtained by electrodeposition and dependence (G) of the reflectance of visible light (wavelength: 450nm) on the 4-PCAH
concentration. The EMIC/AlCl3/toluene compositionwas fixed at an EMIC-AlCl3 molar ratio of 1:2 and 9.25M toluene. The concentrations of 4-PCAHwere as follows: (A) 0.45,
(B) 0.9, (C) 1.35, (D) 1.8, (E) 2.7 and (F) 3.6mM. Deposition time: 2h; constant current density: 8.0 mAcm�2. The characters “KUKU UNIV”were reflected on the deposited Al
(upper part: Al film, lower part: printed-out characters).
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Fig. 2. Micrographs of the Al film surfaces obtained on Cu substrates by coulometric electrodeposition from (A) AlCl3-EMIC-4-PCAH, (B) AlCl3-EMIC-toluene-4-PCAH, (C)
AlCl3-EMIC-benzen-4-PCAH and (D) AlCl3-EMIC-xylene-4-PCAH baths. Toluene, benzene and xylene concentrations in the individual baths: (1) 4.96, (2) 6.94, (3) 8.33, (4)
9.25, (5) 9.91, (6) 10.41 and (7) 10.79M; deposition time: 2h; and constant current: 8.0mAcm�2. The characters “KUKU UNIV”were reflected on the deposited Al (upper part:
Al film, lower part: printed-out characters). (E): The plot of the reflectance of visible light (wavelength: 450nm) against the concentration of toluene in the bath. The EMIC-
AlCl3 molar ratio (1:2) and the concentration of 4-PCAH (1.8mM) were fixed for (A)-(E).
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electro-efficiency due to undesirable electrochemical reactions
and/or locally inhomogeneous deposition. The low concentration
of electroactive Al2Cl7� species in the bath also causes an
inhomogeneous deposition of Al metal on local areas, resulting
in non-uniform deposition of Al and then poor surface brightness.
The appearance of the reflectance maximum is not surprising, but
it should be noted that a proper quantity of toluene in the EMIC/
AlCl3/toluene/4-PCAH bath improves the surface brightness. In
other words, toluene and other organic solvents should be
recognized as effective additives to improve the surface brightness
of the deposited Al and not as additives to decrease the viscosity of
the bath solution, as reported previously [9,23,25].

Fig. 3 shows the surface SEM images of the Al films used in
Fig. 2(A-D). The kind and concentration of organic solvents added
to the bath solution are found to significantly influence the surface
morphology of the Al films. It can be seen from the comparison of
Figs. 2 and 3 that there is a strong relationship between the surface
roughness and brightness of the deposited Al films. Therefore,
obtaining a low surface roughness leads to a high brightness on the
deposited Al surface. When the toluene concentration was 9.25M,

the lowest surface roughness could be observed with the highest
surface brightness. Thus, toluene is an effective additive for
obtaining the electrodeposied Al film with a high surface
brightness from the EMIC/AlCl3/4-PCAH bath solution. In addition,
the reflectance of the Al films as a function of the mol % of AlCl3 to
EMIC at the constant concentrations of toluene (9.25M) and 4-
PCAH (1.8mM) was examined. The maximum reflectance was
obtained at the EMIC: AlCl3 molar ratio of 1: 2 (see the ESI for the
data (S1) and the discussion). Degradation of the EMIC/AlCl3/
toluene/4-PCAH bath solution with the number of usage for the
electrodeposition of Al could not be seen (see the ESI for the data
(S2)).

3.2. Characterization of Al films prepared with various additives

To elucidate the relationship between the molecular structures
of additives and the surface brightness of the Al films prepared in
their presence, the Al films were electrochemically deposited on a
Cu electrode from AlCl3-EMIC (EMIC:AlCl3 molar ratio = 1:2)-
toluene (9.25M) baths containing various additives (1.8mM). Fig. 4

Fig. 3. Surface SEM images of the Al film surfaces obtained on Cu substrates by coulometric electrodeposition from (A) AlCl3-EMIC-4-PCAH, (B) AlCl3-EMIC-toluene-4-PCAH,
(C) AlCl3-EMIC-benzen-4-PCAH and (D) AlCl3-EMIC-xylene-4-PCAH baths. Toluene, benzene and xylene concentrations in the individual baths: (1) 4.96, (2) 6.94, (3) 8.33, (4)
9.25, (5) 9.91 and (6) 10.41M; deposition time: 2h; constant current: 8.0mAcm�2; and 4-PCAH additive concentration: 1.8mM.
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shows the surface images of the Al films obtained from the EMIC/
AlCl3/toluene baths in the absence (1) and the presence of (2) 4-
PCAH, (3) 3-PCAH, (4) 2-PCAH, (5) 4-PCA, (6) 3-PCA, (7) 2-PCA, (8)
4-MP, (9) 3-MP, (10) 2-MP, (11) 4-AP, (12) 3-AP, (13) 2-AP, (14) BH,
(15) P-4-CA, (16) P-3-CA, (17) P-2-CA, (18) AH, (19) AA, (20) 4-PH,
(21) 4-AP and (22) PY. A constant current of 8.0 mAcm�2 was used
for all of the Al electrodeposition. In addition, to determine the
differences in brightness of the Al films, as performed in Figs.1 and
2, pictures of the Al films on which the characters “KUKU UNIV”
were reflected (upper part: Al film, lower part: printed-out
characters) were taken. The picture (1) was taken with the Al
film prepared in the EMIC/AlCl3 bath (EMIC: AlCl3 = 1: 2 (molar
ratio))/toluene (9.25M) without additives. The Al film obtained
from the EMIC/AlCl3/toluene/4-PCAH bath exhibited the highest
brightness among all of the examined additives. As we reported
previously [26], to the best of our knowledge, the Al film obtained
in the presence of 4-PCAH (2) possessed the highest surface
brightness among the Al films ever reported. Although the Al films
obtained from the EMIC/AlCl3/toluene/P-4-CA (15) and 4-AP (11)
baths reflect the characters on their surfaces, these Al films have a

dull appearance. The films prepared from EMIC/AlCl3/toluene/4-
MP (8) and EMIC/AlCl3/toluene/AH (18) barely reflect the
characters, and only dull characters were observed in some areas.
Depending on the molecular structure of the additives, the
reflectance of the deposited Al films was dramatically changed.
Additionally, from the surface SEM images of the deposited Al
shown in Figs. 3 and 5 as well as the reflectance data shown in
Fig. 4, it is obvious that the surface roughness is entirely related to
the surface brightness. Clearly, minimizing the grain and/or
crystalline sizes of the Al deposit leads to improvement in the
surface brightness. The atomic force microscopy (AFM) images of
the Al film prepared with 4-PCAH and its surface roughness
analysis have been reported in our previous paper [26], in which
the effect of 4-PCAH and 1,10-phenantholine (PH) as an additive
was compared from the viewpoints of the surface reflectance and
the surface average roughness (Ra) evaluated with AFM for the
surface area of 100mm�100mm. The values of Ra of the Al films
preparedwith 4-PCAH and PHwere 50 and 160nm, respectively. In
addition, the reflectivity of the Al film preparedwith PHwas 79% at
450nm. As previously confirmed [26], the uniformity of the

Fig. 4. Micrographs of the Al films obtained by the electrodeposition of Al from the EMIC/AlCl3 (EMIC:AlCl3 = 1:2 (molar ratio))/toluene (9.25M) baths containing (1) non-
additive, (2) 4-PCAH, (3) 3-PCAH, (4) 2-PCAH, (5) 4-PCA, (6) 3-PCA, (7) 2-PCA, (8) 4-MP, (9) 3-MP, (10) 2-MP, (11) 4-AP, (12) 3-AP, (13) 2-AP, (14) BH, (15) P-4-CA, (16) P-3-CA,
(17) P-2-CA, (18) AH, (19) AA, (20) 4-PH, (21) 4-AP and (22) PY. Deposition time: 2h; constant current density: 8.0 mAcm�2; and additive concentration: 1.8mM. The
characters “KUKU UNIV” were reflected on the deposited Al films (upper part: Al film, lower part: printed-out characters).
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deposited Al films in submicro-scale as well as micro-scale is
required for a high surface brightness.

The Al films obtained using 4-PCAH (2) and P-4-CA (15)
additives are smooth and composed of grains less than one
micrometer in size. This grain size is significantly smaller than
those of the Alfilms prepared using 4-MP (8) andAH (18). Although
the Alfilm preparedwith 4-AP (11) is characterized bya small grain
size, as shown in its image, large and deep cracks are formed and
spread throughout the deposited film. All of the Al films obtained
in this study consisted of dense Al layers (see Ref. [26]). For all of
the additives studied, the electro-efficiencies were close to 90-
100% even for 12h of electrodeposition (see the ESI for the data
(S3)).

The XRD profiles of the Al films prepared from EMIC/AlCl3/
toluene bath in the absence and the presence of additives were
measured. The crystalline domain sizes of the Al deposits on the Cu
plate, which were calculated from the full width at half-maximum
of the (200) peak in the XRD profiles using the Sherrer equation
[28], was evaluated. The crystalline domain sizes of the Al deposits
are strongly related to the surface brightness of the deposited Al
films (Fig. 6), that is, as the crystalline domain size decreases, the
surface brightness of the deposited film is improved. This result
supports the relationship between the surface roughness pre-
sumed from the surface SEM images (Figs. 3 and 5) and the surface
brightness (Figs. 2 and 4). Additionally, to further investigate the
differences in the surface brightness of the Al films obtained using
different additives, XPSmeasurementswere carried out for several

Fig. 5. SEM images of the surfaces of the Al films obtained by the electrodeposition of Al from the EMIC/AlCl3 (EMIC:AlCl3 = 1:2 (molar ratio))/toluene (9.25M) baths
containing (1) non-additive, (2) 4-PCAH, (3) 3-PCAH, (4) 2-PCAH, (5) 4-PCA, (6) 3-PCA, (7) 2-PCA, (8) 4-MP, (9) 3-MP, (10) 2-MP, (11) 4-AP, (12) 3-AP, (13) 2-AP, (14) BH, (15) P-
4-CA, (16) P-3-CA, (17) P-2-CA, (18) AH, (19) AA, (20) 4-PH, (21) 4-AP and (22) PY. Deposition time: 2 h; constant current density: 8.0 mAcm�2; and additive concentration:
1.8mM.

Fig. 6. Plot of the crystalline domain size vs. the reflectance of the Al films deposited
from AlCl3-EMIC (EMIC:AlCl3 = 1:2 (molar ratio))-toluene (9.25M) baths containing
(1) non-additive, (2) 4-PCAH, (3) 3-PCAH, (4) 2-PCAH, (5) 4-PCA, (6) 3-PCA, (7) 2-
PCA, (8) 4-MP, (9) 3-MP, (10) 2-MP, (11) 4-AP, (12) 3-AP, (13) 2-AP, (14) BH, (15) P-4-
CA, (16) P-3-CA, (17) P-2-CA, (18) AH, (19) AA, (20) 4-PH, (21) 4-AP and (22) PY.
Deposition time: 2h; constant current density: 8.0mAcm�2; additive concentra-
tion: 1.8mM.
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samples of the deposited Al films. The Al films with high
brightness, prepared using (a) 4-PCAH and (b) P-4-CA, also show
relatively high levels of Cl, N and C contamination. Therefore, the
surface brightness of the Alfilm is not associatedwith the degree of
its contamination (see the ESI for the data (S5)).

3.3. Relationship between the brightness of Al films and the molecular
structure of additives

Fig. 7-(A) shows the reflectance spectra of Al films deposited
from AlCl3-EMIC-toluene-additive baths in the wavelength range
of 300 to 800nm. The spectrum indicated in a black color was
obtained with a commercial Al foil (A1N80H-H18, Mitsubishi
Aluminum, Japan). The Al films were prepared using a deposition
time of 2h and a constant current density of 8.0mAcm�2. The
reflectance spectrum observed for the Al film prepared with 4-
PCAH is similar to that of the Al foil. The reflectance value
measured for the Al films prepared with various additives is
strongly dependent on the molecular structure of the additives.

As shown in Fig. 7-(B), the brightness (i.e., the surface
smoothness or grain size) of the Al films prepared in this study
significantly differs depending on the structural isomers of the
additives (e.g., PCAH series: 4-PCAH, 3-PCAH and 2-PCAH or PCA
series: 4-PCA, 3-PCA and 2-PCA). 4-PCAH, which has an N atom in
the aromatic ring and an acetyl hydrazine group in the para
position, produced the Al film with the highest reflactance among
the isomers of PCAH. Similarly, the Al film prepared with 4-PCA
had the highest reflectance among the films prepared with the
individual PCA isomers. Additionally, for the structural isomer
series examined in this study, i.e.,MPs, APs, PCAs, PCAHs and P-CAs,
the reflectance is in the order of para-isomer >meta-isomer >
ortho-isomer. The reflectance decreases in the order of 4-PCAH>4-
PCA>P-4-CA. As seen from the comparison of BH and PCAHs, a
pyridine ring leads to a higher reflectance than a benzene ring.
From the results obtained, it should be noted that pyridine
compounds with acetyl hydrazine group are effective additives for

producing the Al films with a high surface brightness and in
addition, the position of acetyl hydrazine group with respect to N
atom in the pyridine ring significantly affects the surface
roughness.

3.4. Relationship between the reaction resistance and the surface
brightness of Al films

The reaction impedance for Al electrodeposition from the baths
containing various types of additives and the solution resistance of
the baths were measured with an electrochemical impedance
spectroscopy (EIS). Although a constant current density of
8.0mAcm�2 was used in the preparation of the Al films, in the
EISmeasurements,1.0mAcm�2 was used because the reproducible
data could not be obtained with 8.0mAcm�2, probably due to the
fact that the steady-state situation could not be reached actually at
8mAcm�2. The complex-plane impedance plots obtained during
the Al deposition from the baths containing three typical additives
and the non-additive bath are shown typically in Fig. S6.

From the diameters of the second circles (at lower frequencies)
and the X-axis intercepts (at high frequencies) in Fig. S6, the
reaction resistance at theworking electrode(Rct,W) and the solution
resistance(Ru) were evaluated. In Fig. 8, the plots of the reaction
resistance (A) or solution resistance (B) vs. the surface reflectance
of the Al films are shown. There seems a linear relationship
between the reaction resistance and the reflectance, indicating
that the reaction resistance of the electroreduction of Al depends
on the kind of additives and the electroreduction of Al with higher
reaction resistance results in the Al filmwith higher brightness and
reflectance. The reflectance seems not to be associated with the
solution resistance (B).

3.5. Effects of toluene and other additives on the surface brightness

From the above-mentioned results, it is obvious that a decrease
in the surface roughness and grain and/or crystalline size of the Al

Fig. 7. (A) Reflectance spectra of Al films deposited fromAlCl3-EMIC-toluene-additive. Additives: 4-PCAH (red line), 4-PCA (green line), 4-AP (blue line), P-4-CA (yellow line),
BH (light blue line) and PY (pink line). The black linewas obtained for a commercial Al foil. (B) Summary of the relationship between the reflectance of the prepared Al films at
450nm and the molecular structure of the additives. Preparation conditions of the Al films: deposition time 2h; constant current density 8.0 mAcm�2; bath composition:
EMIC: AlCl3 = 1: 2 (molar ratio); toluene concentration: 9.25M; and additive concentration: 1.8mM. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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films results in a high surface brightness. Among the organic
solvents added to the bath, toluene is an effective additive that
brings about a remarkable improvement in the surface smooth-
ness. Liao et al. reported that the quality of the Al electrodeposit is
greatly enhanced by the addition of benzene to EMIC-AlCl3 baths
and proposed the effect of a “cosolvent” on the grain size, lattice
parameters and preferred crystallographic orientation of Al
electrodeposits [29]. Koura et al. also reported that the addition
of organic solvents such as toluene [9] and xylene [30] modifies the
preferred crystallographic orientation of deposited Al films from
EMIC-AlCl3 baths. These results allow us to speculate the
participation of cosolvents in the Al deposition reaction. Recently,
Abbott et al. have suggested that charge transfer complexes are
also formed between an Al containing species and the aromatic
ring of toluene [8]. We also think that toluene and other additives
have some interactions with the electroactive species of Al3+

(Al2Cl7�) at the interface of the electrode/bath to improve the
surface smoothness because the coexistence of toluene and other
additives in the bath is essential for preparing Al films with high
brightness, and, as mentioned below, the additive molecules that
possess a high function as brighteners strongly adsorb on the
surface of deposited Al films.

The EIS results indicate that the addition of additive showing
higher reaction resistance to the bath causes higher brightness of
the prepared Al film. From the viewpoint of high resistance, strong
adsorption of additive molecule on the Al surface and uniform Al
deposition (in other words, inhibition of local deposition inducing
crystal growth) are considered to generate a smooth Al film
surface, and actually a high brightness could be achieved with the
EMIC/AlCl3/toluene/4-PCAH bath. Further study on the interac-
tions among (electroactive and electroinactive) Al3+ ion species,
toluene and other additives on the deposited Al surface is under
way to clarify why Al films with high surface brightness can be
obtained by the electrodeposition of Al in non-aqueous solutions.
Here, the reason why 4-PCAH as an additive in the EMIC-AlCl3-
toluene bath could induce the highest brightness will be discussed
briefly. As pointed out in many papers, pyridine derivatives have
excellent effects as additives due to their stronger polarization
ability and leveling action in both aqueous and ionic liquid baths
[22,31,32]. Zhang et al. have examined the electrochemical
deposition of Al from 1-butyl-3-methylimidazolium-AlCl3 baths
in the presence of three pyridine derivatives as additives; nicotinic
acid, methyl nicotinate and 3-methylpyridine and have discussed
the relationship between the negativity of the N atom in the
pyridine ring of pyridine derivatives and the surface brightness of
the Al films [24]. Nicotinic acid and methyl nicotinate, which have
electron-withdrawing substituent groups on the pyridine ring,

strongly adsorb on the Al film surface compared with 3-
methylpyridine, which has an electron-donating substituent
group, because the adsorption of 3-methylpyridine is weakened
due to the increase in the negativity of the active center (N atom in
the pyridine ring). On the other hand, electron-withdrawing
groups in nicotinic acid and methyl nicotinate are bonded to the
pyridine ring and consequently the electron density around the
nitrogen atoms is decreased, which is conducive to the adsorption
of the additives onto the cathode.

Although the adsorption of organicmolecules onmetal surfaces
occurs via not only an electrostatic interaction but also dipolar and
hydrophobic interactions, the inductive and resonance effects of
the N atom in the pyridine ring of pyridine derivatives as additive
molecules upon the electron density and the degree of adsorption
on the metal surfaces are also considered in comparing the
electron density around the N atom in the pyridine ring among the
additives. The following can be noted as the remarkable points
compared to the results by Zhang et al. [24]. (1) Although the AP
additives have a highly electron-donating amino group and the
electron density around the N atom in the pyridine ring is very
high, they exhibit relatively high brightness and reflectance values
(for 4-AP, 75% at the wavelength of 450nm). (2) The increase and
decrease of the electron density by the inductive and resonance
effects efficiently appears when substituents are at the ortho and
para positions with respect to the N atom in the pyridine ring, for
example, in the case of AP additives having an electron-donating
amino group. According to the idea by Zhang et al. the degree of
adsorption on the Al films should be 4-AP, 2-AP<3-AP. However,
the electrochemical impedance results indicate that 4-AP most
strongly adsorbs on the Al surface, 3-AP is somewhat less active for
adsorption, and 2-AP most weakly adsorbs. Such a difference
between the results in this study and of Zhang et al. may suggest
that the adsorption of additives on the Al film surface cannot be
explained singly by electrostatic interaction, and the degree of
adsorption is determined multiply by electrostatic, dipolar and
hydrophobic interactions aswell as steric effects. However, the fact
that in the presence of PCAH, PCA and MP additives having
electron-withdrawing groups the Al films with high brightness (or
high reaction resistance) can be obtained might reflect the
decrease in the electron density of the N atom in the parent
pyridine ring in these additives. Through the results of this study,
as a basic guidance for selecting additives with strong adsorption
ability in the EMIC-AlCl3-toluene bath, the electron density of the
N atom in the pyridine ring is considered to be one of the effective
factors to determine the degree of adsorption of additives on the Al
film. Thus, it can be concluded that a strong adsorption of additives
on the Al film due to a decrease in the electron density around the

Fig. 8. Plots of (A) reaction resistance vs. reflectance and (B) solution resistance vs. reflectance of the deposited Al films. The Al films were prepared from the AlCl3-EMIC
(EMIC: AlCl3 = 1: 2 (molar ratio))-toluene (9.25M) baths containing additives: (1) non-additive, (2) 4-PCAH, (3) 3-PCAH, (4) 2-PCAH, (5) 4-PCA, (6) 3-PCA, (7) 2-PCA, (8) 4-MP,
(9) 3-MP, (10) 2-MP, (11) 4-AP, (12) 3-AP, (13) 2-AP, (14) BH, (15) P-4-CA, (16) P-3-CA, (17) P-2-CA, (18) AH, (19) AA, (20) 4-PH, (21) 4-AP and (22) PY. Additive concentration:
1.8mM.
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Natom in the pyridine ring leads to a smoother surface and smaller
grain and/or crystalline domain size of Al deposits.

4. Conclusions

The effects of additives, i.e., 4-PCAH and its analogues and
organic solvents, i.e., toluene, benzene and xylene on the surface
brightness, crystallographic orientation, electrodeposition effi-
ciency and chemical composition of prepared Al films were
examined using SEM, XRD, visible light reflectance measurements
and XPS. Furthermore, in order to correlate the obtained results
with the reaction mechanism of the electrochemical deposition of
Al from the EMIC-AlCl3 bath, the reaction resistance was also
measured with electrochemical impedance spectroscopy. The
reaction resistances evaluated for the baths containing various
additives showed a well-defined relationship with the surface
brightness of the deposited Al films, suggesting that a strong
adsorption of additives onto the surface of the growing Al nuclei
hinders their further growth, producing very fine particles with
sizes in the nanometer range and as a result the Al filmswith a high
brightness. The strong adsorption (high reaction resistance) could
be considered to come from the negativity of the N atom in the
pyridine ring, typically demonstrated by PCAH and PCA additives,
i.e., a decrease in the electron density around the N atom in the
pyridine ring is conducive to the adsorption of the additive onto
the cathode surface, in accordance with the idea suggested by
Zhang et al. [24]. Toluene molecules are effective for producing a
bright and uniform Al film surface, probably due to the formation
of charge transfer complexes with electroactive species of Al3+ ions
[8] and their adsorption on the Al film.
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A B S T R A C T

Water-resistant LiNi0.5Mn1.5O2 spinel cathode was prepared by surface coating with carbon, Al2O3 and
Nb2O5 to use a water-based hybrid polymer (TRD202A, JSR, Japan) as a binder and to form the cathode
film on an Al current collector. The surface composition and degree of the surface coverage of carbon,
Al2O3 and Nb2O5 were characterized with field-emission scanning electron microscope (FE-SEM),
transmission electron microscope (TEM), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS). The coated LiNi0.5Mn1.5O2 particles not only exhibitedwater-resistant property but also showed no
decrease in discharge capacity and only a small degradation of discharge rate performance. In addition,
the coated LiNi0.5Mn1.5O2 particles, that were exposed to water-based binder solution for one week,
exhibited the same charge/discharge cycle performance as observed for the cathode of the pristine
LiNi0.5Mn1.5O4 particles, suggesting that the coated particles are promising as cathode materials with a
water-resistant property and therefore water can be used as solvent for preparing the cathode slurry
solution in the place of e.g., carcinogenic N-methyl-2-pyrrolidone which is used actually.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, water-soluble and aqueous polymers (water-based
polymers) have attractedmuch attention as binders for lithium ion
batteries (LIBs) because of the need for low-cost materials and
environmentally compatible electrode fabrication processes [1–
13]. N-methyl-2-pyrrolidone (NMP), which is listed as a carcino-
genic chemical with reproductive toxicity [1,14,15], is often used as
a solvent to prepare a binder slurry. The slurry is composed of
cathode material particle, conducting carbon additive, conven-
tional polyvinylidene difluoride (PVdF) binder and NMP solvent,
and is casted on an aluminum current collector and finally is dried
to evaporate the NMP. TheNMP solvent should be recycledwithout
releasing it to the atmospheric environment. A reduction in costs of

the LIBs is severely constrained because of facility investments for
the process used currently. Therefore, shift of a nonaqueous
solution-based fabrication process of LIBs to an aqueous solution-
based one is widely investigated. For graphite anodes, styrene-
butadiene rubber has already been employed as a water-based
polymer binder in fabricating some commercially available Li-ion
batteries [16,17]. Applying water-based polymer binders to the
cathode is a next target to develop the low-cost and environmen-
tally friendly fabrication process for LIBs. Some companies have
produced prototype models using water-based polymer binders,
and their battery test results have been reported to be comparable
with those obtained with the conventional PVdF polymer binders
[18,19]. We also have applied awater-based hybrid polymer binder
composed of acrylic polymer and fluoropolymer, TRD202A (JSR,
Japan) to high-voltage Li-rich solid-solution cathode, in which the
water-based polymer binder slurry was used immediately after its
preparation to prepare the cathode films [20]. Uniform cathode
films were prepared with a Li-rich solid-solution (Li[Li0.2Ni0.18-
Co0.03Mn0.58]O2) cathode material and water-based hybrid

* Corresponding author at: Faculty of Engineering, Kanagawa University, 3-27-1
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polymer binder (TDR202A), carboxymethyl cellulose (CMC), and
conducting carbon additive. The films exhibited stable charge/
discharge cycle performances (average discharge capacity:
260mAhg�1) when cycled between 4.8 and 2.0V for 80 cycles.
The cathode film prepared with the water-based hybrid polymer
binder showed longer-term reliability as well as higher electro-
chemical resistance when compared with that prepared using the
conventional PVdF binder. Through our researches so far carried
out concerning cathode/water-based hybrid polymer binders, we
have understood that the water-based polymers binders cannot be
applied to some cathode materials because of solubility of the
cathodematerial surfaces inwater (not shown in this paper). Many
papers on the cathode materials/water-based polymers binders
have been published [18–20], but in these cases, the water-based
polymer binder slurries were used immediately after their
preparation. In a practical production level, however, the cathode
materials are put in water-based binder slurry solution at least for
one week and therefore they are required to keep a “water-
resistant” property for oneweek (“water-resistant”means slowing
the penetration of water (but is not water-proof)).

