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1. はじめに

大気中の CO2などの温室効果ガスの濃度上昇が気候変動に及ぼす悪影響が，世界的に懸念
されている。このような状況を背景に，我が国においては，原子力発電所の深刻な事故もあり，
自然エネルギーを利用した再生可能エネルギー資源（燃料）の大規模な創出が強く望まれてい
る。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 kWh・m－2・yr－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，糸状性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. 糸状性シアノバクテリア

シアノバクテリアは植物や藻類と同様に水を光合成の電子供与体として用いる酸素発生型の
光合成を行う原核生物（細菌）である。紅色光合成細菌や緑色細菌などのいわゆる光合成細菌
は水を光合成の電子供与体に用いることができず，有機酸や硫化水素などを用いて光合成を行
う。水を使って光合成を行うシアノバクテリアを利用したバイオ燃料の生産は，資源量が大き
いという利点がある。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
もつ細菌群である。この中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）へと分化し，窒素固定酵素ニトロ
ゲナーゼの反応により大気中の N2を還元しアンモニア（NH3）を生産する。
ヘテロシストは，酸素発生の源となる光化学系Ⅱが不活性化され，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いるので，細胞
内部の酸素濃度は低い状態に保たれている。このため，酸素により失活しやすいニトロゲナー
ゼが，ヘテロシスト内では活性を維持することができる。このとき，糸状体全体としては，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に供給され，ニ
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トロゲナーゼ反応を駆動する還元力の源となる。また，ヘテロシストには光化学系Ⅰが存在す
るので，循環的な電子伝達を利用した光リン酸化反応により，ニトロゲナーゼ反応に必要な
ATPを生産できる。また，ATPは活発な呼吸活性によっても供給される。ニトロゲナーゼに
より合成された NH3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 2種の
細胞の分業によって，光合成と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 1）。

3. ニトロゲナーゼ

ニトロゲナーゼは N2を固定する酵素として知られているが，必然的な副産物として H2も生
産される（式（1））。シアノバクテリアのほか，マメ科植物の根に共生する根粒菌など一部の原
核生物がその活性をもつ。酸素発生型光合成生物のうち，ニトロゲナーゼをもつのは一部のシ
アノバクテリアに限られ，クロレラなどの真核光合成生物はもたない。この酵素は，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）を結合するもの（V型ニトロゲナーゼ）
や Feのみ（Fe-only型ニトロゲナーゼ）をもつものもある。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型ニトロゲナーゼの反応は，式（1）のように表され，電子の 1／4

が水素生産に向けられる：

N2＋8 e－＋8 H＋＋16 ATP→ H2＋2 NH3＋16（ADP＋Pi） （1）

V型，Fe-only型ニトロゲナーゼは，Mo型よりも窒素固定の効率が低いといわれる。換言すれ
ば，多くの割合の電子が水素生産に向けられる。

N2が存在しない条件下（例：Ar気相）では，すべての電子が水素生産に向かう。

2 e－＋2 H＋＋4 ATP→ H2＋4（ADP＋Pi） （2）

ニトロゲナーゼは，式（2）に示されるように大量の ATP（生体の高エネルギー物質）を消費
するので，水素生産の理論的最高エネルギー変換効率は低いが，水素生産が不可逆的に起こる
ことが，その利点である。
水素生産に利用できる酵素として，シアノバクテリアはヒドロゲナーゼをもつ。可逆的ヒド

H2

H2O H2O

H2O
CO2

CO2

O2

O2 O2
光

光

ヘテロシスト
（別名：異型細胞）

栄養細胞

［CH2O］n ［CH2O］n

光合成 ニトロゲナーゼ反応
［CH2O］n

H2O

図 1　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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ロゲナーゼは反応に ATPを消費しないので，水素生産の理論的最高エネルギー変換効率が高
いが，反応は可逆的なため，光合成により生成する O2の存在下では生産された H2の再吸収が
起こりやすい。また，ほとんどの窒素固定生物は，ニトロゲナーゼによって発生した H2を再
吸収する取り込み型ヒドロゲナーゼ（Hup）をもち，Hup活性の存在は，水素生産を妨げるが，
その活性除去は可能である（以下参照）。
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1）─4）。

4. 遺伝子工学による改良

4.1 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，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が，窒素固定活性をもたない。一方，多くのシアノバクテリア（Nostoc，
Anabaenaなど）は，自然形質転換は起こりにくく，独自の制限酵素系をもつため，形質転換
には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。筆者らは，Wolkらの開発した triparental mating法5）を用いて，Nostocや Ana-

baena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
株がも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も
つ大腸菌株，さらに接合性プラスミドをもつ大腸菌の 3種の細菌細胞を混合後，形質転換され
たシアノバクテリア株を薬剤耐性によりスクリーニングする。Nostocや Anabaenaでは，相
同組換えはまず 1点で起こるが，このような変異株では復帰突然変異を生じやすい。復帰突然
変異を防ぐために，2点での相同組換えによる遺伝子置換株を選抜するが，1点相同組換え株
を単離後，もう一度接合による形質転換，薬剤耐性および sacB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。

4.2 取り込み型ヒドロゲナーゼの遺伝子 hupL の破壊
Nostoc／Anabaena sp. PCC7210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6）。この株は，取り込み型（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もつ2）7）。また，Nostoc sp. PCC7422株は，筆者らが各国の株保
存センターから入手した 13種のシアノバクテリア株の中から，光合成に基づくニトロゲナー
ゼ活性が最も高い株として選んだものである8）。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学的な改良を行った。Nostoc sp. 

PCC7422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8）。
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4.3 ホモクエン酸合成酵素遺伝子 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9）。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 2）。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10），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もつ11）。Masukawaら12）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。

4.4 FeMo-cofactor 周辺を取り巻くアミノ酸残基の部位特異的置換株
Masukawaら13）は，N2ガス存在下ではニトロゲナーゼ反応（式 1）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存在下でも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 Moと Feからなる金
属クラスターをもち，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。Azoto-

bacterの酵素の立体構造情報をもとに，活性中心近傍アミノ酸残基の中から 6つの残基を選び
（図 2），別の残基への置換株（一点交差置換株）を合計 49株作成した。ほとんどの変異株で
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た。N2存在下で
の約 1週間にわたる水素蓄積実験では，親株は窒素固定活性が高いため，1～2日で窒素栄養
充足となりニトロゲナーゼ活性，水素生産活性がともに低下し，その結果，蓄積された水素濃
度は 1％以下であった。一方，ニトロゲナーゼのアミノ酸残基置換株の一部（例：Q193S，
R284H株など）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，活性が数日間持続し，蓄積した水素の濃度は最大で気相の 6％（v／v）に達した。
このような改変株を用いることで，N2存在下でも高活性を持続させることができ，水素生産
のための Arのガスコストを削減できる可能性が示された。

S285 C282

Y236

R284

H197

F388

Q193

H449

Homocitrate

FeMo-cofactor

Fe

Mo 

S 

図 2　Mo型ニトロゲナーゼの FeMo-
cofactor 周辺の立体構造

文献 13）中の fig. 1

C o p y r i g h t © A m e r i c a n  S o c i e t y  f o r 

Microbiology ; Appl. Environ. Microbiol., 

76, 6741─6750（2010）
 ※口絵参照
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5. 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

Amos14）は藻類の光合成を利用した大規模エネルギー生産において，経済性を確保するため
にはバイオリアクターのコスト低減が重要な課題だと指摘し，受光面 1 m2あたり $10台以内
のバイオリアクターが必要だと結論している。
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クを用いることで，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15）。水素バリア性プラスチック膜を
用いた実験用にガスサンプリングポートの開発を行った（図 3）。ガスサンプリングポートは，
バッグ内にブチルゴムセプタムを付けたインナーパッドを入れ，プラスチックフィルムの外か
らブチルゴムセプタムを付けた押しネジもしくはニードルポートで挟み込み，ナットホイール
で押しネジを繰り出すことで，プラスチックフィルムの内側と外側からブチルゴムセプタムで
挟み込む構造のものを設計した。水素バリア性プラスチック膜として，Beselaフィルムおよ
び GLフィルム（いずれも凸版印刷㈱）
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種類のバッグをオー
トクレーブ滅菌処理（120℃，
20 min），または間歇滅菌処理
（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（表 1）。一例を
挙げると，ガスサンプリング
ポートを付けた Gl─Eバッグに
17.1％（v／v）となるように水
素ガスを注入し，ニードルポー
トから適時サンプリングを行
い，内部水素ガス濃度の測定を
行ったところ，15 日目でも

バッグ

1 

2 2 2 2 

3 
4 

5 6 1 1 

1．バイス
2．ブチルゴムセプタム
3．押しネジ
4．ナットホイール
5．インナーパッド
6．ニードルポート

2 2 2 2 

図 3　ガスサンプリングデバイス
文献 15）より改変（（公社）日本農芸化学会の許可を得て掲載）

表 1　Besela フィルムおよびGLフィルムの水素透過性

処理方法 プラスチック素材
Km:H2透過性

［cm3・m－2・day－1・atm－1］

未処理 Be-E

Be-P

Gl-E

Gl-P

87

44

49

44

100℃×20 min

3 回間歇滅菌
Be-E

Be-P

Gl-E

Gl-P

22

53

29

48

120ºC×20 min

オートクレーブ滅菌
Be-E

Be-P

Gl-P

89

67

41

Be：Beselaフィルム，Gl：GLフィルム，E：直鎖状低密度ポリエチレン，
P：無延伸ポリプロピレン
文献 15）より改変（（公社）日本農芸化学会の許可を得て掲載）
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15％程度の濃度が保たれた。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 cm3・m－2・day－1・atm－1程度であり，将来の
実用化の材料として候補となりうることが示された。
なお，上記の水素バリア性バッグ，ガスサンプリング
ポートはWakhy社が製作したものが，GLサイエンス
から市販されている。
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. PCC7422 ΔHupL

株の細胞培養液を，同じ直径で高さの異なるガラス容
器に等量ずつ分注し，一方の容器はブチルゴム栓で密
封，もう一方の容器はガスサンプリングポートを付け
たプラスチックバッグに入れ，初期気体体積はほぼ同
じにした。プラスチックバッグ内の初期気相を N2が
1％，CO2が 5％，Arが 94％になるようにして，12時
間ごとの明暗周期光照射を行いながら生産された H2

の蓄積量を測定した（図 4）。その結果，3日目まではどちらの H2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H2蓄積量が密閉容器に比べて約 30％程度多かった。
これは，シアノバクテリアの光生物学的水素生産に伴って生じた O2の分圧が，気体の膨張が
可能なバッグ中では密閉容器中よりも低く保たれ，ニトロゲナーゼの活性低下の程度が軽減さ
れたためだと説明されよう。

6. 今後の課題

シアノバクテリアを利用した水素生産の実用化のためには，経済的かつ大規模に行うための
さまざまな課題を克服する必要がある。水素生産の低コスト化につながるシアノバクテリアの
さまざまな改良が必要で，上述のように筆者らは，ニトロゲナーゼのアミノ酸残基置換により，
コストのかかる Arガスを使用せず，N2気相下でも高い水素生産活性を数週間にわたり持続さ
せることに成功したが，今後，エネルギー変換効率や長期の生産安定性をさらに向上させる必
要がある。そのための改変として，現在筆者らが取り組んでいる研究例を最後に紹介する。
水素生産に最適なシアノバクテリア株を作出するために，水素生産を行う細胞であるヘテロ
シストの形成頻度を通常の 5～10％から増加させることが考えられ，これまでにその頻度を
10％以上に増加させた変異株を多数作成することに成功している。これらの変異株では，特定
の条件下で水素生産性がさらに向上する可能性がある。N2気相下での水素生産の変換効率は，
優先的に発現する Mo型ニトロゲナーゼよりも，V型や Fe-only型ニトロゲナーゼのほうが高

図 4　水素バリア性プラスチックバッグ
を用いたシアノバクテリアの培養

縦 300 mm，横 100 mmのプラスチックバッ
グにガスサンプリングポートを 1個装着し，
250 mLのシアノバクテリア培養液を入れ
た。初期気相（1％ N2，5％ CO2，94％ Ar）
を 250 mLとして植物培養用の蛍光灯下に
置くと，H2と O2がほぼ 2：1の比で蓄積し，
しだいにバッグが膨らんでいく
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い可能性が考えられるので，後者のタイプのニトロゲナーゼを発現させたシアノバクテリア株
の作成は試みる価値がある。また，屋外での水素生産では強光阻害を受けるので，強光により
光合成活性が低下しないように，光化学系や色素系などの改変が考えられる。水素生産の大規
模化のために，プラスチックバッグの大型化，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 1％以上に高めることが当面の目標である。
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巻頭言

最近10月になると、やたらそわそ

わする。私達にとってノーベル週間が

それ程ほど遠いものではなくなったの

である。ある時期、11年間に6人の日

本人がノーベル化学賞を受賞し、加え

てノーベル物理学賞の受賞も重なった。

いったいどうした事であろうか。優秀

な人材が科学の世界に飛び込み、日々

努力していた結果であることは当然で

あるが、他にも幾つかの理由が見えて

来る。少し私なりに考えてみたい。

昭和40年ごろ高度成長に日本中が

沸き返り、社会全体は世界の中心での

活躍に向けて大きく舵取りを進めるこ

とになっていった。多くの若者は、世

界の動向をより知ろうと、少しでも多

くの知識を持った人をもとめていた

し、出会いに喚起されて実際に世界に

飛び出し、さらに情報量、研究力を深め、

世界を思い切り取り込もうとした。日

本の頭脳流出と言われたのもこの時代

であった。

一方、国内に残った若者も、ただ手

をこまねいていたわけではない。黙々

と力をつけた者もいた。京都、大阪で

の講演会や、研究室勉強会に参加し、

お互いに力をつけていたのである。社

会的な封鎖感、保守的な傾向に対し

て、許された状況の中で頑張った人た

ちもいたが、反発して研究室を変え国

内の地方へと散っていった人たちも数

多かった。じっと待ってはおれなかっ

たし、上述の留学を含めて自発的に行

動を起こしたのである。個性と自己主

張を大切にしつつ初志貫徹を図ったと

いえる。ある人は政治的な活動や、ま

た大学の閉塞感から脱出して、地方で

自由を獲得したことになる。地方で若

い人材が目立ち始めた時期でもあった。

輝き解き放たれた駿馬を予感した。た

だし、国内の研究費は未だ十分ではな

く、そもそも制度設計のうえで、どう

いった研究資金の配分が適切かと試行

錯誤がなされている段階であった。ア

メリカからの研究費援助を受けていた

国内研究室もちらほらあった。一方、

世界へ飛び出た人たちは、財政的な辛

苦から解き放たれ、全力で研究に没頭

できた。しかし、研究費申請など、国

外でも大変であった事は後から分かっ

てきた。

こういった状況の中で、研究分野を

問わず広く研究費を配分するという日

本独特の、素晴らしい環境が出来ていっ

た。これが科学研究費の誕生であり、

広く薄いが新鮮味のあるボーナス的な

意味を持った研究費で、胸躍るもので

あった。定年までに一度は一般研究A

を獲得できないかと思った時代でもあ

る。大きな有名研究室でなければ採択

されない、厳しい研究費と認識されて

いた。若い研究者には一般研究B、Cに

加えて、特定研究、がん特別研究など

もあり、各分野も潤ったし、人的交流

も深まった。この時代の研究費が血と

なり肉となって、若い研究者の足腰を

丈夫にしたことは、皆さんの認識され

ている通りである。冒頭で述べた日本

人研究者のノーベル賞受賞に繋がった

ことも事実であろう。科学研究費の枠

組み構築に関与された先輩諸氏に心よ

り御礼したいと考える昨今である。

今日を見てみると、応用的な方面

や一部若手の補助など限られた研究者

に対する特別大型な予算が増えている。

これはそれで良いのだが、研究者の層

の厚さについて今少し配慮されるべき

であろう。アメリカのオバマ大統領は

日本の産業界の強さに感服して国立高

等専門学校機構の視察を行うように命

じたと聞く。これも我が国の強みが、

研究者の層の厚さ、技術力の確かさに

あることを知ってのことだろう。層の

厚さを支える科学研究費と、選抜的な

大型予算は異なるもので、同じ審査シ

ステムで科学研究費が配分されてはな

らないことを強調したい。

誠心誠意、それぞれの分野の世界

最先端で研究を推進する限り、無駄な

研究などはないのである。個性と自己

主張を大切にして、宇宙環境での新材

料生産研究や新分子科学なども含めて、

新しい未開拓分野に挑戦しようではな

いか。

上村 大輔
神奈川大学　理学部　教授

うえむら・だいすけ
1973年名古屋大学理学部助手、1979年静岡大学
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Abstract A mutant of the phototrophic species belong-

ing to the b-proteobacteria, Rubrivivax gelatinosus, lacking
the photosynthetic growth ability was constructed by the

removal of genes coding for the L, M, and cytochrome

subunits of the photosynthetic reaction center complex.

The L, M, and cytochrome genes derived from five other

species of proteobacteria, Acidiphilium rubrum, Allochro-

matium vinosum, Blastochloris viridis, Pheospirillum mo-

lischianum, and Roseateles depolymerans, and the L and M

subunits from two other species, Rhodobacter sphaeroides

and Rhodopseudomonas palustris, respectively, have been

introduced into this mutant. Introduction of the genes from

three of these seven species, Rte. depolymerans, Ach.

vinosum, and Psp. molischianum, restored the photosyn-

thetic growth ability of the mutant of Rvi. gelatinosus,

although the growth rates were 1.5, 9.4, and 10.7 times

slower, respectively, than that of the parent strain. Flash-

induced kinetic measurements for the intact cells of these

three mutants showed that the photo-oxidized cytochrome

c bound to the introduced reaction center complex could be

rereduced by electron donor proteins of Rvi. gelatinosus

with a t1/2 of less than 10 ms. The reaction center core

subunits of photosynthetic proteobacteria appear to be

exchangeable if the sequence identities of the LM core

subunits between donor and acceptor species are high

enough, i.e., 70 % or more.

Keywords Photosynthetic reaction center complex �
Proteobacteria (Purple bacteria) � puf operon � Gene
exchange

Introduction

Photosynthesis was developed early in the evolution of

bacteria (Woese 1987) and has been improved with the

differentiation of organisms and environmental changes in

their habitats. In proteobacteria (purple bacteria), bacte-

riochlorophyll (BChl) a or b is used as the main photo-

synthetic pigment, which can absorb both infrared and

visible lights. Light energy captured by the BChls bound to

two hydrophobic small peptides, a and b, of the light-

harvesting complex is funneled to the photochemical

reaction center complex (Gabrielsen et al. 2009). The

reaction center complex of purple bacteria consists of, at

least, three subunits called L, M, and H (Jones 2009). The

L and M subunits are both membrane-bound peptides

showing approximately 20 % amino acid sequence identi-

ties to each other and form a heterodimeric core of the

reaction center complex (Michel et al. 1986). The amino
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acid sequences of the L and M subunits are related to those

of the D1 and D2 subunits, respectively, of the photosys-

tem 2 reaction center of cyanobacteria and plants, signi-

fying a common origin. The L and M core subunits bind

four BChls, two bacteriopheophytins, and two quinones,

which are arranged with a two-fold symmetry for trans-

ferring electrons across the membrane. Two of the four

BChls form a dimer, called the special pair, in the vicinity

of the periplasmic surface, which releases an electron when

excited by light. In many species, a cytochrome subunit,

which contains three or four c-type hemes, is bound to the

LM core at the periplasmic side and works as the electron

donor to the photo-oxidized special pair. The electron from

the special pair is transferred through a bacteriopheophytin

to the primary electron acceptor, a quinone molecule

named QA. The electron is then transferred to the second

quinone molecule, QB, loosely bound to the cytoplasmic

side of the LM core. After receiving two electrons and two

protons, the reduced QB diffuses out of the RC and donates

its electrons to the cytochrome bc1 complex (Okamura

et al. 2000), although some of these are used for reduction

of NAD? via a reverse electron flow mediated by the

complex I, according to the redox state in the membrane

(Verméglio and Joliot 2014). One of the electrons from the

quinol to the bc1 complex is transferred to the water-sol-

uble electron carrier proteins, such as cytochrome c2 and

HiPIP, and then to the oxidized c-type hemes in the RC-

bound cytochrome subunit (Lavergne et al. 2009). Some

species, such as Rba. sphaeroides and Rps. palustris, do not

have the cytochrome subunit. In this case, the electron is

directly transferred from the cytochrome c2 to the photo-

oxidized special pair in the RC (Bullough et al. 2009). This

completes a light-induced cyclic electron transfer found in

all purple photosynthetic bacteria.

The genes coding for the subunits of the RC together

with those of the light-harvesting 1 (LH1) complex form an

operon called puf. The arrangement of genes in this operon

is well conserved among the purple photosynthetic bacteria

in the order of pufB, -A, -L, and-M, coding for the b and a
subunits of the LH1 and the L and M subunits of the RC,

respectively. In species having the RC-bound cytochrome

subunit, the pufC gene coding for this subunit is located at

the end of this operon as pufBALMC. The gene coding for

the H subunit of the RC, puhA, is not included in the puf

operon and forms an operon called puh together with the

genes encoding proteins, possibly functioning in the for-

mation process or stabilization of the RC-LH1 complex

(Aklujkar et al. 2005, 2006). In Rhodobacter capsulatus

and Rba. sphaeroides, the genes coding for the enzymes

required for synthesis of BChls and carotenoids are flanked

by the puf and puh operons (Coomber et al. 1990; Bauer

et al. 1991). Such a gene island is called the photosynthesis

gene cluster (PGC). Other species of purple photosynthetic

bacteria also have the PGC, although the arrangement of

operons in this gene cluster is not always conserved

(Igarashi et al. 2001; Nagashima and Nagashima 2013). In

photosynthetic organisms other than purple bacteria and

Heliobacteria, the genes for photosynthesis show scattered

locations.

The purple photosynthetic bacteria group is not mono-

phyletic. Phylogenetic studies based on comparison of the

nucleotide sequences of 16S rRNA have shown that purple

bacteria can be divided into five groups (classes):a, b, c, d,
and e (Woese 1987). Photosynthetic species, including

aerobic anoxygenic phototrophic species, which can syn-

thesize BChls but are incapable of photosynthetic growth

under anaerobic conditions (Shimada 1995; Yurkov and

Csotonyi 2009), are found only in the a, b, and c groups

with mixed distributions in many non-photosynthetic spe-

cies. Such scattered distribution of photosynthetic species

has been interpreted as the result of independent losses of

the photosynthetic phenotype in many lineages in the

course of adaptation to different environments without any

light, from a common ancestor possessing photosynthetic

ability (Woese 1987). This interpretation seems to be rea-

sonable in the view of multiple metabolic pathways for

energy conversion other than photosynthesis. In addition,

horizontal gene transfer may also have contributed to the

scattered distribution of photosynthetic species in purple

bacteria. When the amino acid sequences of the L and M

subunits of the RC are used for phylogenetic tree con-

struction, species belonging to the b and c groups are

positioned among members of the a group while retaining

the branching topology in each of the groups. Such posi-

tioning, inconsistent with that in the phylogenetic tree

based on 16S rRNA sequences, has been interpreted as the

result of the horizontal transfer of photosynthesis genes

between ancestral species of the b and c groups and those

of the a group (Igarashi et al. 2001; Nagashima et al.