In this study, we tried to modify the cathode surfaces with
carbon material and water-stable metal oxides to isolate them
from the aqueous solutions of thewater-based slurry and to obtain
stable charge/discharge cycle and rate performance even after the
prepared cathode materials are exposed to the aqueous solutions
of the cathode slurry for one week. The surface coating of the
cathode material surfaces with carbon [21,22] and metal oxides
[23,24] has been reported and the improvement of the charge/
discharge cycle durability [24–26] and the rate performance
[27,28] have been achievedwith the aid of the surface coatings. The
surface coating should not prevent the intercalation/deintercala-
tion of Li+ ions to/from the cathode material layers although it is
required to isolate the cathode material surface from the water-
based polymer binder slurry during the cathode fabrication
process. The surface coatings with a unique property, i.e., they
do pass Li+ ion, but not H2O molecule, were investigated using
carbon, aluminum oxide and niobium oxide. A LiNi0.5Mn1.5O2

spinel cathode material was selected for the present surface
coating. The LiNi0.5Mn1.5O4 has attracted a lot of attention from
many research groups in the field of energy storage, owing to its
high specific energy of 658Whkg�1 [29–31], which is much higher
than commercially available cathodematerials such as LiCoO2 (518
Wh kg�1), LiMn2O4 (400Whkg�1), LiFePO4 (495Whkg�1), and
LiCo1/3Ni1/3Mn1/3O2 (576Whkg�1). In addition, the upper poten-
tial applicable for the charge/discharge reaction of LiNi0.5Mn1.5O4 is
around 4.7V (vs. Li/Li+) and thus it is suitable to test the
electrochemical oxidation resistance of the water-based polymer
binders which are required to possess a high resistance to
electrochemical oxidation. Furthermore, metal oxide cathodes
containing a high percentage of Ni2+ ions such as LiNi0.5Mn1.5O4

tend to suffer from chemical damage which is caused by the
contact with water, i.e., Ni3+ ion on the cathode material surface is
reduced with H2O to form Ni2+ ion. As a result of this reduction,
lithium carbonate and lithium hydroxide are formed on the
cathode material surface and dissolved into aqueous solutions.
This leads to the corrosion of aluminum current collectors,
especially in the case of water-based binders. Pieczonka et al.
[32] reported self-Mn and Ni dissolution behaviors. The self-
discharge reaction of LiNi0.5Mn1.5O4 causes a decomposition of
electrolyte, and the resulting HF can accelerate Mn and Ni
dissolution from LiNi0.5Mn1.5O4, and consequently various reaction
products, such as LiF, MnF2, NiF2, and polymerized organic species,
are found on the surface of LiNi0.5Mn1.5O4 electrode. So, the
cathode surface coating is important for inhibiting the degradation
of cathode performance.

Therefore, the present study on the coating process to inhibit
the chemical dissolution of the LiNi0.5Mn1.5O4 containing a high
percentage of Ni and Mn ions is considered to be suitable for
realizing the degree of target achievement about the water-
resistant property of cathodematerials which could use a so-called
water-based slurry binder solution in the practical fabrication
process of LIBs.

2. Experimental

2.1. Preparation of carbon and metal oxide-coated cathode materials

A LiNi0.5Mn1.5O4 particle sample was purchased from Hohsen
Corp. (Japan). The particle was used as a cathode material without
any purification. Surface coatingswith carbon, AlOx andNbOxwere
conducted as mentioned below.

Carbon coating: Sucrose (Wako Pure Chemicals Co. Ltd. (Wako),
Japan) as a source of carbon layer for coating was weighted with a
proper amount to prepare 0.5, 1 and 10wt% carbon-coated
LiNi0.5Mn1.5O4 particle samples (0.5wt% carbon-coated
LiNi0.5Mn1.5O4 means that the sample was composed of 0.5wt%
of carbon and 99.5wt% of LiNi0.5Mn1.5O4). The sucrose and
LiNi0.5Mn1.5O4 particle weighted were mixed at first using agate
mortar. Afterward, the mixed powder was further mixed using a
wet planetary ball-milling machine with a Teflon jar (672mL)
containing Teflon balls (diameter 1.5 cm, 88 balls) and acetone
(80mL) at ambient temperature at a speed of 300 rpm for 1h. After
ball-milling, the mixture was dried up at 120 �C for 3h. The dried
mixture was then sintered at 600 �C for 3h under argon
atmosphere to form the carbon coating on the LiNi0.5Mn1.5O4

particle surface.
AlOx coating: 0.03 g of aluminum nitrate (Al(NO3)3, 98%, Wako)

was dissolved in 20mL of water. The precursor of AlOx was
precipitated by controlling the solution pH with ammonium
aqueous solution. In this case, the solution pH was monitored with
pH meter throughout the precipitation process. The precipitate
was filtrated and dried. Afterward, the dried precursor of AlOx was
weighted to fix the coating weight percentage of AlOx and was
mixed with weighted LiNi0.5Mn1.5O4 particle. After ball-milling at
the same condition as the case of the carbon coating, the mixture
was dried at 120 �C for 3h. The dried mixturewas then annealed at
450 �C for 6h under air-atmosphere to form AlOx coating on the
LiNi0.5Mn1.5O4 particle surface. 0.5, 1 and 2wt% AlOx-coated
LiNi0.5Mn1.5O4 samples were prepared by controlling the mixing
ratio of AlOx precursor and LiNi0.5Mn1.5O4 particle before anneal-
ing.

NbOx coating: 0.15 g of niobium (V) chloride (NbCl5, Sigma-
Aldrich, 99.9%) was dissolved in 20ml of water. After that, in a
similar manner as the formation of AlOx coating on LiNi0.5Mn1.5O4

particle surface, 0.5, 1 and 2wt% NbOx-coated LiNi0.5Mn1.5O4

samples were prepared.
The weight percentage of carbon on the carbon-coated

LiNi0.5Mn1.5O4 particle was estimated with thermogravimetry
(Thermo plus EVO TG8120, Rigaku) by calculating the difference of
weight before and after annealing of the carbon-coated
LiNi0.5Mn1.5O4 sample under air-atmosphere. The weight percen-
tages of AlOx and NbOx in the coated LiNi0.5Mn1.5O4 particle
samples were determined by ICP-MS using an Agilent, 7700x
spectrometer after chemically dissolved in concentrated acids and
diluted with water and by evaluating the concentrations of Al and
Nb ions.

2.2. Characterization of synthesized cathode materials

The average sizes and shapes of the cathode particles were
evaluated with a field-emission scanning electronmicroscope (FE-
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SEM, S-4000, Hitachi). The detail of SEM-energy-dispersive X-ray
spectroscopy (EDX) equipment and its experimental condition is
mentioned in the Experimental 1.1 of ESI. A 200kV transmission
electron microscope (TEM and/or STEM, JEM-2100F, JEOL)
equipped with two aberration correctors (CEOS GmbH) for the
image- and probe-forming lens systems and an X-ray energy-
dispersive spectrometer (JED-2300T, JEOL) were used for compo-
sitional analysis of the particle surfaces. Both aberration correctors
were optimized to realize the point-to-point resolutions of TEM
and scanning transmission electron microscopy (STEM) as 1.3 and
1.1Å, respectively. A probe convergence angle of 29 mrad and a
high-angle annular-dark-field (HAADF) detector with an inner
angle greater than 100 mrad were used for HAADF-STEM
observation. HAADF-STEM was used to perform microscopic
observation of the morphologies and particle sizes of the samples.
The samples for the HAADF-STEM analysis were prepared by
dropping a methanol suspension of the sample powder onto a
commercial TEM grid coated with a polymer film. The sample was
thoroughly dried in a vacuum prior to observation. The chemical
dissolution of Li, Ni and Mn ions from the pristine- and coated-
LiNi0.5Mn1.5O4 samples was evaluated by Cs-corrected STEM
analysis (JEOL, JEM-ARM200F, 200 kV) with EELS (Gatan, GIF
Quantum). In order to find out the distribution of Li, Mn, Ni and O
atoms on the surfaces of the pristine- and coated-LiNi0.5Mn1.5O4

samples, Li-K and Al-K edges were simultaneously obtained, and
Mn-L, O-L, and Ni-L edges were also obtained at the same area (see
the Experimental 1.2 in ESI and Fig. S1).

Powder X-ray diffractometry (pXRD) measurements were
performed using CuKa radiation (Rigaku RINT-Ultima III;
l = 0.1548nm) at an increment of 0.02 degrees at diffraction
angles ranging from 20 to 80 degrees. An obliquely finished Si
crystal (non-reflective Si plate) was used as the sample holder to
minimize the background noise.

X-ray photoelectron spectroscopy (XPS) measurements (JEOL,
JP-9010MC)were performed to examine the chemical states (Al 2p,

Nb 3d and Mn 2p) of the cathode material. A Mg Ka X-ray source
with an anodic voltage (10 kV) at a current of (10mA) was used for
XPS measurements. All XPS spectra of the samples were obtained
with a take-off angle of 45� with respect to the specimens by using
the pass energies of 100 eV and 200eV for narrow and survey
scans, respectively.

2.3. Cell preparation and electrochemical tests

910mg of accurately weighed LiNi0.3Mn1.5O4 active material,
50mg of acetylene black (AB, Denka Black, Denki Kagaku Gogyo,
Japan), 10mg of carboxymethyl cellulose (CMC, Polyscience Inc,
cat.#6139) and 30mg of water-based polymer binder (TRD202A,
JSR, Japan) were mixed in Milli-Pore water (>18MV) with
planetary mixing equipment (Mazerustar, KK-250S, KURABO,
Japan) until they formed a homogenous mixture; the mixture
had a suitable viscosity for coating it as the cathode films while
preserving the weight % of the cathode material:TRD202A:AB:
CMC=91:3:5:1 in the prepared cathode films. The obtained
mixture was coated using a doctor-blade (100mm gap) coater
on Al current collector. The mixture thin film-coated Al cathode
was dried at 130 �C for 5h in a vacuum drying oven. The loading of
the cathodematerials on the Al current collectorwas 3–4mgcm�2.
For comparison, polyvinylidene difluoride (PVdF, KF9130, Kureha,
Japan) was used as a binder as received without any further
treatment. The weight % of the cathode films was kept as cathode
material:PVdF:AB=91:4:5. Electrochemical tests were performed
using a CR2032 coin-type cell. The test cell was composed of a
cathode and a lithium metal anode separated by a porous
polypropylene film (Celgard 3401). The electrolyte used in the
tests was a 1M LiPF6-ethylene carbonate (EC)/dimethyl carbonate
(DMC) (1/2 volume ratio) mixture (Ube Chemicals, Japan). The
charge/discharge cycling was performed using a multi-channel
battery tester (model BTS2004, Nagano Corp., Japan). All the tests
were performed at room temperature. A constant-current/

Fig. 1. (A, B) FE-SEM images and (C, D) histograms of particle size of (A, C) pristine and (B, D) AlOx (1wt%)-coated LiNi0.5Mn1.5O4 samples.
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constant-voltage (CC-CV) mode was used for the cycling tests. The
charge/discharge cycling tests were performed at a charge/
discharge current density of 0.07–0.09mAcm�2 with a cutoff
voltage of 2.0-4.8V (vs. Li/Li+). The charge/discharge capacities
were calculated using the amount of LiNi0.5Mn1.5O4 loaded on the
current collector (i.e., the amount of coating materials other than

the LiNi0.5Mn1.5O4 was subtracted from the total amount of the
coating loaded on the current collector to evaluate the coating
amount of LiNi0.5Mn1.5O4. The C rate was calculated based on the
specific capacity of 125mAhg�1 which was obtained for the non-
treated LiNi0.5Mn1.5O4 and PVdF binder at low constant current
density 0.07mAcm�2 for charge/discharge cycle tests.

Fig. 2. TEM image, STEM-EDS element (Mn, Ni and C, Al or Ni) mapping profile images and summary of atomic % on the surface and inner part of (A) carbon-coated, (B) AlOx-
coated and (C) NbOx-coated LiNi0.5Mn1.5O4 samples. The red and black squares in the STEM images indicate the measured area for STEM-EDXmapping on the edge and inner
parts of the samples, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3. Results and discussion

3.1. Characterization of surface-coated cathode materials

Fig. 1 shows (A, B) SEM images and (C, D) histograms of particle
size of (A, C) pristine and (B, D) AlOx-coated LiNi0.5Mn1.5O4 cathode
particles. In both cases, LiNi0.5Mn1.5O4 particles are of polyhedral
shape and exhibit smooth surfaces with sharp edges. The
distribution of size of the cathode particles was evaluated on
the basis of approximately 100 particles in the SEM images. The
average diameters of the pristine and AlOx-coated LiNi0.5Mn1.5O4

cathode particles were calculated as 1.23�0.05 and
1.31�0.05mm, respectively. They exhibited narrow particle-size
distributions. From the histograms in Fig. 1(C) and (D), it is obvious
that the difference in the distribution of particle size between
pristine and AlOx-coated LiNi0.5Mn1.5O4 cathode particles is very
small, demonstrating that the particle size of LiNi0.5Mn1.5O4

cathode is held even during the preparation process of AlOx

coating layer.
In order to confirm the distribution of Al element on the sample

particle, the SEM-EDX mapping profile was measured with the
AlOx-coated LiNi0.5Mn1.5O4 particle (Fig. S2). The even observation
of small red dots indicates that Al elements are widely distributed
over the whole surfaces of LiNi0.5Mn1.5O4 particles although the
large red dots suggesting the formation of AlOx particle or AlOx

thick layer can be seen in some places of the image. The Almapping
(Fig. S2-(D)) is exactly the same in pattern as the SEM (A) image of
the cathodematerial particle and themapping ofMn (B) andNi (C),
indicating a uniform AlOx coating of the cathode material surface.

The STEM and elemental mapping images of (A) carbon-coated
(1wt%), (B) AlOx (1wt%)-coated and (C) NbOx (1wt%)-coated
LiNi0.5Mn1.5O4 cathode materials were measured to confirm the
thickness of these surface-coated layers and the atomic ratios of
Mn, Ni and C (Al or Nb) on the surfaces (Fig. 2). In all the images,
blue and red colors indicate the existence of Mn and Ni atoms,
respectively, and green color corresponds to the C, Al or Nb atoms
contained in the coated layer on the LiNi0.5Mn1.5O4 cathode
particles. In the image (A), a thin carbon-layer can be seen on the
cathode particle surface. The signals ofMn, C andNi overlap almost
completely in the compositional mappings obtained for the
carbon-coated LiNi0.5Mn1.5O4 sample. The carbon signal can be
seen nearly entirely throughout the cathode surface. Especially a

strong carbon signal (1.99 atomic %) is recognized around the edge
of the surface, indicating the effective surface coating in the edge
part. However, the carbon signal in the inner part is negligibly
small (less than 0.1%). In the image (B), the Al signal can be seen
entirely over the cathode surface and especially can be observed
strongly at the edge side of the particle as seen in the case of the
above-mentioned carbon-coating. The existence of Al atoms can be
confirmed in the inner part as well as on the edge part. The atomic
percentage of Al in the edge part is 0.72%, which is lower than that
of the corresponding carbon. The difference in the atomic% of
carbon and Al in the edge part is due to the different thicknesses of
carbon layer and AlOx layer coated on the cathode particle surfaces.
In other words, the AlOx layer formed on the surface is thinner and
more uniform than the carbon layer. Also in the case (C) of Nb oxide
coating, the element of Nb can be observed clearly on the particle
edges in the EDX image. When compared with the EDX images of
carbon- and AlOx-coated particles, it can be seen that the Nb
element is unevenly distributed on the particle surface. The atomic
percentages of Nb on the surface and edge parts are 2.14 and 0.52%,
respectively. NbOx tends to be coated more preferrentially on the
edge when compared with the cases of carbon- and AlOx-coating.

Fig. 3(A) shows the pXRD patterns observed for (a) pristine, (b)
carbon-coated, (c) AlOx-coated and (d) NbOx-coated LiNi0.5Mn1.5O4

cathode material powders along with simulated XRD profiles of
LiNi0.5Mn1.5O4 (ICDD #01-080-5507), graphite (#00-056-0159),
Al2O3 (#00-042-1468), NbO2 (#01-076-1095) and Nb2O5 (#01-
071-0005). The patterns (a–d) are very similar and can be indexed
as a cubic spinel structure with a space group of Fd-3m. No
impurity phase of LiNi0.5Mn1.5O4 was found. Even small peaks of
graphite, Al2O3, NbO2 and Nb2O5 were not found in Fig. 3.

In addition, even in the Synchrotron X-ray diffraction pattern,
the impurity peaks could not be seen in the obtained XRD patterns
(see the Experimental 1.3 in ESI and Fig. S3). This may be due to the
low content of surface coating materials and/or its amorphous
state. Certainly, from the results of XRD, the crystalline structures
of the surface coating materials on the LiNi0.5Mn1.5O4 samples
cannot be determined although it was confirmed from the SEM-
and TEM-EDX results that the surface coating materials exist really
on the LiNi0.5Mn1.5O4 particle surface. The shift of the original
peaks of the pristine LiNi0.5Mn1.5O4 (a) due to the interaction
between the surface coating layer and LiNi0.5Mn1.5O4 surface can
be observed in the XRD profiles of the surface coated

Fig. 3. X-ray diffraction (XRD) patterns of (a) LiNi0.5Mn1.5O4, (b) carbon-, (c) AlOx- and (d) NbOx-coated LiNi0.5Mn1.5O4. (B) Magnified presentation of typical (111) peaks. (C) d
value of LiNi0.5Mn1.5O4 at (111) phase for all the cathode materials.
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LiNi0.5Mn1.5O4 samples (a–c) (Fig. 3-(B)). The interlayer distance
(d) values at (111) phase are summarized in Fig. 3-(C). The peak
shift is due to the difference in annealing temperature to form the
surface coating layer. The annealing temperature-dependent
(relatively extensive) substitution of transition metal cations in
tetrahedral 8a sites of the spinel-type structure has been reported
[33]. Also in our surface-coated samples, the occupancy of the 8a
tetrahedral lithium sites by transition metal cations in the
LiNi0.5Mn1.5O4 samples may occur to some extent. The Li:Ni:Mn
elemental ratios of the surface-coated cathode samples were
determined to be 1.0: 0.50–0.53: 1.5–1.52 using an ICP measure-
ment. The elemental ratios in the AlOx-coated and NbOx-coated
samples were not different from that of the pristine LiNi0.5Mn1.5O4

sample. Thus, it is obvious confirmed that the constituent elements
of LiNi0.5Mn1.5O4 particle are not lost from the particle surface
during the coating processes.

In order to determine the oxidation states of Al and Nb on the
surface of the coated LiNi0.5Mn1.5O4 particle and also to examine
the electronic interaction between the surface coating layer and
LiNi0.5Mn1.5O4 particle surface, the XPS spectra for the Al 2p of the
AlOx-coated LiNi0.5Mn1.5O4 particle, for the Nb 3d of the NbOx-
coated LiNi0.5Mn1.5O4 particle and for the Mn 2p of the pristine,
AlOx- and NbOx-coated LiNi0.5Mn1.5O4 particles were measured.
Fig. S4 shows the XPS spectra (black lines), fitting curves (red lines)
and deconvoluted curves (blue lines). The XPS spectrum (A-1) for
the Al 2p of AlOx-coated LiNi0.5Mn1.5O4 cathode confirms the
formation of an Al2O3 layer on the cathode particles. In this case,
the Al 2p3/2 peak was observed at 74.27 eV, which is by 1.27 eV
higher than the corresponding peak of Al metal. The observed
value of 74.27 eV is consistent with the reported value for Al2O3

[34], indicating that Al2O3 layer is formed on the cathode surface.
The XPS spectrum in the Nb 3d region of the NbOx-coated
LiNi0.5Mn1.5O4 is shown in Fig. S4-(A-2). The spectrum was curve-
fitted for a doublet, i.e., 209.86 (Nb 3d3/2) and 207.13 (Nb 3d5/2) eV.
These values are consistent with the values (209.26 and 206.51 eV)

reported for Nb (V) [35]. It can be thus concluded that the surface of
LiNi0.5Mn1.5O4 was covered with Nb2O5.

The XPS spectra for Mn 2p of (1) pristine LiNi0.5Mn1.5O4, (2)
Al2O3- and (3) Nb2O5-coated LiNi0.5Mn1.5O4 particles were
measured to confirm the electronic states of the Mn atom in the
LiNi0.5Mn1.5O4 particles (Fig. S4-(B)). The Mn 2p peaks for the
Al2O3- (642.93 eV) and Nb2O5-coated (642.87 eV) LiNi0.5Mn1.5O4

were found to shift by 0.47 and 0.41 eV, respectively, to higher
binding energies when compared with the corresponding peak
(642.46 eV) for the pristine LiNi0.5Mn1.5O4. These peaks seen
around 642 eV can be assigned to Mn3+ ions in the Al2O3- and
Nb2O5-coated LiNi0.5Mn1.5O4 particles [36]. The shifts of binding
energy in Mn 2p to higher binding energies indicate that the
oxidation number of Mn ions in the LiNi0.5Mn1.5O4 increases
slightly. One of the key factors of LIBs degradation is Mn
dissolution from the cathode materials. Substantial efforts have
been made to understand Mn dissolution mechanisms in a spinel
LiMn2O4 in operation and further to improve battery performance.
Lee et al. have discussed the mechanism of Mn dissolution and
proposed themethod for preventing orminimizingMn dissolution
as follows [37]. The introduction of cations with low oxidation
number by doping to the spinel LiMn2O4 increases the oxidation
state of Mn ions. When the oxidation number of Mn ions in the
spinel LiMn2O4 increases, the overall concentration of Mn3+ ions
decreases. This phenomenon seems to prevent the Jahn-Teller
distortion and disproportionation reactions of unstable Mn3+ ions
by reducing the concentration of Mn3+ ions; this eventually
reduces Mn dissolution. The similar idea may be also applied to
explain the XPS data obtained for the Mn 2p in the present case in
which the cathode particles are dipped into thewater-based slurry
solution: Slight increase in the oxidation state of Mn ions in the
LiNi0.5Mn1.5O4 samples may mitigate the dissolution of Mn ions
from the surface of these samples in thewater-based slurry. Also in
the XPS spectra for Ni 2p peaks measured with the Al2O3- and
Nb2O5-coated LiNi0.5Mn1.5O4 (Fig. S5), the Ni 2p peaks for the

Fig. 4. Discharge voltage curves of LiNi0.5Mn1.5O4 cathodes recorded at (A) 1st and (B) 10th cycle and (C) Cycle performance obtained with the LiNi0.5Mn1.5O4 cathodes. The
cathodes were preparedwith (black lines and square) pristine LiNi0.5Mn1.5O4 and PVdF binder, (red lines and circle) pristine LiNi0.5Mn1.5O4 andwater-based TRD202A binder,
and (blue lines and triangle) “water-exposed” LiNi0.5Mn1.5O4 and PVdF binder on Al current collectors. Note that the cathode prepared from the pristine LiNi0.5Mn1.5O4 and
water-based TRD202A binder was employed for the measurements immediately after its preparation, and “water-dispersed”means that the pristine LiNi0.5Mn1.5O4 particle
was dispersed inwater for 12hwithmagnetic stirrer. (For interpretation of the references to color in this figure legend, the reader is referred to thewebversion of this article.)
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Al2O3- (855.40 eV) and Nb2O5-coated (855.28 eV) LiNi0.5Mn1.5O4

are found to shift by 0.50 and 0.38 eV, respectively, to higher
binding energies relative to the corresponding peak (854.90 eV) for
the pristine LiNi0.5Mn1.5O4. These peaks around 854eV can be
assigned to Ni2+ ions in the Al2O3- and Nb2O5-coated
LiNi0.5Mn1.5O4 samples [38]. The small increase in the oxidation
state of Ni ions in the LiNi0.5Mn1.5O4 samples also may contribute
to preventing or minimizing the Ni dissolution as in the case of the
above-mentioned Mn ions.

Thus, it can be concluded that the surface coating with Al2O3

and Nb2O5 induces the electronic protection against the dissolu-
tion of Mn and Ni atoms from the LiNi0.5Mn1.5O4 surface to water.

3.2. Cycle performance and rate performance of surface-coated
cathode materials

In order to check the water-resistant property of the pristine
LiNi0.5Mn1.5O4 particle, it was dispersed in water (i.e., “water-
dispersed”) for 12h with a magnetic stirrer, filtrated, and dried up
at 100 �C and then the cathode film was prepared from the water-
dispersed LiNi0.5Mn1.5O4, PVdF binder and conducting carbon. The
discharge voltage curves and cycle performance of the thus-
prepared cathode are shown in Fig. 4 (blue line and circle). In
addition, the cathode prepared from the water-based slurry
composed of the pristine LiNi0.5Mn1.5O4 particle, TRD202A binder
and conductive carbon was also tested to confirm whether the
surface of the pristine LiNi0.5Mn1.5O4 particle has a water-resistant
property (red line and circle) in the water-based slurry. The
cathode preparedwith the pristine LiNi0.5Mn1.5O4 and PVdF binder
as a reference sample (black line and circle) was also examined. At
the 1st cycle, all the cathodes tested showed three discharge
plateaus at around 4.7 and 4.0V. The small plateau of 	4.0V can
reflect the amount of the residual Mn3+ in the LiNi0.5Mn1.5O4 [39].
The amount of the residual Mn3+ is not dependent on the
fabrication process of cathode films. The discharge capacity
observed around 4.7V for the cathode prepared with “water-
exposed” LiNi0.5Mn1.5O4 and PVdF binder is, although slightly,
decreased. This may be due to the fact that Ni ions in the
LiNi0.5Mn1.5O4 particles are damaged by water contact, and as a
result, the redox reaction of Ni ion (Ni2+$Ni4+) taking place along
with the Li+ intercalation/deintercalation for discharging/charging
processes do not occur on the surface of LiNi0.5Mn1.5O4 particles
[39]. At the 10th cycle, the LiNi0.5Mn1.5O4 cathode prepared with
the water-based slurry keeps the three-stage voltage plateau (red
line). However, the cathode prepared with the “water-dispersed”
LiNi0.5Mn1.5O4 is entirely dead (blue line). When compared with
the cycle performance of the cathode prepared with the pristine
LiNi0.5Mn1.5O4 and PVdF binder (as a reference), the cathode
prepared from the pristine LiNi0.5Mn1.5O4 and water-based
TRD202A binder slurry exhibited a usual discharge capacity which
can be observed for LiNi0.5Mn1.5O4 [36,40], whereas the “water-
dispersed” LiNi0.5Mn1.5O4 cathode gave the large decrease in
discharge capacity with charge/discharge cycling and the dis-
charge capacity was zero actually after 10 cycles. The results
indicate that the LiNi0.5Mn1.5O4 particle is badly damaged in the
contact with water and that the discharge performance of the
LiNi0.5Mn1.5O4 cathode prepared with the water-based TRD202A
binder is, even when used immediately after its preparation,
inferior to that obtained for the cathode prepared with the pristine
LiNi0.5Mn1.5O4 and PVdF binder.