1997a).

Horizontal transfer of photosynthesis genes has not been

fully verified by laboratory experiments. The PGC from the

Rhodobacter species has been cloned in Escherichia coli

(Marrs 1981), but no photosynthetic phenotypes and no

BChl syntheses have been reported so far. Among photo-

synthetic species, however, it has been shown that a defi-

ciency in the process of BChl synthesis can be restored by

introducing genes from distantly related species (Xiong

et al. 1998; 2000). The puf operon deletion mutant of Rba.

capsulatus recovered the ability of photosynthetic growth

by the expression of the puf operon from Rba. sphaeroides

(Zilsel et al. 1989) but not by the introduction of the puf

operon from the aerobic anoxygenic phototrophic bacte-

rium Roseobacter denitrificans, although a functional

reaction center is heterologously assembled (Kortlüke et al.

1997).
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In the present study, the genes coding for the subunits of

the reaction center complex were exchanged between a b-
purple bacterium, Rvi. gelatinosus, and seven additional

species belonging to various lineages of purple bacteria in

order to estimate how much difference in the core of the

reaction center complex is acceptable for restoring the

photosynthetic phenotype. This should be the first step in

providing experimental evidence of the horizontal transfer

of photosynthesis genes and will contribute to studies on

artificial photosynthesis using biosystems.

Materials and Methods

Cultivation of Bacterial Strains and DNA Purification

Rte. depolymerans 61A (DSM 11813T), Rvi. gelatinosus

IL144 (NBRC 100245), and its derivatives were grown in a

PYS medium (Nagashima et al. 1997a). Blc. viridis

(DSM133T), Rps. palustris CGA009 (ATCC BAA-98), and

Rba. sphaeroidesIL106 (NBRC 100037) were photosyn-

thetically grown in a malate-basal medium (0.5 % sodium

malate, 0.1 % ammonium sulfate, 0.1 % yeast extract,

0.1 % vitamin solution (Nagashima et al. 1997a), and

20 mM potassium phosphate, pH 6.8). Ach. vinosum D

(DSM180T) and Psp. molischianum (DSM120T) were

grown under photosynthetic conditions according to Bose

(1963) and Nagashima et al. (1993), respectively. Aph.

rubrum (ATCC 35905T) was aerobically grown according

to Nagashima et al. (1997b). The cells grown to expo-

nential growth phase were sedimented by centrifugation

and used for DNA purification as described in a previous

paper (Nagashima et al. 1996).

Construction of Rvi. gelatinosus Mutant Lacking

the Reaction Center L, M, and Cytochrome Subunits

A plasmid pGELPUF (Maki et al. 2003), which is a

pUC119-based plasmid containing whole puf genes of

Rvi. gelatinous IL144, was digested by restriction enzymes

SphI and StuI. The linearized plasmid was self-ligated by

treatments with a Klenow fragment and a DNA ligase

using a Blunting Kit (TAKARA BIO INC., Otsu,

Japan). These treatments removed the entire lengths of

pufL and pufM and about 4/5 of the length of the N-ter-

minal of pufC from the plasmid, as shown in Fig. 1. This

manipulated DNA insert was transferred to a suicide vec-

tor, pJPCm (Ohmine et al. 2009), after digestion with SacI

and BamHI restriction enzymes, and maintained in cells of

E. coli strain S17-1 kpir. Then, a DNA fragment containing

sacRB genes and a kanamycin-resistant cartridge was

inserted at the unique SacI restriction site in this plasmid.

The resultant plasmid was named pJPDgelpufLMC and

introduced into the cells of Rvi. gelatinosus IL144RL2 by

trans-conjugation from the E. coli S17-1 kpir host cells.

The pufLMC genes were removed from the Rvi. gelatinosus

IL144RL2 genome via a two-step homologous recombi-

nation, which had been screened by kanamycin resistance

for the first and by sucrose resistance for the second, as

previously described (Ohmine et al. 2009). The Rvi. gela-

tinosus mutant lacking pufLMC without any insertions of

antibiotics-resistant cartridges was named DpufLMC after

confirmations of the mutation by genomic Southern

hybridization, PCR, and DNA sequencing experiments.

Introduction of Exogenous pufLM(C) Genes

into the Cells of Rvi. gelatinosus DpufLMC

A 1-kb Rvi. gelatinosus DNA region immediately upstream

of the start codon of pufL was amplified by PCR using the

plasmid pGELPUF (Maki et al. 2003) as the template and a

set of primers, M13F?7 (50-GTAAAACGACGGCCAGT
GAATTCG) and GpufL-23R (50-CATATTGATTCCTC
CGACCGACGG). The M13F?7 primer has a cohesive

sequence (24-bases) to the 50 side of the M13 multi cloning

site in the lacZ gene of the plasmid. A DNA region con-

taining whole pufLMC of each of Aph. rubrum, Ach.

vinosum, Blc. viridis, Psp. molischianum, and Rte. dep-

olymerans or whole pufLM of each of Rba. sphaeroides

and Rps. palustris was also amplified by PCR using primer

sets as shown in Table 1. Through these PCR experiments,

the forward primers have a cohesive sequence (15-bases)

to the direct upstream of Rvi. gelatinosus pufL in addition

to the operative sequence for the PCR, which is identical to

the sequence of the 50-end region of the exogenous pufL

gene. The reverse primers have a 15-base of the cohesive

sequence to the 30 side of the M13 multiple cloning site in

the lacZ gene, in addition to the operative sequence for

PCR. Each of the amplified pufLM(C) fragments was

mixed with the 1-kb Rvi. gelatinosus PCR product descri-

bed above and with the EcoRI-digested pJP5603 suicide

plasmid (Penfold and Pemberton 1992) DNA with a molar

ratio of 1:1:1. The three DNA fragments were connected at

their cohesive ends via homologous recombination using

an In-Fusion HD Cloning Kit (TAKARA BIO INC., Otsu,

Japan), generating a plasmid construct containing a chi-

meric puf operon consisting of Rvi. gelatinosus pufBA and

the exogenous pufLM(C) (Fig. 1). This construct was

cloned in E. coli S17-1 kpir and introduced into the cells of

Rvi. gelatinosus DpufLMC by conjugal transfer. Rvi. gel-

atinosus IL144RL2 mutants, in which the pufLMC was

replaced by the exogenous pufLM(C) via homologous

recombination, were screened by kanamycin resistance and

named AR-1, AV-1, BV-1, PM-1, RD-1, RP-1, or RS-1,

according to the source of the pufLM(C) gene, Aph. ru-

brum, Ach. vinosum, Blc. viridis, Psp. molischianum, Rte.
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depolymerans, Rps. palustris, or Rba. sphaeroides,

respectively. A DNA fragment containing original Rvi.

gelatinosus pufBALMC was also cloned in the pJP5603

suicide plasmid and introduced into the cells of DpufLMC

to generate a control mutant, RG-LMC, in the same manner

as used to generate the other mutants. Replacements of the

genes in these mutants were confirmed by genomic

Southern hybridization, PCR, and DNA sequencing

experiments.

Growth Tests for Rvi. gelatinosus Mutants

Rvi. gelatinosus IL144RL2 and mutants were aerobically

grown to mid-exponential growth phases in the dark at

30 �C in a PYS medium and used as precultures. Measure-

ments were started with an addition of 0.3 ml of the pre-

culture to a fresh PYSmedium in a screw cap test tube with a

diameter of 18 mm and a volume of 30 ml. The tube was

filled with the growth medium and placed in a transparent

water bath under light supplemented with a 60 W halogen

lamp 15–25 cm away from the tubes. The temperature was

kept at 30 �C by water circulation. The bacterial growth was

monitored as the optical density at the wavelength of

660 nm. Theminimum andmaximum values among the five

independent measurements were omitted, and the average of

the other three values was plotted against the time.

Biochemical and Spectrophotometric Assays

Rvi. gelatinosus mutants grown by aerobic respiration in

the dark have been used for assays on the protein content

and pigment accumulation. Three to five colonies on a

plate culture were picked up (or 40 ll of the liquid culture

was taken) and added to a 4 ml PYS growth medium in an

open-top glass tube with a diameter of 18 mm and a height

of 130 mm. The tube was covered by a loosely fitted alu-

minum cap and shaken in a reciprocal shaker with 140

cycles/min at 30 �C in the dark. A ten microliter of the

liquid culture grown to a rate exponential to stationary

growth phase was mixed with the same volume of a buffer

containing 40 mM Tris (pH 7.0), 1 % Tween20,

0.2 % Nonidet P-40, and 0.2 mM EDTA to lyse the bac-

terial cells. A protein content in the lysate was assayed by a

method of pyrogallol red-molybdate complex reaction

using a Protein Assay Rapid Kit (Wako Pure Chemical

Industries, Ltd., Osaka, Japan). Bovine serum albumin

(BSA) was used as the protein standard. Pigments were

extracted from the cells in the liquid culture by mixed with

L M CAB

crtA

pufLMC

pGELPUF(Rubrivivax gelatinosus puf  genes)

crtAL M CABbchZ

SphI StuI

ORF74

ORF48

1 kb

SphI

ABbchZ ORF74

ORF48

BamHI SacI BamHI

BamHISacI

M13F+7

Gpuf L-23RPCR

PCR

exogenous puf genes

Forward

Reverse

L M CABbchZ ORF74

ORF48

chimeric puf construct

Fig. 1 Schematic representation of gene manipulations performed in

this study. A 3-kb DNA region flanked by the SphI and StuI restriction

sites, containing pufL, pufM, and pufC, was deleted from the puf

operon DNA region of Rvi. gelatinous IL144RL2. The mutant named

DpufLMC, lacking this 3-kb DNA region containing pufLMC, was

generated via a two-step homologous recombination method using a

suicide vector, pJPCm, and had no insertions of antibiotics-resistant

cartridges. The PCR-amplified 1-kb Rvi. gelatinosus DNA region

immediately upstream of the start codon of pufL was ligated with the

PCR-amplified DNA region containing whole pufLMC or whole

pufLM of each of seven other purple photosynthetic bacteria. Such a

chimeric DNA construct was cloned in a pJP5603 suicide plasmid and

inserted into the genomic DNA of the Rvi. gelatinosus DpufLMC

mutant via single homologous recombination
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a 25 volume of acetone/methanol (7:2) solution. The

absorption spectrum of the supernatant after a centrifuga-

tion at 10,0009g for 1 min was recorded with a UV-2600

spectrophotometer (Shimadzu Co., Kyoto, Japan). The

concentration of BChl a was determined based on the

absorbance at 770 nm, applying the extinction coefficient

of 75 mM-1 in a cuvette with a 1-cm optical path-length.

Membranes of the Rvi. gelatinosus strains were prepared

by a passage through a French pressure cell and ultracen-

trifugation, according to the procedure described previ-

ously (Maki et al. 2003) and used for measurements of

absorption spectra.

Kinetic Measurements for Intact Cells

Kinetic measurements of flash-induced absorbance chan-

ges of the cytochromes were carried out using a double

beam spectrophotometer as described previously (Schoepp

et al. 1995).

Phylogenetic Tree Construction

Phylogenetic trees were constructed using the programs

ClustalX (Thompson et al. 1997) and MEGA 3.1 (Kumar

et al. 2004). Amino acid sequences of the L and M subunits

were concatenated for each species and used for generating

a sequence alignment. Unnatural gaps in the alignment

were located by eyes and corrected. Construction of the

tree was performed by the neighbor-joining method,

applying the p-distance as a distance estimator, in which

all gaps in the sequence alignment were completely

omitted in calculations. The sequences were obtained from

the DDBJ/EMBL/GenBank databases.

Results

Rvi. gelatinosus IL144RL2, which is a spontaneous mutant

generated from the wild-type strain IL144, shows a greatly

depressed production of the light-harvesting 2 (LH2 or

B800–860) complex but synthesizes a significant amount

of reaction center (RC) and light-harvesting 1 (LH1 or

B875) complexes, even under dark-aerobic respiratory

conditions (Maki et al. 2003). Therefore, using this strain

as a parent for gene manipulation experiments, it can be

expected that the mutated RC-LH1 complex is expressed

enough to be analyzed even if the mutation caused a

functional deficiency of photosynthesis. In the present

study, the genes coding the L, M, and cytochrome subunits

of the photochemical reaction center complex (pufLMC)

were deleted from the genomic DNA of this strain,

IL144RL2, to generate the mutant strain DpufLMC, which

is, of course, not able to grow under light-anaerobicT
a
b
le

1
P
ri
m
er
s
u
se
d
to

am
p
li
fy

g
en
es

co
d
in
g
re
ac
ti
o
n
ce
n
te
r
su
b
u
n
it
s,
p
u
fL
M

o
r
p
u
fL
M
C

S
o
u
rc
e
o
f
D
N
A

te
m
p
la
te

F
o
rw

ar
d
p
ri
m
er

R
ev
er
se

p
ri
m
er

A
ll
o
ch
ro
m
a
ti
u
m

vi
n
o
su
m

5
0 -
C
G
G
A
G
G
A
A
T
C
A
A
T
A
T
G
G
C
C
A
T
G
C
T
C
A
G
T
T
T
T
G
A
G
A
G

5
0 -
T
A
C
C
G
A
G
C
T
C
G
A
A
T
T
C
T
T
A
C
A
G
C
T
G
T
T
G
C
G
G
A
G
C
C
G

A
ci
d
ip
h
il
iu
m

ru
b
ru
m

5
0 -
C
G
G
A
G
G
A
A
T
C
A
A
T
A
T
G
G
C
A
A
T
G
C
T
C
A
G
T
T
T
T
G
A
A
A
G

5
0 -
T
A
C
C
G
A
G
C
T
C
G
A
A
T
T
C
T
T
A
T
T
T
G
C
C
C
G
C
T
T
G
C
C
C
C
G

B
la
st
o
ch
lo
ri
s
vi
ri
d
is

5
0 -
C
G
G
A
G
G
A
A
T
C
A
A
T
A
T
G
G
C
A
C
T
G
C
T
C
A
G
C
T
T
T
G
A
G
A
G

5
0 -
T
A
C
C
G
A
G
C
T
C
G
A
A
T
T
C
T
T
A
C
T
T
C
G
C
A
G
C
A
G
C
C
T
T
G
A
T
C
G

P
h
eo
sp
ir
il
lu
m

m
o
li
sc
h
ia
n
u
m

5
0 -
C
G
G
A
G
G
A
A
T
C
A
A
T
A
T
G
G
C
G
A
T
G
C
T
C
A
G
T
T
T
C
G
A
G
A
A
G

5
0 -
T
A
C
C
G
A
G
C
T
C
G
A
A
T
T
C
G
G
A
A
G
G
G
A
T
T
A
A
T
T
C
T
T
G
C
T
C
G
T
C

R
o
se
a
te
le
s
d
ep
o
ly
m
er
a
n
s

5
0 -
C
G
G
A
G
G
A
A
T
C
A
A
T
A
T
G
G
C
C
A
T
G
C
T
G
A
A
C
T
T
C
G
A
G
A
G
G

5
0 -
T
A
C
C
G
A
G
C
T
C
G
A
A
T
T
C
C
A
C
G
C
C
A
T
T
G
T
T
C
A
G
C
T
G
G
G

R
h
o
d
o
p
se
u
d
o
m
o
n
a
s
p
a
lu
st
ri
s

5
0 -
C
G
G
A
G
G
A
A
T
C
A
A
T
A
T
G
G
C
A
A
T
G
C
T
C
A
G
C
T
T
T
G
A
G
A
A
G

5
0 -
T
A
C
C
G
A
G
C
T
C
G
A
A
T
T
C
G
A
T
A
G
A
C
G
T
G
C
G
G
T
T
G
T
A
T
T
A
C
C
G

R
h
o
d
o
b
a
ct
er

sp
h
a
er
o
id
es

5
0 -
C
G
G
A
G
G
A
A
T
C
A
A
T
A
T
G
G
C
A
C
T
G
C
T
C
A
G
C
T
T
C
G
A
G
C
G

5
0 -
T
A
C
C
G
A
G
C
T
C
G
A
A
T
T
C
C
C
G
A
G
A
C
T
T
G
T
C
T
C
A
G
A
C
G
A
G
A
T
G

C
o
h
es
iv
e
se
q
u
en
ce
s
to

th
e
5
0 -
en
d
o
f
p
u
fL

an
d
to

th
e
3
0 -
en
d
o
f
p
u
fM

o
r
p
u
fC

ar
e
u
n
d
er
li
n
ed

56 J Mol Evol (2014) 79:52–62

123

Author's personal copy

─ 53 ─



(photosynthetic) conditions. The PCR-amplified pufLMC

genes from the five species of purple photosynthetic bac-

teria, Aph. rubrum, Ach. vinosum, Blc. viridis, Psp. mo-

lischianum, and Rte. depolymerans, and pufLM genes of

the two species without the cytochrome subunit, Rps. pa-

lustris and Rba. sphaeroides, have been independently

incorporated in cis into the genomic DNA of the DpufLMC

mutant cells. The growth rates of these ‘‘puf-exchanged’’

mutants grown under the dark respiratory conditions were

almost identical (about 2 h of a doubling time) to that of

the parent strain, IL144RL2, and the all mutants showed

much amount of syntheses of BChl a and LH1 complex

(Table 2), comparable to those in the parent strain. Possi-

bly, the chimeric puf operons are similarly transcribed and

translated as that in the parent strain. Three of such puf-

exchanged mutants, PM-1 (Psp. molischianum), RD-1 (Rte.

depolymerans), and AV-1 (Ach. vinosum), were capable of

photosynthetic growth under light-anaerobic conditions.

Figure 2 shows their photosynthetic growth curves as

measured by the optical densities (at 660 nm) of their

liquid cultures placed under light provided by halogen

lamps (photon flux density & 30 lmol m-2 s-1). The RD-

1 mutant grew faster than the other two mutants and

showed a doubling time comparable to that of the original

strain, IL144RL2. This shows that the reaction center

subunits of Rte. depolymerans can fully compensate for the

deletion of those in Rvi. gelatinosus. This may not be

surprising, since the amino acid sequences of the L and M

core subunits of Rvi. gelatinosus show the highest identities

to those of Rte. depolymerans, 84.0 and 78.2 %, respec-

tively, among those of the seven species used as donors in

this study (Table 3). An interesting point is that Rte. dep-

olymerans is a so-called ‘‘aerobic photosynthetic bacte-

rium’’ and cannot grow under light-anaerobic conditions,

contrary to what is observed for the RD-1 conjugant. The

reaction center subunits of Psp. molischianum and Ach.

vinosum also compensated for the deletion of these sub-

units of Rvi. gelatinosus, although the photosynthetic

growth rates were significantly slower than that of the

original strain, IL144RL2. These two species are distantly

related to Rvi. gelatinosus, based on the phylogenetic

analysis of 16S rRNA sequences, although their amino acid

sequences of the L and M subunits show relatively high

identities to those of Rvi. gelatinosus (Table 3).

Figure 3 shows the absorption spectra of membranes

purified from the Rvi. gelatinosus pufLMC-exchanged

mutants, RD-1, PM-1, and AV-1, grown under photosyn-

thetic conditions. The spectrum of the membrane of

DpufLMC, the direct parent strain of these mutants, is also

shown for comparison. A large absorption band that peaked

at 877 nm (at 874 nm only in DpufLMC) was seen in all of

the spectra, attributable to the Qy band of BChl a bound to

the LH1 complex. Around the shorter wavelength region of

Table 2 Accumulation of photosynthetic components in cultures of

R. gelatinosus pufLMC-exchanged mutant strains

Strains Protein

content

(mg/ml of

growth

medium)

Amount

of BChl a

(lg/mg

of

protein)

Extent of

LH1 spectral

band (A878-

920/A660)
a

Photosynthetic

growth abilityb

IL144RL2 1.4 (0.9) 3.3 (6.0) 0.39 (0.81) ?

RD-1 2.0 (0.7) 2.0 (5.7) 0.43 (0.48) ?

PM-1 1.9 (0.9) 2.3 (4.1) 0.48 (0.68) ?

AV-1 1.7 (0.6) 2.7 (10.5) 0.49 (0.55) ?

RG-LMC 1.5 (1.0) 1.7 (3.0) 0.31 (0.36) ?

DpufLMC 2.2 2.2 0.49 -

AR-1 1.3 2.3 0.31 -

BV-1 1.4 3.5 0.37 -

RP-1 1.4 1.4 0.31 -

RS-1 1.9 2.2 0.46 -

Liquid cultures grown to the stationary growth phase (optical density

at 660 nm = 2.0–3.5) in a PYS medium under the dark respiratory

conditions were used for the measurements. Values measured for the

photosynthetically grown cultures are shown in parentheses
a Absorbance at the peak (878 nm) of the spectral band derived from

the LH1, subtracted by absorbance around 920 nm as the baseline,

was measured for the culture medium and normalized by the cell

densities (optical density at 660 nm = 1.0)
b When placed under the light (20 cm apart from a 60 W tungusten

lamp) and anaerobic growth conditions after an inoculation with a

1/100 volume of the respiratory-grown culture, the culture of the

strain showing an optical density at 660 nm (in a screw-capped glass

tube with a diameter of 18 mm) of less than 0.1 was judged as neg-

ative (-) in photosynthetic growth

0.010

0.100

1.000

50 100 150 200 250 300 350

Time (hour)

O
.D

. 6
60 T=32.0 h

(AV-1)

T=36.5 h
(PM-1)T=5.1 h

(RD-1)

T=3.4 h
(IL144RL2)

Fig. 2 Growth curves of Rvi. gelatinosus mutant cells grown under

photosynthetic (light-anaerobic) conditions. The measurements were

started by inoculation of 1/100 volume of exponential-phase cells

grown aerobically. The absorbance at 660 nm was measured in a

screw cap tube with a diameter of 18 mm. Symbols used are open

circles for the original Rvi. gelatinosus strain IL144RL2, open

triangles for DpufLMC, closed triangles for RD-1(Rte. depolymer-

ans), open squares for PM-1(Psp. molischianum), and closed

diamonds for AV-1 (Ach. vinosum). The doubling time, S, of each
strain or mutant was calculated by exponential fitting to the data

points ranging from 0.08 to 0.8 of the optical densities
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this large band, a small band peaked at 803 nm, and a faint

absorption around 760 nm could be found in the spectra of

the pufLMC-exchanged mutants. These two bands could be

assigned to be contributions from the accessory BChl a and

bacteriopheophytin a bound to the RC complex, respec-

tively. Note, however, that the absorption band that peaked

at 803 nm may also include a contribution from the BChl

a in the very small amount of LH2 complex, as seen in the

spectrum of the DpufLMC membrane. Even taking into

account the presence of this LH2, the ratio between the

LH1 and RC complexes is very similar to those among

PM-1, AV-1, RD-1, and IL144RL2. Therefore, the signif-

icant difference in the photosynthetic growth rates among

these strains could not be due to a difference in the LH1/

RC ratio. In Fig. 3, the absorption spectra of membranes

purified from the dark-aerobically grown cells of the

mutants showing no growths under the photosynthetic

conditions, RS-1 (Rba. sphaeroides), BV-1 (Blc. viridis),

AR-1 (Aph. rubrum), and RP-1(Rps. palustris), are also

shown. It is noteworthy that the absorption bands possibly

derived from the BChl a and Bphe a in the RC complex are

detected although their signals are weaker than those

detected in the spectra of the membranes from the photo-

synthetically grown mutants. This suggests that the process

of expression of exogenous puf genes is basically recon-

structible in Rvi. gelatinosus.