Next, the charge/discharge cycle performance of the carbon-
coated, Al2O3-coated and Nb2O5-coated LiNi0.5Mn1.5O4 cathodes
with various coating amounts was examined, in which the
individual coated particles were exposed to the water-based
binder slurry during preparing the water-based binder slurry and
the cathode films were fabricated immediately after preparing the

water-based binder slurry. The typical results of such a charge/
discharge cycling examination are shown in Fig. 5, in which the
results obtained for the pristine LiNi0.5Mn1.5O4 cathode prepared
with PVdF/NMP slurry are also shown for comparison (black circle)
and the charge/discharge voltage curves obtained are shown in
Fig. S6. From Fig. S6, it can be seen that the LiNi0.5Mn1.5O4 samples
with and without the coating have similar charge–discharge
profiles, exhibiting two charge plateaus and three discharge
plateaus in the potential region from 3.5 to 4.8V. Larger electrode
impedance resulting from the surface coating cannot be almost
implied from the charge/discharge curves of Fig. S6. When
compared with the pristine LiNi0.5Mn1.5O4 cathode, the carbon-,

Fig. 5. Cycle performance obtained with (A) carbon-, (B) Al2O3- and (C) Nb2O5-
coated LiNi0.5Mn1.5O4 cathodes. Coating amounts of carbon, Al2O3 and Nb2O5: (red
circle) 0.5, (blue circle) 1.0 and (orange circle) 1.5wt% (but 10wt% in (A)). In every
case, black circles correspond to the cathode prepared with pristine LiNi0.5Mn1.5O4

and PVdF binder. Note that in the cased of A and C the blue circles are overlapping
almost with the orange ones. The carbon-, Al2O3- and Nb2O5-coated cathode
particles were exposed to the water-based binder slurry (in the case of 1wt%
coating, it was composed of 910mg cathode material, 50mg AB, 10mg CMC and
30mg TRD202A in 10mL H2O) during preparing the water-based binder slurry and
the cathode films were prepared immediately after preparing the water-based
binder slurry. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Al2O3- and Nb2O5-coated LiNi0.5Mn1.5O4 cathodes exhibited lower
discharge capacity because of the contact (and the subsequent
dissolution of Mn and Ni) of the cathode surfaces with water
during the exposure treatment in the water-based polymer binder
solution, i.e., their imperfect surface coating.

The discharge capacity-cycle number performance obtained for
the carbon-, Al2O3- and Nb2O5-coated (1wt%) LiNi0.5Mn1.5O4

cathodes was almost the same as that obtained for the cathode
prepared with the pristine LiNi0.5Mn1.5O4 and PVdF binder,
indicating that these coated-cathode material particles were not
damaged even in contact with water. However, increasing the
coating amount of Al2O3 to 1.5wt% led to the decrease in the
discharge capacity probably because the intercalation/deinterca-
lation of Li+ to/from the cathode materials was inhibited
accordingly. In contrary to the Al2O3 coating, carbon-coated
(10wt%) and Nb2O5-coated (1.5wt%) LiNi0.5Mn1.5O4 cathodes did
not show any degradation of discharge capacities. At the surface
coating of more than 10 and 1.5wt% with carbon and Nb2O5,
respectively, the decrease in the charge/discharge capacity due to
the inhibition of the intercalation/deintercalation of Li+ ions by
thick coating could be observed from the first cycle (not shown
here). The optimized coating amount of carbon, Al2O3 and Nb2O5

on the LiNi0.5Mn1.5O4 cathode particles was found to be 1wt% in
this study.

Fig. 6 shows the discharge rate performance of the pristine,
carbon-coated and metal oxide-coated LiNi0.5Mn1.5O4 cathodes at
room temperature. All the cells were charged at the same current
with a 0.1C rate to ensure identical initial conditions for each
discharge. The discharge current was changed as 0.1, 0.2, 0.5, 1, 2, 3
and 5C. It is clear from this figure that the discharge rate
performance of carbon-coated and metal oxide-coated
LiNi0.5Mn1.5O4 cathodes is influenced by the surface coating for
giving the cathode particle surface a water-resistant property.
While the pristine sample has the capacity retention of 85% in 5C,
the carbon-, Al2O3- and Nb2O5-coated LiNi0.5Mn1.5O4 cathodes
exhibit the capacity retention of 75, 74 and 82%, respectively, in 5C.
The carbon-coated and metal oxide-coated LiNi0.5Mn1.5O4 cath-
odes sacrifice the rate performance for giving the cathode particle
surface a water-resistant property because of blocking the
diffusion of Li+ ions through the coating. However, the degradation
of rate performance is not so much large. Among the surface
coatings examined in this study, the carbon coating gave the worst
discharge capacity characteristic. The Nb2O5-coated LiNi0.5Mn1.5O4

exhibited a relatively lower capacity retention probably due to the

ununiform distribution of Nb2O5 layer as shown in Fig. 2(C) and
discussed above.

3.3. Durability of the water-based slurry containing surface-coated
cathode materials

Shown is in Fig. 7 the charge/discharge cycle performance of the
pristine and carbon- and metal oxide-coated LiNi0.5Mn1.5O4

cathode materials which were prepared from the corresponding
cathodematerials after exposing them to thewater-based polymer
binder slurry solutionwithout a stirring for oneweek. As presumed
from Fig. 4(C), the non-coated, pristine LiNi0.5Mn1.5O4 cathode
could not entirely hold the battery property observed for the
cathode preparedwith the pristine LiNi0.5Mn1.5O4 and PVdF binder
(Fig. 7, black circle). On the other hand, the carbon- and metal
oxide-coated LiNi0.5Mn1.5O4 cathodes exhibited a stable charge/
discharge cycle performance. Thus, it was confirmed that the
surface coating of LiNi0.5Mn1.5O4 with carbon andmetal oxides can
provide a water-resistant property to the cathode particles. The
difference in discharge capacity of three kinds of the coated
cathodes might reflect the difference in the surface coverage of the
individual coatings.

Fig. 8 shows STEM-EELS images of (a) pristine LiNi0.5Mn1.5O4,
(b) water-exposed LiNi0.5Mn1.5O4 and (c) water-exposed, Al2O3-
coated LiNi0.5Mn1.5O4 in which “water-exposed” means that
LiNi0.5Mn1.5O4 (b) and Al2O3-coated LiNi0.5Mn1.5O4 (c) particles
were exposed in the water-based slurry for one week. The
elemental distributions of the individual samples are largely
different depending on the exposure to the water-based slurry and
the surface coating.

As can be seen from Fig. S7, the surface of the pristine
LiNi0.5Mn1.5O4 exhibits a uniform distribution of Li, Mn and Ni
atoms. On the other hand, in the surface of the water-exposed
LiNi0.5Mn1.5O4 (Fig. S8), Li atom (b) is dissolved in the thickness of
over 10nm, and the defect layer of Mn (c) is about 2–3nm. Even Ni
(d) is also leached out from themetal oxide layer in the thickness of
less than 2nm, by judging from the position (Fig. S8-(e)) of the
edge of oxygen atom and STEM image (a). The comparison of two
images ((a) and (b)) in Fig. 8 clearly indicates the difference in the
distribution of the atoms contained in the surfaces of the pristine
and water-exposed LiNi0.5Mn1.5O4 samples. The Al2O3-coated
LiNi0.5Mn1.5O4 (c) exhibits almost the same image as that observed
for the pristine LiNi0.5Mn1.5O4 (a). A uniform distribution of Li, Mn
and Ni atoms over the water-exposed surface can be seen. That is,
on the surface of the water-exposed Al2O3-coated LiNi0.5Mn1.5O4,

Fig. 6. The rate performance obtained with the cathodes prepared with (black
circle) pristine LiNi0.5Mn1.5O4, (red circle) carbon-coated (coating amount of
carbon: 2wt%), (blue circle) Al2O3-coated (1wt%), and (orange circle) Nb2O5-coated
(1wt%) LiNi0.5Mn1.5O4. The carbon-, Al2O3- and Nb2O5-coated particles were
exposed to the water-based slurry during preparing the water-based binder slurry
(see the caption of Fig. 5). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 7. Cycle performance obtained with the cathodes prepared with (black circle)
pristine LiNi0.5Mn1.5O4 and PVdF binder, (red circle) carbon-coated, (blue circle)
Al2O3-coated, and (orange circle) Nb2O5-coated LiNi0.5Mn1.5O4 (each coating
amount: 1wt%). All the cathode particles were exposed to the water-based slurry
for one week. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Li, Mn and Ni are uniformly distributed (Fig. S9) and, moreover,
their dissolution is inhibited by Al2O3 coating. The surface coating
by Al2O3 gave the particle surface a water-resistant property and
thus significantly reduced the dissolution of Li, Mn and Ni atoms
from the Al2O3-coated LiNi0.5Mn1.5O4 surface when it was exposed
to the water-based binder slurry solution. From the above-
mentioned SEM and TEM experiments, the “physically” perfect
coating was not confirmed. Thus, the observed surface water-
resistant property might be due to an electronic effect from the
coating layer as well as keeping the particle surface in isolation
fromwater by Al2O3 coating, as mentioned above based on the XPS
results. In conclusion, we can say that the surface treatment with
carbon and metal oxide coating to isolate the cathode particle
surface fromwater and the change in electronic states ofMn andNi
atoms caused by the coating provide the observed water-resistant
property. The shift of the STEM-EELS spectrum (Fig. S10) to the
direction of higher energy loss for Li K-edge of the Al2O3-coated
LiNi0.5Mn1.5O4 cathode (when compared with that of the pristine
LiNi0.5Mn1.5O4) may suggest that the dissolution of the Li atoms in
the Al2O3-coated LiNi0.5Mn1.5O4 cathode from the surface becomes
more retardant.

4. Conclusions

In this study, in order to establish the protocol to preparewater-
resistant cathode materials of LIBs which can be used in the
cathode preparation with water-based binders, carbon- and metal
oxide-coated LiNi0.5Mn1.5O4 cathode materials were prepared and
the performance of the batteries prepared from these cathode
materials with and without a water-resistant property was
compared in the viewpoint of charge/discharge cycleability and
discharge rate performance. The carbon and metal oxides (Al2O3

and Nb2O5) coating on the LiNi0.5Mn1.5O4 cathode particles clearly
suppressed the degradation in charge/discharge cycleability which
is caused by contacting the particle surfaces with water. Namely,
the carbon-, Al2O3- and Nb2O5-coated LiNi0.5Mn1.5O4 cathode
particles were found to possess a water-resistant property even
when kept in thewater-based TRD202A binder slurry for oneweek.
These results indicate that the surface coating of the LiNi0.5Mn1.5O4

cathode is effective to keep its battery performance even after
contacting it with water. The observed water-resistant property
may originate from an electronic effect from the coating as well as
the isolation of the particle surface from water by the coating.
However, pH increase of the water-based slurry with lengthening
the storage time in it (e.g., after the storage of one week, the

solution pH reached around pH 10) due to dissolution of the
cathode particle surface could not be entirely suppressed by the
surface coating tried in this study. Further study on the surface
coating materials with a higher water-resistant property is now in
progress to develop the cathode materials which could not suffer
from the chemical damage even in contact with water for a while
(typically 30 days).
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ABSTRACT: The mechanism of the σ bond cleavage of H2O, NH3, Me2CO,
H2, CH4, BH3, and SiH4 on the GeO bond of germanone is examined by
means of both quantum mechanical (QM) and molecular dynamics (MD)
methods. The QM calculations show that the σ bonds of all the substrates are
heterolytically broken on the very largely polarized GeO bond. Before the σ
bond cleavage, the substrate at first approach the GeO germanium in the
cases of H2O, Me2CO, and NH3, and in contrast, the GeO oxygen in the
cases of H2, CH4, BH3, and SiH4. For the cases of H2O, NH3, and Me2CO,
a cluster in which the substrate coordinates to the Ge exists before the σ bond
cleavage, and this coordination of the substrate plays an important role on
the heterolytic σ bond cleavage. The QM-MD simulations are also conducted
for the case of H2O, and they show that the kinetic energy of the H2O-
coordinated cluster especially concentrates on the coordinated H2O oxygen to
strongly oscillate the coordinate bond between the H2O oxygen and the Ge.
This oscillation further enlarges just before the OH σ bond cleavage, and the kinetic energy of this oscillation would be
transmitted to the normal mode of the OH bond breaking. Thus, the coordination and the vibration of the H2O oxygen was
thought to be an important driving force of the heterolytic cleavage of the OH σ bond in both electronic and dynamical
aspects.

■ INTRODUCTION
When the carbonyl carbon of ketone R2CO is replaced by
silicon or germanium, its stability is largely reduced, because the
SiO or the GeO double bond strongly polarizes and
becomes highly reactive compared to the CO double bond
due to the greater difference in the electronegativities between
the O and the Si or the Ge atoms and the less effective
sp-hybridization. Silanone and germanone R2EO (E = Si and
Ge) indeed easily polymerize to form stable oligomeric or
polymeric materials, although ketone exist as a monomer.
Therefore, silanone and germanone have not been isolated until
recently. On one hand, silanones had been only isolated in
argon matrixes1−9 and in the gas phase,10,11 and first isolated by
the electronic stabilization provided by transition-metal frag-
ments.12 On the other hand, germanone was also detected in a
cryogenic matrix13,14 or in solution15−18 before the isolation.
It has been thought that these unstable silanone and ger-

manone R2EO (E = Si and Ge) can be stabilized by an
electron donor base or by an introduction of sterically bulky
substituents on the E atom to protect the delicate EO group.
In fact, the various EO double-bonded species have been
isolated by the coordination of electron donor bases to the
electron-deficient E atom.19−29 Tokitoh and co-workers have
reported a monomeric germanone (Tbt) (Tip)GeO with the
bulky substituents, Tbt = 2,4,6-tris[bis(trimethylsilyl)methyl]-
phenyl and Tip = 2,4,6-triisopropylphenyl, which is stable in

solution.15 Recently, Tamao and co-workers have succeeded in
isolating the germanone (Eind)2GeO by the incorporation of
bulky substituents called Eind (1,1,3,3,5,5,7,7-octaethyl-s-
hydrindacen-4-yl).30 The computation at the B3LYP/6-31G-
(d,p) level of theory as well as the X-ray structure has shown
that the isolated monomeric germanone has a planar tricoor-
dinate structure. The computational results of the molecular
orbital and the electrostatic potential revealed the large
polarization of the GeO double bond. Some other groups
have also conducted the theoretical calculations for germanone
and its derivatives.31−37 Pandey has reported the optimized
geometries of the germanones, (Eind)2GeO, (Tbt) (Tip)-
GeO, and R2GeO (R = Ph and Me), by the density
functional theory (DFT) calculations.38

The isolated (Eind)2GeO is really very reactive as experi-
mentally reported by Tamao and co-workers. Reactions that do
not proceed in the case of ketone easily proceed in the case of
germanone. For example, the OH bond of water adds to the
GeO bond of germanone quickly at room temperature to
form the germanediol. Acetone, phenylsilane, and CO2 also
react with the GeO to form the (hydroxyl)germyl enolate,
the hydrosilylation product and the cyclic carbonate, respectively.
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On the basis of the experimental results of the reactivity of
germanone reported by Tamao and co-workers, Jissy and
co-workers have investigated the nucleophilic addition of water

and CO2 to germanones by the DFT method.39 However, the
detail of the reaction mechanism of the cleavage of the chemical
bond on the GeO double bond has not been clarified,

Figure 1. Optimized equilibrium and transition state structures (Å) of the reaction of Ph2GeO with H2O, NH3, (CH3)2CO, H2, CH4, and SiH4
at the B3LYP/BSI level.
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although the property and the reactivity of the germanon have
been examined.
In this study, we therefore examine the mechanism of the σ

bond cleavage on the GeO bond of germanone by means of
both quantum mechanical (QM) and molecular dynamics
(MD) methods. Here, we used H2O, NH3, Me2CO, H2,
CH4, BH3, and SiH4 as a model substrate and Ph2GeO and
H2GeO as a model germanone in addition to the real ger-
manone (Eind)2GeO. First, we analyze the reaction mech-
anism for all the substrate by the quantum mechanical (QM)
method; second, we shed light on the dynamic factor that
produces the diving force of the reaction taking account of the
thermal motion of the molecule in the case of the substrate
H2O by means of the QM-molecular dynamics (MD) method.
Following the explanation of the computational details, we will
discuss these two things in turn. Conclusions are summarized
in the final section.

■ COMPUTATIONAL DETAILS
We used model molecules, Ph2GeO and H2GeO, in
addition to the real molecule (Eind)2GeO as germanones,
and H2O, NH3, Me2CO, H2, CH4, BH3, and SiH4 as sub-
strates. We added w, a, o, h, m, and s as suffixes to the labels of
the equilibrium and transition state structures to distinguish the
substrates, H2O, NH3, Me2CO, H2, CH4, and SiH4,
respectively, and also added E to distinguish the Eind sub-
stituent from the Ph substituent, and C and Si to distinguish
ketone and silanone from germanone, respectively. The
numbers 1 and 2 attached to the letter w and a for the sub-
strates H2O and NH3 means the number of molecules that
participate in the reaction.
Quantum Mechanical (QM) Calculation. All the quan-

tum mechanical (QM) calculations were performed using the
GAUSSIAN09 program package.40 For the system of Ph2GeO
with the substrate, the geometry optimizations and energy
calculations were carried out by the density functional theory
(DFT) at the B3LYP level, which consists of a hybrid Becke +
Hartree−Fock exchange and Lee−Yang−Parr correlation func-
tional with nonlocal corrections.41−43 For the basis set, we used
aug-cc-pVTZ for the GeO of germanone, the SiO of
silanone, the CO of ketone and the substrates, H2O, NH3,
Me2CO, H2, CH4, BH3, and SiH4, and 6-31G(d) for the
Ph substituent (BSI). The equilibrium and transition state struc-
tures were identified by the number of imaginary frequencies
calculated from the analytical Hessian matrix. The reaction
coordinates were followed from the transition state to the
reactant and the product by the intrinsic reaction coordinate
(IRC) technique.44 The atomic charge was obtained by the
natural bond orbital (NBO) analysis.45 The basis set superposi-
tion error (BSSE) included in the interaction (INT) energies
between the germanone and the substrate was corrected by the
counterpoise method.46,47 We also confirmed that the geome-
tries and the energetics of the reaction system of H2GeO +
H2O at the HF/6-31G(d) level we adopted for the molecular
dynamics simulation reproduce those of the reaction system of
Ph2GeO + H2O at the B3LYP/BSI level very well (Figures S5
and S6).
QM-Molecular Dynamics (MD) Simulation. We further

performed a molecular dynamics (MD) simulation for a model
system of H2GeO + H2O to examine the mechanism of the
σ bond cleavage on the GeO bond of germanone taking
account of the thermal motion. For the molecular dynamics
(MD) simulations, we used the QM-molecular dynamics (MD)

method48 and the direct MD simulations were performed
calculating the energy and its gradient by the QM method on
the fly. The energy was calculated at the HF level of theory
with the basis set 6-31G(d) for all the atoms, because the HF/
6-31G(d) level was confirmed to be good enough to describe
the geometries and the energetics of the reaction as mentioned
above. For the development of the geometry during the molec-
ular dynamics simulation, the force obtained from the potential
energy surface is used. Because the shape of the potential
energy surface is well reproduced by the HF level, the HF level
is adequate in the MD simulations. The time evolution of the
nuclei was performed using the Beeman algorithm49 with a time
step of 1 fs under the constant temperature through the use of
Berendsen’s velocity scaling algorithm.50 The temperature was
set to 300 K for the analysis of the H2O-coordinated cluster
2w1. However, we increased the temperature up to 1600 K for
the simulation of the reaction. We have confirmed that the
temperature of 1600 K is appropriate to give enough energy to
the normal mode of the σ bond cleavage with a high possibility
to cause the reaction. The optimized structure at the HF/
6-31G(d) level is used as the initial geometry of the MD
simulation and the potential energies relative to that of the
optimized structure are presented.

■ RESULTS AND DISCUSSION
QM Calculations for H2O, NH3, and Me2CO. The

optimized equilibrium and transition state structures of the
reaction of Ph2GeO with H2O are presented in Figure 1. The
cleavage of the OH σ bond of the H2O molecule occurs on
the GO bond of germanone. Before the breaking of the
OH σ bond, the intermediate 2w1 is formed. In 2w1, the
positively charged Ge (1.818 e) and the negatively charged
O (−1.090 e) of the highly polarized GeO bond interact
with the negatively charged O (−0.922 e) and the positively
charged H (0.461 e) of the H2O molecule, respectively. In fact,
the H2O oxygen, which has an interaction with the Ge with the
O3Ge2 distance of 2.329 Å, coordinates to the Ge by the
electron donation from the p-type nonbonding orbital of the
H2O oxygen to a s-character vacant orbital of the Ge, as
shown by the molecular orbital ψ44 for 2w1 in Figure 2. The
coefficient of the molecular orbital of ψ44 for 2w1 showed that
the molecular orbital of the Ge has s-character rather than
p-character. The binding energy between the coordinated H2O
and the Ph2GeO in 2w1 was calculated to be 8.9 kcal/mol
(Table 1). We have reported such a coordination of H2O
before the breaking of the OH σ bond of H2O for other
cases.51,52 This coordination of the H2O molecule does not
occur when the Ge atom is replaced by the C atom because the
vacant orbital of the C atom becomes higher in energy in
addition to the small polarization of the CO (C, 0.529 e;
O, −0.553 e), although it similarly occurs in the case of Si
(Figure S1). The electron donation from the H2O oxygen to
the Ge consequently causes an electron migration from the H4

to the O1 through the O3 and the Ge2, as shown by the changes
in the charges of these atoms by the coordination of H2O in
Figure 3. The positive charge of the H4 increases to 0.523 e,
and in contrast the negative charge of the O1 increases to
−1.190 e. Thereby, the H4O1 distance is shortened to 2.112 Å.
In the transition state TS1w1, the distance H4O1 is further
shortened to 1.449 Å, although the O3H4 distance is still
1.111 Å. The molecular orbital ψ51 for TS1w1 in Figure 2
indicates that the H4O1 bond is formed in some degree in
TS1w1. The coordination of the H2O oxygen to the Ge by the
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electron donation of the lone electron pair is still kept in TS1w1,
as shown by the ψ44 for TS1w1. The approach of the proton-like
H4 to the O1 induces the electron migration from the Ge2 to the
O3 through the O1 and H4 (Figure 3) and then the O3H4 bond
heterolytically splits. The produced OH− and H+ form the
covalent bonds with the Ge2 and the O1 in 3w1, respectively.
The potential energy profile of the reaction of Ph2GeO

with H2O is presented in Figure 4. The intermediate 2w1 is
more stable by 8.9 kcal/mol compared to the reactant 1 due to
the coordination of the H2O oxygen to the Ge of Ph2GeO.
Because this coordination is maintained even in the transition
state TS1w1 as mentioned above, TS1w1 is more stabilized in
energy than the reactant 1 and the energy barrier is reduced to
2.5 kcal/mol. This reaction of the OH σ bond breaking of
H2O on the GeO bond was 51.9 kcal/mol exothermic. When

the Ge atom is replaced by the C atom, the energy profile
drastically changes. In the case of C, the OH σ bond
breaking of H2O occurs homolytically rather than heterolyti-
cally due to the small polarization of the CO bond. The
reaction proceeds without the coordination of H2O oxygen to
the C atom of the CO and passes through the transition state
TS1Cw1 (Figure S1). In TS1Cw1, one of the charge transfer
interactions between the OH and the CO, i.e., the
electron donation from the OH σ orbital to the CO
π* orbital, exists. This homolytic splitting of the OH σ bond
without the coordination of the H2O oxygen makes the reaction
so hard so that the energy barrier increases to 48.2 kcal/mol.
However, in the case of Si, the reaction proceeds similarly to
the case of Ge. The OH σ bond breaking of H2O occurs
heterolytically with the coordination of the H2O oxygen to the
Si atom as shown by Figure S1. The energy profile is very
smooth with the energy barrier of only 2 kcal/mol and the reac-
tion is 60.1 kcal/mol exothermic. Even when we use the Eind
groups instead of the Ph groups, the coordination of the H2O
oxygen to the Ge atom is kept in the intermediate before the
OH σ bond breaking (Figure S2). The interaction energy of
10.5 kcal/mol between the coordinated H2O and the Ge atom
in the case of the Eind group was almost the same as that of
10.3 kcal/mol in the case of the Ph group, although the binding
energy was reduced from 8.9 to 1.4 kcal/mol due to the steric
effect of the Eind groups.
We also calculated for the substrate NH3 that has a lone

electron pair. As expected, the NH3 nitrogen coordinates to the
Ge with the N3Ge2 distance of 2.203 Å in the intermediate
2a1 (Figure 1), which is similar to the case of H2O. This coor-
dination is ascribed to the electron donation from the lone
electron pair of the NH3 nitrogen to the vacant orbital of the
Ge with a s-character as shown by the ψ45 for 2a1 in Figure 2.
The binding energy of the NH3 nitrogen with the Ge was
calculated to be 14.5 kcal/mol (Table 1), which is larger than
that for H2O. Experimentally reported acetone also coordinates
to the Ge with the O3Ge2 distance of 2.200 Å, as shown by
2o in Figure 2. The molecular orbital ψ42 for 2o in Figure 2
shows that the electron donation of the lone electron pair
of acetone oxygen to the s-character vacant orbital of the Ge
causes this coordination. The binding energy by this coordina-
tion was 14.0 kcal/mol (Table 1).
The coordination of both NH3 and Me2CO to the Ge

induces an electron migration as shown by the changes in the
charge by the coordination presented in Figure 3, which is
similar to the case of H2O. In the case of NH3, the electron
migrates from the H4 to the O1 thorough the N3 and the Ge2 in
2a1, resulting in the increase in the positive charge of the H4

and the negative charge of the O1. Likewise, in the case of
Me2CO, the electron migration takes place from the H6 to
the O1 thorough the C5, C4, O3, and the Ge2 in 2o to increase
the positive charge of the H6 and the negative charge of the O1.
By these electron migrations, the H4O1 distance for NH3 and
the H6O1 distance for Me2CO are much shortened in the
transition state, although the N3H4 distance for NH3 and the
C5H6 distance for Me2CO are not stretched so much
(Figure 1). In each transition state for NH3 and Me2CO, the
other electron migration occurs to split each σ bond hetero-
lytically, as mentioned above for H2O. In TS1a1 for NH3, the
electron migrates from the Ge2 to the N3 through the O1 and
the H4, whereas in TS1o for Me2CO, the electron migrates
from the Ge2 to the O3 through the O1, H6, C5, and the C4.