To assess the reason for the difference in the photo-

synthetic growth rates among PM-1, AV-1, RD-1, and

IL144RL2, the photosynthetic electron transfer in Rvi.

gelatinosus has been analyzed by flash-induced kinetic

measurements for redox changes of cytochromes c in intact

cells (Fig. 4). The measurements were performed by

applying a low-intensity continuous light to eliminate

participation of low-potential hemes in the RC-bound

cytochrome subunit. This keeps the low-potential hemes

oxidized and allows recording of the light-induced changes

of the high-potential hemes solely related to the cyclic

electron transfer. Under these conditions, the kinetic trace

obtained for the IL144RL2 original strain showed a flash-

induced rapid photo-oxidation of cytochrome c and

biphasic reduction with a fast (t1/2 & 300 ls) and a slow

(t1/2 & 8 ms) phase of approximately equal amplitudes.

These changes were nearly identical to those reported for

the cells of the Rvi. gelatinosus wild-type strain IL144

(Menin et al. 1999; Nagashima et al. 2002). The fast phase

was assigned to the fast reduction of the photo-oxidized

heme in the RC-bound cytochrome subunit by the high-

potential iron sulfur protein (HiPIP) bound to this subunit.

Due to the low amount of cytochrome bc1 complex in

comparison to the amount of RCs, the complete reduction

of the tetraheme cytochrome requires several turnovers of

the cytochrome bc1 complex; this is conducted to the slow

reduction phase of the flash-oxidized high-potential heme

in the RC-bound cytochrome subunit. The kinetic trace

measured for the RD-1 intact cells also showed a similar

biphasic reduction of photo-oxidized cytochrome c,

although the contribution of the fast phase (about 75 %)

was higher than that estimated (about 50 %) in IL144RL2

cells. This suggests that the ratio of HiPIP to RC is higher

in the RD-1 conjugant than that in the IL144RL2 strain.

Alternatively, the difference in midpoint potential between

the RC-bound high-potentialheme and the HiPIP could be

higher for the RD-1 conjugant than that forRvi. gelatinosus.

For the other two mutants, AV-1 and PM-1, the fast rere-

duction of the photo-oxidized cytochromes observed in

IL144RL2 and RD-1 was not detected. Most of the photo-

oxidized cytochromes bound to the RC in these two mutant

cells were rereduced with t1/2 & 4 ms in PM-1 and t1/

2 & 10 ms in AV-1, which is comparable to the rate of the

slow phase in IL144RL2. The main electron donor to the

RC-bound cytochromes in these two mutants is suspected

to be the HiPIP but not a soluble cytochrome c, since no

clear spectral shifts were detected during the process of the

reaction (data not shown). In any case, the slower rere-

duction of the RC-bound cytochromes in AV-1 and PM-1

is certainly related to the slower growth of these mutants

under photosynthetic conditions. This interpretation is in

agreement with results obtained in our previous studies, in

Table 3 Identities of amino

acid sequences between Rvi.

gelatinosus and other species

used in this study

Accession number of sequence

information used for Rvi.

gelatinosus IL144 is AP012320

nd sequence is not determined

Species PufL PufM PufC PuhA Accession numbers of sequence information

used

Allochromatium vinosum 81.8 72.3 51.1 47.2 AB011811, CP001896

Acidiphilium rubrum 75.6 72.0 44.4 nd AB005218

Blastochloris viridis 66.2 61.7 45.9 44.6 X03915, X05768, X02659

Pheospirillum

molischianum

83.3 67.6 48.2 49.6 D50654, CAHP01000001.1

Roseateles depolymerans 84.0 78.2 58.2 nd AB028938

Rhodopseudomonas

palustris

75.0 73.4 none 50.6 BX571963

Rhodobacter sphaeroides 69.5 65.9 none 41.4 AF195122 (for strain 2.4.1)
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which the lack of fast (\1 ms) rereduction of the RC due to

genetic deletions of HiPIP and/or the RC-bound cyto-

chrome made the cell growth more than twice as slow of

that of the wild-type cells under photosynthetic conditions

(Nagashima et al. 1996, 2002; Verméglio et al. 2012).

Discussion

In the present study, the exchange of genes coding for the

L, M, and cytochrome subunits (pufL, pufM, and pufC) of

the photosynthetic reaction center has been tried using the

b-purple bacterium Rvi. gelatinosus as a host and various

species of purple bacteria as donors. Introduction of the puf

genes from three of the seven species tested, Rte.

depolymerans, Psp. molischianum, and Ach. vinosum, into

the cells of the deletion mutant of these genes recovered

the photosynthetic growth phenotype. The latter two spe-

cies are a- and c-purple bacteria, respectively, distantly

related to Rvi. gelatinosus in the phylogenetic relationship

based on 16S rRNA sequences (Woese 1987). However, a

phylogenetic tree based on the amino acid sequences of the

L and M subunits of the reaction center placed these spe-

cies closer to Rvi. gelatinosus, as shown in Fig. 5. Such an

inconsistency, observed among phylogenetic trees, has

been explained by the horizontal transfer of photosynthesis

genes between the ancestral species of a-1 or a-2 sub-

classes and the ancestral species of b- and c-classes (Na-

gashima et al. 1997a; Igarashi et al. 2001; Nagashima and

Nagashima 2013). The results obtained in the present study

may reflect such an evolutionary process. Indeed, the

amino acid sequences of the L and M subunits used in the

mutants recovering photosynthetic growth showed higher

identities to those of Rvi. gelatinosus, which are over 81 %

for the L subunits and over 67 % for the M subunits

(Table 2). Possibly, these ‘‘carried-in’’ L and M subunits

form a functional reaction center complex with the native

H subunit of Rvi. gelatinosus. The carried-in cytochrome

subunit was also incorporated into these chimeric reaction

center complexes and showed a fast oxidation to reduce the

special pair of the BChls oxidized by a flash illumination.

However, the rate of rereduction of the hemes in the

cytochrome subunit was significantly slowed in the two

mutants expressing the pufLMC of Psp. molischia-

num (PM-1) and Ach. vinosum (AV-1). This slow rere-

duction can cause the significantly slower growth of these

two mutants under photosynthetic conditions and may be

AV-1

RG-LMC

PM-1

RD-1

pufLMC

400 500 600 700 800 900

wavelength (nm)

ab
so

rb
an

ce
 (

a.
 u

.)

RP-1

RS-1

AR-1

BV-1

877

Fig. 3 Absorption spectra of membranes prepared from Rvi. gelati-

nosus mutants in which the reaction center genes (pufLMC) have been

replaced by those from other species. The membranes of AV-1, PM-1,

RD-1, and RG-LMC were prepared from the photosynthetically

grown cells. The membranes of RS-1, BV-1, AR-1, RP-1, and

DpufLMC were prepared from cells grown under dark-aerobic

conditions. The membranes were suspended in a buffer containing

50 mM potassium phosphate (pH 7.0) and 50 mM potassium chloride

to be a concentration of 100 lg of protein/ml. The absorption spectra

were normalized at 877 nm which is the peak position of LH1 Qy-

band

AV-1 425-410 nm
RD1 425-405 nm
RM1 425-410 nm
IL144RL2 425 nm

-5 0 5 10 15 20 25(msec)

Flash

Fig. 4 Flash-induced redox changes of cytochrome c in intact cells of

Rvi. gelatinosus IL144RL2 and mutants grown under light-anaerobic

conditions. Cell suspensions were placed under anaerobic conditions.

A low-intensity continuous light was used to photo-oxidize the low-

potential hemes in the RC-bound cytochrome subunit. Flash excita-

tion reveals solely the photo-oxidation of the high-potential hemes in

this subunit
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due to differences in the distribution of charged amino

acids on the surface of the cytochrome subunits that pro-

vide binding sites to the soluble electron donor proteins

(Nagashima et al. 1998). The amino acid sequence identi-

ties of the cytochrome subunits between Rvi. gelatinosus

and these two species are 48 and 51 %, respectively. On

the other hand, the mutant expressing the Rte. depolymer-

ans pufLMC (RD-1) showed a comparable growth rate with

the parent Rvi. gelatinosus strain and fast rereduction of the

hemes in the cytochrome subunit after the photo-oxidation

by flash-activation. Likewise, the amino acid sequence

identity between the cytochrome subunits of Rvi. gelati-

nosus and Rte. depolymerans is not very high, 58 %.

However, the local structure for the binding sites to the

electron donor proteins may be well conserved between

these two species, since they are closely related in b-purple
bacteria.

Recovery of the photosynthetic growth ability in the Rvi.

gelatinosus mutant expressing the reaction center genes

from Rte. depolymerans is particularly interesting. Rte.

depolymerans is an aerobic bacterium and does not grow

phototrophically under light-anaerobic conditions in spite

of the potential production of photosynthetic apparatuses

(Suyama et al. 1999). Synthesis of BChl a has been

reported to be induced by a sudden decrease in the con-

centration of carbon sources in the growth medium and to

be advantageous in maintaining the viability of the starved

cells in the presence of light (Suyama et al. 2002). Through

studies on many other species of aerobic photosynthetic

bacteria, it has been suggested that their photosynthetic

apparatuses help generate membrane potential and give

them advantages for surviving in natural environments

(Shimada 1995; Yurkov and Csotonyi 2009). However,

biochemical or thermodynamical reasons for their inability

to grow photosynthetically have not been straightforward.

One possible explanation is that the primary quinone, QA,

with relatively high redox midpoint potential might be

over-reduced under anaerobic conditions (Okamura et al.

1985). This explanation is consistent with a study of the

expression of puf genes of the aerobic photosynthetic

species, Rsb. denitrificans, of the puf-deleted mutant of the

genuine phototrophic species, Rba. capsulatus, in which

the transconjugants did not grow under light-anaerobic

conditions, although the reaction center was synthesized

and showed a charge separation by flash activation (Kor-

tlüke et al. 1997). However, the present study clearly shows

that the reaction center L, M, and cytochrome subunits of

the aerobic photosynthetic species Rte. depolymerans are

perfectly functional in Rvi. gelatinosus, showing that the

midpoint potentials of quinones, special pair of BChls a,

and hemes c are adjusted to function in the cyclic electron

flow of the genuine phototrophic species placed under

100
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Bradyrhizobium sp. ORS278
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Jannaschia sp. CCS1

Rhodobacter capsulatus

Rhodobacter sphaeroides

Erythrobacter sp. NAP-1

Rubrivivax gelatinosus

Halorhodospira halophila

Allochromatium vinosum

Thiocapsa marina

Congregibacter litoralis
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Roseiflexus castenholzii

Roseobacter litoralis

Rhodovulum sulfidophilum

Blastochloris viridis

Pheospirillum molischianum
Ectothiorhodospira shaposhnikovii

Roseateles depolymerans

Methyloversatilis universalis

Methylobacterium extorquens

-3

-4

-1,2

-1,2
Fig. 5 Phylogenetic tree based

on amino acid sequences of L

and M subunits of RC. Species

for which the genes coding for

the L, M, and cyt subunits were

introduced into the Rvi.

gelatinosus mutant lacking

these subunit genes are in boxes.

When such gene exchanges

resulted in the PS? phenotype,

the names of the donor species

are highlighted. Strain names

and accession numbers of the

sequence data used in the tree

construction can be found in

(Nagashima and Nagashima

2013)
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light-anaerobic growth conditions. Possibly, the aerobic

photosynthetic bacteria’s inability to grow photosyntheti-

cally is related to an electron transfer step other than at the

reaction center level. Measurements of the electron transfer

to the cytochrome bc1 and the concomitant electrogenic

phase in the RC-exchanged mutant, RD-1, as well as those

in the original Rte. depolymerans under various redox

conditions will be required to clarify the importance of

appropriate equilibrium among the QA, QB, and quinone

pool.

Four of the seven puf-exchanged mutants, AR-1, RP-1,

BV-1, and RS-1, in which the pufLMC or pufLM genes of

Aph. rubrum, Rps. palustris, Blc. viridis, and Rba. sph-

aeroides, respectively, are introduced into the Rvi. gelati-

nosus DpufLMC mutant, showed no apparent growth under

light-anaerobic photosynthetic conditions for at least

10 days. These mutants showed synthesis of a large

amount of LH1 complexes, even under aerobic respiratory

growth conditions, as in the parent strains of Rvi. gelati-

nosus. A small absorption band that peaked at 803 nm and

approximately 760 nm could also be seen in the spectra of

the membranes of these mutants (Fig. 3). However, flash-

induced kinetic measurements using intact cells of these

four mutants grown under aerobic conditions showed no

apparent signals linked to a charge separation between P?

and QA
- (data not shown). This suggests that the reaction

center complex, composed of the introduced LM core

subunits and the H subunit of Rvi. gelatinosus, is not cor-

rectly assembled or is unstable in these mutants. Related to

this possibility, the QA site in the chimeric reaction center

may not be occupied by an appropriate quinone molecule.

It has been shown that the deletion of the gene coding for

the H subunit, puhA, results in deficiency in the synthesis

of the reaction center complex and abolishment of the

photosynthetic growth ability (Wong et al. 1996; Lupo and

Ghosh 2004). Sequence identities between the RC subunits

of Rvi. gelatinosus and the four species might be too low to

support the tight interaction between the H subunit of Rvi.

gelatinosus and the introduced LM core. Concerning the

AR-1 and BV-1 mutants, in which the pufLMC genes are

derived from Aph. rubrum and Blc. viridis, respectively,

differences in pigment preferences might be another reason

why the reaction center becomes deficient. They use Zn-

BChl a and BChl b, respectively, different from BChl

a used in the other species, including Rvi. gelatinosus.

The present study shows that reaction center genes are

exchangeable without a loss of the photosynthetic pheno-

type if the sequence identities between the donor and

acceptor species are within some threshold, i.e., more than

70 or 80 % identical. The introduced reaction center can be

incorporated into the electron transfer pathway in the

acceptor species. This means that the process of the evo-

lution of photosynthesis is possible to trace by experiments,

and that we may create new metabolic pathways driven by

light energy.
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a b s t r a c t

Heterocyst-forming cells of the cyanobacterium Anabaena sp. strain PCC 7120 DHup,

lacking an uptake hydrogenase, photobiologically produce H2 by nitrogenase. Under N2-

rich atmosphere, the nitrogenase activity declines in a rather short time due to the suffi-

ciency of combined nitrogen. From the parental DHup strain, site-directed double-cross-

over variants, dc-Q193S and dc-R284H, were created with amino acid substitutions

presumed to be located in the vicinity of the FeMo-cofactor of nitrogenase. Unlike the case

for the DHup strain, H2 production activities of the variants were not decreased by the

presence of high concentrations of N2 and they continuously produced H2 over 21 days

with occasional headspace gas replacement. This property of N2 insensitivity is a poten-

tially useful strategy for reducing the cost of the culture gas in future practical applications

of sustainable biofuel production. This Anabaena strain has only the Mo-containing nitro-

genase which reduces acetylene to ethylene, but the dc-Q193S variant also produced

ethane at low but measurable rates along with greater rates of ethylene production.

Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

Introduction

Photobiological production of H2 by cyanobacteria is an

attractive source of renewable energy because these micro-

organisms have simple needs: readily available sunlight for

energy andwater as the electron donor [1e5]. H2 is an efficient

substrate for fuel cells that cleanly generate electrical and

thermal power with water as the final product, in contrast to

the situation for fossil fuels that also form green-house gases

and pollute the environment.

H2-producing enzymes in cyanobacteria include hydroge-

nases and nitrogenases [3,5]. We have chosen to focus on

nitrogenase as the enzyme for H2 production because it

* Corresponding author. Tel.: þ81 463 59 4111; fax: þ81 463 58 9684.
E-mail addresses: jimimasu@gmail.com, wtk-0488gg@kanagawa-u.ac.jp (H. Masukawa).
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catalyzes essentially unidirectional H2 production and thus

does not consume H2 as a substrate. When the hydrogenase

activity is eliminated by genetic engineering, the cyano-

bacterial mutants accumulate a high concentration of H2

(about 7e30%) even in the presence of O2 [6,7]. By contrast,

wild-type nitrogen-fixing cyanobacteria accumulate signifi-

cantly less of this product because their hydrogenase(s)

catalyze the uptake of H2 [8].

H2 is produced as an inevitable by-product of nitrogen

fixation. The optimized reaction for nitrogen fixation can be

expressed as:

N2 þ 8 e� þ 8Hþ þ 16ATP / H2 þ 2NH3 þ 16(ADP þ Pi) (1)

In the absence of N2 (e.g., under argon; Ar), all electrons are

directed to H2 production:

2e� þ 2Hþ þ 4ATP / H2 þ 4(ADP þ Pi) (2)

For the filamentous N2-fixing cyanobacterium used here,

Anabaena (also called Nostoc) sp. strain PCC 7120, nitrogen

deficiency leads to the development of specialized cells called

heterocysts that protect nitrogenase against inactivation by

O2 [9], however, elevated O2 partial pressures remain harmful

to nitrogenase activity to some extent [6,10e12]. The enzyme

activity is induced during the late stages of heterocyst differ-

entiation and then declines in a rather short time (usually less

than several hours) under ambient air or N2, because its

product ammonia meets the nitrogen nutritional re-

quirements of the cells and consequently suppresses de novo

nitrogenase synthesis [9]. While the mechanism of ammonia

inhibition of nitrogenase in cyanobacteria had been consid-

ered to be different from that in other bacteria [13], an

ammonia “switch-off” of the enzyme (within a few tens of

minutes) in the presence of O2 was reported for other

heterocyst-forming strains [9,14]. However, the mechanism

and the presence/absence of ammonia “switch-off” in cya-

nobacteria is still under debate [9]. For sustained, high-level

production of H2 by nitrogenase, Ar purging is frequently

used to both decrease N2 concentration (thus minimizing

repression of nitrogenase activity due to the increased cellular

N/C ratio) and alleviate the rise in O2 partial pressure produced

by photosynthesis (thus minimizing nitrogenase inactivation)

[11,15].

In a previous study, over 40 single-crossover (sc) mutants

were created in Anabaena sp. strain PCC 7120 DHup [7] in

which the uptake hydrogenase (Hup) activity had been inac-

tivated by genetic engineering [16]. Each of these isolates

contained a 9.4-kb DNA fragment inserted into the nif gene

cluster along with distinct site-directed mutations in nifD

(Fig. 1, top) resulting in separate amino acid substitutions

presumed to be located in the vicinity of the catalytic FeMo-

cofactor of nitrogenase. Some of the sc-mutants photo-

biologically produced H2 under N2 at rates comparable to

those under Ar over the course of several days. These prop-

erties of the sc-mutants suggested that such a mutational

strategy could decrease the cost of gases for use in photobio-

logical H2 production in the future. Thus, we have chosen two

potentially useful sc-site-directed mutants and constructed

the corresponding double-crossover (dc) strains which lack

the inserted DNA fragment (Fig. 1, bottom) so that revertants

can not be generated. Using the dc-mutants, we studied the

effects of gas composition on the sustainability of photobio-

logical H2 production activity more closely, and found that

they allow more efficient expression of nitrogenase activity

than the sc-mutants under high N2 atmosphere.

Materials and methods

Bacterial strains and growth conditions

Cyanobacterial strains were grown at 28 �C in an 8-fold dilu-

tion of Allen and Arnon (AA/8) liquid medium [17] with or

without added nitrate. The cultures were placed on a rotary

shaker in air or bubbled with air under continuous illumina-

tion (using cool white fluorescent lamps at 30 or 50 mmol

photons m�2 s�1 of photosynthetically active radiation, PAR),

unless otherwise indicated.

Fig. 1 e Organization of the Anabaena sp. PCC 7120 nif gene cluster for sc- and dc-mutants with site-directed substitutions in

nifD. The sc-mutant chromosome contains 8.2-kb of inserted sequence (line with arrows) and a 1.2-kb duplicated region

(horizontal gray bars) between nifK and nifE. These components were completely segregated in the dc-mutant chromosome,

thus eliminating the genes conferring sucrose sensitivity and antibiotic resistance. The dots indicate gaps in the DNA for

the two panels, with the lengths of the omitted sequences provided. The wild-type nif gene cluster has two excision

elements: a 59.4-kb element in fdxN and an 11.3-kb element in nifD [34]; however, the latter element is absent in the

parental DHup strain [7]. Bent arrows show the putative transcription start sites (upstream of nifB and within nifU) and their

orientations of transcription [32].
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The chlorophyll a (Chl a) concentration of the cultures was

determined by the method of Porra [18].

Construction of Anabaena double-crossover recombinants

The sc-variants sc-AnNif-Q193S-DHup and sc-AnNif-R284H-

DHup (hereafter referred to as sc-Q193S and sc-R284S, respec-

tively) containing site-directed mutations in nifD to provide the

indicated variant proteins [7] were chosen for further analysis

because they exhibited high levels of nitrogenase-based H2

production that was not strongly inhibited by the presence of

N2. To remove the 9.4-kb DNA insertion from the sc-variant

chromosomes, they were grown in AA/8 liquid medium

without nitrate for one week, and portions of the cultures were

spread over AA agar solid medium containing nitrate and 5%

sucrose for isolation of the dc-recombinants [19]. Among the

sucrose resistant recombinants (due to loss of sacB), neomycin-

and erythromycin-sensitive isolates (missing Nmr and Emr,

respectively) were selected to identify fully segregated cells

(Fig. 1). The nifUHDK-ORF region of the dc-variant genomeswas

confirmed by PCRwith the primer pairs nifSUH-F/nifSUH-R and

ORFnifE-F/ORFnifE-R [7] (data not shown). These two dc-

variants were designated dc-Q193S and dc-R284H, respec-

tively. In some experiments, the sc-AnNifDHup strain (previ-

ously denoted AnNifDHup) containing the wild-type version of

nifD [7] was used for comparison.