Figure 2. Selected molecular orbitals of the clusters and the transition
states in the cases of H2O, NH3, (CH3)2CO, H2, and CH4.

Table 1. Interaction (INT), Binding (BE), and Deformation
(DEF) Energiesa (kcal/mol) between the Substrates H2O,
NH3, and (CH3)2CO and Fragment Ph2GeO in the
Clusters 2w1, 2a1, and 2o at the B3LYP/BSI Level

INT INT′ b BE DEF

2w1 10.3 8.9 8.9 1.4
2a1 17.9 16.0 14.5 3.4
2o 16.8 13.9 14.0 2.8

aINT = BE + DEF. bINT′ is the BSSE corrected INT.
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The potential energy profiles of the reaction of Ph2GeO
with NH3 and Me2CO are presented in Figures 4 and 5. The
energy barrier is larger for NH3 and Me2CO than for H2O,
because the intermediates 2a1 and 2o for NH3 and Me2CO
are more stabilized compared to the case of H2O by the
coordination of NH3 and Me2CO. However, both reactions
are largely exothermic, which is similar to the case of H2O. The
other functional of DFT method M06-2X also showed the
same feature and tendency of the potential energy profile
obtained by B3LYP, although the entire energy profile is

stabilized as presented in Table S1. The consideration of the
benzene solvent by the PCM approximation also did not
change the potential energy profile so much. Although reactant 1
is stabilized by the entropy term, the potential energy profile is
basically the same even when we take account of the ther-
mochemical parameters.
In the cases of H2O and NH3, we can consider the mediation

of one additional molecule of the substrate in the migration of
the split proton to the GeO oxygen after the heterolytic
cleavage of the OH and the NH σ bonds. This reaction

Figure 3. NBO charges (e) and flow of the electron (red arrow) during the reaction of Ph2GeO with H2O, NH3, (CH3)2CO, and SiH4 at the
B3LYP/BSI level.

Figure 4. Potential energy profiles of the reaction of Ph2GeO with
H2O (normal line) and (CH3)2CO (dotted line) at the B3LYP/BSI
level.

Figure 5. Potential energy profiles of the reaction of Ph2GeO with
NH3 (normal line) and 2NH3 (bold line) at the B3LYP/BSI level.
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mediated by one additional substrate for NH3 is presented
in Figure 1. After the formation of the intermediate 2a2, the
reaction 2a2 → TS1a2 → 3a2 proceeds by one step. In the
transition state TS1a2, the H4 migrates from the N3 to the
N5 in some degree. However, the H6 is still attached to the N5,
although the distance O1H6 is shortened to 1.517 Å. The
potential energy profile of this reaction presented in Figure 5
shows that the energy barrier is reduced to about half compared
to that without mediation of one additional substrate. This
decrease in the energy barrier would be ascribed to the stabi-
lization of the transition state TS1a2 where the strain in the
angles, ∠N3Ge2O1 and ∠Ge2O1H6, is largely relaxed.
Thus, the reaction becomes more facile by the mediation of an
additional substrate in the proton migration. By the same
reason, the energy barrier disappears and then the reaction
becomes downhill for H2O (Figure S3).
QM Calculations for H2 and CH4. The approach of the

substrate to the GeO of Ph2GeO in the σ bond cleavage
drastically changes in the cases of H2 and CH4 (Figure 1).
In both cases of H2 and CH4, there is no intermediate with the
coordination of the substrate to the Ge atom before the σ bond
breaking. The plots of the geometric parameters along the
reaction coordinate presented in Figure 6A for H2 show that
the H4 rather than the H3

first approach the O1 and the
H3H4 bond breaking takes place after the O1H4 and the
Ge2H3 bond formation. The H3H4 bond distance of
0.950 Å in the transition state TS1h is not stretched so much
compared to that of the free H2 molecule and the H3H4 bond
is elongated and broken after passing through the transition state.
The H3H4 bond would be split heterolytically as shown by the
charges of the H3 (−0.209 e) and H4 (0.259 e) in the transition
state TS1h. The molecular orbitals, ψ41 and ψ46, in TS1h
displayed in Figure 2 show that the O1H4 and the Ge2H3

bonds are already formed in the transition state.
The similar approach of the substrate to the GeO bond

was found also for CH4. The H4 of the C3H4 σ bond first
approach the O1 of the GeO as shown by the plots of the
geometric parameters along the reaction coordinate for CH4
(Figure 6B), because CH4 without the lone electron pair can-
not coordinate to the Ge2. The O1H4 distance is shortened
to 1.388 Å in TS1m (Figure 1) and the molecular orbital ψ49 in
TS1m displayed in Figure 2 shows a bonding orbital of the

O1H4 bond. The electron of the C3H4 σ bond would be
localized at the C3 by this approach of the H4 to the largely
negatively charged O1. In fact, in TS1m, the negative charge
of the C3 increases from −0.818 e to −1.059 e, whereas the
positive charge of the H4 increases from 0.204 to 0.377 e.
Figure 6B shows that the O1H4 bond is nearly formed in the
transition state. As a result, the C3H4 σ bond of the CH4
would be extremely polarized to form the CH3

− anion and H+

proton. After the transition state, the C3H4 bond starts to
lengthen and the consequently formed CH3

− and proton are
taken by the electron deficient Ge2 and the electron sufficient
O1, respectively. Thus, it is thought that the CH σ bond of
CH4 as well as the HH σ bond of H2 is heterolytically split.
The potential energy profiles of the σ bond breaking on the

GeO bond for H2 and CH4 are presented in Figure 7.

Both energy barriers for H2 and CH4 are very large, suggesting
that the σ bond breaking is much harder for H2 and CH4 than
for H2O, NH3, and Me2CO, although the reaction is largely
exothermic for both of them. These large energy barriers would
be due to the absence of an intermediate with the coordination
of the substrate that makes the heterolytic cleavage of the
σ bond easy.

Figure 6. Changes in the geometric parameters during the reaction of Ph2GeO with H2 (A), CH4 (B), and SiH4 (C).

Figure 7. Potential energy profiles of the reaction of Ph2GeO with
H2 (normal line), SiH4 (bold line), and CH4 (dotted line) at the
B3LYP/BSI level.
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QM Calculations for BH3 and SiH4. The reaction of BH3
with Ph2GeO was downhill, as presented in Figure 8A. The
reactant 1 at the first point is Ph2GeO + BH3, and in the
structure at the next point, the O1B3 distance is set to be

3.0 Å, because the electron deficient B3 at first attacks the
electron sufficient O1 before the BH bond breaking as shown
by 12. In the first process before reaching 12, the O1B3 distance
is shortened, while the B3H4 distance is almost constant,

Figure 8. Potential energy profile (A) and changes in the geometric parameters (B) during the reaction of Ph2GeO with BH3 at the B3LYP/BSI
level together with the structures at the points, 1, 12, 15, and 32. 1 and 32 are the starting substance and the product, respectively. 12 and 15 are the
arbitrary selected structures, which are close to a cluster and a transition state, respectively. The values of the NBO charges are also presented
together with the structures, 1, 12, 15, and 32. The red arrows indicate the flow of the electron. In part B, the following markers apply: ○,
d(Ge2O1); □, d(B3O1); ◇, d(B3H4); ×, d(B3H5); +, d(B3H6); Δ, d(H4Ge2); ●, ∠B3O1Ge2.

Figure 9. Changes in the geometric parameters (A), kinetic energies (B and C), and forces (D and E) of 2W1 during the QM-MD simulation at
300 K. In part A, the following colors apply: red, d(Ge2O3); green, d(Ge2O1); orange, d(O3H4); black, ∠O3Ge2O1. In parts B and D,
the following colors apply: red, O3; green, H4; orange, O1; black, Ge2. In parts C and E, the following colors apply: red, H2O; blue, H2GeO;
orange, GeO.
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as presented in Figure 8B. The binding of BH3 by the electron
donation from the O1 to the B3, which is shown by the ψ58 of
12 in Figure S4, induces the electron migration from the Ge2 to
the B3 in 12. In the second process from 12 to 15, the H4Ge2

distance is shortened and the electron migrates from the B3 to
the Ge2 through the H4 forming the H4Ge2 bond in addition
to the O1B3 bond as shown by the ψ42 and the ψ58 of 15 in
Figure S4. In the third process after 15, the positively charged
B3 and the negatively charged H4 are heterolytically split.
Also in the case of SiH4, the Si atom attacks not the positively

charged Ge2 but the negatively charged O1 of Ph2GeO as
shown by the transition state TS 1s in Figure 1, because the
Si atom of SiH4 is positively charged due to its electronegativity
that is smaller than that of the H atom. In TS 1s, the elec-
tron shifts from the Si3 to the H4 in the Si3H4 σ bond and
from the Ge2 to the O1 in the Ge2O1 bond (Figure 3) by
the approach of the Si3H4 bond to the Ge2O1 bond. The
largely negatively charged H4 is then abstracted as H− by the
Ge2. Thus, the SiH σ bond also heterolytically splits on the
GeO double bond.
As presented in Figure 7, the energy barrier of the σ bond

cleavage is much smaller for the case of SiH4 than for the cases
of H2 and CH4. This would be due to the interaction of the Si3

with the O1 before the SiH σ bond breaking, which increases
the polarization of both the Si3H4 and the Ge2O1 bonds to
promote a heterolytic split of the SiH σ bond. The plots of
the geometric parameters against the reaction coordinate dis-
played in Figure 6C show that the O1Si3 distance is con-
siderably shortened before the Si3H4 bond is lengthened. In
fact, the interaction of the Si3 with the O1 was confirmed in the
transition state TS 1s (see the ψ62 of TS 1s in Figure S4), which
would be ascribed to the hypervalency of the Si3.
QM-MD Simulations for H2O. We conducted the QM-MD

simulations for the reaction with H2O to examine a dynamic
factor that produces the diving force of the reaction taking
account of the thermal motion of the molecule. In the QM-MD
simulations, we replaced the Ph group by the H atom in the
germanone Ph2GeO and adopted the HF/6-31G(d) level for
the quantum mechanical calculation to save the computational
time, because we confirmed that the tendencies in the equi-
librium and the transition state structures and the potential
energy profile of the reaction at the B3LYP/BSI level for the
Ph2GeO + H2O system are well reproduced also at the HF/
6-31G(d) level for the H2GeO + H2O system, as presented

in Figure S5 and S6. The result of a QM-MD simulation in the
gas phase at 300 K is displayed in Figure 9. The coordination of
the H2O oxygen to the Ge is maintained during the simulation
with the O3Ge2 distance of 2.1−2.2 Å, although O3Ge2

more vigorously vibrates compared to Ge2O1 and the
O3H4, as shown in Figure 9A. The change in the kinetic
energy of each atom with time presented in Figure 9B shows
that the kinetic energy of the entire molecule always
concentrates on the O3 atom, suggesting that the motion of
the O3 atom plays an important role to produce a driving force
of the reaction. We have made a similar discussion of a driving
force for the SN2 reaction of SiH3Cl + Cl*− → [Cl*SiH3Cl]

−

→ SiH3Cl* + Cl−.53 Other atoms, H4, Ge2, and O1, which con-
stitute the four-centered transition state of the OH σ bond
cleavage of H2O, have very small kinetic energies compared to
that of O3. When we compare the total kinetic energy of the
atoms between the substrate H2O and the fragment H2GeO,
it is obvious that the kinetic energy of the entire molecule is
localized on the substrate H2O rather than the fragment
H2GeO (Figure 9C). Especially, the GeO of the fragment
H2GeO, which participates the reaction, has a very small
kinetic energy. As for the force, the O3 atom also always
receives the largest force during the simulation and the larger
force is added to the substrate H2O rather than the fragment
H2GeO (Figure 9D,E).
To simulate the cleavage of the OH σ bond of H2O on the

GeO bond, we performed the QM-MD simulations at 1600 K.
The interaction of the H2O oxygen with the Ge is basically kept
even at 1600 K, although the coordinated H2O sometimes
dissociates from the Ge. Figure 10 shows that the OH
σ bond cleavage occurs at 56.95 ps. On the one hand, the
oscillation of both the distance d(Ge2O3) and the angle
∠O3Ge2O1 suddenly further enlarges just before the
OH bond cleavage (Figure 10A), suggesting that the vibra-
tion of the Ge2O3 produces a driving force of the OH
σ bond cleavage as mentioned later. On the other hand, the
oscillation of the distances d(Ge2O1) and d(O3H4) does
not change. As shown by Figure 10B, when the OH bond is
broken, the Ge2O3 distance is shortened as much as possible,
which would promote the electron migration for the heterolytic
OH bond cleavage mentioned above.
The distribution of the kinetic energy of the entire molecule

a little changes at 1600 K. The kinetic energy of the substrate
H2O is nearly the same as that of the fragment H2GeO

Figure 10. Changes in the geometric parameters in the reaction of H2GeO with H2O during the QM-MD simulation at 1600 K. In parts A and B,
the following colors apply: red, d(Ge2O3); green, d(Ge2O1); orange, d(O3H4); black, ∠O3Ge2O1. (A) and (B) have different time
scales.
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before the OH bond cleavage, as shown by Figure 11C.
However, this balance of the distribution of the kinetic energy
is broken just before the OH bond cleavage. The kinetic
energy extremely localizes on the substrate H2O and especially
concentrates on the O3 (Figure 11B,C), which is the reason
why the vibration of the Ge2O3 becomes vigorous just before
the OH bond cleavage as mentioned above. The forces
added to the O3 atom also increase just before the OH bond
cleavage as shown by Figure 11D. Thus, the Ge2O3 inter-
action induces the heterolytic breaking of the OH σ bond
through the electron migration and the vibration of the
Ge2O3 becomes a driving force of the reaction. The kinetic
energy concentrated on this Ge2O3 vibration would be trans-
mitted to the normal mode of the OH bond breaking to
advance the reaction. The heat of the reaction of about
55 kcal/mol that is released when the OH bond is broken
(Figure 11A) immediately dissipates via the O3 atom as shown
by Figure 11B,C.

■ CONCLUDING REMARKS
We examined the mechanism of the σ bond cleavage of H2O,
NH3, Me2CO, H2, CH4, BH3, and SiH4 on the GeO bond
of germanone by means of both quantum mechanical (QM)
and molecular dynamics (MD) methods. The QM calculations
showed that the σ bond is heterolytically broken on the very
largely polarized GeO bond for all the cases of the substrates.
In the cases of H2O, NH3, and Me2CO with the lone
electron pair, the substrate coordinates to the Ge before the
σ bond cleavage. An electron migration that promotes the
heterolytic cleavage of the σ bond is induced by this coor-
dination. As a result, the H of the σ bond is abstracted by the
GeO oxygen as a proton and the formed counterpart anion

switches the bond from the coordinate bond to the covalent
bond with the Ge. In the cases of H2 and CH4 without the lone
electron pair, the H of the σ bond at first approaches the GeO
oxygen, because the substrate cannot coordinate to the Ge. The
σ bond, which is largely polarized by this approach of the H, is
heterolytically broken. The energy barrier was much larger
for the cases of H2 and CH4 without the coordination than for
the cases of H2O, NH3, and Me2CO with the coordination.
Meanwhile, in the case of BH3, the σ bond cleavage was
energetically downhill. The B atom with the vacant p orbital at
first coordinates to the GeO oxygen in this case. After this
coordination, the H atom is abstracted by the Ge as a H− anion.
Also in the case of SiH4, the electron deficient Si forms a bond
not with the Ge but with the O of the GeO before the
σ bond cleavage. However, this reaction without the coor-
dination of the Si has an energy barrier. Thus, it is thought that
the coordination of the substrate plays an important role to
induce a heterolytic cleavage and make the reaction facile.
We conducted the QM-MD simulations for the case of H2O

to examine a dynamic factor that produces the diving force of
the reaction taking account of the thermal motion of the
molecule. The coordination of the substrate H2O to the Ge was
maintained without the dissociation from the Ge even when we
take account of the thermal motion. The kinetic energy of the
entire molecule concentrates on the coordinated H2O oxygen
and the oscillation of the coordinate bond enlarges especially
just before the OH σ bond cleavage. The coordinate bond is
shortened as much as possible when the OH bond is broken
to promote the electron migration for the heterolytic OH
bond cleavage. The kinetic energy concentrated on the coor-
dinated H2O oxygen would be transmitted to the normal mode
of the OH bond breaking. Thus, it is thought that the

Figure 11. Changes in the potential energy of the entire molecule (A), kinetic energies (B and C), and forces (D and E) in the reaction of H2GeO
with H2O during the QM-MD simulation at 1600 K. In parts B, C, D, and E, the following colors apply: black, O3; red, H2O; blue, H2GeO;
orange, GeO.
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vibration of the coordinate bond is an important driving force
that overcomes the energy barrier of the reaction in both elec-
tronic and dynamical aspects.
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a b s t r a c t

Bicyclic dioxetane 1 bearing a 3-hydroxyphenyl group underwent thermal decomposition in solution
(TDsoln) to form 3-oxopentyl 3-hydroxybenzoate 4 accompanied by the emission of light [kmax

CL (TDsoln)
= 405 nm] due to an excited 3-oxopentyl group in 4. Dioxetane 1 also exclusively gave 4 by thermal
decomposition in crystal (TDcryst). However, in contrast to TDsoln, TDcryst of 1 gave light [kmax

CL (TDcryst)
= 464 nm] due to excited oxidobenzoate 3⁄ and/or its closely related species formed by CTID (charge-
transfer induced decomposition) mechanism. The unique chemiluminescent TDcryst of 1 was presumably
the result of hydrogen bonding formed in the crystal between the phenolic proton of a dioxetane mole-
cule and a peroxide oxygen of another dioxetane molecule. In this work, TDcryst as well as TDsoln of bicyclic
dioxetane analog bearing a 4-fluorenyl-3-hydroxyphenyl moiety 10 and of adamantylidene-dioxetane
bearing a 3-hydroxyphenyl group 5b were also investigated.

� 2016 Elsevier Ltd. All rights reserved.

Deprotonation of a 3-hydroxyphenyl-substituted bicyclic diox-
etane 1 with a base produces unstable dioxetane 2 bearing a
phenoxide anion, which decomposes by intramolecular charge-
transfer-induced decomposition (CTID) mechanism to effectively
give 3-oxopentyl 3-oxidobenzoate 3 with the emission of bright
blue light (Base-Induced Decomposition: BID) (Scheme 1).1,2 On
the other hand, when simply heated in a nonpolar solvent, dioxe-
tane 1 decomposes to give 3-oxopentyl 3-hydroxybenzoate 4
accompanied by the emission of very weak light (Thermal
Decomposition: TD). A similar tendency has been observed for an
adamantylidene-substituted dioxetane 5a, the BID of which effec-
tively produces excited methyl 3-oxidobenzoate 6⁄ which emits
blue light, while simple TD in solution gives light due to excited
adamantanone 7⁄.3 We report here that, in contrast to TD in solu-
tion (TDsoln), the TD of dioxetane 1 in crystal (TDcryst) proceeded by
CTID mechanism to give blue light due to excited 3-oxidobenzoate
3⁄ and/or its closely related species, rather than to an excited
ketone moiety or an excited 3-hydroxybenzoate moiety in 4.

When crystalline dioxetane 1 (mp 119.0 �C) was heated at
100 �C, the crystals of 1 emitted blue light, the spectrum of which
had a maximumwavelength at kmax

CL (TDcryst) = 464 nm, as shown in
Figure 1[(A)-(a)] and Table 1. On the other hand, TDsoln of 1 in hot
p-xylene (110 �C) gave weak chemiluminescence with kmax

CL (TDsoln)
= 405 nm [Fig. 1(A)-(b), Table 1]. These results showed that the

chemiluminescence for TDcryst of 1 occurs via a mechanism differ-
ent from that in the case of simple TDsoln in non-polar solvent
(Scheme 1). Notably, 1H NMR analysis showed that the spent crys-
talline mixture for TDcryst exclusively gave keto ester 4 as in the
case for TDsoln.

Thus, we measured the fluorescence of authentic keto ester 4 in
crystal as well as in p-xylene solution. As shown in Figure 1[(B)-(a)
and (b)] and Table 1, maximum wavelength of fluorescence,
kmax
fl (soln), was observed at 360 nm in p-xylene, while kmax

fl (cryst)
was observed at 346 nm in crystal. Next, we examined fluores-
cence of two model compounds in p-xylene. Methyl 3-hydroxy-
benzoate (8: Y = H) as a model of a 3-hydroxybenzoate moiety in
4 showed fluorescence with kmax

fl (soln) = 344 nm, while di-tert-
butyl ketone as a model of the ketone moiety in 4 showed fluores-
cence with kmax

fl (soln) = 407 nm [Fig. 1(B)-(d) and (e)]. These
results revealed that the chemiluminescence for TDsoln of 1 in
p-xylene was undoubtedly due to an excited ketone moiety in 4,
while the chemiluminescence for TDcryst of 1 could not be attribu-
ted to either the excited ketone moiety or the excited hydroxyben-
zoate moiety in 4.

As has been reported for BID of 1, intermediary oxidophenyl-
substituted dioxetane 2 undergoes CTID to display chemilumines-
cence with kmax

CL (BID) = 466–470 nm.2 Figure 1(A) shows the
chemiluminescence spectrum for BID of 1 in TBAF (tetrabutylam-
monium fluoride)/acetonitrile as a representative together with
those for TDsoln and TDcryst of 1. A comparison of these spectra
shows that the chemiluminescence spectrum for TDcryst overlapped
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that for BID, though the former somewhat broadened, especially in
the shorter wavelength region. Thus, the TDcryst of 1 was presumed
to proceed by a CTID mechanism as in the case of BID.

To better understand the significant difference in the chemilu-
minescence of 1 between TDsoln and TDcryst, we performed an
X-ray single crystallographic analysis of 1.4,5 As shown in Figure 2,

dioxetane 1 in crystal formed a network constructed by inter-
molecular hydrogen bonding between a phenolic OH of one mole-
cule and a peroxide oxygen of another molecule (bond length
d = 1.931 Å and bond angle h = 173.7�).6 Thus we can imagine that,

Figure 2. View of the intermolecular hydrogen bonding network for dioxetane 1 in
crystal.
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Scheme 1. Chemiluminescent decomposition of 3-oxyphenyl-substituted dioxetanes 1 and 5.

Figure 1. Chemiluminescence spectra of dioxetane 1 (A): (a) for TDcryst, (b) for
TDsoln in p-xylene and (c) for BID in TBAF/acetonitrile. Fluorescence spectra (B): for
ketoester 4 (a) in crystal, (b) in p-xylene and (c) in TBAF/acetonitrile, and
(d) for methyl 3-hydroxybenzoate 8 in p-xylene and (e) for di-tert-butyl ketone in
p-xylene.

Table 1
Maximum wavelength for chemiluminescence of dioxetanes 1, 10 and 5b and
maximum wavelength for fluorescence of ketoesters 4 and 12

kmax
CL for chemiluminescence

of dioxetane/nm
kmax
fl for fluorescence of authentic emitter/

nm

BIDa TDsoln
b TDcryst

c Basic solna Neutral solnd Crystale

1 470 405 464 4 470 360, 407f 346
10 500 377 398 12 500 381 388
5b 469 428 451 8g 470 344, 430h —

a 25 �C in TBAF/acetonitrile.
b 110 �C in p-xylene.
c 100 �C.
d 25 �C in p-xylene.
e 25 �C.
f Di-tert-butyl ketone.
g Y = H.
h Adamantanone 7.
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upon heating, a phenolic proton of dioxetane 1 in crystal is eventu-
ally transferred through the vibration of OphenolAHAOperoxide to a
peroxide oxygen to strongly induce a negative charge on Ophenol

and to form a phenoxide anion as an extreme,7 which would spon-
taneously cause CTID of dioxetane to give blue light (Scheme 2).8,9

Note that the hydrogen bonding in crystalline 1 may also activate
dioxetane OAO as an electron acceptor for CTID by inducing a pos-
itive charge on Operoxide (vide infra).10–13 On the other hand, the
results of 1H NMR analysis suggested that 1 existed without any
hydrogen bonding in p-xylene: the phenolic OH proton of 1 dis-
played a peak at dH 3.9 ppm in p-xylene-d10.13–15 Thus, dioxetane
1would thermally decompose without dissociation of the phenolic
OH. Notably, the rate of decomposition for TDcryst of 1 at 100 �C was
ca. 40% faster than that for TDsoln: rate constant k for TDcryst was
1.72 � 10�5 s�1, while k for TDsoln was 1.22 � 10�5 s�1.16

We next investigated the chemiluminescence for TD of dioxe-
tanes 9 and 10 in crystal as well as in p-xylene. Dioxetane 9 is a
3-methoxyphenyl-analog of 1 that does not possess a phenolic pro-
ton capable of forming hydrogen bonds and, of course, hardly
undergoes chemiluminescent CTID through an oxidophenyl-
substituted dioxetane. Dioxetane 10 is an analog of 1 bearing a
3-hydroxyphenyl that is further substituted with a 9,9-
dimethylfluoren-2-yl group at the 4-position, which would be
expected to play an important role in the construction of a fluo-
rophore of substituted 3-hydroxybenzoate when 10 decomposed.