H2 accumulation and determination of H2 production and
acetylene reduction activities

For assays of cumulative H2 production, cells were grown in

AA/8-plus-nitrate medium while bubbling with air under

illumination, washed, and suspended in BG110 medium

(without added nitrate) [20] thatwas supplementedwith 5mM

N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid

(TES)-KOH buffer (pH 8.2). Portions of the cultures (8 ml, con-

taining 30 or 60 mg of Chl a) were transferred into 25-ml serum

bottles that were sealed with butyl rubber stoppers. The bot-

tles were flushed with Ar or N2, and CO2 was added to a final

concentration of 5%. Where indicated, N2 also was added to

the Ar-based gas to provide final concentrations of 1.2e24%.

The flasks were illuminated with PAR of 90e100 mmol photons

m�2 s�1 from cool white fluorescent lamps on a rotary shaker

(80e90 rpm) at 28 �C. Triplicate samples were prepared for

each assay of different gas composition. The concentration of

H2 accumulated in the headspace was measured by gas

chromatography (GC) using a GC-2010 Plus (Shimadzu Co.,

Ltd., Kyoto, Japan) equipped with a thermal conductivity de-

tector and a Rt-Msieve 5A PLOT capillary column (I.D.

0.53 mm� 50m, Restek Co., Ltd., USA), and the headspace gas

was renewed to the initial gas composition every 3e4 days as

indicated in Figs. 2 and 3.

Photobiological activities of proton reduction to H2 and

acetylene reduction to ethylene and ethane were measured

essentially as described previously [7]. Portions (2 ml) of the

culture samples grown in air were collected after combined-

nitrogen step-down at the day indicated in Tables and Fig-

ures, transferred to sealed vials (9 ml) and incubated with PAR

of 60e65 mmol photons m�2 s�1 for 1e1.5 h. The headspace

gases in the vials were replaced with Ar or N2 for assay of H2

production or with 12% acetylene (C2H2) in Ar for assay of the

C2H2 reduction. After 2e3 h of incubation under illumination,

the concentrations of H2, C2H4 and C2H6 in the headspacewere

measured by GC as described previously [7].

Results and discussion

Effect of varying N2 concentrations on long-term H2

production by the parental DHup cells

Prior studies with Anabaena sp. strain PCC 7120 DHup cells

incubated in closed flasks containing 5% CO2 in Ar without gas

replacement resulted in continuous production of H2 for

Fig. 2 e Cumulative H2 production (A) and Chl a contents (B) of the parental DHup culture in the presence of varied N2

concentration in Ar and 5% CO2. The cultures were incubated under continuous illumination (90e100 mmol photonsm¡2 s¡1

of PAR) at 28 �C for 21 days and the headspace gas was renewedwith the respective initial gases every 3e4 days at the times

indicated by the vertical arrows. The initial Chl a content of the cultures at the start of incubation was 30 mg per vial,

indicated by the horizontal dashed line in Fig. 2B, and the contents shown were assessed after 21 days. Values are

average ± the standard deviation of triplicate samples.
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several days, with the H2 concentration leveling off after 5e7

days [7]. Such limited timing of hydrogen production repre-

sents a major shortcoming associated with this culture

method for photobiological production of H2. Some in-

vestigators [21,22] working with different cyanobacterial

strains showed that H2 production could be sustained for

longer times by periodic gas replacement (Ar) to relieve

increased pressure of O2 accumulated in the closed flasks,

resulting in increased cumulative amounts of H2 produced. A

similar effect of gas renewal was shown in the same DHup

strain immobilized in Ca2þ-alginate thin films [23]. These

findings raised the question of whether renewal of the head-

space gas in suspension cultures of the Anabaena DHup strain

may similarly lead to sustained H2 production activity.

Effects of varied concentrations of N2 on the production of

H2 over 20 days by the parental DHup with periodic replace-

ment of the headspace gas every 3e4 days are shown in

Fig. 2A. The sample lacking added N2 in the gas phase evolved

H2 for a shorter time of about 10 days, whereas the cultures

provided with 1.2e6% N2 continuously produced H2

throughout the 21 days of the experiment. More precisely, the

samples containing 1.8%e3% N2 produced the largest

amounts of H2, whereas cultures containing 6% or more N2

exhibited smaller levels of H2 production activity (Fig. 2A). The

latter effects likely relate to the formation of N2-derived

nitrogenous products leading to decreased nitrogenase activ-

ity [9,14]. It is also probable that at high N2 concentrations

more energy is consumed for nitrogen fixation and

subsequent cell growth, thus decreasing the H2 production

[24]. Interestingly, the Km values for N2 of isolated nitrogenase

of Azotobacter vinelandii [25,26], Clostridium pasteurianum and

Klebsiella pneumoniae [27] have been reported to be 0.122 or

0.136, 0.069, and 0.099 atm, respectively. Assuming that the

Anabaena wild-type dinitrogenase, which shares more than

70% identity in amino acid sequences with those from the

other bacteria, has a similar Km value (between 0.069 and 0.136

atom), the enzyme activity with the parentalDHup cells at 1, 3,

6 and 79% (air) N2 is calculated to be about 13, 30, 47, and 92%

(Km ¼ 0.069 atm) or 7, 18, 27 and 85% (Km ¼ 0.136 atm) of the

maximal velocity (Vmax), respectively. From these calcula-

tions, it seems that when N2 concentration exceeds 6%, the N2

fixation activity operates at around 27e47% or higher of the

maximum in the wild-type cells, which leads to a drastic

decline of H2 production activity due to the sufficiency of

combined nitrogen produced by the culture's nitrogenase ac-

tivity. Our results in Fig. 2A and Fig. 3 also indicate that the

enzymatic provision of small amounts of combined nitrogen

is required for sustaining nitrogenase activity at high levels for

several weeks in this strain.

The status of the cultures on day 21 was assessed by

quantification of Chl a content (Fig. 2B). When the N2 con-

centrations were less than 3%, the Chl a contents were found

to have decreased from the initial level. The colors of these

cultures were consistent with some portions of the chloro-

phyll being degraded (data not shown), presumably due to the

nutrients being recruited to the developing heterocysts as

observed in phycobiliprotein degradation following nitrogen

starvation [28]. In contrast, for cultures provided with more

than 3% N2 the Chl a contents increased over the initial level

due to cell growth. Considering that the cultures containing

higher contents of chlorophyll absorbedmore light than those

with less chlorophyll during incubation in the bottles under

our experimental conditions, the former cultures tend to yield

apparently higher H2 productivity per bottle than the latter

ones. Accordingly, the optimumN2 concentration for efficient

H2 production by the cultures may be lower than 2.4e3.0%.

In an earlier study involving N2-starved cultures of het-

erocystousAnabaena cylindrica grownwith continuous gassing

by CO2 in Ar [10], periodic additions of NH4Cl (10
�4 M) were

shown to sustain the H2 production activity for 7e19 days.

This strain exhibited similar effects of N2 supply (0.2e0.8% v/v

N2 and 0.5% CO2 in Ar) on the sustainability of H2 production,

but with the peak rate of H2 production decreasing to half

within about 10 days [29,30]. The decline in H2 production for

that case may arise, at least in part, from H2 uptake by hy-

drogenase(s), which is not the case for the DHup-derived

mutants described here. These earlier reports highlight the

importance of supplying small amounts of combined nitrogen

to heterocystous cyanobacterial cultures for sustained H2

production by nitrogenase-based H2 production. In agreement

with those results, sustained H2 production by the Anabaena

DHup cells can be attained by optimizing the N2 concentration

in the headspace gases (Fig. 2A). Using the same Anabaena

DHupmutant, Marques et al. (2011) [31] reported the results of

experiments extending over 20 days that the H2 production

activity of the culture was kept at lower levels by daily addi-

tion of 1% N2 and 1% CO2 in Ar (thus resulting in daily

increasing concentrations of N2 and CO2) than by daily

Fig. 3 e Effects of N2 on sustained H2 production by the two

dc-variants and the parental DHup culture. Cultures of two

site-directed dc-variants, dc-Q193S (squares) and dc-R284H

(triangles), and the parental DHup strain (circles) were

incubated under 5% CO2 in Ar (dashed line, open symbols)

or under 5% CO2 in N2 (solid lines, closed symbols) for 21

days with periodic gas replacement at the times indicated

by the vertical arrows. Values are averages of two or three

independent experiments, each performed with triplicate

samples. The initial Chl a contents of the cultures were

60 mg per vial. H2 production activities of the two dc-

variants under 5% CO2 in N2 were sustained at least for a

total period of about one month.
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addition of only 1% CO2 in Ar. Their results seem to indicate

that the increased N2 concentrations decrease the H2 pro-

duction activity of the DHup culture to lower levels, which is

partly in harmony with our results in Fig. 2A, although the

regime of experiments somewhat differ between the two

groups. We found that the presence of low concentrations

(1.2e3%) of N2 help sustain theH2 production activity at higher

levels than that of the culture under gas devoid of N2 (Fig. 2A).

Long-term H2 production by the dc-Q193S and dc-R284H
nitrogenase variants in an N2-rich atmosphere

The Anabaena DHup cells exhibited the desired property of

continuous H2 production for prolonged time periods; how-

ever, this required careful control of the N2 concentration at

low levels by diluting with Ar. We reasoned that some nitro-

genase mutants of this strain would fix less nitrogen and may

exhibit long-term H2 production activities even in the pres-

ence of high concentrations of N2. Previous studies had

characterized over 40 sc-nitrogenase mutants of this strain

and identified two that produced H2 under N2 at rates com-

parable to those under Ar over 7 days without periodic gas

renewal [7]. In order to assess the effects of N2 on the sus-

tainability of H2 production, the corresponding dc-variants,

dc-Q193S and dc-R284H, were constructed and characterized

for H2 production under incubation with N2-rich or Ar-rich gas

(Fig. 3). Although the magnitudes of the activity fluctuated

among different batches of the culture of the same strains, we

have consistently observed that the desirable properties of the

sc-variants were essentially maintained in the dc-

counterparts; i.e., in contrast with the DHup cultures, the dc-

mutants produced H2 when incubated with 5% CO2 in N2 at

rates roughly comparable to those with 5% CO2 in Ar over long

time periods when the headspace gases were renewed every

3e4 days. Close examination revealed subtle differences be-

tween the respective sc- and dc-counterparts: The H2 pro-

duction activity of the dc-R284H culture under N2-rich gas was

about the same level with that under Ar-rich gas through 10

days, and gradually exceeded the latter thereafter.

The former activity also exceeded the activity of the

parental DHup culture under Ar-rich gas after 10 days. The dc-

Q193S culture exhibited steady, long-term H2 productivity

under N2 while it initially exhibited a greater rate of H2 pro-

duction under Ar, but the rate was slowed within about 10

days. Compared to the parental DHup culture, it showed

recognizably lower long-term H2 productivity under Ar that

could be attributed to the disturbed active site environment of

the catalytic FeeMo cofactor of dinitrogenase caused by the

amino acid substitution. In contrast, both sc-variant cultures

were unable to sustain H2 production for longer than 7 days

and the accumulated levels of H2 under N2-rich gas for 7 days

were recognizably less than what was observed for the cor-

responding dc-counterparts (Table S1 in the supplementary

data). Furthermore, the sc-variants were incapable of diazo-

trophic growth on agar plates [7] or in liquid medium (Fig. 4),

whereas the dc-Q193S variant, but not the dc-R284H variant,

could grow at very low rates in eithermedium asmeasured on

the basis of Chl a content (Fig. 4). These results indicate that

the nitrogen fixation activity of the dc-Q193S culture was

slightly more active under N2-rich gas than the corresponding

sceculture, allowing the culture to obtain the combined ni-

trogen which was required for maintenance of its activities.

Differences in H2 production activity between the sc- and

dc-Q193S cultures can be ascribed to their altered capacities

for synthesis of active nitrogenase. Of likely relevance, tran-

scription of nifB-fdxN-nifSUHDK in Anabaena variabilis ATCC

29413 requires two promoters that are located upstream of

nifB and within nifU; these transcripts are cleaved in the nifU-

nifH intergenic region by posttranscriptional processing pro-

ducing the nifB-fdxN-nifSU and nifHDK transcripts [32]. Also,

Northern blot analysis of the unicellular cyanobacterium

Synechococcus sp. strain RF-1 showed nifEN, located down-

stream of the nifHDK-ORF, is expressed as a separate tran-

script [33]. Finally, a stem-loop structure(s) is predicted to

exist in the ORF-nifE intergenic region of Anabaena PCC 7120

[34] implying that the nifEN transcript also may be a cleavage

product of the larger transcripts. On the basis of these lines of

evidence, we speculate that the differences in H2 production

activities between sc- and dc-Q193S can be explained by dif-

ferences in transcription of the various nif genes due to vari-

ation in the length of the nifHDK-ORF-nifEN region: this portion

of the sc-variant is 9.4 kb longer than that of the dc-mutant

(Fig. 1). The relatively unstable transcripts of nifE and nifN

are degradedmore rapidly than the other nif genes [33], yet the

corresponding products are required for the biosynthesis of

FeMo-cofactor [35], so the shorter transcript of the dc-variants

could more efficiently synthesize active nitrogenase proteins

than the sc-counterparts. These speculations remain to be

investigated. The results obtained for the two dc-mutants in

Fig. 3 indicate that a small amount of combined nitrogen is

Fig. 4 e Diazotrophic growth curves after combined-

nitrogen step-down. Cultures were inoculated from

nitrate-grown cultures into AA/8 medium lacking

combined nitrogen and incubated on a rotary shaker under

a light intensity of 20e30 mmol photons m¡2 s¡1 of PAR.

The Chl a content was monitored as the cultures grew. The

parental DHup strain (closed circle) along with the dc-

Q193S (closed square) and ds-R284H (closed triangle)

variants are shown by solid lines while the sc-AnNifDHup

strain (open circle) containing the wild-type version of nifD

and the sc-Q193S (open square) and sc-R284H (open

triangle) variants are shown by dashed lines. A replicate

experiment provided analogous results.
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required for sustaining the nitrogenase-based H2 production

activity at higher levels presumably by maintaining cell

metabolism as with the parental DHup strain, although the

details of how the fixed nitrogen helps sustain the activity

remains to be elucidated. The N2 concentrations required for

optimum H2 production, although not yet investigated in

detail, appear to be lower with the dc-Q193S than with the dc-

R284H.

Prior studies of vanadium (V) nitrogenase-expressing and

H2-uptake-deficient A. variabilis PK84 in a photobioreactor

demonstrated continuous H2 production when placed under

2% CO2 in air for 2.5 months in the laboratory [36] and 40 days

outdoors [37]. It should be noted that these long-term H2

production studies were achieved by chemostat-type opera-

tion by diluting the growing cell cultures with fresh medium.

The H2 production activity of that culture under N2 was about

half of that under Ar due to its inhibition by N2 [36]. In

contrast, our site-directed variants have a potential cost

advantage in sustaining H2 production at high rates by peri-

odic gas renewal using the less expensive N2 gas without

changing the culture medium.

Short-term assays of H2 production and acetylene reduction
by the dc-Q193S and dc-R284H variants

The in vivo H2 production activities of the parental strain and

the cultures containing the two dc-variant nitrogenases were

measured by short term incubation with aliquots of 2- and 3-

day cultures after combined-nitrogen step-down with growth

in air (Table 1). For both samples of the DHup strain the H2-

evolving activity when assayed under N2 was about 27% of

that assayed under Ar. On the other hand, the activities of the

dc-R284H and dc-Q193S cultures assayed under N2 were about

100% and 83% of those obtained when assayed under Ar,

respectively. These values are similar to those reported pre-

viously for the sc-variants [7]. From these results together

with Fig. 4 we conclude that the N2-fixing activities of variant

nitrogenases in dc-R284H or dc-Q193S were extremely low or

absent, and these substituted enzymes directed nearly all the

electrons to H2 production even in the presence of N2. This

finding suggests that the N2-fixing activity, especially in the

dc-R284H culture, may be too low to support diazotrophic

growth of the mutant cells under the conditions tested.

The two variants and the DHup strain were further char-

acterized by examining the products (C2H4, C2H6, and H2) ob-

tained after incubation in an acetylene gas mixture (12% C2H2

in Ar) after growing under air for two or three days after ni-

trogen step-down (Table 2). The acetylene reduction assay has

been widely used as a convenient surrogate for assessing the

nitrogenase activity of the cultures. Although it is generally

accepted that the conventional molybdenum (Mo)-containing

nitrogenase reduces acetylene only to ethylene, while V-

containing and Fe-only nitrogenases reduce acetylene to both

ethylene and ethane [38,39], we had previously reported the

production of ethane by several of the sc-mutants [7]. The

parental cyanobacterial strain Anabaena sp. strain PCC 7120

only encodes the Mo-nitrogenase according to whole genome

analysis [34]. Notably, the dc-Q193S culture produced ethane

at low but measurable rates along with greater rates of

ethylene production, while neither the DHup nor dc-R284H

cultures produced measurable ethane. The percentages of

electron allocation to each gas product were similar for the 2-

day and 3-day cultures grown under air within the respective

strains. The parental DHup strain with the normal protein

environment surrounding the FeMo-cofactor reduced C2H2 at

much greater rates in air-grown cultures subjected to 2 days of

nitrogen step-down, but lower rates were observed in cultures

after 3 days. By contrast, the dc mutants with alterations of

the protein environment near the FeMo-cofactor exhibited

similar C2H2 reduction rates for both periods of nitrogen

Table 1 e H2 production rates of the two dc-variants and
the parental DHup strain assayed under Ar or N2.

Strain H2 production activities
(mmol mg of Chl a�1 h�1) ± SD

Under Ar Under N2

2 days 3 days 2 days 3 days

DHup 25 ± 8 8.6 ± 2.6 6.8 ± 2.3 2.3 ± 0.8

dc-Q193S 35 ± 5 36 ± 7 29 ± 5 30 ± 5

dc-R284H 29 ± 12 23 ± 8 29 ± 10 23 ± 9

Cultures were grown in air on a rotary shaker for 2 or 3 days after

nitrogen deprivation and aliquots of the cultures were transferred

to the closed flasks for assays under Ar or N2 for 2e3 h in the light.

Values are averages of three to five independent experiments, each

performed with duplicate samples.

Table 2 e Composition of gas products when assayed in the presence of 12% C2H2 in Ar and the calculated total electron
utilization for the two dc-variants and the parental DHup strain.

Strain Reduction activities in the presence of acetylene (mmol mg of Chl a�1 h�1) ± SD Calculated
total electron
utilization

Products

C2H4 C2H6 H2

2 days 3 days 2 days 3 days 2 days 3 days 2 days 3 days

DHup 24 ± 9 (96%) 8.1 ± 2.5 (93%) ND ND 1.0 ± 0.5 (3.9%) 0.61 ± 0.06 (6.9%) 50 17

dc-Q193S 8.8 ± 0.6 (56%) 10 ± 2 (57%) 0.078 ± 0.008 (0.49%) 0.091 ± 0.016 (0.52%) 6.8 ± 1.2 (43%) 7.2 ± 1.0 (42%) 32 35

dc-R284H 17 ± 5 (81%) 13 ± 5 (80%) ND ND 4.0 ± 0.6 (19%) 3.1 ± 0.8 (20%) 42 32

Conditions of culture growth and activity measurements were as described in Table 1, except that gas phase was C2H2 (12%) in Ar for the

acetylene reduction assay. Values are averages of three to five independent experiments, each performed with duplicate samples. For calcu-

lation of the electron utilization associated with each product, C2H4, C2H6, and H2 require 2, 4, and 2 electrons, respectively, and the total

utilization of electrons was calculated by summing all of these values. The percentages of the total electrons allocated to each product in the

presence of 12% C2H2 in Ar are given in parentheses.
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deprivation. All strains producedH2 atmuch lower rateswhen

assayed in the presence of C2H2 compared to those when

assayedwith N2 (Table 1). However, it should be noted that the

proportions of electrons allocated to H2 in the presence of

C2H2 by the dc-Q193S and dc-R284H cultures were greater

than that of the DHup strain. This result illustrates that the

total nitrogenase activities of the variants are underestimated

by the conventional acetylene reduction assay. A comparison

of the total electron utilization by nitrogenase for the 2 day

and 3 day samples assayed in the presence of C2H2 revealed

that the activity of the DHup strain declined rapidly, whereas

electron utilization by the two dc-variants was much more

stable, as seen also in H2 production activities under Ar and

N2. This observation is explained by sufficiency and insuffi-

ciency of fixed-nitrogen in the air-grown cultures of the DHup

strain and the two variant cultures, respectively.

Conclusions

We have shown that two site-directed mutants of a

heterocyst-forming cyanobacterium with amino acid sub-

stitutions presumed to be located in the vicinity of the cata-

lytic FeMo-cofactor of nitrogenase rapidly produced H2 under

N2-rich gas at higher sustained rates than under Ar-rich gas

over 3 weeks, in contrast to the parental DHup strain which

requires low N2 concentration for prolonged H2 production.

Both of the sc- and dc-variants have desirable properties in

which their H2 production activities under N2 are comparable

to those under Ar. It is noteworthy that diazotrophic growth

capability was seen in the dc-Q193S variant, although at very

low levels, but not in the sc-variant. In contrast, the dc-R284H

variant did not show any diazotrophic growth. The extremely

low diazotrophic growth capability could allow the dc-Q193S

variant to supply itself with a small amount of combined ni-

trogen which is required for maintenance of its cell meta-

bolism, leading to long-term, higher H2 production. This

property of N2 insensitivity of the variants is a potentially

useful strategy for reducing the cost of the culture gas in

future practical applications of sustainable biofuel

production.
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Abstract: Photobiological production of H2 by cyanobacteria is considered to be an ideal 
source of renewable energy because the inputs, water and sunlight, are abundant. The 
products of photobiological systems are H2 and O2; the H2 can be used as the energy source 
of fuel cells, etc., which generate electricity at high efficiencies and minimal pollution,  
as the waste product is H2O. Overall, production of commercially viable algal fuels in any 
form, including biomass and biodiesel, is challenging, and the very few systems that are 
operational have yet to be evaluated. In this paper we will: briefly review some of the 
necessary conditions for economical production, summarize the reports of photobiological 
H2 production by cyanobacteria, present our schemes for future production, and discuss the 
necessity for further progress in the research needed to achieve commercially viable  
large-scale H2 production. 
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1. Introduction 

1.1. Global Climate Change 

The concentration of atmospheric CO2 has been increasing since the era of the industrial revolution 
when it was estimated to be 270–280 ppm initially, rising to current levels of about 400 ppm. According 
to the fifth assessment report of the UN IPCC (United Nations Intergovernmental Panel on Climate 
Change) [1,2], the greatest contribution to the global increase in greenhouse gases comes from CO2 
emitted by burning fossil fuels (65%) and land use changes (deforestation) (11%), followed by methane 
(16%), N2O (6%) and fluorocarbons, etc. (2%). Currently, the amounts of greenhouse gases emitted have 
continued to rise due to the increases in human activities and population growth. If we are able to 
stabilize the atmospheric greenhouse gases at 530–580 ppm-CO2 equivalent (approximately twice that 
of the pre-industrial level), one of the ICPP scenarios predicts that we will need to reduce global 
greenhouse gas emissions by 19%–47% in 2050 and 59%–81% in 2100 (relative to 2010 emissions) 
(Figure 1). Some scenarios predict that we will need to go beyond reduction strategies and achieve 
“negative emissions” by CO2 sequestration, etc. Economically advanced countries will likely be required 
to reduce emissions the most, perhaps by as much as 80% compared to present levels. Even if we succeed 
in stabilizing greenhouse gases at the level of 530–580 ppm CO2 equivalent, the global average 
temperature will rise around 2.0–2.2 °C relative to the 1850–1900 temperatures. Stabilizing emissions 
at a less-stringent level of 720–1000 ppm-CO2 equivalent, would still require substantial emissions 
reduction from current, largely unregulated levels, and result in the average temperature rising around 
3.1–3.7 °C relative to the 1850–1900 temperatures. From all of these considerations, it is evident that 
we urgently need viable renewable energy technologies as part of a global strategy to drastically reduce 
CO2 emissions from burning fossil fuels and thus avert potentially catastrophic climate change. 