Upon heating at 80 �C, crystalline dioxetane 9 (mp 95 �C) hardly
emitted light. Further heating at higher temperature (110 �C)
caused crystalline 9 to melt and to give very weak chemilumines-
cence with kmax

CL = 422 nm. Dioxetane 9 underwent TDsoln in hot

p-xylene to afford weak light with kmax
CL (TDsoln) = 405 nm

(Scheme 3). The result showed that TDsoln of dioxetane 9 gave light
from the excited ketone moiety but not from the excited
3-methoxybenzoate moiety of keto ester 11 similar to the case
for TDsoln of 1: methyl 3-methoxybenzoate as a model of the aro-
matic ester moiety in 11 gave fluorescence with kmax

fl = 350 nm.
When dioxetane 10 was treated with TBAF in acetonitrile at

25 �C, BID took place accompanied by a flash of greenish blue light
with kmax

CL (BID) = 500 nm [Fig. 3(A)-(c), Table 1 and Scheme 3], the
spectrum of which coincided with the fluorescence spectrum of
4-fluorenyl-3-oxidobenzoate 13 generated from keto ester 12 in
TBAF/acetonitrile [Fig. 3(B)-(c) and Table 1].17 This result shows
that the introduction of a 9,9-dimethyl-2-fluorenyl group at the
4-position of 3-hydroxyphenyl in dioxetane 1 was effective for
promoting a red-shift of the chemiluminescence for BID of
dioxetane 10.

The effect of the introduction of a 2-fluorenyl group was also
reflected in the TDsoln of 10, which displayed chemiluminescence
with kmax

CL (TDsoln) = 377 nm in p-xylene [Fig. 3(A)-(b), Table 1].
Since free keto ester 12 showed fluorescence with kmax

fl (soln)
= 381 nm in p-xylene [Fig. 3(B)-(b), Table 1], we considered that
the chemiluminescence for the TDsoln of 10 was due to an excited
aromatic ester rather than to a ketone moiety of 12, in contrast
to the TDsoln of 1 and 9 (Scheme 3). However, emission from the
excited ketone moiety of 12 should more or less take place for
TDsoln of 10: kmax

fl for di-tert-butyl ketone as a model of a ketone
moiety of 12 was >20 nm longer than that for 12 (Table 1).18

Next, we investigated how dioxetane 10 displayed chemilumi-
nescence with TDcryst. When crystalline dioxetane 10

1 in crystal
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Scheme 2. Thermal decomposition of dioxetane 1 assisted by intermolecular-hydrogen bonding in crystal.
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(mp 165.0 �C) was heated at 100 �C, the crystals emitted light with
kmax
CL (TDcryst) = 398 nm [Fig. 3(A)-(a)]: crystalline keto ester 12 dis-
played fluorescence with kmax

fl (cryst) = 388 nm [Fig. 3(B)-(a),
Table 1]. As shown in Figure 3(A) and Table 1, kmax

CL (TDcryst) was
much shorter than kmax

CL (BID) (500 nm), though rather longer than
kmax
CL (TDsoln) (377 nm) for 10. These results showed that hydrogen
bonding, if present, apparently did not cause CTID for TDcryst of 10
as in the case of 1.

The results of X-ray single crystallographic analysis were also
suggestive.4,5 The phenolic proton of 10 in crystal was found to
undergo two types of hydrogen bonding, type A (occupancy: 80%)
and type B (occupancy: 20%). Type A was hydrogen bonding with
a peroxide oxygen of another dioxetane, similar to the case of 1,
and in type B, the phenol ring lay on the opposite side to promote
hydrogen bonding between the phenolic OH and an oxygen of the
tetrahydrofuran ring in another dioxetane (Fig. 4). The bond dis-
tance of OHAOdioxetane (d = 2.024 Å) for type A in 10 was longer
and presumably weaker than that (d = 1.931 Å) for 1. Therefore,
even with heating at 100 �C, the peroxide oxygen could not attract
the phenolic proton strongly enough to cause CTID of 10. On the

other hand, the hydrogen bond of type B (d = 1.827 Å) was shorter
and presumably stronger than the hydrogen bond for 1, so that it
seemed to induce a negative charge on the phenolic oxygen in 10
that causes CTID to give long-wavelength light (kmax

CL � 500 nm).
However, such emission was hardly observed for TDcryst of 10, as
shown in Figure 3(A)-(a). Although the low abundance of type B
hydrogen bonds (only 20%) can explain why its effect was hardly
reflected in the chemiluminescence spectrum of TDcryst, the oxygen
atom of the tetrahydrofuran ring in bicyclic dioxetane 10 acted as a
strong proton acceptor but presumably could not well activate
dioxetane OAO to cause CTID for type B.10–12

Finally we investigated the chemiluminescent TDsoln and TDcryst

of dioxetane 5b (mp 135 �C) which possessed a 3-hydroxyphenyl
group, similar to 1, although we were unable to perform X-ray sin-
gle crystallographic analysis. TDsoln of 5b in p-xylene at 110 �C gave
light with kmax

CL (TDsoln) = 428 nm due to 7⁄, while BID of 5b in TBAF/
acetonitrile showed chemiluminescence with kmax

CL (BID) = 469 nm
due to 6⁄ (Table 1, Scheme 1). On the other hand, crystalline 5b,
upon heating at 100 �C, emitted light with kmax

CL (TDcryst) = 451 nm
(Table 1). Thus, TDcryst of 5b was presumed to proceed by CTID
mechanism as in the case of crystalline 1. However, as the
kmax
CL (TDcryst) of 5b was considerably shorter than the kmax

CL (BID),
the hydrogen bonding for 5b might be somewhat weaker than that
for 1, but stronger than that for 10.

In conclusion, crystalline dioxetanes bearing a 3-hydroxyphenyl
moiety 1 and 5b were found to undergo thermal decomposition
(TDcryst) accompanied by the emission of light, the spectrum of
which was quite different from that for thermal decomposition
in a nonpolar solution (TDsoln). Hydrogen bonding between the
phenolic proton of a dioxetane molecule and the peroxide oxygen
of another dioxetane molecule was suggested to play an important
role in TDcryst. This suggestion led to the idea that the inclusion of
an appropriate neutral hydrogen bonding donor/acceptor to a crys-
talline dioxetane bearing a phenol group should cause unique
chemiluminescence in crystal. As an preliminary example, we
showed that, when heated, a solid mixture of dioxetane 10 and
N,N0-diphenylurea gave light with kmax

CL (TDcryst) at 488 nm.
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OH forms a hydrogen bond with oxygen of dioxetane OAO, decompose
thermally ca. 105 times faster than analogs in which OH forms a hydrogen
bond with oxygen of the tetrahydrofuran ring.13

13. Hoshiya, N.; Watanabe, N.; Ijuin, H. K.; Matsumoto, M. Chem. Lett. 2007, 36,
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14. It has been reported for oxyaryl-substituted dioxetanes that the aryl OH proton
participating in hydrogen bonding (HB) displays a peak at dH 8–13 ppm in p-
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6 ppm.15
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were as follows: chemiluminescence efficiency UCL = 0.17, efficiency of singlet
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18. The emission from the ketone moiety might be hidden by the emission from
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a b s t r a c t

Singlet-oxygenation of 3-hydroxyphenyl-substituted dihydrofurans fused with a cyclohexane 1a�c
exclusively gave the corresponding syn/anti-stereoisomeric mixtures of dioxetanes 2a�c. The syn/anti-p-
facial selectivity in the 1,2-cycloaddition of singlet oxygen (1O2) was found to be remarkably sensitive to
the solvent as well as the reaction temperature. In fact, the solvent effect was so conspicuous that
inversion of the syn/anti-p-facial selectivity was observed in different solvents, such as chloroform and
toluene. An LSER (linear solvation energy relationships) analysis suggested that the Lewis-acidity/
basicity and HBD (hydrogen-bond donor)/HBA (hydrogen-bond acceptor) ability as well as dipolarity/
polarizability of the solvent played an important role in this change in syn/anti-p-facial selectivity. An
investigation of the temperature-dependency of the singlet-oxygenation suggested that the syn/anti-p-
facial-selective 1,2-cycloaddition of 1O2 to 1 was a conformationally-(entropy-) controlled process.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Experimental and theoretical studies have shown that singlet
oxygen (1O2) attacks a carbon-carbon double bond side-on to give a
perepoxide intermediate, which rearranges to a 1,2-dioxetane
([2 þ 2] cycloaddition) or abstracts an allylic hydrogen atom,
when present in a preferential conformation, to form an allylic
hydroperoxide (‘ene’ reaction) (Scheme 1).1e8 Thus, for the singlet-
oxygenation of olefins, the substituents sterically and/or electron-
ically direct the incoming 1O2 to the p-face and the side of the
double bond (p-facial selectivity and side selectivity) to cause
mode-,9e12 regio-,13e16 and/or stereo-selectivity.17e20 In addition to
these effects in the chemical reactivity, it has recently been sug-
gested that one stereochemical pathway is physically deactivated
more rapidly through quenching of the incoming 1O2 by CeH bond
vibrations.19,20

These selectivities are often strongly affected by solvent and

temperature.19,21e26 For instance, a change in solvent has been
known to cause the inversion of mode-selectivity in 1,2-
cycloaddition vs the ‘ene’ reaction23 or 1,2-cycloaddition vs 1,4-
cycloaddition25 for the singlet-oxygenation of certain olefins (di-
enes). The solvent-dependent inversion of chemoselectivity (dia-
stereoselectivity) has also been reported for the 1,2-cycloaddition
of 1O2 to a mixture of diastereoisomeric olefins.19,20 However, little
is known about a solvent effect so strong that it can cause an
inversion of the p-facial selectivity of 1O2 for 1,2-cycloaddition to
an olefin.

In the course of our study on high-performance dioxetane-
based chemiluminescent compounds, we investigated the singlet-
oxygenation of oxyphenyl-substituted dihydrofurans 1 fused with
a cyclohexane ring [3,4-cyclohexa-2,3-dihydrofuran: 8-oxabicyclo
[4.3.0]non-1 (9)-ene] which also had a substituent at the 3-
position (Scheme 2). We unexpectedly found that inversion of the
p-facial selectivity of 1O2 occurred to preferentially give dioxetane
syn-2 or its stereoisomer anti-2 depending on the type of solvent.
We report here the features of this remarkable solvent effect on the
syn/anti-p-facial selectivity in the 1,2-cycloaddition of 1O2 to bicy-
clic dihydrofurans 1 together with the thermodynamic aspects of
the present singlet-oxygenation.
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2. Results and discussion

2.1. Synthesis of 5-(hydroxyphenyl)-3,4-cyclohexa-2,3-
dihydrofurans

The dihydrofurans bearing a 5-(3-hydroxy)phenyl investigated
here possessed further a substituent, Me (1a), Et (1b), or PhCH2-
(1c), at the 3-position (Scheme 2). 4-Hydroxyphenyl-isomer 1d and
3-methoxyphenyl-analog 1ewere also investigated for comparison
to 1a in singlet-oxygenation. The bicyclic dihydrofurans 1 were
synthesized through several steps starting fromethyl 3,3-dimethyl-
2-oxocyclohexanecarboxylate 3 with a substituent (R) at the 1-
position: R ¼ Me for 3a, Et for 3b and PhCH2- for 3c (Scheme 3).
These keto esters were reduced with LiAlH4 to the corresponding
diols 4a�4c. Williamson ether synthesis using diol 4a (R¼Me) and
3-methoxybenzyl chloride selectively gave cyclohexylmethyl 3-
methoxybenzyl ether 5a. The remaining OH group of 5a was in
turn oxidized with pyridinium chlorochromate (PCC) to give 2-[(3-
methoxy)benzyloxymethyl]cyclohexanone 6a in high yield.
Lithium diisopropylamide (LDA)-mediated cyclization27 of 6a
effectively took place to give hydroxytetrahydrofuran fused with
cyclohexane ring 7a, which was successively dehydrated with
SOCl2/pyridine to give 3-methoxyphenyl-substituted bicyclic
dihydrofuran 1e in good yield. Finally, a methoxy group in 1e was
deprotected with CH3SNa/DMF to give the bicyclic dihydrofuran 1a.

As shown in Scheme 3, the bicyclic dihydrofurans 1b and 1c were
similarly synthesized starting from 3b and 3c, respectively. By using
p-methoxybenzyl chloride instead of itsm-isomer, we prepared (4-
methoxy)phenylmethyl ether 5d via theWilliamson synthesis from
4a. Thus, 5-(4-methoxyphenyl)dihydrofuran 1d was synthesized
starting from 5d through four steps 5d/6d/7d/8d/1d
(Scheme 3).

2.2. Solvent effect on the stereoselective 1,2-cycloaddition of singlet
oxygen to 5-(oxyphenyl)-3,4-cyclohexa-2,3-dihydrofurans

For the singlet-oxygenation of dihydrofurans 1, dioxetanes syn-2
can be produced when 1O2 attacks the p-facewhere a substituent R
lies, while stereoisomers anti-2 can form when 1O2 attacks the
opposite p-face (Scheme 2). When a solution of bicyclic dihy-
drofuran 1a was irradiated together with a small amount of tetra-
phenylporphin (TPP) in toluene with a 940 W Na lamp under an
oxygen atmosphere at 0 �C for 30 min, a mixture of dioxetane syn-
2a and its isomer anti-2a (syn/anti ¼ 79/21) was exclusively pro-
duced. Dioxetane syn-2a was isolated in pure form by recrystalli-
zation of the stereoisomeric mixture. On the other hand, the
singlet-oxygenation of 1a in chloroform at 0 �C gave a mixture
mainly consisting of anti-2a (syn/anti ¼ 13/87), which was also
isolated in pure form by recrystallization. The structures of syn-2a
and anti-2a were determined by 1H NMR, 13C NMR, IR, Mass, and

Scheme 1. Selectivities for the addition of singlet oxygen to an olefin.

Scheme 2. Stereoselective formation of syn/anti-dioxetanes 2 from 3,4-cyclohexa-2,3-dihydrofurans 1.
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HRMass spectral analyses. In addition, X-ray single crystallographic
analysis was successfully performed for both syn-2a and anti-2a:
ORTEP views of these dioxetanes are shown in Fig. 1. These results
indicate that inversion of the syn/anti-p-facial selectivity occurred
between the use of chloroform and toluene for the 1,2-
cycloaddition of 1O2 to 1a. Notably, the syn/anti-ratios of 2a did
not meaningfully change when CDCl3 or toluene-d8 was used
instead of non-deuterated solvents, though the rates of the singlet-
oxygenation appeared to be accelerated: the lifetime of 1O2 is
significantly prolonged in a deuterated solvent [lifetime of 1O2 (x
10�6 s): 60e415 in CHCl3 vs. 300e3600 in CDCl3, and 25e29 in
toluene vs. 310e320 for toluene-d8].28

We were surprised to observe such a remarkable solvent effect
on stereoselectivity in the 1,2-cycloaddition of 1O2 to dihydrofuran
1a, even though the syn/anti-p faces of 1a differed from each other
only sterically by a 3-methyl group on the bridgehead or a 6-
methylene of a cyclohexane ring. We first considered that the
change in syn/anti-p-facial selectivity was related to rotational
isomerism of the 3-hydroxyphenyl group that accompanied a
change in the dipole moment, which would be affected by the
solvent polarity. Thus, we examined the singlet-oxygenation of

dihydrofuran 1d bearing a 4-hydroxyphenyl that was symmetric
around the bond axis, the rotation of which might cause only a
slight change in the dipole moment. The singlet-oxygenation of
dihydrofuran 1d gave a 10/90 syn/anti-mixture of dioxetane 2d in
chloroform, and a 97/3 syn/anti-mixture of 2d in toluene at 0 �C:
anti-2dwas isolated in pure form, though syn-2dwas unstable and
partly decomposed during purification (Scheme 2). This result
showed that rotational isomerism of the aromatic ring did not
meaningfully participate in the solvent-dependent change in syn/
anti-p facial selectivity in the singlet-oxygenation of 1a.

Next, to understand the steric interaction of 1O2 with a 3-
substituent (Me for 1a), we investigated the singlet-oxygenation
of dihydrofurans possessing an ethyl 1b or benzyl 1c at the 3-
position, which are larger than a methyl group. Under singlet-
oxygenation in chloroform or toluene at 0 �C, ethyl-analog 1b and
benzyl-analog 1c exclusively gave the corresponding syn/anti-
mixtures of dioxetane 2b and 2c (Scheme 2). The syn/anti-ratios for
2b and 2c are summarized together with those for 2a in Table 1. As
shown, toluene was rather preferable for syn-p-facial attack by 1O2,
while chloroform was preferable for anti-p-facial attack by 1O2,
regardless of the 3-substituent on 1. However, we should note the

Scheme 3. Synthetic pathway starting from 2-oxocyclohexanecarboxylates 3 to 3,4-cyclohexa-2,3-dihydrofurans 1.

Fig. 1. ORTEP views of dioxetanes syn-2a and anti-2a.
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following points with respect of the substituent effect. The ethyl
group of 1b apparently acted to suppress syn-p-facial attack by 1O2
more strongly than the methyl of 1a. On the other hand, although
1c had a benzyl group, which is far larger than an ethyl group, 1c
allowed syn-p-facial attack by 1O2 more favorably than 1b. These
results suggested that the usual steric interactionwas not related to
the substituent effect on the syn/anti-p facial selectivity of 1O2 for
the singlet-oxygenation of 1 (vide infra).

To understand in more detail how the solvent influences the p-
facial selectivity, we investigated the singlet-oxygenation of 1a�1c
in four different solvents, including dichloromethane, acetonitrile,
acetone, andmethanol, in addition to chloroform and toluene. In all
of these solvents, syn/anti-isomeric mixtures of dioxetanes 2a�c
were selectively produced and their syn/anti ratios markedly
changed depending on the solvent, as summarized in Table 1.

Table 1 shows several notable features in the solvent effect on
the singlet-oxygenation of dihydrofurans 1:

a) Syn-p-facial selectivity (syn-2 selectivity) increased in the
order chloroform � methanol < dichloromethane <
acetonitrile < toluene < acetone.

b) Syn-2, especially syn-2a and syn-2c, showed high selectivity
in polar acetone as well as in non-polar toluene.

c) Acetonitrile had a much different effect on the syn/anti-
stereoselectivity than acetone, even though these two sol-
vents resemble each other in terms of measures of polarity,
such as dielectric constant (ε), dipole moment (m), polarity
parameter (ET), and nucleophilicity/electrophilicity param-
eter [DN (donor number)/AN (acceptor number)].29

d) Methanol favored the formation of anti-2 while acetone
favored the formation of syn-2, even though these two sol-
vents have a similar DN/AN.

In conclusion, the solvent effect on syn/anti-p-facial selectivity
for the singlet-oxygenation of 1 did not appear to simply correlate
with any particular polarity index or parameter. Thus, we attemp-
ted to carry out an LSER (linear solvation energy relationships)
analysis according to the following equation:30

A ¼ ln(syn-2/anti-2) ¼ s(p* þ dd) þ aa þ bb þ A0 (1)

where p* is an index of solvent dipolarity/polarizability, a is a
measure of the solvent hydrogen-bond donor (HBD) and Lewis-
acidity, b is a measure of the solvent hydrogen-bond acceptor
(HBA) and Lewis-basicity, and d is a discontinuous polarization
correction term (see SD).

A multivariate analysis of the data in Table 1 showed that the
syn/anti-p-facial selectivity expressed as ln (syn-2/anti-2) was well
correlated with LSER, as shown in eqs. (2)e(4):

ln(syn-2a/anti-2a) ¼ �16.4(p* þ 0.4d) � 13.8a þ 11.4b þ 14.5
(R2 ¼ 0.992) (2)

ln(syn-2b/anti-2b) ¼ �2.9(p* � 0.1d) � 4.5a þ 4.2b � 0.2
(R2 ¼ 0.964) (3)

ln(syn-2c/anti-2c) ¼ �14.7(p* þ 0.3d) � 11.3a þ 8.9b þ 12.9
(R2 ¼ 0.950) (4)

Equations (2)e(4) show negative coefficients for parameters p*
and a, and a positive coefficient for parameter b. Therefore, the
LSER analysis suggested that syn-p-facial selectivity was disfavored
in a solvent with large dipolarity/polarizability (p* term) and/or
HBD ability/Lewis-acidity (a term), and favored in a solvent with
large HBA ability/Lewis-basicity (b term): a non-polar solvent
favored syn-p-facial selectivity, since the A0 term was positive
especially for dihydrofurans 1a and 1c. Thus, the solvent effect on
syn/anti-p-facial selectivity for the singlet-oxygenation of 1a as an
example can be explained as follows (see SD):

a) High anti-p-facial selectivity may be mainly attributed to the
solvent dipolarity/polarizability in the case of chloroform, and to
the solvent HBD ability/Lewis-acidity in the case of methanol.

b) The HBA ability/Lewis-basicity (b term) of acetone may play an
important role in the high syn-p-facial selectivity.

According to suggestion b), a phenolic OH (a typical HBD/acid) of
1a may participate in the expression of syn-p-facial selectivity in
acetone (HBA/Lewis base). Thus, we investigated the solvent effect
on the singlet-oxygenation of dihydrofuran 1e bearing a 3-
methoxyphenyl without phenolic OH, which exclusively gave a
syn/anti mixture of dioxetane syn-2e and anti-2e. The results
summarized in Table 1 showed that, as expected, the syn/anti-p-
facial selectivity [ratio of syn-2e/anti-2e] in acetonewas, in contrast
to the case with 2a, similar to that in acetonitrile, though high syn-
and anti-p-facial selectivities were observed in toluene and chlo-
roform, respectively. Notably, LSER analysis in the case of 1e sug-
gested that high anti-p-facial selectivity was mainly attributed to
the solvent dipolarity/polarizability:

ln (syn-2e/anti-2e) ¼ �15.0 (p*� 0.2d) þ 1.3a � 0.4b þ 7.1
(R2 ¼ 0.981) (5)

For the oxygenation of 1 with small and short-lived 1O2, the
stereochemical (conformational) change in dihydrofurans 1 would
be entirely responsible for the change in syn/anti-p-facial selec-
tivity. To understand the present singlet-oxygenation, the known
reactions of the related 5-aryl-2,3-dihydrofurans 9e11 were sug-
gestive: dihydrofuran 9 selectively gave dioxetane 12, though it
possessed an ‘ene’-active allylicmethyl,31 and dihydrofurans 10 and
11 selectively gave the corresponding dioxetanes 13 and 14 with
anti-stereochemistry (Scheme 4).32,33 These singlet-oxygenations
suggested that the incoming 1O2 was guided to the side of the
dihydrofuran ring, but not to the side of the 5-aryl group presum-
ably by a “directing effect (cis-effect)”11 of the dihydrofuran O atom
and by a “large-group effect (anti-cis-effect)”34 of the aryl group
(Scheme 4). These effects on the side-selectivity could also play a
role in the case of dihydrofurans 1a�1e, for which the p-facial
selectivity of the incoming 1O2 may be regulated by the steric
environment around the dihydrofuran ring.

As illustrated in Scheme 5, the syn-p-face of dihydrofuran 1a
leading to syn-2a is surrounded by r-3-methyl, cis-9-methyl, and 5-
(3-hydroxyl)phenyl groups, like a picket fence, while the opposite
anti-p-face leading to anti-2a is surrounded by 6-methylene, trans-
9-methyl, and 5-(3-hydroxyl)phenyl groups. Depending on the

Table 1
Solvent effect on selectivity of syn/anti-stereoisomeric dioxetanes 2 for the singlet-
oxygenation of dihydrofurans 1a.

Solventb Ratio of syn/anti-dioxetane 2

2a 2b 2c 2e

chloroform 13/87 5/95 21/79 10/90
methanolc 21/79 3/97 26/74 30/70
dichloromethane 24/76 12/88 53/47 10/90
acetonitriled 31/69 28/72 66/34 44/56
toluene 79/21 31/69 94/6 90/10
acetone 90/10 46/54 95/5 51/49

a All reactions were carried out at 0 �C.
b Unless otherwise stated, TPP was used as a sensitizer.
c Rose Bengal was used as a sensitizer.
d Methylene blue was used as a sensitizer.
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conformational change in the cyclohexane ring of 1a, these groups
may change their relative stereochemistry such as the distances
from the trigonal carbons of the 4,5-double bond, bond angles, and
dihedral angles to open a picket fence or block a p-face for the
incoming 1O2. A theoretical study (conformational search: MMFF
and HF/6-31G(d)) suggested that, in the most stable conformer A
(chair form), the anti-p-face was less crowded, so that it was more
favorable for the incoming 1O2 than the syn-p-face, while the steric
environment of the syn/anti-p-faces reversed for the next-stable
conformer B with a twist-boat form (15e16 kJ mol�1 less stable),
as illustrated in Scheme 5 (SD). The equilibrium between con-
formers A and B would change with a change in the solvent and
temperature, and, accordingly, the syn/anti-p-facial selectivity
would also change.35

In addition to steric control of the incoming 1O2 through a

conformational change in the singlet-oxygenation of 1a�1c, we
should consider another factor to elucidate the substituent effect on
the syn/anti-p-facial selectivity. As alreadymentioned, anti-p-facial
selectivity increased in the order benzyl-analog 1c <methyl-analog
1a < ethyl-analog 1b (Table 1). This order did not coincide with the
order of the bulkiness of the 3-substituent, i.e.,
benzyl > ethyl > methyl. However, this discrepancy may be
explained by considering the possible CeH bond-vibrational
quenching of 1O2.20 If the 3-substituent acts to physically quench
the incoming 1O2, the effect should increase in the order
benzyl < methyl < ethyl, and thus disfavor syn-p-facial selectivity
in the same order: a larger number of CeH bonds to which syn-p-
face of the double bond exposes may more effectively quench the
incoming 1O2.

Scheme 4. Stereoselective 1,2-cycloaddition of singlet oxygen to dihydrofurans 9e11.

Scheme 5. Steric regulation of the incoming singlet oxygen to the syn/anti-p-faces of conformers A and B of dihydrofuran 1a.
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2.3. Temperature effect on syn/anti-p-facial selectivity for the 1,2-
cycloaddition of singlet oxygen to 3-hydroxyphenyl-substituted
cyclohexadihydrofurans

The results in the previous section suggested that the syn/anti-
p-facial selectivity of the 1,2-cycloaddition of 1O2 was controlled by
a conformational change in the cyclohexane ring in dihydrofurans
1. The conformers of a cyclohexane are generally in a rapid equi-
librium of chair % twist-boat % boat, which may be sensitively
affected by temperature. Thus, we carried out the singlet-
oxygenation of 1 at various temperatures ranging from 313 K to
215K in CDCl3 and toluene-d8, and the results are presented in
Fig. 2. As shown, although the selectivity of anti-2 tended to in-
crease at lower temperature in both solvents, chloroform favored
the anti-product regardless of the reaction temperature. Next, using
the data obtained regarding the syn/anti-2 ratios at various tem-
peratures, we estimated the differential activation parameters
(DDHz

syn-anti and DDSzsyn-anti) between the formation of syn-2 and
anti-2 by means of the following Eyring-relation.19,36

ln(ksyn/kanti)¼ ln(syn-2/anti-2)¼ DDSzsyn-anti/R� DDHz
syn-anti/RT (6)

The results are summarized in Table 2, which shows that
contribution of the differential activation entropy term DDSzsyn-anti
is relatively high (30e67 J mol�1 K�1), while contribution of the
differential activation enthalpy term DDHz

syn-anti is appreciable
(7e20 kJ mol�1) for a marked temperature dependence of the syn/
anti-2 selectivity. Thus, the syn/anti-p-facial-selective 1,2-
cycloaddition of 1O2 to 1 is based on a crucial balance of the
enthalpy and the entropy terms, with the main contribution com-
ing from the latter. The plots of ln (syn-2/anti-2) vs 1/T according to

Eyring equation (eq. (6)) are shown in Fig. 3, fromwhich we know
that contribution of DDSzsyn-anti increases at higher temperature,
while contribution of DDHz

syn-anti relatively increases at lower
temperature and that the syn/anti-2 selectivitymay be reversed at a
critical temperature even for 2c in toluene, 2a and 2b in chloroform.
Themain contribution of the entropy term suggests that the ease of
conformational motion of substrates 1/transition states and their
solvation are decisive in determining the preference for the syn/
anti-p-face in the present reaction.

3. Conclusion

Singlet-oxygenation of oxyphenyl-substituted dihydrofurans
fused with a cyclohexane 1a�1c proceeded smoothly to exclusively
give the corresponding dioxetanes 2a�2c with syn- and anti-ste-
reochemistry with respect to the substituent R at a bridgehead. The
syn/anti-p-facial selectivity of dioxetane formationwas remarkably
affected by the solvent. Indeed, the solvent effect was so strong that
inversion of the syn/anti-p-facial selectivity was observed in
different solvents, such as chloroform and toluene. An LSER analysis
suggested that the Lewis-acidity/basicity and HBD/HBA ability as
well as dipolarity/polarizability of the solvent played an important
role in the change in syn/anti-p-facial selectivity. The reaction
temperature also sensitively affected the stereoselectivity of the
1,2-cycloaddition of 1O2 to 1, which was found to be an entropy-
controlled process. A change in the conformation of a cyclo-
hexane ring fused to a dihydrofuran ring was suggested to be
responsible for the solvent- and temperature-sensitive change in
the syn/anti-p-facial selectivity for the 1,2-cycloaddition of 1O2 to
dihydrofurans 1.

4. Experimental

4.1. General

Melting points were uncorrected. IR spectra were taken on a FT/

Fig. 2. Temperature effect on the selectivity of syn/anti-stereoisomeric dioxetanes 2 for
the singlet-oxygenation of dihydrofurans 1 in chloroform or toluene.

Table 2
Differential activation parameters (DDHz

syn-anti and DDSzsyn-anti) between the for-
mation of dioxetanes syn-2 and anti-2 from dihydrofurans 1.a).

Chloroform Toluene

DDHz
syn-anti

/kJ mol�1
DDSzsyn-anti
/J mol�1 K�1

DDHz
syn-anti

/kJ mol�1
DDSzsyn-anti
/J mol�1 K�1

1a 12 30 13 58
1b 19 49 20 67
1c 15 46 6.9 48

Fig. 3. Eyring plots of the ratios of syn/anti-stereoisomeric dioxetanes 2 produced for
the singlet-oxygenation of dihydrofurans 1 in chloroform or toluene.
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IR infrared spectrometer. 1H and 13C NMR spectrawere recorded on
a 400 MHz, 500 MHz and 600 MHz spectrometers. Mass spectra
were obtained using double-focusing mass spectrometers and an
ESI-TOF mass spectrometer. Column chromatography was carried
out using silica gel.

4.2. Data for compounds

4.2.1. 9-(3-Hydroxyphenyl)-2,2,6-trimethyl-8-oxabicyclo[4.3.0]
non-1(9)-ene; 5-(3-hydroxyphenyl)-3,9,9-trimethyl-3,4-cyclohexa-
2,3-dihydrofuran (1a); typical procedure

A solution of 9-(3-Methoxyphenyl)-2,2,6-trimethyl-8-
oxabicyclo [4.3.0]non-1 (9)-ene (1e) (see SD) (8.87 g, 32.6 mmol)
and sodium methanethiolate (95%, 4.62 g, 62.6 mmol, 1.92 eq.) in
dry DMF (90 mL) was stirred under a N2 atmosphere at 130 �C for
3 h. The reaction mixture was poured into sat. aq. NH4Cl and
extracted twice with AcOEt. The combined organic layer was
washed five times with sat. aq. NaCl, dried over anhydrous MgSO4
and concentrated in vacuo. The residue was chromatographed on
silica gel and eluted with AcOEt�hexane (1:4) to give 9-(3-
hydroxyphenyl)-2,2,6-trimethyl-8-oxabicyclo [4.3.0]non-1 (9)-ene
(1a) as a colorless solid in 95% yield (7.99 g). 6-Ethyl-analog 1b, 6-
benzyl-analog 1c and 9-(4-hydroxyphenyl)-analog 1d were simi-
larly synthesized.

1a: Colorless needles; mp 111.5e113.0 �C (from hexane�AcOEt).
1H NMR (500MHz, CDCl3): dH 0.81 (s, 3H),1.18e1.26 (m,1H),1.22 (s,
3H),1.30 (s, 3H),1.28e1.35 (m,1H),1.39e1.44 (m,1H),1.54e1.62 (m,
1H), 1.66e1.80 (m, 2H), 3.81 (d, J ¼ 7.8 Hz, 1H), 4.06 (d, J ¼ 7.8 Hz,
1H), 5.22 (broad s, 1H), 6.74 (ddd, J¼ 8.0, 2.5 and 0.9 Hz,1H), 6.84 (s
with fine coupling, 1H), 6.95 (d with fine coupling, J ¼ 7.6 Hz, 1H),
7.16 (dd, J ¼ 8.0 and 7.6 Hz, 1H) ppm. 13C NMR (125 MHz, CDCl3): dC
19.1, 25.8, 29.5, 31.5, 31.5, 37.7, 42.5, 46.0, 83.7, 115.7, 117.1, 122.5,
123.4, 128.8, 135.6, 146.9, 155.0 ppm. IR (KBr): ne3348, 2924, 2860,
1595, 1205, 1045 cm�1. Mass (m/z, %): 258 (Mþ, 25), 243 (100), 173
(8), 121 (36). HRMS (ESI) (m/z): 259.1692, calcd for C17H23O2
[M þ Hþ] 259.1698.281.1511, calcd for C17H22O2Na [M þ Naþ]
281.1517. Anal. Calcd for C17H22O2: C, 79.03; H, 8.58. Found: C, 79.18;
H, 8.79.

1b: 97% yield. Colorless needles; mp 97.5e100.0 �C (from hex-
ane�AcOEt).1H NMR (400 MHz, CDCl3): dH 0.81 (s, 3H), 0.99 (t,
J ¼ 7.4 Hz, 3H), 1.20 (s, 3H), 1.20e1.74 (m, 6H), 1.82e1.92 (m, 2H),
3.79 (d, J ¼ 8.3 Hz, 1H), 4.20 (d, J ¼ 8.3 Hz, 1H), 4.83 (broad s, 1H),
6.78 (dd, J¼ 8.1 and 2.7 Hz,1H), 6.87 (s with fine coupling, 1H), 6.98
(d with fine coupling, J¼ 7.6 Hz,1H), 7.18 (dd, J¼ 8.1 and 7.6 Hz,1H)
ppm. 13C NMR (125 MHz, CDCl3): dC 8.7, 19.3, 28.8, 31.0, 31.7, 31.9,
37.3, 43.0, 49.7, 81.2, 115.6, 117.2, 119.6, 122.8, 128.8, 136.0, 148.0,
155.0 ppm. IR (KBr): ne3322, 2977, 2961, 2926, 2862, 1593, 1445,
1209,1048 cm�1. Mass (m/z, %): 272 (Mþ, 15), 257 (11), 244 (23), 243
(100), 173 (14), 139 (11), 121 (35). HRMS (ESI): 273.1882, calcd for
C18H25O2 [M þ Hþ] 273.1855.295.1683, calcd for C18H24O2Na
[M þ Naþ] 295.1674. Anal. Calcd for C18H24O2: C, 79.37; H, 8.88.
Found: C, 79.63; H, 9.25.

1c: 95% yield. Colorless needles; mp 161.0e162.0 �C (from
AcOEt). 1H NMR (500 MHz, CDCl3): dH 0.86 (s, 3H), 1.04e1.12 (m,
1H),1.26e1.35 (m,1H),1.36 (s, 3H),1.49e1.54 (m,1H),1.60e1.66 (m,
1H), 1.85e1.97 (m, 2H), 2.76 (d, J ¼ 13.3 Hz, 1H), 3.06 (d, J ¼ 13.3 Hz,
1H), 3.45 (d, J¼ 8.5 Hz,1H), 4.38 (d, J¼ 8.5 Hz,1H), 5.42 (s, 1H), 6.74
(dd, J ¼ 8.2 and 2.3 Hz, 1H), 6.86 (s, 1H), 6.97 (d, J ¼ 7.8 Hz, 1H), 7.16
(dd, J ¼ 8.2 and 7.8 Hz, 1H), 7.18e7.32 (m, 5H) ppm. 13C NMR
(125MHz, CDCl3): dC 18.8, 30.0, 31.6, 31.9, 33.6, 41.0, 42.7, 50.3, 78.5,
115.7, 117.0, 122.7, 123.1, 126.1, 128.0 (CH x 2), 128.9, 130.8(CH x 2),
135.8, 138.4, 148.3, 155.0 ppm. IR (KBr): ne3307, 2985, 2927, 2863,
1597, 1442, 1318, 1212, 1018 cm�1. Mass (m/z, %): 334 (Mþ, trace),
244 (17), 243 (100), 173 (21), 121 (44), 115 (12), 107 (12), 93 (18), 91

(89), 69 (10), 65 (38), 55 (10). HRMS (ESI): 335.2096, calcd for
C23H27O2 [M þ Hþ] 335.2011. 357.1845, calcd for C23H26O2Na
[M þ Naþ] 357.1830. Anal. Calcd for C23H26O2: C, 82.60; H, 7.84.
Found: C, 82.75; H, 8.09.

1d: 92% yield. Colorless columns; mp 155.5e157.0 �C (from
AcOEt). 1H NMR (400 MHz, CDCl3): dH 0.79 (s, 3H), 1.17e1.44 (m,
3H), 1.22 (s, 3H), 1.29 (s, 3H), 1.52e1.79 (m, 3H), 3.77 (d, J ¼ 7.8 Hz,
1H), 4.03 (d, J ¼ 7.8 Hz, 1H), 4.95 (broad s, 1H), 6.73e6.78 (m, 2H),
7.24e7.28 (m, 2H) ppm. 13C NMR (125 MHz, CDCl3): dC 19.2, 25.9,
29.6, 31.6, 31.6, 37.8, 42.6, 46.0, 83.5,114.6 (x 2),122.5,126.9,131.4 (x
2), 147.2, 155.9 ppm. IR (KBr): ne3374, 2925, 1666, 1608, 1511, 1460,
1273, 1225 cm�1. Mass (m/z, %): 258 (Mþ, 20), 244 (20), 243 (100),
173 (8), 121 (47), 107 (8), 93 (7). HRMS (ESI): 259.1688, calcd for
C17H23O2 [M þ Hþ] 259.1698.281.1511, calcd for C17H22O2Na
[M þ Naþ] 281.1517. Anal. Calcd for C17H22O2: C, 79.03; H, 8.58.
Found: C, 79.20; H, 8.97.

1e: Colorless plates; mp 52.5e55.0 �C (from hexane). 1H NMR
(600 MHz, CDCl3): dH 0.81 (s, 3H), 1.20e1.26 (m, 1H), 1.24 (s, 3H),
1.30e1.36 (m,1H), 1.31 (s, 3H), 1.40e1.45 (m,1H), 1.55e1.60 (m,1H),
1.67e1.80 (m, 2H), 3.81 (s, 3H), 3.81 (d, J ¼ 7.8 Hz, 1H), 4.05 (d,
J¼ 7.8 Hz,1H), 6.86 (dd with fine coupling, J¼ 8.3, and 2.7, 1H), 6.93
(s with fine coupling,1H), 6.98 (d with fine coupling, J¼ 7.5 Hz,1H),
7.23 (dd, J ¼ 8.3 and 7.5 Hz, 1H) ppm. 13C NMR (150 MHz, CDCl3): dC
19.2, 25.9, 29.6, 31.5, 31.6, 37.8, 42.6, 46.1, 55.2, 83.8, 114.4, 115.2,
122.7, 122.9, 128.6, 136.0, 147.5, 158.9 ppm. IR (KBr): ne2962, 2927,
2862, 1593, 1462, 1429, 1317, 1269, 1269, 1232, 1182, 1043 cm�1.
Mass (m/z, %): 272 (Mþ, 25), 258 (20), 257 (100),187 (7),136 (8), 135
(23), 121 (9), 107 (8). HRMS (ESI): 295.1690, calcd for C18H24O2Na
[M þ Naþ] 295.1674. Anal. Calcd for C18H24O2: C, 79.37; H, 8.88.
Found: C, 79.46; H, 9.14.

4.3. Singlet-oxygenation of dihydrofurans 1

4.3.1. Isolation of 6-substituted 9-(3-hydroxyphenyl)-2,2-dimethyl-
8,10,11-trioxatricyclo[5.4.0.01,4]undecane (2)

Although the singlet-oxygenation of dihydrofurans 1 was car-
ried out at 0 �C in chloroform or in toluene in an initial experiment,
the improved procedures to individually isolate anti- and syn-2 are
described here.

4.3.2. Isolation of syn-2; general procedure
A solution of 1 (ca 1.0 mmol) and TPP (ca 2.0 mg) in acetone

(15 mL) was irradiated externally with 940W Na lamp under an O2
atmosphere at 0 �C for 7.5 h. After concentration, the photolysate
was chromatographed on silica gel (ether-CH2Cl2, 1: 40) to exclu-
sively give a mixture of syn-2 (major) and anti-2 (minor) as a pale
yellow solid. Pure syn-2 was isolated by recrystallization from
hexane-CH2Cl2.

syn-2a: Colorless plates; mp 145.0e148.0 �C (dec.) (from hex-
ane�CH2Cl2). 1H NMR (500 MHz, CDCl3): dH 0.82 (s, 3H), 0.84 (s,
3H), 1.13 (s, 3H), 1.20e1.30 (m, 2H), 1.44e1.50 (m,1H), 1.56e1.82 (m,
3H), 3.78 (d, J ¼ 8.2 Hz, 1H), 4.44 (d, J ¼ 8.2 Hz, 1H), 5.20 (broad s,
1H), 6.85 (d with fine coupling, J ¼ 8.2 Hz, 1H), 6.94e7.30 (m, 2H),
7.26 (dd, J ¼ 8.2 and 7.3 Hz, 1H) ppm. 13C NMR (125 MHz, CDCl3): dC
15.6, 17.4, 21.3, 26.9, 34.9, 35.6, 37.2, 44.0, 77.6, 103.0, 114.7 (broad
CH), 116.3, 116.8, 120.1 (broad CH), 129.4, 138.1, 155.4 ppm. IR (KBr):
ne3448, 2977, 2917, 1604, 1218, 1034 cm�1. Mass (m/z, %): 290 (Mþ,
4), 152 (28), 138 (22), 121 (100). HRMS (ESI): 313.1410, calcd for
C17H22O4Na [M þ Naþ] 313.1416. Anal. Calcd for C17H22O4: C, 70.32;
H, 7.64. Found: C, 70.40; H, 7.81.

syn-2b: Colorless columns; mp 142.5e145.0 �C (dec) (from
hexane�CH2Cl2)$1H NMR (500MHz, CDCl3): dH 0.83 (s, 3H), 0.83 (s,
3H), 0.92 (t, J ¼ 7.6 Hz, 3H), 1.19e1.31 (m, 2H), 1.42e1.69 (m, 4H),
1.75e1.84 (m,1H),1.93e1.99 (m,1H), 3.83 (d, J¼ 8.7 Hz,1H), 4.57 (d,

N. Watanabe et al. / Tetrahedron 73 (2017) 1845e1853 1851

─ 553 ─



J ¼ 8.7 Hz, 1H), 5.37 (broad s, 1H), 6.84 (dd, J ¼ 8.7 and 2.3 Hz, 1H),
6.90e7.40 (m, 2H), 7.25 (dd, J ¼ 8.7 and 6.9 Hz, 1H) ppm. 13C NMR
(125 MHz, CDCl3): dC 8.9, 17.3, 21.4, 21.4, 27.2, 30.0, 35.6, 37.2, 48.0,
75.5, 103.8, 114.8 (broad CH), 116.3, 116.9, 120.0 (broad CH), 129.4,
138.1, 155.4 ppm. IR (KBr): ne3440, 2973, 2938, 1604, 1450, 1307,
1218, 1050, 1018 cm�1. Mass (m/z, %): 304 (Mþ, 4), 166 (31), 139(12),
138 (36), 121 (100), 109 (11), 95 (20), 93 (14), 82 (33), 69 (17). HRMS
(ESI): 327.1556, calcd for C18H24O4Na [M þ Naþ] 327.1572. Anal.
Calcd for C18H24O4: C, 71.03; H, 7.95. Found: C, 71.18; H, 8.16.

syn-2c: Colorless needless; mp 140.0e142.5 �C (dec.) (from
hexane�CH2Cl2)$1H NMR (500MHz, CDCl3): dH 0.87 (s, 3H), 0.96 (s,
3H), 1.28e1.38 (m, 2H), 1.49e1.60 (m, 2H), 1.73e1.85 (m, 1H),
2.02�2.08 (m, 1H), 2.99 (qAB, J ¼ 13.3 Hz, 2H), 3.26 (d, J ¼ 8.9 Hz,
1H), 4.68 (d, J ¼ 8.9 Hz, 1H), 4.96 (broad s, 1H), 6.84 (dd, J ¼ 8.7 and
2.3 Hz, 1H), 6.88e7.50 (m, 8H) ppm. 13C NMR (125 MHz, CDCl3): dC
17.2, 21.7, 27.5, 30.5, 34.4, 35.8, 37.3, 48.4, 75.6, 103.3, 114.7 (broad
CH),116.4,116.8, 120.1 (broad CH),126.6, 128.3 (CH x 2),129.5,130.3
(CH x 2), 137.6, 138.1, 155.4 ppm. IR (KBr): ne3470, 2936, 1604, 1453,
1310, 1225, 1077, 1048, 1025 cm�1. Mass (m/z, %): 229 (Mþ-137, 21),
228 (100), 213 (17), 144 (11), 131 (13), 129 (17), 121 (58), 109 (10), 93
(13), 91 (31), 69 (10). HRMS (ESI): 389.1701, calcd for C23H26O4Na
[M þ Naþ] 389.1729. Anal. Calcd for C23H26O4: C, 75.38; H, 7.15.
Found: C, 75.25; H, 7.25.

syn-2d: Pale yellow oil. 1H NMR (600 MHz, CDCl3): dH 0.82 (s,
3H), 0.84 (s, 3H), 1.12 (s, 3H), 1.14e1.24 (m, 2H), 1.42e1.49 (m, 1H),
1.56e1.65 (m, 1H), 1.67e1.80 (m, 2H), 3.76 (d, J ¼ 8.4 Hz, 1H), 4.43
(d, J ¼ 8.4 Hz, 1H), 5.24 (broad s, 1H), 6.82 (d with fine coupling,
J ¼ 9.0 Hz, 2H), 7.34e7.60 (m, 2H) ppm. 13C NMR (150 MHz, CDCl3):
dC 15.7, 17.4, 21.4, 26.7, 34.9, 35.6, 37.2, 43.9, 77.2, 102.6, 114.9 (broad
CH x 2), 117.2, 128.6, 129.4 (broad CH x 2), 156.5 ppm. IR (liquid
film): ne 3379, 2933, 2871, 1608, 1693, 1517, 1514, 1460, 1275,
1165 cm�1. Mass (m/z, %): 291 (Mþþ1, 6), 290 (Mþ, 15), 181 (26), 153
(23), 152 (29), 138 (15), 137 (31), 136 (23), 125 (10), 124 (19), 123
(14),122 (13),121 (100),109 (13), 95 (17), 93 (10), 82 (13), 81(24), 69
(35), 55 (11). HRMS (ESI): 313.1404, calcd for C17H22O4Na [Mþ Naþ]
313.1416.

syn-2e: Colorless oil. 1H NMR (400 MHz, CDCl3): dH 0.81 (s, 3H),
0.84 (s, 3H), 1.14 (s, 3H), 1.20e1.32 (m, 2H), 1.44e1.51 (m, 1H),
1.56e1.85 (m, 3H), 3.78 (d, J ¼ 8.4 Hz, 1H), 3.82 (s, 3H), 4.45 (d,
J ¼ 8.4 Hz, 1H), 6.92 (dd, J ¼ 8.3 and 2.5 Hz, 1H), 7.00e7.36 (m, 2H),
7.31 (dd, J ¼ 8.3 and 7.5Hz, 1H) ppm. 13C NMR (150 MHz, CDCl3): dC
15.6, 17.4, 21.3, 26.9, 34.9, 35.6, 37.2, 43.9, 55.3, 77.5, 102.8, 113.3,
114.9 (broad CH), 116.9, 120.0 (broad CH), 129.1, 137.9, 159.2 ppm. IR
(liquid film): ne2935, 2887,1603,1586 cm�1. Mass (m/z, %): 304 (Mþ,
10), 152 (51), 135 (100), 124 (11), 107 (13). HRMS (ESI): 327.1545,
calcd for C18H24O4Na [M þ Naþ] 327.1572.

4.3.3. Isolation of anti-2; general procedure
A solution of 1 (ca 1.0 mmol) and TPP (ca 2.0 mg) in CH2Cl2

(15 mL) was irradiated externally with 940W Na lamp under an O2
atmosphere at �78 �C for 2.5 h. After concentration, the photo-
lysate was chromatographed on silica gel (ether�CH2Cl2, 1: 40) to
exclusively give of a mixture of anti-2 (major) and syn-2 (minor) as
a pale yellow solid. Pure anti-2 was isolated by recrystallization
from hexane�CH2Cl2.

anti-2a: Colorless column; mp 121.5e123.0 �C (dec.) (from
hexane�CH2Cl2). 1H NMR (500 MHz, CDCl3): dH 0.76 (s, 3H),
1.10e1.16 (m, 1H), 1.26 (s, 3H), 1.35e1.50 (m, 3H), 1.38 (s, 3H),
1.54e1.64 (m, 2H), 3.97 (d, J ¼ 7.8 Hz, 1H), 4.70 (d, J ¼ 7.8 Hz, 1H),
5.11 (broad s, 1H), 6.86 (d with fine coupling, J ¼ 8.5 Hz, 1H), 7.12 (s
with fine coupling, 1H), 7.19 (d with fine coupling, J ¼ 7.8 Hz, 1H),
7.27 (t, J ¼ 7.8 Hz 1H) ppm. 13C NMR (125 MHz, CDCl3): dC 17.9, 22.1,
22.5, 27.2, 27.3, 35.5, 36.2, 44.6, 81.1, 105.5, 114.0, 114.6, 116.5, 120.0,
129.6, 136.3, 155.4 ppm. IR (KBr): ne3454, 2972, 2926, 1590, 1489,

1469,1316,1198 cm�1. Mass (m/z, %): 290 (Mþ, 7), 203 (15),153 (13),
152 (44), 138 (33), 121 (100), 109 (22), 93 (19), 82 (37), 81 (27), 65
(10), 55 (11). HRMS (ESI): 313.1426, calcd for C17H22O4Na [Mþ Naþ]
313.1416. Anal. Calcd for C17H22O4: C, 70.32; H, 7.64. Found: C,
70.34; H, 7.81.

anti-2b: Colorless granules; mp 134.5e136.5 �C (dec.) (from
hexane�CH2Cl2). 1H NMR (500 MHz, CDCl3): dH 0.78 (s, 3H), 1.00 (t,
J ¼ 7.3 Hz, 3H), 1.13e1.17 (m, 1H), 1.28 (s, 3H), 1.35e1.55 (m, 5H),
1.62e1.65 (m, 1H), 1.85e1.92 (m, 1H), 4.33 (d, J ¼ 7.8 Hz, 1H), 4.50
(dd, J ¼ 7.8 and 1.8 Hz, 1H), 5.36 (s, 1H), 6.84 (dd, J ¼ 7.8 and 2.7 Hz,
1H), 7.09 (s with fine coupling, 1H), 7.16 (d, J ¼ 7.8 Hz, 1H), 7.25 (t,
J ¼ 7.8 Hz, 1H) ppm. 13C NMR (125 MHz, CDCl3): dC 9.42, 17.7, 22.3,
22.6, 22.8, 27.9, 35.6, 36.1, 48.8, 74.1, 106.3, 113.7, 114.6, 116.5, 120.0,
129.5, 136.1, 155.5 ppm. IR (KBr): ne 3449, 2967, 2940, 1604,
1218 cm�1. Mass (m/z, %): 304 (Mþ, 7), 217 (14), 166 (60), 138 (81),
121 (100), 109 (23). HRMS (ESI): 327.1560, calcd for C18H24O4Na
[M þ Naþ] 327.1572. Anal. Calcd for C18H24O4: C, 71.03; H, 7.95.
Found: C, 71.01; H, 8.15.

anti-2c: Colorless plates; mp 142.5e145.0 �C (dec.) (from hex-
ane�CH2Cl2). 1H NMR (500 MHz, CDCl3): dH 0.88 (s, 3H), 1.22e1.27
(m,1H),1.34 (s, 3H), 1.36e1.58 (m, 3H), 1.72e1.77 (m,1H), 1.82e1.92
(m, 1H), 2.69 (d, J ¼ 13.3 Hz, 1H), 3.17 (d, J ¼ 13.3 Hz, 1H), 4.22 (d,
J ¼ 8.2 Hz, 1H), 4.34 (d with fine coupling, J ¼ 8.2 Hz, 1H), 5.20 (s,
1H), 6.86e6.91 (m, 1H), 7.22e7.38 (m, 8H) ppm. 13C NMR (125MHz,
CDCl3): dC 17.8, 22.5, 23.2, 27.9, 35.5, 35.6, 36.3, 49.2, 73.7, 106.0,
113.7, 114.7, 116.7, 120.1, 126.7, 128.4 (x 2), 129.7, 130.9 (x 2), 136.1,
137.9, 155.5 ppm. IR (KBr): ne3428, 2939, 1604, 1220 cm�1. Mass (m/
z, %): 229 (Mþ-137, 21), 228 (100), 213 (17). HRMS (ESI): 389.1728,
calcd for C23H26O4Na [MþNaþ] 389.1729. Anal. Calcd for C23H26O4:
C, 75.38; H, 7.15. Found: C, 75.18; H, 7.29.

anti-2d: Pale yellow amorphous solid. 1H NMR (600 MHz,
CDCl3): dH 0.73 (s, 3H), 1.11e1.14 (m, 1H), 1.24 (s, 3H), 1.34e1.48 (m,
3H), 1.37 (s, 3H), 1.54e1.65 (m, 2H), 3.95 (d, J ¼ 7.5 Hz, 1H), 4.68 (d
with fine coupling, J ¼ 7.5 Hz, 1H), 5.19 (s, 1H), 6.84 (d with fine
coupling, J ¼ 8.8 Hz, 2H), 7.50 (d with fine coupling, J ¼ 8.7 Hz, 2H)
ppm. 13C NMR (150 MHz, CDCl3): dC 18.0, 22.0, 22.5, 27.1, 27.2, 35.5,
36.1, 44.6, 80.8, 105.1, 114.3, 115.1 (CH x 2), 126.9, 129.2 (CH x 2),
156.6 ppm. IR (KBr): ne3365, 2935,1613,1517,1445,1325,1277,1227,
1016, 983 cm�1. Mass (m/z, %): 290 (Mþ, 2), 258 (10), 243 (15), 152
(26), 138 (15), 124 (15), 123 (10), 121 (100), 82 (10), 69 (11). HRMS
(ESI): 313.1402, calcd for C17H22O4Na [M þ Naþ] 313.1416.

anti-2e: Colorless columns; mp 110.0e112.0 �C (from hex-
ane�CH2Cl2). 1H NMR (600 MHz, CDCl3): dH 0.75 (s, 3H), 1.10e1.15
(m, 1H), 1.26 (s, 3H), 1.36e1.50 (m, 3H), 1.39 (s, 3H), 1.56e1.65 (m,
2H), 3.83 (s, 3H), 3.98 (d, J¼ 7.5 Hz,1H), 4.71 (d, J¼ 7.5 Hz,1H), 6.93
(dd, J ¼ 8.2 and 2.6 Hz, 1H), 7.18 (s with fine coupling, 1H), 7.21
(broad d with fine coupling, J ¼ 7.7 Hz, 1H), 7.32 (dd, J ¼ 8.2 and
7.7 Hz, 1H) ppm. 13C NMR (150 MHz, CDCl3): dC 17.9, 22.1, 22.5, 27.2,
27.3, 35.4, 36.1, 44.6, 55.3, 81.0, 105.4, 113.1, 114.1, 115.1, 119.9, 129.3,
136.1, 159.4 ppm. IR (KBr): ne2965, 2920, 1610, 1582 cm�1. Mass (m/
z, %): 304 (Mþ, 7), 152 (49), 135 (100), 124 (11), 107 (14), 82 (12).
HRMS (ESI): 327.1526, calcd for C18H24O4Na [M þ Naþ] 327.1572.