 

Figure 1. Some scenarios for annual greenhouse gas (GHG) emission, UN IPCC. Due to 
uncertainty regarding future emissions and prediction of the outcome, probable ranges are 
shown for each stabilization targets. █ Stabilization at 530–580 and █ 720–1000 ppm  
CO2-eq respectively in 2100. The upper level of the probable range of >1000 ppm CO2-eq 
line in IPCC scenario is also shown. (Adapted from Figure SPM4, IPCC, 2014: Summary 
for Policy Makers, the Climate Change 2014 [1]). 
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1.2. Prospects for Large-Scale Algal Biofuel Production 

We are currently consuming energy at an unsustainably high rate, with much of the consumption 
(about 82%) coming from fossil fuels (Table 1) (International Energy Agency (IEA), IEA 2014) [3].  
Land-based production of biofuels has been proposed to meet at least some of our energy needs.  
One method for assessing the energy potential of land-based production systems is to consider total 
primary energy consumption in the context of the nutritional energy consumption largely derived from 
current land-based crop systems. In terms of total primary energy consumption, on a world-wide 
average, people consume about 25 times their nutritional energy (20 times, compared with the fossil 
fuel-derived energy) (Table 1): people in US 136, Germany 76, Japan 70, China 43 times, respectively 
(IEA Energy Indicators 2012 in (IEA Energy Outlook 2014)) [4]. From this comparison, it is evident 
that we cannot expect much more additional energy from land-based agricultural crops, such as sugar 
cane and corn. Accordingly, there are growing interests in the development and production of biofuels, 
such as biomass, biodiesel, and H2, using a variety of microalgae grown on lands that are not suitable 
for agricultural production [5–9]. However, commercially viable large-scale fuel production from 
microalgae has yet to be realized. 

Table 1. Solar energy and human energy consumption. 

 
Energy Intensity  

and Quantity 
Ratios 

Refs./ 
Remarks 

Solar energy received on Earth surface 

Intensity 
165 W·m−2  

(1450 kWh·m−2·yr−1) 
   [10] 

Total energy 2,660,000 × 1018 J·yr−1 4750 5800 440,000 [10] 
Photosynthetically  
active radiation 

1,200,000 × 1018 J·yr−1    45% of the total 

Human social energy consumption 
Total primary energy supply 560 × 1018 J·yr−1 1 1.22 25 [3] 
Fossil fuel consumption 460 × 1018 J·yr−1 0.82 1 21 [3] 
Human digestive energy 
intake 

22 × 1018 J·yr−1 0.039 0.048 1 
Population: 7.2 × 109 

2000 kcal·capita−1·day−1 

1.3. Examples of Policies to Promote the Development of Renewable Energy Technologies 

1.3.1. Feed-In Tariff Scheme in Germany 

Feed-in electricity tariffs were introduced in Germany in 2004 to encourage the use of new energy 
technologies, such as wind, hydro- and geo-thermal power, biomass, and solar photovoltaics. Feed-in 
tariffs are a policy employed by governments to encourage investment in renewable energy technologies 
by providing them a fee (or “tariff”) above the retail rate of electricity. Feed-in tariffs provide long-term 
investment security to renewable energy producers and are typically based on the costs of specific 
technology. Wind power, for instance, costs less to produce than solar PV or tidal powers, so the tariff 
awarded is correspondingly lower. In a Wikipedia entry [11], the German feed-in tariff system is 
described as one of the most efficient and effective support schemes in the world for promoting 
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renewable electricity. As of August 2014, a revised Renewable Energy Sources Act (EEG 2014, also 
called EEG 2.0) was implemented in Germany, with some modifications to the feed-in tariffs. The aim 
is to meet Germany’s renewable energy goals of 40% to 45% of electricity consumption in 2025 and 
55% to 60% in 2035 [12]. 

For an international comparison of the price of energy and feed-in tariff, the following currency 
exchange rates (approximate average currency exchange rates in 2014) were assumed in this paper:  
1 Euro = 132 US¢, and 100 Japanese Yen = 94 US¢. The German feed-in tariffs in August of 2014 are: 
4.62 US¢/kWh for hydropower facilities up to 50 MW, 16.5 ¢/kWh for those up to 500 kWh, 16.4 ¢/kWh 
for solar installations on buildings up to 10 kW and 25.6 ¢/kWh for offshore wind [12]. The tariffs for 
photovoltanics in 2014 decreased by about 80% compared with those in 2004, the starting year of the 
German program, demonstrating the effectiveness of the policy strategy. 

1.3.2. Feed-In Tariff Scheme in Japan [13] 

The government of Japan introduced feed-in tariffs in 2012. In April 2014, the purchase prices 
(excluding the tax, with the purchase period of 10 or 20 years at fixed prices) were: 34.8 ¢/kWh for 
photovoltanics up to 10 kWh, 30.1 ¢/kWh for those 10 kW or more, 20.7 ¢/kWh for land-based wind 
power, 33.8 ¢/kWh for offshore wind power, and 13.2 ¢/kWh for medium hydropower. Because the 
prices offered by the government were so favorable to investors, in southern Japan, Kyushu Electric 
Power Co. had to suspend receipt of applications from large-sized renewable-energy producers 
(photovoltanics) wishing to access the company’s grid while it reviews how much more clean energy 
it’s capable of handling on sunny days. 

1.3.3. Estimated Cost of Electricity in the USA 

According to the 2012 estimates by the US Energy Information Administration (eia), the levelized 
cost of electricity in ¢/kWh for plants entering service in 2019 are: conventional coal 9.56 (no subsidy), 
geothermal 4.79 (4.45, with subsidy), solar photovoltanic 13.0 (11.86 with subsidy), etc. [14].  
These estimates illustrate that for the US, coal continues to be a relatively cheap source of electricity even 
though burning coal emits a large amount of CO2 into the atmosphere. In order to decrease CO2 emissions 
from coal, the integrated coal-gasification combined cycle (IGCC) (estimated to be 11.59 ¢/kWh) and 
IGCC with carbon control and sequestration (CCS) systems have been proposed (estimated to be  
14.74 ¢/kWh). The CO2 captured in these systems is transported to a storage site, normally an 
underground geological formation. The effectiveness of CCS, and its long-term effects on the 
environment need to be carefully assessed. 

1.3.4. Possible Merit of H2 as Motor Fuels 

The next-generation of fuel-efficient cars is entering the consumer market. Toyota recently 
announced the commercialization of hydrogen fuel-cell vehicles called “Mirai” in December 2014 [15]. 
According to Toyota, using measurements based on the Japanese JC08 test cycle, a cruising range of 
approximately 700 km can be achieved when fueled with H2 at 70 MPa. In comparison, the cruising ranges 
of electric cars might be around 100–200 km per full battery charge. In the same month, several Japanese 
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gas companies announced opening commercial hydrogen refueling stations with the introductory prices of 
H2 (subsidized by the government) ranging from 9.4 to 10.3 US$ (1000–1100 Japanese Yen) per kg, or  
23.8–26.1 ¢/kWh [16]. Because the energy efficiency of fuel cell cars is better than internal combustion 
engine cars, it is estimated that H2 fuel will be competitive with gasoline 1.22–1.60 US$/L (retail price 
of about 13.9–18.3 ¢/kWh including tax, calculated on an energy density of 8.76 kWh/L). 

2. Outline of the Biological Processes of Photobiological H2 Production by Heterocyst-Forming 
Cyanobacteria 

Photobiological production of biomass by photosynthetic organisms (trees, grasses, algae, etc.) is 
considered one of the better candidates for large-scale, renewable energy because the amount of solar 
energy is almost infinite (Table 1). Photobiological H2 production by cyanobacteria is one of the options, 
and this review briefly discusses nitrogenase (N2ase)-based photobiological H2 production by 
cyanobacteria because it is the focus of our current studies. In doing so, we do not intend to supplant 
other systems, such as hydrogenase (H2ase)-based photobiological H2 production by various algae 
including cyanobacteria, as well as biofuel production (e.g., biomass, biodiesel) by various 
photosynthetic microorganisms. 

Some strains of cyanobacteria possessing N2ase are good candidates for optimization of 
photobiological H2 production [17–21]. N2ase catalyzes the following reaction under optimal conditions 
for N2 fixation: 

N2 + 8 e− + 8 H+ + 16 ATP → H2 + 2 NH3 + 16 (ADP + Pi) (1)

whereas, in the absence of N2 (e.g., under Ar), all e−s are allocated to H2 production:  

2 e− + 2 H+ + 4 ATP → H2 + 4 (ADP + Pi) (2)

The above reactions catalyzed by N2ase are essentially irreversible. N2ase is extremely O2 sensitive 
and quickly inactivated by O2. In order to reconcile the activities of the O2-sensitive N2ase with  
O2-evolving photosynthesis, cyanobacteria have evolved various means to address to the physiological 
challenges [22]. There are three basic groups. In Group 1, the two processes are separated spatially as 
found in heterocystous filamentous types (e.g., Anabaena, Nostoc, Calothrix). In Group 2, the processes 
are separated temporally by circadian rhythm as found in non-heterocystous unicellular and filamentous 
types (e.g., Cyanothece, Lyngbya). In Group 3, other non-heterocystous filamentous types  
(e.g., Trichodesmium) seem to sporadically perform the two processes: some of the cells have ordinary 
O2-evolving photosynthesis activity, while the others temporally cease photosynthesis and fix N2 [23]. 

In this review, we will discuss mainly Group 1 cyanobacteria, as these strains are the focus of our 
research and because they are the most extensively studied among the three groups with respect to 
physiology, molecular biology, etc. [24–26]. The cells are organized as filaments, with the majority of 
the cells (called vegetative cells) synthesizing organic compounds by ordinary photosynthesis. Under 
combined-nitrogen deficiency a few of the cells develop into heterocysts, cells specialized for nitrogen 
fixation. Heterocysts lacking photosystem II activity, have increased respiration and are surrounded by 
a thick cell envelope that impedes the entry of O2, thus providing a micro-oxic environment to protect 
the N2ase from inactivation by O2. They receive saccharides from neighboring vegetative cells and the 
saccharides are then used as the electron donors for the N2ase reaction (Figure 2). Within heterocysts, 
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photosystem I reduces low-potential ferredoxin and/or flavodoxin and contributes to the generation of 
ATP through photophosphorylation. The fixed nitrogen is converted to glutamine, which is transported 
to vegetative cells. In this manner, heterocystous cyanobacteria are able to simultaneously perform  
O2-evolving photosynthesis and the O2-labile N2ase reaction. 

Many of these types of cyanobacterial strains have the uptake hydrogenase (Hup) and some (but not 
all) of them also have the bidirectional hydrogenase (Hox) [27–29]. The former H2ase reabsorbs H2 
produced by N2ase and thus the presence of Hup activity can limit the net production of H2 by the N2ase. 
There has been a report of an environmental isolate of the non-heterocystous Oscillatoria sp. strain 
Miami BG7 that lacks Hup activity and is able to accumulate H2 in the presence of photosynthetically 
evolved O2 [30]. When Hup activity was eliminated by molecular genetic techniques [28,31–36] or 
chemical mutagenesis [37], the resulting cyanobacterial mutants showed enhanced H2 production 
activity. Since in contrast to H2ase activity, N2ase catalyzes an essentially unidirectional H2 production 
and thus does not consume H2, cyanobacterial mutants lacking Hup activity are able to accumulate H2 
to about 7%–30% (v/v) in the presence of O2 evolved [35,38]. 

 

Figure 2. Outline of H2-related metabolic routes in heterocyst-forming cyanobacteria. 
Vegetative cells synthesize saccharides (CH2O) by ordinary photosynthesis with 
accompanying evolution of O2 and uptake of CO2. Heterocysts receive the saccharides, and 
use them (accompanied by CO2 evolution) as the sources of e− for N2ase reaction. For 
efficient net production of H2, H2ase(s) (uptake H2ase Hup and bidirectional H2ase Hox) 
have been inactivated. C6P: hexose phosphate, Fdox and Fdred: ferredoxin oxidized and 
reduced respectively, OPPP: oxidative pentose phosphate pathway, PSI and PSII: 
photosystem I and II, respectively (adapted from [21] with modification). 

In the unicellular diazotrophic cyanobacterium Cyanothece sp. strain PCC 7822, the N2ase and H2 
production activities are inactivated following disruption of the hupL gene (encoding a large subunit of 
Hup) via molecular genetic techniques, indicating that Hup protects N2ase from oxygen toxicity by 
removing O2 in this strain [39]. 
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Although Hup may play such a role, the degree of its N2ase protection may differ among strains, and 
we can selectively use the strains (either heterocystous or unicellular) in which the negative effects of 
elimination of Hup on net H2 production are low. 

3. Some Lessons from Studies of the Economics of Large-Scale Algal Fuel Production 

3.1. Benemann’s Critical View of Algal Biofuel Production 

Benemann has been studying photobiological biofuel production by various algae, since the first 
discovery of N2ase-based photobiological H2 production by cyanobacteria [40]. He critically examined 
the viability of microalgae for the production of gaseous fuels, specifically H2 and CH4, and assessed 
various proposed schemes on the basis of their technological and economic feasibility. In 2004,  
he summarized his opinion [41] as: “Processes for the production of gaseous fuels, H2 and CH4, using 
microalgae culture have been studied from a scientific perspective for several decades, and the practical 
cultures have been studied relatively recently. The lack of practical results in H2 and CH4 production 
cannot be ascribed to limited R&D funding. The only present practical application is the harvesting of 
algal biomass from wastewater treatment ponds by chemical flocculation, followed by the anaerobic 
digestion of the algal biomass. Overall, costs of such a process were estimated at about $10 per GJ of H2 
(3.6 ¢/kWh).” Benemann’s conceptual steps for a techno-economic analysis consisted of: (1) Production 
in open ponds (costing $7 m−2, 0.5 km2 in area in some of his analyses), at a solar efficiency of 10%, of 
a nitrogen-limited biomass (that accumulates large amounts of storage carbohydrates); (2) Concentration 
of the biomass from the ponds in a settling pond; (3) Anaerobic dark fermentation to yield 4 H2/glucose 
stored in the algal cells, plus two acetate moles; and (4) Reaction in a photobioreactor in which the algal 
cells would be converted from the two acetate moles to eight moles of H2. The cost of the process was 
estimated at about $10 per·GJ−1 of H2, (3.6 ¢/kWh) with the photobioreactor comprising about half of 
the total cost. In our opinion, a photosynthesis efficiency of 10%, required for economical production, 
is very difficult to attain even if an algal H2ase serving as a highly efficient H2 catalyst is used. 

3.2. Life-Cycle Analysis (LCA) of the Energy Requirements for Algal Fuel Production 

Clarens et al. [42] made LCA analyses of biofuel production by microalgae based on published 
records (first-generation algae production), and found that algae production systems release more CO2 
to the atmosphere than is taken up during growth of the biomass. Their schemes are: (1) Growth of algae 
in open ponds using a raceway configuration, with slow-moving paddle wheels to aerate and circulate 
the algae growth medium; (2) fertilizers are added as water is pumped in to or out of (for harvesting) the 
ponds; and (3) CO2 is bubbled into the ponds. The result of the analyses for a production site in 
California, for example, indicated that for producing 1.00 unit of energy, about 1.18 unit of energy is 
consumed; nutrients: 0.49 unit (about 0.2 unit for urea), CO2-derived: 0.35 unit, direct: 0.04 unit, and 
others (water, etc.): 0.29 unit. They pointed out that in addition to anticipated improvements in algal 
productivity (next-generation production), the uses of flue gas (from coal fired plants) and municipal 
wastewater (to reduce nutrient energy costs) could lead to a net-positive bioenergy production by 
microalgae in these systems. 
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3.3. Life-Cycle Analysis (LCA) of the Costs for Large-Scale Microalgal Production 

A comparative LCA study of the potential environmental impact and economic viability of producing 
biodiesel from microalgae grown in large virtual ponds (4 km2) of coastal Australian land were made [43]. 
In terms of GHG (greenhouse gas) emissions, algae GHG (−27.6 to 18.2 (CO2-unit)) compare very 
favorably with canola (35.9) and ultra-low sulfur (ULS) diesel from oil (81.2). Costs are not so favorable, 
with algae ranging from 2.2 to 4.8 (cost-unit), compared with canola (4.2) and ULS diesel (3.8). The 
large footprint of algae cultivation is driven predominantly by upstream factors, such as the demands for 
CO2 and fertilizer. To reduce these factors, flue gas and, to a greater extent, municipal waste-water could 
be used to offset the economic and environmental burdens associated with algae, highlighting the need 
for a high production rate to make algal biodiesel economically attractive. 

4. Our Scheme for Large-Scale Photobiological H2 Production by Mariculture-Raised 
Cyanobacteria 

We briefly discuss several issues for achieving commercially viable large-scale photobiological H2 
production by cyanobacteria. Photobiological H2 production is considered to be one of the better 
candidates for renewable energy production because H2 pollutes environment minimally both in 
production as well as in utilization stages, and is relatively easily storable and transportable. 

We will first describe an outline of our conceptual scheme [44] for large-scale photobiological H2 
production by mariculture-raised cyanobacteria. We will then discuss some of the key issues in greater 
detail. Our scheme is: (1) Production of H2 in large plastic bioreactors consisting of several layers of 
plastic film; (2) repeated harvesting of crude H2; (3) initial separation of H2 from O2 possibly by  
gas-selective permeability membranes on factory ships followed by further purification of H2 by 
pressure-swing adsorption (PSA); and (4) compression or transformation to a form suitable for 
transportation by ship and storage (Figures 3 and 4). 

Table 2. Expected sales of photobiologically produced H2. 

Energy 
Conversion 

Efficiency (%) 

Produced H2 
(kWh·m−2·yr−1) 

Energy 
Recovery 

(Ratio) 

Purified H2 
(kWh·m−2·yr−1) 

H2 Total Sale (cents m−2·yr−1) 
Selling Price (cents·kWh−1) 
10 20 30 40 

1 15 0.3 4.5 45 90 135 180 
1 15 0.5 7.5 75 150 225 300 
1 15 0.7 10.5 105 210 315 420 
2 30 0.3 9 90 180 270 360 
2 30 0.5 15 150 300 450 600 
2 30 0.7 21 210 420 630 840 
3 45 0.3 9 135 270 405 540 
3 45 0.5 15 225 450 675 900 
3 45 0.7 21 315 630 945 1260 

The ΔH of 1 kg crude oil (Oeq) is 41.9 MJ or 11.6 kWh (HHV, higher heating value: the product water is 
condensed liquid). The ΔH of 1 m3 (STP) H2 is 12.8 MJ, 3.56 kWh, or 0.30 kg·Oeq (Oil equivalent) and that 
of 1kg of H2 is 142 MJ, 39.4 kWh or 3.39 kg Oeq (HHV).  
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Assuming the total solar radiation of about 1500 kWh·m−2·yr−1 [10] and an energy conversion 
efficiency of 1%–3% (of total radiation), which will be discussed later, the energy produced as crude H2 
is 15–45 kWh·m−2·yr−1 (Table 2). Assuming an energy recovery ratio (energy in purified H2/energy in 
crude H2) of 0.3–0.7, we calculated a total price for H2 of 10–40 ¢/kWh (cf. Section 1.3 for the price 
ranges of renewable fuels). Table 2 gives sales projections for photobiologically produced H2 and the 
energy conversion efficiency targets that will promote the adoption of photobiological renewable 
production. 

4.1. Flexible Plastic Bioreactors Floating on the Surface of Sea Could Reduce Costs 

Bioreactors for commercially viable algal biomass or liquid fuel production should be large (a total 
of a few km2 as a production unit) and inexpensive. Currently, open ponds with raceway configurations 
are the leading candidates for the first step of biomass production of algae. For H2 production, closed 
bioreactors are required in at least some part of the process. A variety of closed hard panel or tubular 
photobioreactors are described for laboratory or pilot-scale studies (e.g., [45,46]), but they are likely 
much more expensive than open ponds. 

We have proposed flexible H2-barrier plastic bags floating on the calm sea or ocean surface (e.g., the 
calm belt about 30° north or south, such as the “mysterious Bermuda triangle” region) [17,44]. The 
culture medium is based on freshwater, and the bioreactors would spread over the sea surface because 
of the difference in density between the culture medium and the surrounding seawater. Salt lakes can 
also be used as the fields for cultivation. The size of the bags is flexible; for large-scale H2 production 
for example, 20 bags of 25 m × 200 m in surface area, could cover the surface of 1 km2. As proof of this 
concept, Kitashima et al. [47] demonstrated that transparent flexible H2-barrier plastic bags are usable 
for studies of photobiological H2 production by cyanobacteria in the laboratory. The H2 permeability 
(Pm) value of the transparent plastic bags ranged from 44 to 87 cm3·m−2·atm−1·day−1. H2-barrier bags for 
laboratory use (Wakhy bags, www.ab.auone-net.jp/~wakhylab) are now commercially available (GL 
Sciences, Tokyo. info@gls.co.jp). 

The cost of the bioreactor was estimated as follows [44]. The bioreactor is composed of three layers 
of plastic bags (Figure 3), for a total of six layers (sunny side and shady side) of transparent plastic film. 
The innermost bag holds the cyanobacteria culture, the middle bag has very low permeability to H2, and 
the outermost bag serves to mechanically protect the inner bags. The thickness of each film is 0.08 mm, 
and 480 cm3 of plastic per·m2 of the bioreactor’s sunny side surface is required. Assuming an average 
plastic price of $2–$4 per kg (or liter), the material cost is 96–192 cents·per·m2 of bioreactor. The used 
plastic bags can be recycled many times to regenerate plastic films at about half the price of the new 
materials. The above assumptions result in the cost of the bioreactor being about 24–48 cents per·m2 of 
bioreactor surface per year, assuming a renewal cycle of every two years. The plastic films of 480 cm3 
are assumed to be produced by consuming 360 mL of crude oil for processing that is equivalent to  
3.92 kWh·per·m2 per year. The plastic bags can be recycled at an energy cost of 20% of the feedstocks 
(0.78 kWh). The amount of energy in feedstocks derived from fossil fuels can be further decreased 
because currently H2 generated from fossil fuels is used as a part of the feedstocks for plastic film 
production, and photobiologically-produced H2 can replace some part of it. 
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4.2. Cost-Effective Strategy for Achieving Adequate Cell Growth with Repeated Harvesting of H2 

without Changing the Culture Medium 

Under our proposed strategy, H2ase-less mutant cyanobacterial cells grow in large ordinary plastic 
bags containing CO2 (with its occasional replenishment) floating on the sea without mechanical agitation 
of the medium (Step 1, in Figure 3). The need for additional combined nitrogen for growth would  
be minimal and thus the cost of fertilizer would be much less as compared to systems using  
non-nitrogen-fixing microalgae. Cyanobacterial stock cultures are transferred to photobioreactors for H2 
production (Step 2). The innermost bag (Figure 3) is filled with gas containing CO2 in Ar. In the H2 
production stage, no mechanical agitation or bubbling are applied, as CO2 is recycled within the bag 
(absorbed during photosynthetic carbon assimilation in vegetative cells and released from heterocysts 
when saccharides are degraded as electron donors to N2ase (Figure 2)). The cyanobacterial cell waste 
can be recycled as fish feed [48]. 

 

Figure 3. Outline of H2 production by mariculture-raised cyanobacteria. Step 1: Cell growth 
in a transparent plastic bag floating on the sea surface. The bioreactor is filled with air 
containing CO2; Step 2: H2 production in a photobioreactor composed of three bags (at least 
one layer is a H2 gas barrier membrane) floating on the sea surface. The spent cells can be 
used as fish feed [48]. 

The proposed strategy can be modified in response to changes in production costs. For example, when 
the cost of Ar is high, N2ase mutants can be used [49]. Some of the mutants have high H2 production 
activity under N2-rich gas as compared to the parent strain activity under Ar gas, and also have extremely 
low N2-fixing activity. Examples of such mutants have been characterized; with the amino acid 
substitutions presumed to be located in the vicinity of the FeMo-cofactor of N2ase (e.g., Q193S and 
R284H) [49]. The N2ase activity of such mutants is not inhibited by the presence of high concentrations 
of N2 and thus the use of costly Ar could be avoided. However, these strains require combined nitrogen 
in the growth stage, and the advantages and disadvantages of using this type of mutant needs to be 
carefully assessed. 
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4.3. Initial Separation of crude H2 Followed by Further Purification by Pressure-Swing Adsorption 

(PSA) on Factory Ships 

The H2 produced within the bag is allowed to accumulate for several weeks to a few months before 
“harvesting” the gas mixture (Figure 4). After removal of O2 from the harvested gas mixture, H2 is 
purified on factory ships by PSA (pressure-swing adsorption) for transportation to ports [44].  
The separated Ar and CO2 are recycled back to the bioreactors, along with replenishment of H2O 
(substrate necessary for H2 production) to resume the next round of H2 production. The amount of H2O 
needed is relatively small, (0.8 kg H2O is required for 1 m3·H2, or 18 g for 22.4 L·H2). Some of the 
downstream technologies outlined in Figure 4 are still in the developmental stage, notably the initial 
separation of H2 from O2 in the gas mixtures. One of the candidate technologies involves the use of  
gas-selective membranes that allow the penetration of H2 at much higher rates than that of O2.  
For example, there is a report of a carbon molecular sieve membrane that allows permeation of H2 about 
10–15 times faster than O2 (the gas permeability constant of 372–473 and 25–50 in gas permeability 
units for H2 and O2, respectively) [50]. We expect that there will be a concomitant development of these 
technologies if photobiological H2 production on the sea surface is adopted as one of the best options 
for large-scale renewable energy production (an example of “necessity is the mother of invention”). 

 

Figure 4. Outline of photobiological H2 production by mariculture-raised cyanobacteria  
and delivery of purified H2 to end-users (possible scheme). The fully grown cells (Step 1, 
Figure 3) are transferred to the photobioreactor (Step 2, Figure 3), which is filled with Ar 
and CO2 (+ trace amount of N2, not shown) and allowed accumulation of the produced gases 
(H2 and O2). (A) Initial separation of O2 from the gas mixture; (B) Further purification of H2 

by PSA (pressure-swing adsorption), and the removed CO2 and Ar are recycled to the 
bioreactor. H2O consumed for H2 production is replenished; (C) Purified H2 is processed for 
transportation to end-users (for details, see text). 
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The purified H2 may be condensed (high pressure or liquefied) or chemically transformed (e.g., to 
NH3 which can subsequently be used as a fuel rather than fertilizer, or reversible hydrogenation of 
toluene (C7H8) to methyl cyclohexane (C7H14)) for transportation to end-users (Figure 4).  

4.4. The Advantages of Sustained High H2 Production without Changing the Culture Medium 

We would like to emphasize that one of the economic advantages of photobiological H2 production 
by cyanobacteria is that the culture medium can be used continuously. During the growth stage, 
cyanobacteria do not produce H2 and the input costs of labor, energy, nutrients, etc. are minimal. A major 
advantage that the N2ase-based photobiological H2 production by cyanobacteria systems have over the 
other types of algal biofuel production systems is that once established, cultures can produce H2 for a 
long time (several weeks) without changing the culture medium and with multiple rounds of gas 
harvesting [49,51,52] (Table 3), thus off-setting the initial costs of the cell growth phase. Several groups 
have reported the duration of active H2 production to be several weeks, and we expect that this could be 
further extended by carefully managing the culture conditions (Table 3). Attaining sustained high H2 
production without changing the culture medium will mitigate costs of nutrients, a criticism raised by 
Clarens et al. [42] (see Section 3.2). 

Table 3. Some records of duration (>2 day) of H2 production activity without changing the 
culture medium. 

Strains Light Intensity 
Efficiency 

(%) 

Light 

Energy 

Duration 

of expt. 
Gas Remarks Refs. 

Anabaena  

cylindrica 629 

4.0 × 105 

erg·cm−2·s−1 
0.4% av. total rad. 8 d 

Ar/CO2 (99.7/0.3),  

gassing 

250 mL culture: 

about 0.6 L gas/h 

Cell density of 200–

260 Klett units 

Periodic addition of 

10−4 M·NH4Cl 

[53] 

Anabaena  

cylindrica 629 
32 W·m−2 

0.85% 

max. 
PAR 6 d 

Ar/CO2  

(99.5/0.5), gassing 

0.875 L culture:  

0.3–0.9 L gas/h 
[54] 

Anabaena  

cylindrica 629 
6 W·m−2 0.35% av. PAR 28 d 

Ar/CO2  

(99.5/0.5), gassing 

0.875 L culture:  

0.3–0.9 L gas/h 
[54] 

Mastigocladus 

laminosus NZ-86-m 

3.0 × 104 

erg·cm−2·s−1 

2.7% 

max. 
PAR 2–3 d 

Ar/N2/CO2 

(98.5/1/0.5), gassing 
1.2 L culture [55] 

Nostoc sp. PCC 7422 

ΔHup deficient of 

Hup 

70 μmol 

photons m−2·s−1 
3.7% av. PAR 6 d 

Ar/CO2 (9.5/5),  

(no gassing) 
6 mL batch culture [35] 

Anabaena variabilis 

ATCC 29413 
32 W·m−2 

0.96% av. 

1.32% 

max. 

PAR 8 d 

Stage 1: Ar, gassing, 

Stage 2: air/CO2 

(95/5), gassing 

H2 producing 

activity in stage 2 
[56] 

Nostoc/Anabaena 

sp. PCC 7120ΔHup,  

site-directed N2ase 

variants, Q193S and 

R284H 

90–100 μmol 

photons·m−2·s−1 
not given PAR 21 d 

N2/CO2 (95/5), (no 

gassing with periodic 

gas replacement of 

every 3 or 4 days) 

Sustained, high-

level production of 

H2 through 21 days 

[49] 
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5. Improvements Needed in the Energy Conversion Efficiency under Outdoor Conditions 

If photobiological H2 production is to be developed as a source of large-scale renewable energy, 
improvements are needed in both the light energy conversion efficiency and in the rates of H2 production. 
The maximum theoretical energy conversion for N2ase-based photoautotrophic H2 production by 
cyanobacteria has yet to be precisely calculated. This is because N2ase requires a considerable amount 
of ATP and the energy conversion efficiency of photophosphorylation has yet to be conclusively 
determined. There is a lack of information on the structure and function of the membrane ATP synthase 
(H+-ATPase) that consumes the proton-motive force generated across membranes as the source of 
energy as predicted by the chemi-osmotic mechanism proposed by P. Mitchell [57,58]. Most likely, the 
H+/ATP ranges between 8/3 and 14/3 (for discussion, see [21,59,60]). By assuming an H+/ATP ratio of 
between 3 and 4, Sakurai and Masukawa [17] calculated the maximum energy conversion efficiency of 
between 16.3% and 13.9% for 550 nm light and between 7.3% and 6.3% for the total solar radiation, 
assuming cyanobacteria can use 45% (400–700 nm light, PAR: photosynthetically active radiation) of  
total radiation. 

Of special significance is a report of a record high H2 production activity on a chlorophyll basis by 
cyanobacteria. The N2ase activity of the unicellular cyanobacterium Cyanothece sp. ATCC 51142 is 
regulated by circadian rhythms: photosynthesis in the light, and N2ase reaction in the dark. When the 
cells were grown in the presence of glycerol for 12 h under the light to accumulate photosynthetic 
products (the first stage), they showed high photobiological H2 activity on a chlorophyll (Chl) basis of 
465 μmol mg Chl−1·h−1 when the illumination was continued for another 12 h (the second stage) [61].  
This type of strain may be potentially useful if low cost organics are available, such as wastewater rich 
in useable organic compounds (e.g., from the food industry). However, as many of the heterocystous 
strains very poorly use organic compounds, this is currently not very promising for the improvement of 
H2 production by heterocystous strains. 

5.1. Comparing Measured Values for Light Energy Conversion Efficiency of Photobiological H2 

Production by Cyanobacteria to Our Tentative Target Values of 1.2% 

Although values of 2.6%–3.7% of PAR in laboratory experiments were reported by several  
groups [35,55,62], the values drop to 0.2% or less in outdoor experiments lasting for more than  
two days [51,52,63,64] (daily maximum of 0.6%, Miyamoto [51]) (Table 4). For our proposed scheme, 
we believe that 1.2% (of total radiation) or 2.7% of PAR for outdoor conditions are reasonable targets 
for improved efficiency. 
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Table 4. Some records of light energy conversion efficiency and duration of the activity.  

Strains Light Intensity Efficiency (%) 
Light 

Energy 

Duration 

of expt. 
Gas Remarks Refs. 

Mastigocladus 

laminosus NZ-86-m 

4.4 × 105  

erg·cm−2·s−1 
0.17% av. 

total 

rad. 
17–24 d 

Ar/N2/CO2 

(98.7/1.0/0.3), 

gassing 

1 L culture:  

6.5 L·gas/h 
[52] 

Anabaena  

cylindrica 629 

about 50–330  

cal·cm−2·d−1 

0.2% av.  

0.6% max. 

total 

rad. 
36 d 

Ar/N2/CO2 

(balance/ 

0.2–0.4/0.5), 

gassing 

0.8 L culture: 5.0 

L·gas/h 
[51] 

Anabaena variabilis 

PK84 

400 W·m−2  

(sunny day)  

100 W·m−2  

(cloudy day) 

0.14% (sunny 

day) 0.33% 

(cloudy day) 

 18 d 

air/CO2 

(98/2),  

gassing 

chemostat-type 

bioreactor, 

possibly V-type 

N2ase expressing 

conditions 

[65] 

Anabaena variabilis 

PK84 deficient of 

the activities of both 

Hup and Hox 

max. 850 W·m−2 0.029%–0.094% 
total 

rad. 
40 d 

air/CO2 

(98/2),  

gassing 

chemostat-type 

bioreactor, 

possibly V-type 

N2ase expressing 

conditions,  

June–July, London 

[64] 

Anabaena sp. PCC 

7120 AMC 414 

deficient of Hup 

max. 600 W·m−2 0.042% max. 
total 

rad. 
9 d 

air/CO2 

(98/2),  

gassing 

chemostat-type 

bioreactor,  

August, London 

[63] 

5.2. Some Potential Strategies to Achieve Higher Light Conversion Efficiencies  

Many aspects of the H2 production and the related technologies are under development currently, 
making it challenging to estimate production costs. Nevertheless, such estimates are informative for both 
policy-makers and investors in R&D efforts. Sakurai et al. [44] presented a preliminary estimate of  
26.4 ¢/kWh (assuming the price of plastics at $2 per kg) as a means to identify the needed R&D  
efforts to achieve efficient photobiological H2 production by cyanobacteria. The conditions were:  
(1) mariculture-raised cyanobacteria produce H2 at an energy conversion efficiency of 1.2%  
(18 kWh·m−2·yr−1) in plastic bioreactors floating on the sea surface (solar radiation 1500 kWh·m−2·yr−1); 
(2) the crude H2 is purified on factory ships and transported to final destination ports in storage tanks by 
container ships; and (3) the energy recovery (from production to the final commodity of H2) is 0.5. 
Although the tentatively estimated price above is more expensive than the currently levelized price of 
electricity, it is reasonably close to the prices in several countries with feed-in tariff schemes (see  
Section 1.3). The price of H2 can be further decreased with improvements in both light conversion 
efficiency and energy recovery, and by decreasing the processing costs with advancements in relevant 
technologies. Because photobiologically produced H2 contributes to the reduction of the greenhouse gas CO2 
emissions, and because H2 fuel cells are expected to be more energy efficient than internal combustion 
engines, the R&D of photobiological renewable energy sources should be pursued in more earnest. 
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Amos [66] estimated the cost of H2 produced by Chlamydomonas to be 22.8 ¢/kWh when H2 is 
compressed and stored in high-pressure tanks for storage and transportation, and 7.2 ¢/kWh when direct 
connections to H2 pipelines are available. In certain locations, such as salt lakes, a pipeline could be used to 
transport gas products with reduction of the total cost of H2 photobiologically produced by cyanobacteria. 

5.2.1. Selection of Strains with High N2ase Activity Outdoors Followed by Further Improvements via 
Genetic Engineering 

Yoshino et al. [35] compared the photobiologically driven N2ase activity under laboratory conditions 
among 13 heterocystous strains maintained in academic centers, and selected Nostoc sp. PCC 7422. The 
uptake hydrogenase knocked out mutant (∆Hup) produced H2 at an energy conversion efficiency of 3.7% 

vs. PAR under laboratory conditions. Selection of strains with high N2ase activity under outdoor 
conditions with high light intensities followed by further targeted improvements via genetic engineering 
seems to one of the most promising strategies for achieving higher light conversion efficiencies. 

5.2.2. Truncated Antenna Complexes 

Light-saturation of photobiological activity is one of main reasons light conversion efficiencies are 
decreased under outdoor conditions as compared with the laboratory conditions for cyanobacteria.  
Many cyanobacterial strains have large antenna complexes containing pigments such as phycocyanin, 
which enable them to survive even under conditions of low light intensity such as in a dense culture or 
in sediment. In order for photobiological H2 production schemes of the culture as a whole to operate at 
optimum efficiency, large antenna size is a problem because cells near the surface absorb the most part 
of incident light and are unable to use it efficiently because of light saturation, while other cells beneath 
them receive only the residual low light. It is hypothesized that truncation of antenna size would help to 
alleviate excess absorption of sunlight and the ensuing wasteful dissipation of excitation energy, and to 
improve solar-to-product energy conversion efficiency and photosynthetic productivity in high-density 
mass cultivations. As proof of this concept, there are reports of truncated antenna cyanobacterial mutants 
showing higher rates of photosynthetic activity in culture over the wild-type strains [67]. 

5.2.3. Increase in Heterocyst Frequency 

Under conditions of nitrogen deprivation, heterocystous cyanobacterial cells differentiate heterocysts 
at intervals of 10–20 vegetative cells, depending upon the strains. While heterocyst frequency may be 
optimized to support growth of the strains while fixing N2 under their ordinary natural habitats, the 
frequency can also be modified to increase H2 production because the cells do not grow in the H2 
production stage and thus the supply of organic compounds for growth can be dispensed. Many genes 
involved in heterocyst differentiation have been reported and the mutants of several of these genes (via 
disruption, overexpression, and duplication of genes and point mutation) result in higher frequencies of 
heterocysts [25,26,68]. However, many of the mutants form multiple contiguous heterocysts and their 
N2ase activities measured by acetylene reduction do not exceed the wild-type activities. PatN is required 
for normal heterocyst patterning and has a role in the biased initiation of heterocyst differentiation. In 
Nostoc/Anabaena sp. PCC 7120, disruption of patN led to formation of multiple singular heterocysts. 
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Although the patN mutant exhibited lower N2ase activity and diazotrophic growth rate compared with 
the wild-type [69], it will be interesting to see the effects of modification of heterocyst frequency on 
photobiological H2 production by other strains or under different experimental conditions. 

5.2.4. Improvement of the Enzymatic Activity of N2ase 

Other H2-producing enzymes, FeFe and NiFe H2ases, have high H2 production activity with a 
turnover rate of 6000–9000 and about 100 s−1, respectively, although the latter enzyme also has greater 
H2 uptake activity with a turnover rate of 450–600 s−1 [70]. In contrast, although N2ase has an advantage 
in catalyzing unidirectional production of H2, it has a very low turnover rate of about 6.4 s−1 [71,72]. 
The rate-limiting step in N2ase catalysis is the dissociation of the dinitrogenase reductase Fe protein 
(Complex 2) from the dinitrogenase MoFe protein (Complex 1). The dissociation occurs after  
ATP-coupled electron transfer between the two proteins. In the N2ase reaction, H2 is evolved initially 
when N2 binds to the enzyme. The slow protein dissociation is considered to contribute to maximizing N2 
reduction by suppressing H2 evolution, futile to nitrogen fixation, at the midpoint of the whole reaction. It 
will be interesting to engineer N2ase, either MoFe-protein or Fe-protein, or both, by site-directed 
mutagenesis, to increase the turnover rate of H2 production by the enzyme. 

When maintaining the N2ase-based reactions at high levels, cyanobacteria require high levels of 
amino acids to support the synthesis of the inefficient enzyme, and the increase in the specific catalytic 
activity will decrease the burden of protein synthesis. 

5.2.5. Metabolic Engineering 

As in other organisms, studies of genomes, transcriptomes, proteomes, and metabolomes are ongoing 
in cyanobacteria. The information from these studies will undoubtedly contribute to improving the 
overall activity of photobiological H2 production by cyanobacteria, as targeted improvements will be 
made [73]. For example, it will be interesting to pursue repression of the expression of glutamine 
synthetase in heterocysts. In normal cells, the enzyme is required for the massive export of fixed nitrogen 
from heterocyst to vegetative cells, and the gene expression level is greatly increased during the course 
of heterocyst differentiation [74]. In H2 producing cyanobacteria, however, massive glutamine transport 
is not necessary because the cells almost cease growing, and the investment of amino acids for the 
synthesis of proteins such as glutamine synthetase seems to be a waste of amino acid reserves. 

6. Conclusions 

Future Prospects for Large-Scale Photobiological H2 Production 

In order for photobiologically produced H2 to make meaningful contributions to the mitigation of 
global warming caused by greenhouse gases, notably CO2, economical production of H2 is essential. 
Although many of the technologies required for the practical application of large-scale photobiological  
H2 production are in the development stages and the cost estimates of the produced H2 are preliminary 
due to various unpredictable factors, Sakurai et al. [44] presented a very preliminary estimate of  
26.4 cents·kWh−1 of H2 produced on the sea surface using many presumptive assumptions, for example 
assuming the solar energy conversion efficiency of 1.2%. Currently, the maximum energy conversion 
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efficiency of cyanobacterial H2 production under outdoor conditions is about 0.2%. There is an urgent 
need to demonstrate higher efficiencies to policy makers and developers in order to convince them of 
the potential benefits of photobiological H2 production by cyanobacteria. Increasing the solar energy 
conversion efficiency with improvements in technologies for purifying and transporting H2 will decrease 
the total cost. Public acceptance of renewable fuels very much depends upon the affordability of the 
price and will go a long way towards convincing consumers and government leaders to adopt 
technologies that will ultimately mitigate global climate change. Future cost estimates will be more 
accurate as the technologies in cyanobacterial H2 production and its related processes advance. We also 
expect that more refined cost estimates will allow for additional targeted improvements in the 
technologies, ultimately resulting in an overall cost reduction. 

If we are able to produce H2 at 1.2% of total radiation (18 kWh·m−2·yr−1) on the sea surface and 
purified H2 is delivered to the end users with a final energy yield of 0.5, the net energy obtained is 
calculated to be 9 kWh·m−2·yr−1 or 32.4 × 106 J·m−2·yr−1 [44]. The current world fuel energy 
consumption is estimated to be 460 × 1018 J·yr−1 (Table 1, [3]). It follows that by using a surface of the 
sea equivalent to 1% of the global surface (1.36 × 106 km2, about 2.3 times the area of the island of 
Tasmania, or 3.1 times the area of the island of Great Britain), we will be able to replace 19% of the 
current world fossil fuel consumption. 

In order to make a meaningful contribution to the mitigation of the hazards to the human population 
that are predicted to occur with global climate change, the promotion of R&D efforts for economical 
large-scale photobiological biofuel production and the advancements of biological and other needed 
technologies should be encouraged. 
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Selective carbon dioxide adsorption of 3-Keggin-
type zincomolybdate-based purely inorganic 3D
frameworks†

Zhenxin Zhang,a Masahiro Sadakane,*bc Shin-ichiro Noro,cde Toru Murayama,a

Takashi Kamachi,f Kazunari Yoshizawaf and Wataru Ueda*a

Polyoxometalate-based 3D frameworks, Na1.5H11.4[ZnMo12O40{Zn2}]$5.5H2O and (NH4)1.5H8.5-

[ZnMo12O40{Zn2}]$6H2O, are synthesized in moderate yields. Rotation of the reactor under hydrothermal

conditions is essential to improve the yield. The materials show zeolite-like selective molecule

adsorption properties. Depending on the micropore aperture size of the materials, small molecules can

be adsorbed in the materials, while large molecules cannot. The enthalpy of adsorption and DFT

calculation indicate that the materials strongly interact with CO2, but weakly interact with CH4, due to

electrostatic interactions between the materials and molecules. CO2/CH4 co-sorption experiments show

that the materials can selectively adsorb CO2, and CO2 adsorption selectivity of the material with sodium

cations is higher than that of the material with ammonium cations. The material with sodium ions can be

utilized for gas chromatographic separation of CH4 and CO2.