4.3.4. Solvent dependency of syn/anti-p-facial selectivity for the
singlet-oxygenation of dihydrofuran 1; general procedure

A solution of dihydrofuran 1 (ca. 1x10�5 mol) and TPP (ca.
5x10�7 mol) in chloroform, dichloromethane, acetone, or toluene
(2 mL) was irradiated with 940 W Na lamp under an oxygen at-
mosphere at 0 �C for 30 min. After concentration in vacuo, the
photolysate was dissolved in CDCl3 and the syn/anti-ratio of diox-
etane 2 was measured by 1H NMR. In methanol, Rose Bengal was
used as a sensitizer, while, in acetonitrile, Methylene Blue was used
as a sensitizer.

N. Watanabe et al. / Tetrahedron 73 (2017) 1845e18531852

─ 554 ─



4.3.5. Temperature dependency of syn/anti-p-facial selectivity for
the singlet-oxygenation of dihydrofuran 1; general procedure

A solution of 1 (ca. 1x10�5 mol) and TPP (ca. 5x10�7 mol) in
CDCl3 or toluene-d8 (2 mL) was irradiated with 940 W Na lamp
under an oxygen atmosphere at 313, 293, 273, 235, or 215 K for
30e180 min. In the case of the reactions in toluene-d8, after con-
centration in vacuo, the photolysate was dissolved in CDCl3 and the
syn/anti-ratio of dioxetane 2 was measured by 1H NMR.

4.4. X-ray single crystallographic analysis

X-ray diffraction data were collected on a Rigaku Mercury CCD
diffractometer with graphite monochromated Mo Ka
(l ¼ 0.71070 Å) radiation. Data were processed using CrystalClear1.
The structures were solved by direct method (SIR2008)2 and
expanded using Fourier techniques. All non-hydrogen atoms were
refined anisotropically. The hydrogen atoms were refined using the
ridingmodel. The final cycle of full-matrix least-squares refinement
on F2 was based on 3376 and 6407 observed reflections and 212
and 423 variable parameters respectively (for syn-2a and anti-2a).
All calculations were performed using the CrystalStructure crys-
tallographic software package3,4.

Crystal data for syn-2a: C17H22O4, (Mr ¼ 290.36), colorless block,
0.20 x 0.20 � 0.10 mm, orthorhombic, space group Pbca (#61),
a¼ 8.59 (6) Å, b¼ 15.60 (4) Å, c¼ 22.12 (7) Å, V¼ 2964 (25) Å3, Z¼ 8,
rcalcd ¼ 1.301 g cm�3, T ¼ 150 K, F (000) ¼ 1248.00, reflections
collected/unique 27618/3376 (Rint¼ 0.0915), m(MoKa)¼ 0.914 cm�1.
An empirical absorption correction was applied which resulted in
transmission factors ranging from 0.765 to 0.991. The data were
corrected for Lorentz and polarization effects. R1 ¼ 0.0690 [
I > 2s(I)], wR2 ¼ 0.2014 (all data), GOF on F2 ¼ 1.006, and residual
electron density 0.69/�0.63 e�Å�3.

Crystal data for anti-2a: C17H22O4, (Mr ¼ 290.36), colorless
platelet, 0.10 x 0.05 � 0.05 mm, triclinic, space group P-1 (#2),
a ¼ 8.49 (3) Å, b ¼ 13.60 (5) Å, c ¼ 13.60 (5) Å, a ¼ 107.593�,
b ¼ 90.0000�, g ¼ 90.0000�, V ¼ 1496 (9) Å3, Z ¼ 4,
rcalcd ¼ 1.289 g cm�3, T ¼ 150 K, F (000) ¼ 624.00, reflections
collected/unique 14956/6407 (Rint¼ 0.0523), m(MoKa)¼ 0.905 cm�1.
An empirical absorption correction was applied which resulted in
transmission factors ranging from 0.857 to 0.995. The data were
corrected for Lorentz and polarization effects. R1¼0.0619 [I > 2s(I)],
wR2 ¼ 0.0784 (all data), GOF on F2 ¼ 1.011, and residual electron
density 1.02/�0.59 e-Å�3.

Crystallographic data for the structural analysis of compound
syn-2a and anti-2a has been deposited at the Cambridge Crystal-
lographic Data Center, CCDC-1520410 and 1520409. Free Copies of
the data can be obtained, via http//www.ccdc.cam. ac.uk/conts/
retrieving.html(or from the Cambridge Crystallographic Data Cen-
ter, 12 Union Road, Cambridge CB2 1EZ, UK, (fax: þ44-(0)
1223e336033 or e-mail: deposit@ccdc.cam.ac.uk).
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tr t

 In this paper, we demonstrate a one-pot synthesis of a reduced graphene oxide 
(RGO)-supported freely assembled binary alloy catalyst (PtAu/RGO) under alkaline 
conditions. The synthesized PtAu/RGO catalyst was characterized by powder X-ray 
diffraction ( XRD), transmission electron microscopy (TEM), energy dispersive X-ray 
spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS). It was found that 
graphene oxide (GO) was successfully reduced to RGO. The PtAu nanoparticles 
exhibited an alloyed structure with an average diameter of approximately 3.60 ± 0.20 nm 
and were uniformly distributed across the RGO surface. Furthermore, the electrocatalytic 
activity of the catalyst for formic acid (FA) oxidation was examined, and it exhibited 
better catalytic activity for the FA oxidation reaction. 

ntro tion

Noble metal (Pt, Pd and Au)-based bimetallic alloyed nanoparticles (NPs) 
supported on carbon black have been widely used as electrocatalysts. In particular, highly 
dispersed Pt-based NPs on Vulcan carbon (VC), carbon nanotubes (CNTs) and carbon 
fibers (CF) exhibit enhanced electrocatalytic activities in electrocatalytic reactions such 
as oxygen reduction, as well as formic acid (FA), methanol and ethanol oxidations. 
However, pure Pt is poisoned by the reaction intermediates, mainly CO, which strongly 
adsorbs on the Pt active sites, resulting in slow reaction kinetics.1 Therefore, alloying Pt 
with a second metal and modifying the Pt electronic structure are expected to improve the 
catalytic performance. It has been reported that when Au exists as ultrafine particles, it 
exhibits an enhanced activity for the CO and FA oxidation reactions.2 Thus, the 
incorporation of Au into Pt structures can be expected to significantly enhance the 
catalytic activity of the system.  

To further maximize the electrocatalytic activity of PtAu NPs, a suitable carbon 
support is required to disperse these NPs. Recently, graphene has been studied 
extensively as a functional nanomaterial because of a host of fascinating properties such 
as high surface area, electrical conductivity and specific thermal/chemical stability.3,4

Because of its large surface area and high conducting nature, graphene is being actively 
explored for use in applications ranging from electrocatalysis, photocatalysis and 
nanoelectronics to supercapacitors.5,6 Graphene exhibits a unique structure of two-
dimensional s 2-bonded carbon atoms with single-atom thickness and possesses a large 
surface area and higher electrical conductivity than CNTs. Additionally, it has been 
reported that chemically reduced exfoliated graphene oxide (GO) can act as an effective 
catalyst support because of the oxygen-containing functional groups on its surface, which 
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act as binding sites for Pt NPs.7 However, the efficient immobilization of Pt NPs on a
graphene surface remains a substantial challenge. Several methods have been used to 
prepare graphene-supported electrocatalysts. Among these methods, the chemical 
reduction of GO is effective for the production of graphene. In the chemical reduction 
method, the graphene-supported electrocatalyst is synthesized in the presence of a 
stabilizing agent. Recently, it has been reported that the stabilizers can passivate the 
surface of metal NPs, thus decreasing the activity of the catalysts.8 Hence, a new strategy 
is needed to improve the synthesis of reduced graphene oxide (RGO) nanocomposites 
and to suppress the undesirable effects of the stabilizers. Herewith, we report on the 
synthesis of RGO-supported PtAu NPs under alkaline conditions and our examination of 
their catalytic activity toward FA oxidation.  

eriment

teri
 Graphite powder was purchased from Alfa Aesar and was used as received. Metal 
precursors, H2PtCl6 6H2O and HAuCl4 3H2O, were purchased from Sigma Aldrich and 
were used as received. NaNO3, H2SO4, KMnO4, H2O2, CH3CH2OH, KOH and FA were 
all analytical grade reagents purchased from Wako (Japan) and were used without further 
purification. Millipore water was used for all of the experiments. VC-supported Pt (20 
wt% Pt/CB) was obtained from E-TEK.

ynt e i of G
GO was synthesized using Hummers’ method with a slight modification.9 Conc.

H2SO4 (12 mL) was added to graphite flakes (0.5 g) and NaNO3 (0.25 g), and the mixture 
was cooled to 0ºC. Thereafter, KMnO4 was slowly added to the mixture while the 
temperature was maintained at 20ºC. The reaction mixture temperature was slightly 
increased to 35ºC, and the mixture was stirred for 30 min. After that, 23 mL of water was 
added. The temperature was maintained at 98º by overall heating for 15 min. The reaction 
was terminated by the addition of water and 0.5 mL of 30% H2O2. Finally, the reaction 
mixture was cooled, washed with 0.1 M HCl and water to remove the metal ions and then 
dried.  

ynt e i of t RG
The synthesized GO was used to synthesize PtAu/RGO by the reported method 

with a slight modification.10 The as-synthesized GO (12 mg) was dispersed in 40 mL of 
Millipore water, and the mixture was sonicated for 2 h to form an exfoliated GO 
suspension. Then, the exfoliated GO suspension was mixed with the Pt precursor (8 mg) 
and the Au precursor (5.2 mg). Subsequently, 40 mL of EtOH was added to the mixture. 
The pH of the mixture was adjusted to 9-10 with the addition of a 1.0 M KOH aqueous 
solution. Thereafter, the mixture was refluxed in an oil bath at 80ºC for 2 h with constant 
stirring to ensure the complete reduction of GO and the metal salts. The RGO (without 
precursors) and Pt/RGO were also prepared under identical conditions.   

y i r teri tion
 The surface morphology, solid phases and electronic structure of the synthesized 
catalysts were characterized by powder X-ray diffraction ( XRD), transmission electron 
microscopy (TEM)/scanning TEM (STEM) and X-ray photoelectron spectroscopy (XPS).
XRD was performed using Cu radiation (Panalytical X’Pert PRO;  = 0.1548 nm) 

with an increment of 0.02 degrees over a range of diffraction angles from 20 to 80 
degrees. An obliquely finished Si crystal (non-reflection Si plate) was used as a sample 
holder to minimize the background. XPS measurements were used to examine the 
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chemical states of the catalyst, and the spectra were collected using a JPS-9010 (JEOL,
Japan) instrument with a monochromatic Mg K  source.  

e tro emi e rement
Prior to the modification of the glassy carbon (GC) disk electrode, the GC 

electrode was mirror polished with a , sonicated for 5 
min to remove any adsorbed impurities and dried under Ar. The NP catalysts were coated 
on the GC disk electrode (diameter = 5 mm) using a suspension prepared by the 
ultrasonic mixing of RGO, Pt/RGO, PtAu/RGO or the commercial Pt/CB (1 mg) and 
Milli- A
total of 6 the catalyst suspension was dropped on the cleaned GC electrode and 
dried under vacuum. The electrochemical measurements were performed in a standard 
three-electrode system with a catalyst-coated GC electrode as the working electrode, a 
platinum wire as the auxiliary electrode and NaCl (3 M) Ag/AgCl as the reference 
electrode. The electrochemical measurements were carried out on a Bio-Logic SAS 
workstation (Model, VMP3). The working electrode was first activated with cyclic 
voltammograms in a N2-purged 0.1 M H2SO4 aqueous solution over the potential range of 
- . To measure the FA electro-oxidation current, a solution of 0.1 M H2SO4 +
0.5 M FA was purged with N2 before the measurements. During electrochemical 
measurements, the catalyst-coated electrode was rotated at 2000 rpm using an electrode 
rotator (Hokuto Denko, Japan, HR-30) to remove bubbles that formed on the NP surfaces.  

Re t n i ion

 The crystalline structures of the Pt NPs and PtAu NPs on the RGO supports were 
confirmed by XRD measurements. Fig. 1 shows the XRD patterns of GO (a), RGO (b), 
Pt/RGO (c) and PtAu/RGO (d) catalysts. A sharp peak at ~ 11º was detected in the XRD 
pattern shown in (a). The peak was assigned to the GO (002) plane. This peak was absent 
from the XRD patterns of RGO (b) and the RGO supported catalysts (c, d), indicating 
that GO was completely converted to RGO. The diffraction peaks observed in the XRD
pattern of Pt/RGO (c) are characteristic of the (111), (200) and (220) planes of the face 
centered cubic crystalline phase of Pt. It should be noted that in the XRD pattern of the 
PtAu/RGO catalyst (d), the 2  diffraction peaks of the binary catalyst were shifted to low 
diffraction angles compared with the Pt/RGO catalyst, which suggest that Au was alloyed 
with Pt.  
 The morphology, particle size and dispersion of the catalysts on the RGO surface 
were examined by TEM. Figure 2 presents a typical TEM image of the Pt/RGO (A) and 
PtAu/RGO (B) catalysts. As shown in Fig. 2-(A) and -(B), the Pt and PtAu binary alloy 
NPs were well distributed over the RGO support without any agglomerations. The 
average particle size (1.8 nm) and distribution of the PtAu NPs on the RGO surface were 
similar to those of Pt/RGO (2.1 nm). The XRD and TEM/STEM results indicate that the 
formation of PtAu alloy NPs on the RGO surface occurred. 
 Figure 3-(A) shows the full XPS spectrum of Pt/RGO. The peaks located at 
binding energies of 71.40 eV and 75.00 eV were assigned to Pt 4 7/2 and Pt 4 5/2,
respectively, indicating the presence of Pt on the RGO surface. Figure 4-(B) shows the 
full XPS spectrum of the PtAu/RGO catalyst. As shown in the Fig. 3-(B) inset, the two 
main peaks located at 72.4 and 76.0 eV were assigned to Pt 4 7/2 and Pt 4 5/2, respectively. 
For the Au region, the doublet consisting of Au 4f7/2 and Au 4f5/2 at 85.10 eV and 88.80 
eV corresponds to Au metal. The binding energies of the Pt peaks in PtAu/RGO were 
shifted from those of the corresponding metallic Pt regions, as shown in the inset of (B).
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The doublet peaks of the Pt 4  region for PtAu/RGO were observed at 72.6 and 76.4 eV. 
The variation in the binding energy values between PtAu/RGO and Pt/RGO might be 
attributed to a charge transfer between Au and Pt, which indicates that Au exists as an 
alloy with Pt.  
 The electrocatalytic activity of PtAu/RGO (Pt mass loading on RGO: 20%, as 
estimated by ICP-MS) was examined with a solution of 0.1 M H2SO4 + 0.5 M FA. The 
catalytic activity of PtAu/RGO was compared with that of Pt/RGO (Pt mass loading on 
RGO: 20%) and that of the commercially available Pt/VC (Pt mass loading on VC: 20%). 
Figure 4 shows the linear sweep voltammograms obtained with Pt/RGO (a), PtAu/RGO 
(b) and Pt/VC (c) in the 0.1 M H2SO4 aqueous solution containing 0.5 M FA. As seen in 
Fig. 4, two separate oxidation peaks (I and II) were clearly observed in the three 
voltammogram curves. Peak I was assigned to the direct oxidation of FA to CO2, whereas 
peak II corresponded to the oxidation of the COads generated from the dissociative 
adsorption step of the FA oxidation reaction.11,12 The current densities of peak I followed 
the order PtAu/RGO > Pt/RGO > commercial Pt/VC. This result indicates that RGO can 
effectively enhance the activities of the PtAu and Pt catalysts, which may be due to the 
strong interaction between the NPs and the RGO surface. In contrast, the current densities 
of peak II followed the order PtAu/RGO < Pt/RGO < commercial Pt/VC. This indicates 
that the presence of RGO in Pt/RGO and PtAu/RGO restricted the formation of the 
poisoning intermediate COads during the FA oxidation reaction and that the alloying of Pt 
with Au further prevented the poisoning of the surface by COads. Based on the present 
and previously reported results,13,14 the uniform distribution of NPs and the electronic 
interactions between Pt and Au, in addition to the interactions between the PtAu NPs and 
RGO, enhance the system’s catalytic activity for FA oxidation. 

on ion

In summary, freely assembled PtAu/RGO nanocomposites were synthesized 
under alkaline conditions. On the basis of XRD, TEM and XPS measurements, the GO 
was converted to RGO, and the PtAu NPs were uniformly distributed across the RGO 
surface. The PtAu/RGO catalyst exhibited high catalytic activity for the FA oxidation 
reaction compared with the other catalysts—Pt/RGO and the commercial Pt/VC. This 
work provides a simple and fast approach to synthesize a novel RGO-based catalyst 
having high electrocatalytic activity for FA oxidation.  
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i re XRD patterns of GO (a), RGO (b), Pt/RGO (c) and PtAu/RGO (d) catalysts. 
The solid bars at the bottom are the simulated XRD peaks for Pt and the binary alloyed 
phase of PtAu. 
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i re TEM images of Pt/RGO (A) and PtAu/RGO (B) catalysts. Inset: particle size 
distribution of Pt (A) and PtAu (B) NPs.  

i re Full XPS spectra for (A) Pt/RGO and (B) PtAu/RGO. The insets in (A) and (B) 
represent the XPS profiles of the Pt 4 and Au 4 regions. 
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i re  Linear sweep voltammograms obtained with (a) Pt/RGO, (b) PtAu/RGO and 
(c) Pt/CB in an Ar-saturated 0.1 M H2SO4 aqueous solution containing 0.5 M HCOOH at 
an electrode rotation rate of 2000 rpm and at a potential scan rate of 10 mVs-1.
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tr t

PtPb ordered intermetallic nanoparticles (NPs) deposited on titanium oxide 
(TiO2)/cup-stacked carbon nanotubes (CSCNT), PtPb NPs/TiO2/CSCNT, were prepared 
by synthesis of TiO2 with Ti-alkoxide under Ar atmosphere, by photodeposition of Pt 
NPs on the TiO2 surface of TiO2/CSCNT and by selective deposition of Pb atoms to Pt 
NPs with polyol method. The PtPb NPs/TiO2/CSCNT is, at the first potential cycle, 
inferior to bench-marked Pt NPs/carbon black (Pt/CB) in the oxygen reduction reaction 
(ORR) in acidic aqueous solution, whereas after 100 potential cycles between 0.3 and 1.1 
V ( s  RHE), the ORR was accelerated largely when compared with the Pt/CB. The ORR 
activity of PtPb NPs/CB degraded with potential cycle due to the dissolution of Pb from 
the surface of PtPb NPs. On the other hand, the dissolution of Pb was suppressed to a 
lesser degree on the PtPb NPs deposited on TiO2 by the interaction between PtPb and 
TiO2. The dealloyed NP surface composed of the Pt atoms and the residual Pb atoms is 
considered to bring about the enhancement of ORR. 

ntro tion

For polymer electrolyte membrane fuel cells (PEMFCs) to become widespread in our 
daily life for practical uses, it is urgent to develop a low-cost electrocatalyst with highly 
improved kinetics toward the oxygen reduction reaction (ORR) (1). To achieve this 
purpose, several methods have been developed, such as using nanostructures to increase 
the surface-to-volume ratio (2), using an alloying technique to incorporate non-precious 
metals into the nanostructures, and replacing core atoms in Pt nanoparticles (NPs) with a 
non-precious metal (3). These approaches have not achieved the performance to satisfy 
the requirements of customers. Recently, strong metal–support interactions (SMSI) have 
attracted great attention because they can lead to excellent catalytic activity (4). For 
example, Cheng t a have synthesized a robust Pt-on-ZrC nanocomposite catalyst by 
taking advantage of atomic layer deposition (ALD) to improve the strong metal–support 
interactions at the atomic level; their results show that the ORR activity of ALD-Pt/ZrC 
nanocomposites is approximately 5- and 3-fold more stable than those of commercial 
Pt/C and Pt/ZrC which was synthesized by a conventional chemical reduction method, 
respectively (5). Additionally, in our previous studies (6-8), we reported that the ordered 
intermetallic NPs of PtPb deposited on titanium oxide (TiO2) support an enhanced ORR 
in acidic aqueous solutions. However, the reason for the ORR enhancement on the 
PtPb/TiO2 catalyst has not been examined in detail. In addition, very recently, we have 
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found that PtPb/carbon black (CB) exhibits a gradual decrease in the ORR activity with 
increasing the number of potential cycle, while the ORR activity of PtPb/TiO2/ cup-
stacked carbon nanotube (CSCNT), PtPb NPs/TiO2/CSCNT, increases with the number 
of potential cycle until 100 cycles (8). The enhancement of the ORR activity on the PtPb 
NPs/TiO2/CSCNT is considered to be related to a change of the surface structures of PtPb 
NPs. Therefore, in this study, the effects of the support materials on ORR activity were 
examined by comparing the electronic states and surface atomic ratios of Pb to Pt atoms 
of the PtPb NPs on TiO2/CSCNT and CB supports before and after potential cycling as 
well as considering the electronic interactions between PtPb NPs and TiO2 support.
CSCNTs were used as a conductive material, which makes up for the lower conductivity 
of TiO2. The CSCNTs, which are tubular carbon nanostructures with a stacked-cup 
arrangement of grapheme layers, were used as a conductive material which makes up for 
the lower conductivity of TiO2. The edges of the graphene layers are greatly exposed to
the surface of the CSCNT and can be used as scaffolds to completely cover the CSCNT 
surface with TiO2 layers.  

eriment

ynt e i of t i
The preparation of PtPb NPs/TiO2/CSCNT and PtPb NPs/CB (Vulcan carbon, XC-

72, E-TEK) was previously described (6-8). Briefly, the preparation method will be 
described below. A commercially available CSCNT (50 nm  Sankei Giken Kogyo Co., 
Ltd., Japan) was treated with an acidic solution of H2SO4 (6 M) and HNO3 (6 M) at 90 °C 
for 6 h to introduce carboxylic acid functional groups on the CSCNT surfaces; the 
surfaces were then washed with water, followed by drying overnight at 110 °C. The 
purchased CSCNTs had the following characteristics: average length of 2.0 m; BET 
surface area of 99 m2g-1; volume resistivity of 0.05  (30 MPa); and G/D Raman 
peak ratio of 0.85. A Ti precursor solution was prepared by dissolving titanium (IV)
isopropoxide (TTIP, 0.2 g, 95.0%, Wako, Japan) in isopropanol (100 mL, 99.7%, Wako, 
Japan). The functionalized CSCNT was added to the solution under vigorous stirring. De-
ionized water (1.0 mL) was used to accelerate the reaction of TTIP. After further stirring 
for 6 h, the resulting mixture was collected and dried overnight under a vacuum, followed 
by heat treatment at 450 °C for 1 h under an Ar atmosphere to yield CSCNT-supported 
TiO2 (TiO2/CSCNT, 30 wt%-TiO2). Pt NPs were photochemically deposited onto 
TiO2/CSCNT. Next, 3 mmol of H2PtCl6, which was used as the Pt source, and 10 mg of 
TiO2/CSCNT were dissolved in a 50 vol% aqueous methanol solution (20 mL). This 
solution was stirred for 12 h under irradiation with a UV lamp (Xe lamp, 300 W). The 
PtPb NPs/TiO2/CSCNTs were prepared using the polyol method: The Pt 
NPs/TiO2/CSCNTs (0.030 g) and Pb(CH3COO)2 3H2O (0.022 mmol) were dissolved in 
50 mL of ethylene glycol. The mixture was sonicated and then treated in the flask under 
reflux for 1 min with 300-W microwave radiation. The mixture in the flask was cooled to 
room temperature with water. The mixture was again treated with microwave radiation 
(focused microwave instrument, CEM) at 300 W for 9 min. After the mixture cooled, 
PtPb NPs/TiO2/CSCNT was collected by centrifugation, washed sequentially with 
methanol and dried under vacuum. The loading of Pt onto the TiO2/CSCNT support was 
determined to be 10.0 wt%. For the preparation of PtPb NPs/CB, similar to the 
preparation of the PtPb NPs/TiO2/CSCNT sample (25 wt%-Pt), the polyol method with 
commercially available Pt/CB (20 wt%-Pt, E-TEK) and Pb(CH3COO)2 3H2O was 
applied to generate the ordered intermetallic NPs of PtPb on CB.  
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y i r teri tion
The powder X-ray diffractometry ( XRD) experiments were performed using Cu

radiation (Rigaku RINT- Ultima III;  = 0.1548 nm) at increments of 0.02 degrees from 
20 to 80 degrees. An obliquely finished Si crystal (non-reflection Si plate) was used as a 
sample holder to minimize the background. X-ray photoelectron spectroscopy (XPS) 
measurements (JEOL, JP-9010 MC) were performed to examine the chemical states (Pt
4  and Pb 4 ) of the samples -ray source with an anodic voltage 
of 10 kV and a current of 10 mA. All of the XPS spectra for the samples were obtained 
with a take-off angle of 45  relative to the specimens, and pass energies of 100 eV and 
200 eV for the narrow and survey scans, respectively, were used. The binding energy of 
the photoelectrons was referenced to the peak position of C (1s), which was a
contaminant in the samples. As the reference sample, TiO2 (anatase) powder, which was 
purchased from Wako (Japan), was used without any treatment. A 200-kV transmission 
electron microscope (TEM and/or STEM, JEM-2100F, JEOL) equipped with two 
aberration correctors (CEOS GmbH) for the image- and probe-forming lens systems and 
an X-ray energy-dispersive spectrometer (JED-2300T, JEOL) for the compositional 
analysis was used. Both of the aberration corrections were optimized to realize point-to-
point resolutions of 1.3 and 1.1 Å for the TEM and scanning transmission electron 
microscopy (STEM) images, respectively. A probe convergence angle of 29 mrad and a 
high-angle annular-dark-field (HAADF) detector with an inner angle greater than 100 
mrad were used during the HAADF-STEM observations. An ultra-high-vacuum STEM 
(UHV-STEM; TECNAI G2) was used to observe the morphology. The samples for the 
UHV-STEM experiments were prepared by depositing a methanol suspension of the 
sample powder onto a commercial TEM grid coated with a polymer film. The sample 
was dried thoroughly under vacuum before the observations. The chemical composition 
of the samples and loading weight of PtPb on CB or TiO2/CSCNT were determined using 
inductively coupled plasma-mass spectrometry (ICP-MS, Agilent, 7700x). The loading 
weight of TiO2 on the TiO2/CSCNT was estimated by thermogravimetry (Thermo plus 
EVO TG8120, Rigaku) under air. 

e tro emi e rement
An aliquot of 1 mg PtPb NPs/TiO2/CSCNT or PtPb NPs/CB was suspended in a 

solution of 995 L of distilled water and 250 L of isopropyl alcohol. Additionally, 5 L
of a 5% w/w Nafion® solution (EW: 1,100, Aldrich) in alcohol was added to this 
suspension. The resulting suspension was sonicated for 1 h. The suspension was used to 
coat a 5-mm-diameter GC electrode. The ORR activities of PtPb NPs/TiO2/CSCNT and
PtPb NPs/CB were subsequently examined in O2-saturated 0.1 M HClO4 using a three-
electrode cell with an Ag/AgCl (3 M NaCl) reference electrode and a salt bridge of 
NaClO4. The electrochemical tests were performed at room temperature (23±1°C) at a 
sweep rate of 10 mVs-1 and a rotation speed of 2000 rpm. The geometric area of the GC 
electrode was used to calculate the current density of the ORR. The electrode potential 
measured using the Ag/AgCl reference electrode was converted to the value referred to 
the reversible hydrogen electrode (RHE) in the voltammograms shown in this paper.  

Re t n i ion

Figure 1 shows the XRD profiles for ( ) CSCNT, ( ) TiO2/CSCNT, ( ) Pt 
NPs/TiO2/CSCNT, ( ) PtPb NPs/CB and ( ) PtPb NPs/TiO2/CSCNT. The simulated 
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XRD peak patterns for ( ) TiO2 (anatase), ( ) Pt and ( ) an ordered intermetallic phase 
of PtPb are shown to confirm the crystal structures of the individual products. All of the 
XRD profiles in Fig. 1 exhibit four very small peaks at 26.1°, 43.5°, 54.3° and 77.8° that 

correspond to the diffraction from CSCNT ( ).

i re XRD patterns of ( ) CSCNT, ( ) TiO2/CSCNT, ( ) Pt NPs/TiO2/CSCNT, ( )
PtPb NPs/CB and ( ) PtPb NPs/TiO2/CSCNT catalysts. The solid bars of ( ), ( ) and ( )
are the simulated XRD peak patterns for TiO2 (anatase), Pt and an ordered intermetallic 
phase of PtPb, respectively. 

The sample ( ), that was prepared by forming TiO2 on CSCNT as described in the 
Experimental section, did not show any diffraction peaks for TiO2 ( ) but showed the 
diffraction peaks that arise from CSCNT ( ). The formation of the TiO2 deposit on 
CSCNT could not be confirmed from the XRD measurements. The XRD profile ( ) for 
the sample that was obtained by photochemically depositing Pt NPs onto TiO2/CSCNT 
showed the characteristic reflection peaks at 39.8°, 46.2° and 67.5°, which are assigned to 
(111), (200) and (220) reflection planes, respectively, (FCC-type structure, 3- , a =
0.3922 nm, JCPDS 04-0802) and correspond to Pt ( ). The XRD profile ( ) for the 
product prepared from the Pt/TiO2/CSCNT and Pb precursors showed the characteristic 
reflection peaks at 24.1°, 29.1°, 41.0°, 42.2°, 52.3°, 56.1°, 60.4°, 68.5°, 72.7°, 76.4°, and 
83.8°, which are assigned to (100), (101), (102), (110), (201), (103), (202), (004), (203) 
and (212) reflection peaks, respectively, (NiAs-type structure, P63/mmc, a = 0.4259 nm; 
c = 0.5267 nm) ( ) (9). The observed reflection planes clearly revealed the formation of 
an intermetallic phase between Pt and Pb. The PtPb NPs/CB prepared from the Pb 
precursor and Pt NPs/CB also showed a characteristic reflection profile similar to the 
simulated PtPb peak patterns. These results indicate that the intermetallic phase between 
Pt and Pb can be formed on TiO2 or CB supports through a wet-chemical synthesis route 
at ambient temperature. The average particle sizes of the PtPb NPs on the TiO2 of the 
TiO2/CSCNT and the CB support were calculated to be 10.3 and 8.2 nm, respectively, 
from the reflection peak of (102) for PtPb using the Scherrer formula. Because the 
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formation of TiO2 on the CSCNT support could not be confirmed with the XRD 
experiment, XPS profiles for the Ti 2  region were measured for the ( ) PtPb
NPs/TiO2/CSCNT, ( ) Pt NPs/TiO2/CSCNT, ( ) TiO2/CSCNT and ( ) TiO2 catalysts as 
shown in Fig. 2. The XPS profile ( ) was measured using the reference sample of TiO2.
The peaks ( ) for Ti 2 7/2 can be observed at approximately 458.5 eV. The peak 
positions match that of Ti 2 7/2 ( ) observed for the TiO2 reference sample. Therefore, it 
can be concluded that the TiO2 moiety was deposited on the CSCNT support ia the
above-mentioned formation process of TiO2. In addition, because the XPS peak positions 
in the profiles ( ) are the same as that the profile ( ), no change occurs in the oxidation 
state of TiO2 on the CSCNT, even after the polyol process was performed to form PtPb 
NPs.

i re XPS spectral profiles in the Ti 2  region of ( ) PtPb NPs/TiO2/CSCNT, ( ) Pt 
NPs/TiO2/CSCNT, ( ) TiO2/CSCNT and ( ) TiO2.

The compositional maps based on the STEM images were obtained to reveal the 
distribution of the Pt and Pb atoms in the PtPb NPs. STEM (A)-EDS mapping profile (B–
F) images of PtPb/TiO2/CSCNT ((B) C, (C) Ti, (D) Pt, (E) Pb, and (F) the overlay of B–
E) are shown in Fig. 3. Although some of the PtPb NPs seem to sit outside the TiO2
islands, it is evident from the EDS mapping that the majority of PtPb NPs sit on the TiO2.
The average particle size of the PtPb NPs (11.0 nm) on TiO2 which is evaluated from the 
STEM image (A), is consistent with those estimated from the XRD results using the 
Scherrer formula. Figure 3-G presents the profile of the EDS line scan along with a
STEM image of NPs that shows the position of the line used for the line scan (inset). 
Although a Pt-rich core in the PtPb NPs can be clearly recognized in the region 
surrounded by the dotted lines in Fig. 3-G (Pt: Pb = 54.5: 45.5 (atomic%)), the surface 
atomic% of the PtPb NPs is almost 1:1. These XRD, XPS and TEM/STEM results 
suggest the formation of PtPb intermetallic compound NPs on the TiO2 deposited on the 
CSCNT support. The formation of PtPb intermetallic compound NPs on the CB was also 
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confirmed by the similar measurement (average particle size from a TEM image: 7.6 nm, 
although the results are not shown in this paper). 

i re STEM (A)-EDS mapping profile (B–F) images of PtPb NPs/TiO2/CSCNT. (B) 
C, (C) Ti, (D) Pt, (E) Pb, and (F) their overlay. (G) EDS Pt (green line) and Pb (red line) 
line profiles of PtPb NPs/TiO2/CSCNT along with a STEM image showing the position 
of the scan line used (inset). 

i re  Cyclic voltammograms obtained for the ORR using (A) PtPb 
NPs/TiO2/CSCNT and (B) PtPb NPs/CB in O2-saturated 0.1 M HClO4 aqueous solution 
at an electrode rotation rate of 2000 rpm and potential scan rate of 10 mVs-1 at the ( ) 1st,
( ) 25th, ( ) 50th and ( ) 100th cycle. The dotted lines were obtained using Pt NPs/CB at 
the 1st cycle. 

ECS Transactions, 72 (33) 53-62 (2016)

58
) unless CC License in place (see abstract).ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 133.72.93.109Downloaded on 2016-10-27 to IP 

─ 588 ─



Figures 4-A and -B show cyclic voltammograms (CVs) for the ORR on the (A) PtPb
NPs/TiO2/CSCNT and (B) PtPb NPs/CB at a potential scan rate of 10 mVs-1 in O2-
saturated 0.1 M HClO4 aqueous solution. In these figures, the CVs measured at the ( ) 1st,
( ) 25th, ( ) 50th and ( ) 100th cycle are shown along with those (dotted lines in (A) and 
(B)) obtained with the Pt/CB at the 1st cycle under the same conditions. Both (A) PtPb 
NPs/TiO2/CSCNT and (B) PtPb NPs/CB show an increase in the ORR activity with the 
number of potential cycle in the early stage of multiple potential cycles between 0.4 and 
1.1 V as can be seen from the shift of the voltammograms to the positive direction of 
potential with increasing the potential cycle number. In the case of the PtPb NPs/CB, the 
ORR activity exhibits a maximum at the 25th potential cycle (Fig. 4-(B)-( )). After 
further potential cycle, the ORR activity decreases with the number of potential cycle. On
the other hand, for the PtPb NPs/TiO2/CSCNT, the ORR activity increases until the 100th

cycle (Fig. 4-(A)-( )). The current densities at 0.9 V are summarized in Table 1 to 
compare the ORR activities at the PtPb NPs/TiO2/CSCNT and PtPb NPs/CB catalysts.
The PtPb NPs/TiO2/CSCNT catalysts exhibits a current density of -5.2 mAcm-2 at the 
100th potential cycle, which is much higher than the maximum current density of -3.0 
mAcm-2 at the 25th potential cycle that was obtained for the PtPb NPs/CB catalysts. The 
ORR activity decreased gradually with the potential cycling after 100 cycles. The 
potential cycling for ORR in acidic aqueous solutions might result in dealloying of Pb 
atoms from the PtPb NP surface. The optimum surface structure and/or chemical state 
that accelerate the ORR on the NP surface appear when half of the Pb atoms have been 
dealloyed from the PtPb NP surface. Because the PtPb NPs/TiO2/CSCNT exhibits a
much higher ORR activity than the PtPb NPs/CB, it is thought that the ORR activity is 
dominated by not only the surface composition of the Pt and Pb atoms, but also the 
electronic interactions among Pt, Pb and TiO2.

e Summary of the current density at 0.9 V ( s  RHE) for the ORR using PtPb 
NPs/TiO2/CSCNT, PtPb NPs/CB and Pt NPs/CB in an O2-saturated 0.1 M HClO4 
aqueous solution at an electrode rotation rate of 2000 rpm and potential scan rate of 10 
mVs-1

To investigate the surface electronic states of the Pt and Pb atoms after the potential 
cycling, the XPS profiles for Pt 4  and Pb 4  before and after the potential cycling of the 
PtPb NPs/TiO2/CSCNT and PtPb NPs/CB catalysts were measured. The peak areas and 
positions obtained for the PtPb NPs deposited on the CB and TiO2 supports were 
compared before and after the 100 potential cycles. Figure 5 shows the XPS profiles (Pt 
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4  and Pb 4 ) obtained for the PtPb NPs/TiO2/CSCNT and PtPb NPs/CB. In the XPS 
profiles, a linear background approximation was used to subtract the background signal 
from the data. The cross points are the measured data points. The curve fitting was 
performed assuming Gaussian-Lorentzian peak shapes. Several deconvoluted curves for 
Pt and Pb 4  doublet paired peaks and a convoluted curve that shows a good fit with the 
data points can be observed in the XPS results for the PtPb NPs/TiO2/CSCNT and PtPb 
NPs/CB catalysts treated with and without multiple potential cycling. Based on the curve 
fitting results in Fig. 5, the chemical states of the Pt and Pb atoms and the atomic ratios of 
Pb to Pt atoms on the NP surfaces were evaluated using the chemical shift of the peak 
position for the deconvoluted 4 7/2 signal and the relative sensitivity factors of the Pt and 
Pb atoms (15.86 and 12.83 for 4 7/2 signal, respectively). The values of the peak positions 
and atomic % are summarized in Table 2. It is clear from the data that the peak positions 
of the 4 7/2 signal of the Pt and Pb atoms for the PtPb NPs/TiO2/CSCNT are different 
from those of the PtPb NPs/CB. The deposition of PtPb on the TiO2 caused a shift in the 
peak positions to lower binding energies (peak shift: 0.08 eV for Pt, 0.17 for Pb). 

i re  XPS spectral profiles in the (A) Pt 4  and (B) Pb 4  regions of (a) PtPb NPs/CB 
and (b) PtPb NPs/TiO2/CSCNT measured ( ) before the potential cycles and ( ) after 100 
potential cycles.  

The observed shift suggests that the TiO2 supports donate electrons to the PtPb NPs. 
As mentioned above, the peak shifts of the Ti 2  signals could not be detected for the Pt 
and PtPb NPs deposited on the TiO2 supports (Fig. 2). This absence of the peak shift 
might be due to the difference in volume between Pt (or Pb) NPs and TiO2 moiety. The 
chemical state in the larger volume of the TiO2 support is not affected by the electron-
donation to the small volume of PtPb NPs. A drastic difference can be observed in the 
atomic ratios of Pt to Pb atoms on the NP surfaces before and after the potential cycling 
of the PtPb NPs/TiO2/CSCNT and PtPb NPs/CB catalysts. Both PtPb NPs/TiO2/CSCNT 
and PtPb NPs/CB catalysts were dealloyed by multiple potential cycling, which actually 
decreased the atom% of Pb on the NP surfaces. In particular, after 100 potential cycles 
between 0.3 and 1.1 V ( s  RHE), the XPS signal of the Pb atoms could not be detected 
on the PtPb NPs/CB. On the other hand, the remaining Pb atoms could be confirmed with 
the 100 potential cycle-treated PtPb NPs/TiO2/CSCNT. The electron donation from TiO2
to PtPb NPs is considered to prevent the electrochemical dissolution of the Pb atoms on 
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the PtPb NPs. In addition, it is also considered that the electronic state of the Pt atoms on 
the PtPb NP surface is related to the ORR activity and is affected by the Pb atoms in the 
PtPb NP and the TiO2 support. From our previous study, when the ordered intermetallic 
phase of PtPb is formed, the 4 7/2 peak of Pt shifts by 0.2–0.25 eV to the higher binding 
energy, compared with the 4 7/2 peak of the pure Pt NPs. The electronic state of the Pt 
atoms in the PtPb NPs/TiO2/CSCNT is in a more electron-rich state than that of the 
bench-marked Pt NPs/CB. The relationship between the electronic state of Pt and ORR 
activity is usually discussed in terms of the  band center of the Pt atoms on the NP 
surfaces, and it has been reported that a shift of the  band center of the Pt atoms of 
approximately -0.2 eV exhibits the maximum ORR activity (10, 11). In the present case, 
it is likely that the 4  orbital in the Pt atoms might be affected by the electronic 
interactions between the Pt atoms and the Pb atoms as well as between the Pt atoms and 
the TiO2 supports and consequently a more electron-rich state in the Pt atoms compared 
with those in pure Pt is formed on the PtPb NPs/TiO2/CSCNT catalyst, resulting in the 
enhancement of the ORR. 

e  Summary of the XPS results to evaluate the atomic % on the PtPb NP surfaces 
before and after 100 potential cycles using the PtPb NPs/CB and PtPb NPs/TiO2/CSCNT 
samples.

on ion

TiO2/CSCNT-supported PtPb NPs exhibits an increased ORR activity with the 
potential cycling in the potential range between 0.3 and 1.1 V; its activity is higher than 
that of PtPb NPs/CB after 25 potential cycles and increases with the potential cycling and 
the maximum activity is obtained at 100 cycles and further potential cycling causes a 
gradual decrease in the ORR activity. On the other hand, the PtPb NPs/CB is inferior in 
the ORR activity to the PtPb NPs/TiO2/CSCNT and its activity decreases gradually with 
increasing the potential san number from 25 to 100 times. Thus, the dealloyed surface of 
the PtPb NPs on the TiO2/CSCNT, which is formed by the electrochemical dissolution of 
Pb atoms from the PtPb NPs, can be considered to have specific catalytic properties for 
the ORR. From the comparison of the XPS results obtained before and after the potential 
cycling, the remaining Pb atoms were clearly detected for the PtPb NPs/TiO2/CSCNT 
catalyst after a100 cycles, while the signal of the Pb atoms could not be detected for the 
PtPb NPs/CB catalyst, suggesting that the extent of the dealloying of the Pb atoms from 
the NP surface is decreased by the electronic interaction between PtPb and TiO2. This 
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electronic interaction could be observed in the shift of the 4 7/2 peak of Pt. Specific 
surface structures or electronic states of the dealloyed PtPb NPs composed of Pt atoms 
and the remaining Pb atoms in which both the Pt atoms and the Pb atoms have electronic 
interactions with the TiO2 support, are closely associated with the enhancement of the 
ORR on the PtPb NPs/TiO2/CSCNT catalyst. Further study regarding the surface 
structure and electronic state of the dealloyed PtPb NPs (deposited on the TiO2/CSCNT 
support) with the maximum ORR activity is currently under way along with the purpose 
of retaining the high ORR activity.  
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Dawson
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1 open-Dawson
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open-Dawson
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Abstract:  Open-Dawson polyoxometalates (POMs) containing tetra-aluminum(III) and 
tetra-gallium(III) clusters, i.e., K10[{Al4( -O )6 { , - i2W18O66 28. 2O (potassium salt of 
Al4-open) and K10[{Ga4( -O )6 ( , - i2W18O66) 2 2O (potassium salt of Ga4-open), were 
synt esi ed y t e reactions of [A- - iW9O34]10- with Al(NO3)3 9 2O or Ga(NO3)3 n 2O, and 
characterized by X-ray crystallography, FTIR, elemental analysis, and TG/DTA. X-ray crystal-
lography revealed that the {M4( -O )6}6+ (M = Al, Ga) clusters were accommodated in an open 
poc et of the open- Dawson polyanion, [ , - i2W18O66]16-, which was constituted by the fusion of 
two trilacunary Keggin POMs via two W-O-W bonds. These two open-Dawson POMs showed 
a clear difference in the bite angles depending on the size of ionic radii. The solution 29 i and 
183W NMR spectra in D2O showed only one signal and ve signals, respectively. These spectra 
were consistent with the molecular structures of Al4- and Ga4-open, suggesting that these poly-
oxoanions were obtained as single species and that they maintained their molecular structures 
in solution.
Keywords:  polyoxometalates, open-Dawson structural POM, aluminum, gallium 
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open-Dawson

13 Al Ga

Al Ga

W Al
Ga

Ga
Patzke

Al3+ Ga3+

open-Dawson K10[Al4 ( -O )6 
, - i2W18O66}] 28.5H2O (Al4-open ) 

 K10[{Ga4( -OH)6}( , -Si2W18O66)] 25H2O (Ga4-
open )

材料と方法
材料

n  (n 
= 7 ~ 9)

Keggin

合成法
K10[{Al4 6 { 2W18 66 28 2 Al4
open カリウム塩）の合成
Keggin Na+ Na10[A- -SiW9O34]

18H2O (6.0 g, 2.16 mmol) 120 mL
0.1 M HClaq. pH 7.5

Al(NO3)3 9H2O (1.62 g, 4.32 mmol)
80ºC 30 pH 2.00

1 M KOHaq. pH 6.5
KCl 6 mL

KCl 6 mL

(JG 0.2 m)
Al4-open 

0.818 g (0.148 mmol) ( 13.7%)

K10[{Ga4 6 { 2W18 66 2 2 Ga4
open カリウム塩）の合成
Keggin K+ K10[A- -SiW9O34]

10H2O (3.0 g, 1.07 mmol) 60 mL
0.1 M HClaq. pH 7.5

Ga(NO3)3 nH2O (0.86 g, 2.14 mmol n=8
) 80ºC 30

pH 1.78 1 M KOHaq.

pH 6.5 KCl 1.8 mL

(JG 0.2 m)
Ga4-

open 0.79 g (0.140 mmol) (
26.2%)

結果と討論
合成と同定
Al4-open K10[{Al4( -OH)6} { , -Si2W18O66}]

28.5H2O Keggin
Na10[A- -SiW9O34] 18H2O Al(NO3)3 9H2O

1 : 2 KCl
Ga4-open 

K10[{Ga4( -OH)6} { , -Si2W18O66}] 25H2O
Keggin

K10[A- -SiW9O34] 10H2O

13.7% (Al4-open ) 26.2% (Ga4-open 
) Al4-open Ga4-open

 2[SiW9O34]10- + 4M(NO3)3 + 4H2O 
 [{M4(OH)6}(Si2W18O66)]10- + 2H+ + 12NO3

- 
(M = Al, Ga)                   (1)

Al4-open 
Al3+ 16

1 Dawson open-Dawson
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Keggin
[{ -Al3SiW9O34( -OH)6}4{Al4( -OH)6}]22-

KCl
Al4-open 
Ga4-open Ga

3 Keggin 6)

KCl
Ga4-open 

Al4-open Ga4-open
K+

open-Dawson

Na+ open-Dawson
2 Keggin

X
open-Dawson

K+

open-Dawson
KCl

open-Dawson

Al4-open Ga4-open
FTIR 1000 cm-1 as(Si-O) 960 

cm-1
as(W-Ot)
900-600 cm-1 W-O

IR open-Dawson
open-

Dawson

結晶構造
Al4-open X

2 2 Keggin
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[ , -Si2W18O66]16-

Al3+ 4 {Al4( -OH)6}6+

[{Al4( -OH)6}{ , -Si2W18O66}]10-

4 Al3+

Al3+ (O67, 
O68, O69, O70) (O71, 
O72) Al3+

BVS Al3+

OH-

(BVS ; O67, 0.992; O68, 0.945; O69, 0.965; 
O70, 0.974; O71, 0.958; O72, 0.984)

Ga4-open Al4-open
2

open-Dawson
Fe K2Na8[{Fe4(OH)6} 

{ , -Si2W18O66}] 44H2O
Open-Dawson
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open-Dawson

KCl
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29 および 183W スペクトル
D2O Al4-open Ga4-open 29Si NMR

-82.55 (Al4-open)  -82.31 (Ga4-open) 
ppm 183W 
NMR open-Dawson

5 2 : 2 : 2 : 1 : 2
(-79.67, -83.33, -149.84, -175.17, -197.67 ppm 

for Al4-open; -64.31, -72.52, -151.79, -167.10, -194.70 
ppm for Ga4-open)
open-Dawson

まとめと展望
open-Dawson Al, 

Ga Al4-open Ga4-open

13 Al Ga
In (0.94 Å)

open-Dawson

open-Dawson
5 6

open-Dawson

open-Dawson
5 6
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