CO2 separation is an important topic from the viewpoints of
industrial processes and environmental protection, and many
techniques for CO2 separation have been developed over the
past few decades.1–5 Generally, there are two kinds of materials
for CO2 separation based on different separation mechanisms.
One type of materials for CO2 separation is based on chemi-
sorption. Such materials include calcium oxide and amine
solutions. However, these materials have signicant disadvan-
tages such as toxicity, corrosiveness, and high energy for
regeneration. The second type of materials is based on phys-
isorption. Such materials include zeolites and metal–organic
frameworks (MOFs), and they are considered to have higher
application potential because the corresponding processes are
environmentally friendly and economically feasible techniques.

Polyoxometalates (POMs) are metal oxide clusters of early
transition metals, such as tungsten, molybdenum, vanadium
and niobium, which display characteristic redox and acidic

properties, and they therefore have many applications
including catalysis, adsorption, separation, electrochemistry,
and medicine.6–9 In materials chemistry, POMs act as building
blocks, and inorganic metal oxides can be synthesized on the
basis of connection of POMs with other metal ions.10–14 POMs
also interact with organic ligands or organic metal complexes to
form hybrid materials, including POMOFs15–20 and POM-mac-
rocation materials.21–29 POM-macrocation materials show
interesting adsorption properties.

A novel catalog of POM-based materials has recently been
prepared and structurally characterized and is best described to
be fully inorganic microporous POM-based metal oxides.30,31

Frameworks of the materials are comprised of 3-Keggin POM
with metal ion linkers (Fig. 1). The materials show zeolite-like
properties such as ion exchange, molecule adsorption, and acid
catalysis.

An important property of the POM-based microporous
material is its high chemical composition diversity, which
allows different kinds of elements to be incorporated in the
material. The composition of POM units, linker ions, and
countercations can be easily changed without altering the basic
structure of the material. Several iso-structural materials have
been successfully synthesized.32

Herein, we describe the synthesis of 3-Keggin POM-based 3D
frameworks composed of [ZnMo12O40] and Zn ion linkers with
sodium ions or ammonium cations, Na1.5H11.4[ZnMo12O40-
{Zn2}]$5.5H2O or (NH4)1.5H8.5[ZnMo12O40{Zn2}]$6H2O, denoted
as Na–Mo–Zn oxide or NH4–Mo–Zn oxide, respectively. We
demonstrate the adsorption properties of the materials. Small
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molecules such as CO2, CH4, and C2H6 are adsorbed in the
materials, while a large molecule such as C3H8 is not adsorbed.
CO2/CH4 co-sorption experiments showed that the materials
selectively adsorb CO2 from a CO2/CH4 mixture. CO2 adsorption
in the materials can be tuned by altering countercations, and
CO2 separation efficiency can be remarkably enhanced by
incorporating sodium ions in the material. The Na–Mo–Zn
oxide material can be used as a material for gas chromato-
graphic separation of CO2 and CH4.

Experimental
Material synthesis

Synthesis of Na–Mo–Zn oxide. Na2MoO4$2H2O (2.823 g, 11.7
mmol based on Mo) was dissolved in 40 mL of water. Then
metal molybdenum (0.2 g, 2.08 mmol) and ZnCl2 (0.453 g, 3.33
mmol) were added in sequence. The pH value of the precursor
solution was adjusted to 4.8 by addition of H2SO4 (1 M). The
mixture solution was well sealed in an autoclave with a Teon
liner, and the autoclave was xed in an oven with a mechanical
rotation system. Hydrothermal synthesis was performed at 448
K with rotation (1 rpm) for 24 h (see the experimental apparatus
in ESI Fig. S1†). Aer hydrothermal reaction and cooling of the
autoclave, the crude solid was transferred to 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 at the bottom aer centrifugation.
Then aer addition of 60 mL of water to the precipitate, the
solution was centrifuged and the new upper suspension solu-
tion was separated. Addition of water, centrifugation, and
separation were carried out two more times. The collected
suspension (containing the product) was centrifuged (3500
rpm, 120 min), and the solid at the bottom of the centrifugation
tube was collected. The collected solid was washed with water by
dispersing in 10 mL of water and subsequent centrifugation

(3500 rpm, 120 min). Aer the washing process was carried out
twomore times, the obtained solid was dried at 333 K overnight.
Then 1.18–1.34 g of Na–Mo–Zn oxide (yield: 57–63% based on
Mo) was obtained.

Synthesis of NH4–Mo–Zn oxide. (NH4)6Mo7O24$4H2O (2.060
g, 11.7 mmol based on Mo) was dissolved in 40 mL of water.
Then metal molybdenum (0.2 g, 2.08 mmol) and ZnCl2 (0.453 g,
3.33 mmol) were added in sequence. The pH value of the
precursor solution was adjusted to 4.8 by addition of H2SO4

(1 M). The mixture solution was well sealed in an autoclave with
a Teon liner, and the autoclave was xed in an oven with a
mechanical rotation system. Hydrothermal synthesis was per-
formed at 448 K with rotation (1 rpm) for 24 h. Aer the
hydrothermal reaction, the purication process was the same as
that for Na–Mo–Zn oxide. Then 1.29–1.46 g of NH4–Mo–Zn
oxide (yield: 62–71% based on Mo) was obtained.

Synthesis of NH4–Na–Mo–Zn oxide by ion-exchange of
Na–Mo–Zn oxide with NH4

+. 0.3 g of Na–Mo–Zn oxide was
dispersed into 15 mL of water. Then NH4Cl (0.065 g, 1.21 mmol)
was added. The solution was heated at 353 K for 6 h with stir-
ring. The resulting material was separated by ltration, washed
with water 3 times and dried at 333 K overnight.

Elemental analysis: Na–Mo–Zn oxide: calcd for Na1.5Zn3-
Mo12O45.5H22.4: Zn, 9.20; Mo, 53.99; Na, 1.62; H, 1.05, found: Zn,
9.70; Mo, 53.45; Na, 1.39; H, 0.97.

NH4–Mo–Zn oxide: calcd for N1.5Zn3Mo12O46H26.5: Zn, 9.21;
Mo, 54.03; N, 0.99; H, 1.24, found: Zn, 9.25; Mo, 53.95; N, 1.02;
H, 1.22.

NH4–Na–Mo–Zn oxide: calcd for N1.4Na0.1Zn3Mo12O45.5H28:
Zn, 9.23; Mo, 54.17; Na, 0.11, N, 0.92; H, 1.32, found: Zn, 9.61;
Mo, 54.24; Na, 0.07; N, 1.20; H, 1.39.

Characterization

Powder X-ray diffraction (XRD) patterns were obtained on
RINT2200 (Rigaku) with Cu Ka radiation (tube voltage: 40 kV,
tube current: 20 mA). Scanning electron microscopy (SEM)

Fig. 1 Polyhedral representations of (a) 3-Keggin POM unit and its connection; (b) unit cell of an 3-Keggin POM-based framework – gray
tetrahedron: central Zn–O tetrahedron, blue octahedron: surrounding Mo–O octahedron, purple octahedron: linker Zn–O octahedron, and
deep blue ball: cations and water; and (c) CPK (Corey, Pauling, and Koltun) representation of the material with a Connelly surface (gray curved
surface) that shows the micropore system of the material.

This journal is © The Royal Society of Chemistry 2015 J. Mater. Chem. A, 2015, 3, 746–755 | 747
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images were obtained with HD-2000 (HITACHI). Transmission
electron microscopy (TEM) images were taken with a 200 kV
TEM (JEOL JEM-2100F). Temperature-programmed desorption
mass spectrometry (TPD-MS) measurements were carried out
from 313 K to 893 K at a heating rate of 10 K min�1 under
helium (ow rate: 50 mL min�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 ¼ 16) and H2O (m/z ¼ 18).
For TPD-MS measurements of the materials aer heat treat-
ment, the samples were heated at 473 K under a high vacuum
for 2.5 h in a TPD instrument before measurements. Aer the
temperature was decreased to 373 K, TPD measurement was
started. Fourier transform infrared (FT-IR) analysis was carried
out on a PARAGON 1000, Perkin Elmer. X-ray photoelectron
spectroscopy (XPS) was performed on a JPS-9010MC (JEOL). The
spectrometer energies were calibrated using the C 1s peak at
284.8 eV. Thermal analysis (TG-DTA) was performed on a
Thermo Plus, TG8120 (Rigaku), under N2 (200 mL min�1).
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.

Sorption experiments

Na–Mo–Zn oxide and NH4–Mo–Zn oxide were calcined at 473 K
for 2.5 h under a vacuum (denoted as Cal–Na–Mo–Zn oxide and
Cal–NH4–Mo–Zn oxide) before all adsorption experiments.

N2 sorption isotherms were obtained using a BELSORP MAX
(BEL Japan Inc.) sorption analyzer at 77 K. Pore size distribution
was calculated by the SF method. Molecule (CO2, CH4, C2H6,
and C3H8) adsorption was performed on the materials by a
BELSORP MAX (BEL Japan Inc.) sorption analyzer. The
adsorption temperature was kept at 278, 288, and 298 K using a
water bath. Surface areas of the materials were calculated from
the CO2 adsorption isotherm by the BET method, and the cross-
sectional area of CO2 was 0.201 nm2.33

CO2/CH4 co-sorption measurements were carried out using a
multicomponent gas adsorption apparatus, BELSORP VC (BEL
Japan Inc.). In this apparatus, the total adsorbed amount was
calculated by a constant volume method, and the composition
ratio of CO2 and CH4 gases in equilibrium was determined
using an Agilent 490 Micro gas chromatographic (GC) system
equipped with a thermal conductive detector. From these data,
we calculated adsorbed amounts and equilibrium partial pres-
sures for each gas. The initial dosing total pressures were set to
14.5 and 278.7 kPa for Cal–Na–Mo–Zn oxide and 14.5 and 279.9
kPa for Cal–NH4–Mo–Zn oxide. The initial gas proportion was
CO2 : CH4 ¼ 40 : 60 (mol). Aer reaching the equilibrium, a
small portion of the gas phase was used for GC analysis, leading
to a slight decrease in system total pressure. Then co-sorption
measurements were continued by using the residual gas. This
process was repeated 5 times for each initial dosing pressure.

The selectivity of CO2 over CH4 was calculated by the
following equation.

SCO2
¼ (xCO2

/yCO2
)/(xCH4

/yCH4
)

yCO2
: mole fraction of component CO2 in the gas phase;

yCH4
: mole fraction of component CH4 in the gas phase;

xCO2
: mole fraction of component CO2 in the adsorbed phase;

xCH4
: mole fraction of component CH4 in the adsorbed

phase.
Calculation of enthalpy of adsorption. Pure gas adsorption

of CO2 and CH4 was carried out at different temperatures of 278,
288, and 298 K on the materials (Fig. S2–S5†). The isotherms of
CO2 and CH4 were tted with several adsorption models (Table
S1†), and it was found that the dual-site Langmuir–Freundlich
model was the best model, for which the equation is as follows:

q ¼ q1b1p
n1

1þ b1pn1
þ q2b2p

n2

1þ b2pn2
;

where q is the adsorbed amount, p is pressure, and q1, q2, b1, b2,
n1, and n2 are tting parameters, which are listed in Tables
S2–S5.†

The resulting R2 values of the tting processes were quite
close to 1, indicating that simulated isotherms by using the
dual-site Langmuir–Freundlich model tted the experimental
isotherms well.

The enthalpy of adsorption was calculated by the Clausius–
Clapeyron equation using the dual-site Langmuir–Freundlich
tting results.

d ln p

dT
¼ DH

RT2
;

where p is pressure, T is temperature, and DH is enthalpy of
adsorption.

GC separation of CO2 and CH4. GC separation of a gas
mixture of CO2 and CH4 using a column packed with Na–Mo–Zn
oxide was performed with a Shimadzu GC-8A system equipped
with a thermal conductivity detector. Na–Mo–Zn oxide was well
grounded and screened with a mesh (aperture: 150 mm), and
about 20 mL of Na–Mo–Zn oxide was densely packed into a
column (length: 1 m, inner diameter: 3 mm). The fresh column
of Na–Mo–Zn oxide was treated at 473 K by introducing a carrier
gas of He for 2.5 h to remove the original water in the material
and open the micropores of the material. The gas mixture (0.1
mL, mole ratio of CO2 : CH4 ¼ 1 : 1) was injected, and separa-
tion was carried out at 363 K.

Structural determination, computer-based simulation, and
DFT calculations

Structural determination of NH4–Mo–Zn oxide was performed
by ab initio structural determination with powder diffraction,34

the detailed process of which is shown in the ESI.† Material
modeling, X-cell program,35 Pawley renement, and Rietveld
renement36 were performed with the Materials Studio package
(Accelrys Soware Inc.). The programs of DICVOL06 (ref. 37)
and EdPCR were carried out with the Fullprof package. A
charge-ipping algorithm38 was performed with the superip
program in Jana2006, and electron density maps were gener-
ated with Chimera 1.8.1.

748 | J. Mater. Chem. A, 2015, 3, 746–755 This journal is © The Royal Society of Chemistry 2015
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Monte Carlo simulation was performed to predict the
adsorbed structure of the guest molecules in the primitive cell
of Cal–Na–Mo–Zn oxide with the adsorption locator program in
the Materials Studio package. First, the structure of the mate-
rial, CO2, and CH4 were optimized by using the DMol3

program.39,40 We employed the Perdew–Burke–Ernzerhof (PBE)
generalized gradient functional and DND basis set. Calculated
Mulliken atomic charge was applied for Monte Carlo simula-
tion. Partial atomic charges of CO2 were C ¼ +0.70e and O ¼
�0.35e,41 and CH4 was recognized as an electrostatic neutral
molecule.42 The guest molecules were introduced into the
framework of the material one by one.

Results and discussion
Material synthesis and characterization

The synthesis process for Mo–Zn oxides was carried out mainly
according to our previous paper.32 However, the previous
process produced Na–Mo–Zn oxide with a low yield (14% based
on Mo) with some impurities such as MoO2, ZnMoO4 and Mo
(Fig. S6†), which might have been caused by an insoluble
starting material such as metal Mo and the poorly mixed
precursor solution. It was known that mixing of solid precursors
during reactions change selectivity of products.43,44 Here, we
applied the dynamic method for material synthesis, in which
the reactors were rotated under hydrothermal conditions
(Fig. S1†). In the case of synthesis of Mo–Zn oxides, we found
that applying rotation affected the purity and yield of the
material. XRD patterns of the crude solids of Na–Mo–Zn oxide
and NH4–Mo–Zn oxide with and without rotation (Fig. S6†)
indicated that rotation synthesis suppressed the side-reactions
and increased the isolated yields of the materials (about 57–
63% based onMo for Na–Mo–Zn oxide and about 62–71% based
on Mo for NH4–Mo–Zn oxide). We carried out the synthesis
many times and found that the reproducibilities of the
synthesis of both materials are very good.

Furthermore, it was found that the rotation speed affected
the yields of the materials. Low rotation (1 rpm) speed resulted
in high isolated yields of both Mo–Zn oxides, and increasing the
rotation speed would decrease the yields of products (Fig. S7†).
The main impurity in crude solids of the materials from the
synthesis with different rotation speeds wasmetal Mo (Fig. S6†).
The amount of metal Mo increased in the crude solid with
increase in rotation speed (Fig. S6B†), which illustrated that
high rotation speeds hindered Mo consumption. This might
ascribe to our rotation apparatus (Fig. S1†), in which a
centripetal force would be applied to the solid in the solution to
cause non-uniform mixing of the Mo metal in the solution.

By using different Mo sources with different cations (Na2-
MoO4$2H2O and (NH4)6Mo7O24$4H2O), materials of Mo–Zn
oxide with different countercations, Na–Mo–Zn oxide and
NH4–Mo–Zn oxide, were prepared. Elemental analysis indicated
that the Na : Mo : Zn ratio of 1.5 : 12 : 3 of Na–Mo–Zn oxide
obtained by the dynamic method that we used was the same as
that of Na–Mo–Zn oxide obtained by our last non-dynamic
method.32 The NH4 : Mo : Zn ratio of NH4–Mo–Zn oxide was
1.5 : 12 : 3. XRD patterns and FT-IR spectra (peaks below 1000

cm�1 ascribed to the POM moiety) of both materials were
similar to those of Mo–V–Bi oxide and Na–Mo–Zn oxide
obtained by our last non-dynamic method (Fig. 2),30,32 indi-
cating that the structures of materials synthesized by the
dynamic method were similar to the structure of the reported
Na–Mo–Zn oxide obtained by our last non-dynamic method.
SEM images of the resulting materials showed octahedral
morphologies typical of 3-Keggin-type heteropolyoxometalate-
based framework compounds with sizes of the crystallite being
100–300 nm (Fig. 3a and b).

The structure of NH4–Mo–Zn oxide was obtained by powder
diffraction Rietveld analysis (Fig. S8) (detailed process shown in
the ESI) combined with elemental analysis, FT-IR, and
XPS analysis (Fig. S9†). The detailed chemical formulae of
Na–Mo–Zn oxide and NH4–Mo–Zn oxide were estimated to be
Na1.5H11.4[Zn

IIMoVI
1.1MoV

10.9O40{Zn
II
2}]$5.5H2O and (NH4)1.5H8.5-

[ZnIIMoVI
4MoV

8O40{Zn
II
2}]$6H2O, respectively. The frameworks of

Fig. 2 (a) Powder XRD patterns of POM-based materials – lattice
parameter of Na–Mo–Zn oxide: 19.4675 Å and lattice parameter of
NH4–Mo–Zn oxide: 19.4533 Å; and (b) FT-IR spectra of POM-based
materials – black: Mo–V–Bi oxide, red: Na–Mo–Zn oxide using a non-
dynamic method,32 blue: Na–Mo–Zn oxide using a dynamic method,
purple: NH4–Mo–Zn oxide, and yellow: NH4–Na–Mo–Zn oxide.

Fig. 3 SEM images of (a) Na–Mo–Zn oxide and (b) NH4–Mo–Zn oxide
and TEM images of (c) Na–Mo–Zn oxide and (d) NH4–Mo–Zn oxide.

This journal is © The Royal Society of Chemistry 2015 J. Mater. Chem. A, 2015, 3, 746–755 | 749
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both materials were formed by assembly of 3-Keggin-type zin-
comolybdate, [ZnMo12O40], where one Zn–O tetrahedron was
surrounded by 12 Mo–O octahedra. TEM showed that the
distance of the (1 1 1) plane was close to each other, indicating
that the basic structures of the materials were the same (Fig. 3c
and d), and in good agreement with the results of structural
analysis.

The difference between the two oxides was the countercations,
because cation species of the startingmaterials were different. The
void space surrounded by the frameworks of Na–Mo–Zn oxide and
NH4–Mo–Zn oxide was occupied by guest species, including water
and sodium ions for Na–Mo–Zn oxide and water and ammonium
cations for NH4–Mo–Zn oxide, in the as-synthesized materials.
FT-IR spectra of the materials showed peak maxima of 1620 cm�1

and 1400 cm�1, corresponding to water and ammonium cations in
thematerials (Fig. 2b). The amounts of sodium and ammonium in
the materials of Na–Mo–Zn oxide and NH4–Mo–Zn oxide were the
same (1.5 per POM unit).

Micropores were constructed by cages and channels, and the
cages were connected with the channels in a tetrahedral fashion
to build a 3D pore system (Fig. 1c). The numbers of cages and
channels per POM were 1 and 2, respectively.

Heat treatment could remove the existing water from
Na–Mo–Zn oxide and water and NH4

+ from NH4–Mo–Zn oxide.
TPD-MS was applied to investigate desorption of guest mole-
cules from the as-synthesized materials (Fig. S10a and b†). The
mass numbers m/z of 16 and 18 corresponded to ammonia and
water, respectively. In the case of NH4–Mo–Zn oxide, the TPD-
MS prole (m/z ¼ 16) revealed only one peak with a peak
maximum at 600 K, indicating desorption of ammonia at 600 K.
Na–Mo–Zn oxide did not contain any ammonia in the structure.
Aer removal of ammonia from NH4–Mo–Zn oxide, protons
remained in the structure to make charge balance. There were
two water desorption peaks, whose peak maxima were at about
400 K and 600 K, in both materials. For Na–Mo–Zn oxide, Na+

could not be removed by heating and remained in the structure
aer heating. TG-DTA proles indicated the weight loss of the
materials during heating. The total weight loss of Na–Mo–Zn
oxide was 7.5% and that of NH4–Mo–Zn oxide was 10.7%
(Fig. S10c and d†).

Thermal stability and hydrothermal stability

Thermal stability of the materials was tested. The materials
were calcined under N2 ow (50 mL min�1) for 2 h at 473 K, 523
K, 573 K, and 623 K (NH4–Mo–Zn oxide only). The resulting
materials were characterized by powder XRD. Na–Mo–Zn oxide
was stable at 473 K, and it started to decompose at 523 K as the
diffraction peak of (111) decreased dramatically (Fig. S11A†).
Compared with Na–Mo–Zn oxide, NH4–Mo–Zn oxide was ther-
mally more stable, whose structure did not change at 523 K.
Further heating would collapse the structure (Fig. S11B†).

Hydrothermal stability of the materials was also tested. The
material (0.15 g) was dispersed in water (20 mL) followed by
introducing the mixture into a 50 mL autoclave, and then the
autoclave was heated for 24 h at 373 K, 413 K, 448 K, and 503 K
in an oven. XRD showed that the peak intensities of both

materials almost did not decrease aer hydrothermal treat-
ments, indicating that the crystallinity of the materials did not
drastically decrease (Fig. S11C and D†). However, the recovery
rate of Na–Mo–Zn oxide decreased with increase in the treat-
ment temperature, demonstrating that the material slowly dis-
solved in water during the hydrothermal treatment (Fig. S11E†).
In the case of NH4–Mo–Zn oxide, the recovery rate of the
material was higher than that of Na–Mo–Zn oxide. The material
was stable under the hydrothermal conditions below 448 K
(Fig. S11E†).

BothMo–Zn oxides were thermally stable at 473 K (Fig. S11†).
It was found that calcination at 473 K for 2.5 hours under a high
vacuum could remove water and NH3 without collapse of the
structure. The remaining guest molecules, water in the calcined
material of Na–Mo–Zn oxide (Cal–Na–Mo–Zn oxide) and NH4

+

and water in calcined NH4–Mo–Zn oxide (Cal–NH4–Mo–Zn
oxide), were estimated by TPD measurement (Fig. S12†). In the
case of Na–Mo–Zn oxide, 63% of the water was removed by
heating. Heating of NH4–Mo–Zn oxide removed 41% of the
water and 65% of NH3. The chemical formulae of Cal–NH4–Mo–
Zn oxide and Cal–NH4–Mo–Zn oxide were estimated to be
Na1.5H11.4[Zn

IIMoVI
1.1MoV

10.9O40{Zn
II
2}]$2H2O and (NH4)0.5H9.6-

[ZnIIMoVI
4MoV

8O40{Zn
II
2}]$3.5H2O, respectively. The amounts of

guest species in the two calcined Mo–Zn oxides were similar,
3.5–4 per POM unit (Table S6†).

Adsorption properties

N2 sorption measurements of both calcined oxides showed a
sudden N2 uptake at very low relative pressure (p/p0 ¼ 0.001),
indicating that the materials were microporous materials
(Fig. S13a and Table S7†). Pore size distribution calculated by
the SF method further demonstrated that both Mo–Zn oxides
were microporous materials (Fig. S13b†). The adsorption
properties of Cal–Na–Mo–Zn oxide and Cal–NH4–Mo–Zn oxide
were further studied by small molecule adsorption. The mate-
rials selectively adsorbed different kinds of small molecules
based on the size of the molecules. Fig. 4 shows the adsorption
isotherms of CH4, CO2, C2H6, and C3H8 on the materials at 298
K. The results indicated that the materials adsorbed small
molecules including CH4, CO2 and C2H6 with kinetic diameters
of 0.38, 0.33, and 0.40 nm, respectively, whereas a larger
molecule of C3H8 with a kinetic diameter of 0.42 nm was not
adsorbed by either of the materials.

Surface areas of the materials were calculated by the BET
method from CO2 adsorption isotherms to be 88 m2 g�1 and
68 m2 g�1 for Cal–Na–Mo–Zn oxide and Cal–NH4–Mo–Zn oxide,
respectively. Pore volumes for Cal–Na–Mo–Zn oxide and Cal–
NH4–Mo–Zn oxide were estimated by the DAmethod45 from CO2

adsorption isotherms to be 0.039 cm3 g�1 and 0.033 cm3 g�1,
respectively. For Cal–Na–Mo–Zn oxide, about 1.84 of CO2,
0.86 of CH4, and 1.04 of C2H6 per POM unit were adsorbed. For
Cal–NH4–Mo–Zn oxide, about 1.44 of CO2, 0.89 of CH4, and 0.99
of C2H6 per POM unit were adsorbed (Table 1).

Moreover, Mo–Zn oxide with NH4
+ was obtained by an ion-

exchange process (NH4–Na–Mo–Zn oxide). Here we used a high
dosage of NH4Cl expecting to replace all Na+ in Na–Mo–Zn
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oxide. XRD pattern and FT-IR spectra conrmed that the basic
structure of NH4–Na–Mo–Zn oxide was the same as those of the
other two Mo–Zn oxides (Fig. 2). The appearance of an IR band
at 1400 cm�1 indicated that NH4

+ was successfully introduced
into Na–Mo–Zn oxide. Elemental analysis demonstrated that
there was still Na+ in the material and the chemical formula of
as-synthesized NH4–Na–Mo–Zn oxide was (NH4)1.4-
Na0.1H11.4[ZnMo12O40{Zn2}]$5.5H2O. Aer calcination at 473 K
(denoted as Cal–NH4–Na–Mo–Zn oxide), TPD-MS (Fig. S12d and
e†) indicated that the chemical formula of the calcined material

was (NH4)1.4Na0.1H11.4[ZnMo12O40{Zn2}]$3H2O and most of the
NH4

+ remained.
Molecule adsorption was also carried out on Cal–NH4–Na–

Mo–Zn oxide, showing that the material could also adsorb small
molecules (Fig. 4). Compared to other two Mo–Zn oxides, the
adsorption capacity of Cal–NH4–Na–Mo–Zn oxide was lower,
which might have resulted from remaining NH4

+ and water in
the Cal–NH4–Na–Mo–Zn oxide (Table S6†). Therefore, we would
like to use Cal–NH4–Mo–Zn oxide and Cal–Na–Mo–Zn oxide for
further experiments.

CO2 and CH4 adsorption. CO2 uptake in both materials
sharply increased in the low pressure range (<1 kPa), indicating
that both Mo–Zn oxides had strong interactions with CO2, and
both materials showed high CO2 adsorption capacity (19
cm3(STP) g�1 for Na–Mo–Zn oxide and 15 cm3(STP) g�1 for
Cal–NH4–Mo–Zn oxide at 100 kPa) (Fig. 4a and b). In the case of
CH4 adsorption, the molecule uptake in the low pressure range
increased gradually, indicating that the materials showed
weaker interaction with CH4 than that with CO2 (Fig. 4c and d).
Both calcined Mo–Zn oxides adsorbed CO2 at a low pressure (<1
kPa), whereas they could not adsorb CH4 at such a low pressure.

The enthalpy of adsorption was calculated using the Clau-
sius–Clapeyron equation, which is shown in Fig. 5. The
enthalpies of CO2 and CH4 adsorption for Na–Mo–Zn oxide were
calculated to be 46–65 kJ mol�1 and 18–30 kJ mol�1, respec-
tively. The enthalpies of CO2 and CH4 adsorption for NH4–Mo–
Zn oxide were calculated to be 35–45 kJ mol�1 and 25–30 kJ
mol�1, respectively. The enthalpy of CO2 adsorption in both
materials was higher than that of CH4 adsorption, indicating
that the materials strongly interacted with CO2 but weakly
interacted with CH4.

CO2 adsorption isotherms of Cal–Na–Mo–Zn oxide and
Cal–NH4–Mo–Zn oxide were different. Cal–Na–Mo–Zn oxide
showedmuch higher adsorption capacity than that of Cal–NH4–

Mo–Zn oxide not only at a high pressure but also at a low
pressure (<1 kPa), at which adsorption in micropores occurred
(Fig. 4a and b). The enthalpy of CO2 adsorption (Fig. 5) for Cal–
Na–Mo–Zn oxide (46–65 kJ mol�1) appeared to be higher than
that of CO2 for Cal–NH4–Mo–Zn oxide (35–45 kJ mol�1), indi-
cating that Na+ in Cal–Na–Mo–Zn oxide showed stronger
interaction with CO2 than did protons or ammonium cations in
Cal–NH4–Mo–Zn oxide.

On the other hand, adsorption isotherms of CH4 in Cal–Na–
Mo–Zn oxide and Cal–NH4–Mo–Zn oxide were almost the same.
For both calcined Mo–Zn oxides, about 10 cm3 g�1 of gas
molecules was adsorbed at 298 K and at 100 kPa. Enthalpies of

Fig. 4 Adsorption isotherms of (a and b) CO2, (c and d) CH4, (e and f)
C2H6, and (g and h) C3H8 at 298 K – black: Cal–Na–Mo–Zn oxide, red:
Cal–NH4–Mo–Zn oxide, and blue: Cal–NH4–Na–Mo–Zn oxide.

Table 1 Numbers of small molecules per POM unit adsorbed in the materials at 100 kPaa

POM unit CO2 CH4 C2H6 C3H8

Cal–Na–Mo–Zn oxide ZnMo12O40 1.84 0.86 1.04 0.11
Cal–NH4–Mo–Zn oxide ZnMo12O40 1.44 0.89 0.99 0.16
Cal–NH4–Na–Mo–Zn oxide ZnMo12O40 1.58 0.63 0.63 0.30

a The values were calculated by the equation: number of molecule adsorbed ¼
adsorbed amount ðcm3 g�1Þ � molecule weight of the materialðg mol�1Þ

22 400ðcm3 mol�1Þ
.
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CH4 adsorption for Cal–Na–Mo–Zn oxide (18–30 kJ mol�1) and
Cal–NH4–Mo–Zn oxide (25–30 kJ mol�1) were almost the same.
Therefore, Na+ did not affect the adsorption of CH4 in the
materials.

It was reported that the electronic properties of CO2 and CH4

caused the different adsorption behaviors. CO2 has a large
quadrupole moment (13.4 � 10�40 cm2), whereas CH4 is non-
polar.46 The large amount of CO2 adsorption and the strong
interaction of CO2 with frameworks were attributed to large
quadrupole moment of CO2 molecules,47 which resulted in a
relatively strong attraction to the electrostatic eld of frame-
works.48 Cation species would have inuence on the adsorption
of CO2. The effect of a cation is complicated. In some reports, it
was claimed that the enhancement of CO2 adsorption aer
introducing alkaline metal ions is due to increase in the basicity
of the material.48 In other reports, this was ascribed to alkaline
metal ions with high positive atomic partial charge, which
strongly interacted with CO2.49

In the present study, partial atomic charges of Na–Mo–Zn
oxide and NH4–Mo–Zn oxide were analyzed by DFT calculations,
and the results are shown in Tables S8 and S9.† Frameworks of
the materials were covered with oxygen atoms that were all
negatively charged. Countercations such as protons and Na+ in
the material were positively charged. This framework would
display an electrostatic eld, and therefore CO2 would have
stronger electrostatic interactions than CH4 with the frame-
work. Furthermore, the atomic charge of Na+ was much higher
than that of protons in the material, indicating stronger inter-
actions between Na+ and CO2.

Monte Carlo simulation. A primitive cell of Cal–Na–Mo–Zn
oxide contained 2 POM units of [ZnMo12O40] with 2 cages, 23
protons and 3 Na+. Assuming that Na+ were located in two
cages of the material, one cage contains two Na+ (cage A) and

another cage contains the other Na+ (cage B) (Fig. 6a). Monte
Carlo simulation was performed on Cal–Na–Mo–Zn oxide to
estimate affinity of CO2 with Na+. CO2 was loaded one by one
during the simulation. It was found that the rst CO2 was
located in cage A and the second CO2 was located in cage B
(Fig. 6b and c). In cage A, these two Na ions were bridged by
CO2 in a m–h1–h1 fashion, as shown in Fig. 6b and c. The
distance between the Na+ and the carbon atoms of CO2 was
calculated to be 2.35 Å, indicating that CO2 strongly interacted
with Na+ in cage A. Adsorption energies estimated by Monte
Carlo simulation for CO2 in cage A (Fig. 6b) and CO2 in cage B
(Fig. 6c) were 53 and 41 kJ mol�1, respectively. The results of
calculation were consistent with the observed trend of
adsorption enthalpy of CO2 in the material. In the case of CH4,
it was rst lled in cage B, because cage B had more space and
CH4 had weak electrostatic interactions with Na+ (Fig. 6d and
e). The adsorption energy from Monte Carlo simulation for
CH4 in both sites was 24 kJ mol�1, also indicating that CH4

would weakly interact with Na+.
Co-sorption and separation experiments. CO2 exists widely

in landll gas. CO2 selective adsorption from a CO2/CH4

mixture is of great importance for improvement of gas quality.
Co-adsorption experiments were carried out on Cal–Na–Mo–Zn

Fig. 5 Enthalpy of CO2 and CH4 adsorption for Cal–Na–Mo–Zn oxide
and Cal–NH4–Mo–Zn oxide – black: Cal–Na–Mo–Zn oxide adsorbed
CO2, red: Cal–Na–Mo–Zn oxide adsorbed CH4, blue: Cal–NH4–Mo–
Zn oxide adsorbed CO2, and purple: Cal–NH4–Mo–Zn oxide adsorbed
CH4.

Fig. 6 Representations of adsorbed structures of Cal–Na–Mo–Zn
oxide from Monte Carlo simulation – upper: ball-and-stick repre-
sentations and lower: schematic representations. (a) Primitive cell with
cage A and cage B, (b) Cal–Na–Mo–Zn oxide adsorbed first CO2, (c)
Cal–Na–Mo–Zn oxide adsorbed second CO2, (d) Cal–Na–Mo–Zn
oxide adsorbed first CH4, and (e) Cal–Na–Mo–Zn oxide adsorbed
second CH4 – blue sphere: Mo, purple sphere: Zn, red sphere: O,
white sphere: H, gray sphere: C, and green sphere: Na.
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oxide and Cal–NH4–Mo–Zn oxide under both high pressures
(125.2 and 127.5 kPa of equilibrium total pressures) and low
pressures (1.5 and 1.6 kPa of equilibrium total pressures) at 298
K. The initial ratio of CO2 and CH4 was 40 : 60, a typical
composition of biogas.50 According to the individual adsorption
isotherms, in the low pressure range, the materials might show
high separation efficiency of CO2.

Equilibrium total pressure, total adsorbed amount, CO2

and CH4 partial pressures, and CO2 and CH4 adsorbed
amounts are shown in Fig. 7. Under high pressure conditions,
both materials adsorbed more CO2 than CH4. When the
materials continued to be le under mixed gas pressure, they
further adsorbed CO2, while CH4 desorbed from the materials
(Fig. 7a and b), indicating that adsorbed CH4 was partly
replaced by CO2. Moreover, Cal–Na–Mo–Zn oxide (15 cm3 g�1

at the h co-sorption equilibrium) tended to adsorb more
CO2 than did Cal–NH4–Mo–Zn oxide (11 cm3 g�1 at the h co-
sorption equilibrium). Under low pressure conditions, the two
materials adsorbed similar amounts of CO2 and CH4. With
prolongation of the adsorption process, Cal–Na–Mo–Zn oxide

further adsorbed CO2 and concurrently desorbed CH4, while
Cal–NH4–Mo–Zn oxide adsorbed both CH4 and CO2 (Fig. 7c
and d).

CO2 selectivity of the nal equilibrium (5th equilibrium data
in Fig. 7) for the material was calculated and is summarized in
Table 2. Cal–Na–Mo–Zn oxide showed higher selectivity to CO2

adsorption than that of Cal–NH4–Mo–Zn oxide under both high
and low pressure conditions. Co-sorption experiments demon-
strated that Cal–Na–Mo–Zn oxide had better performance of
CO2 separation than that of Cal–NH4–Mo–Zn oxide.

Table S10† summarizes the performance of different adsor-
bents, such as zeolites, MOF materials, and other porous
materials, for CO2 selective adsorption from a CO2/CH4mixture.
CO2 selectivity of Cal–Na–Mo–Zn oxide was higher than that of
the reported materials in Table S10,† which indicated that
Cal–Na–Mo–Zn oxide was a good candidate for CO2 selective
adsorption and separation.

Furthermore, Cal–Na–Mo–Zn oxide was successfully applied
to GC separation of CO2 from a CO2/CH4 mixture. The gas
mixture (CO2 : CH4 ¼ 1 : 1) was injected into a gas chromato-
graph equipped with a column lled with Na–Mo–Zn oxide. As
shown in Fig. 8, CH4 and CO2 were separated within a few
minutes at 363 K. The peak of CO2 appeared slower and was
broader than that of CH4, indicating that the material had
stronger interactions with CO2 than with CH4.

Fig. 7 CO2/CH4 co-sorption results of (a) Cal–Na–Mo–Zn oxide at
high pressure, (b) Cal–NH4–Mo–Zn oxide at high pressure, (c)
Cal–Na–Mo–Zn oxide at low pressure, and (d) Cal–NH4–Mo–Zn
oxide at low pressure– black square: system total pressure (x-axis) and
adsorbed amount (y-axis), red cycle: CH4 partial pressure (x-axis) and
adsorbed amount (y-axis), and blue triangle: CO2 partial pressure (x-
axis) and adsorbed amount (y-axis).

Table 2 CO2/CH4 co-sorption in the materialsa

Entry Material pe
b (kPa)

Ratio in gas phase (%) Ratio in adsorbed phase (%)

CO2 selectivityCO2 CH4 CO2 CH4

1 Cal–Na–Mo–Zn oxide 1.5 1.70 98.3 47.4 52.6 52
2 Cal–Na–Mo–Zn oxide 125.2 24.4 75.6 96.0 4.0 75
3 Cal–NH4–Mo–Zn oxide 1.6 7.80 92.2 47.7 52.3 11
4 Cal–NH4–Mo–Zn oxide 127.5 31.0 69.0 79.8 20.2 9

a These are 5th equilibrium data. b pe denotes the equilibrium total pressure.

Fig. 8 Gas chromatograms of a gas mixture of CO2 and CH4 sepa-
rated on a column of Cal–Na–Mo–Zn oxide.
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Conclusion

The materials of Cal–Na–Mo–Zn oxide and Cal–NH4–Mo–Zn
oxide adsorbed small molecules including CO2, C2H6, and CH4.
Both oxides selectively adsorbed CO2 from the CO2/CH4

mixture, because the materials showed higher adsorption
capacity of CO2 than that of CH4. Cal–Na–Mo–Zn oxide showed
stronger interactions with CO2 than Cal–NH4–Mo–Zn oxide
did, while both oxides showed similar interactions with CH4.
Co-sorption experiments showed that selectivity of CO2 on
Na–Mo–Zn oxide was higher than that on Cal–NH4–Mo–Zn
oxide. Cal–Na–Mo–Zn oxide was applied to GC separation, and
CO2 could be efficiently separated from the CO2/CH4 mixture by
using the material.
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ABSTRACT: Resorcinol−formaldehyde carbon gels (RFCs) show several advanta-
geous properties as a catalyst support over other carbons, as their pore volume and
pore size can be readily tailored, for example, via CO2 activation. In this study, RFCs
were synthesized with various activation degrees (burn-off) as 0, 37, 58, and 88%
and used as the support for a PtRu anode electrode; a commercial Pt2Ru3/C anode
catalyst was used as a reference. The catalysts were characterized by powder X-ray
diffraction (PXRD), BET surface area, transmission electron microscopy (TEM),
and scanning transmission electron microscopy (STEM). The performance and CO
tolerance of the obtained catalysts were tested through single cell performance
analysis with CO contaminations ranging from 100 to 2000 ppm. The prepared
Pt2Ru3/RFC catalysts showed superior CO tolerance. Especially Pt2Ru3/RFC
prepared using an RFC with a burn-off of 58% (RC1000Ac58) showed the highest
performance and best CO tolerance. The activation degree could affect the volumes
and sizes of mesopores and micropores, resulting in differences in size and
dispersion of PtRu particles, and accessibility to the particles both of which govern the performance and CO tolerance of the
catalysts. Pt2Ru3/RC1000Ac58 showed the highest cell voltage of 0.787 V and highest CO tolerance at 2000 ppm of CO (0.655
V, only 16.8% overvoltage). Supporting PtRu particles by using a carbon support with an optimum activation degree could be a
practical method to improve the performance and CO tolerance of a PtRu electrocatalyst.

1. INTRODUCTION

Polymer electrolyte fuel cells (PEFCs) are considered to
become promising energy storage devices because of their low
operating temperature, high power density, and lightweight.
Key technologies for automotive, stationary, and portable
applications have been developed in academic, institutional, and
industrial sectors.1 In Japan, residential PEFC systems have
been developed rapidly during the last 10 years. Osaka Gas has
commercialized a residential gas engine cogeneration system,
also known as CHP (combined heat and power) in March,
2003. And recently, a 0.7−1.0 kW class PEFC cogeneration
system has become available in the Japanese residential
market.2 A joint-project led by Panasonic and Tokyo gas also
has reported a significant development in residential PEFC.3

Many other countries around the world also have been
developing this battery system.4−6

In order to utilize a PEFC for residential applications, the
fuel source is the most important factor. Natural gas appears to
be the best fuel, as it is a hydrogen-rich gas. The primary route
for the reforming of natural gas fuel for PEFC applications is
steam reforming. However, fuel obtained through this route
contain CO, which is an undesired byproduct because it
strongly adsorbs onto the Pt surface that is used in a PEFC, and

seriously hinders the hydrogen oxidation reaction (HOR)
which occurs at the anode Pt catalyst layer.7,8 Electrode
catalysts insensitive to CO poisoning are thus desired. For more
than 30 years since its discovery, the only catalyst that can
endure CO for practical uses has been a carbon-supported Pt−
Ru bimetallic catalyst. The function of Ru is to generate oxygen
containing species, or to weaken Pt−CO bonding by reducing
the d-electron deficiency of Pt atoms.9 Because of the limited
availability of Ru, other metals that can substitute Ru have been
sought after for more than a decade.10−12 Although there has
been significant effort to develop multimetallic Pt-based anode
electrocatalysts with higher CO tolerance, the common use of
PtRu bimetallic catalysts for anodes only permits less than 100
ppm of CO at the anode inlet.13

The previous study on the CO tolerance of PtRu anode
catalysts clarified the effect of Pt/Ru ratio, alloying degree and
particle size. It was found that, in order to obtain a high CO
tolerant PtRu catalyst, its alloying degree should be high, its
particle size should be about 3−5 nm, and its Pt/Ru ratio
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should be 2:3. And also, it was shown that the size and alloying
degree can be controlled by adjusting the condition of the
preparation and heat treatment processes.14−16 Moreover, the
structure of the catalyst support could influence the physical
and electrical properties of the catalyst significantly considering
concept of strong metal support interactions (SMSI).17,18 To
investigate the effects of support, we chose resorcinol−
formaldehyde (RF) resin derived carbon gels because we can
tailor its surface area porosity by adjusting synthesis conditions.
Pekala et al. reported the successful synthesis of carbon

aerogels by carbonization of resorcinol−formaldehyde resins
and suggested that carbon aerogels are suitable for a number of
electrochemical applications due to their monolithic structure,
high surface area, controllable pore size, and low electrical
resistance. The structure and properties of carbon aerogel
electrodes depend upon synthesis conditions, pyrolysis temper-
ature, activation procedure, and the presence of selected
dopants.19,20

Tamon et al. demonstrated the controlling of the
mesoporous structure of aerogels by adjusting the molar ratio
of resorcinol to Na2CO3 used as the catalyst (R/C) and the
ratio of resorcinol to distilled water used as the diluent (R/W)
in the polycondensation process.21 Mesopore volume can be
controlled by adjusting the carbonization temperature. K.
Kraiwattanawong et al. found that the solvent exchange prior to
drying of hydrogels can reduce the pore shrinkage caused by
capillary forces and enhance mesoporosity of carbon xerogels.22

Marie et al. have investigated many carbon aerogels for
cathode electrodes and demonstrated that the texture of the
carbon support of the cathode has a significant impact on the
performance of the resulting MEA, especially the gas diffusion
rate can be improved by more than a factor of 2.23 Job et al.
reported that carbon xerogels which are very simple to prepare,
could replace carbon aerogels previously used in the same
system without decreasing the performances.24

Recently, some researchers reported the effects of the
structure of the carbon support on the performance of the
PtRu anode catalyst. It was found that surface area, pore
volume and accessibility to PtRu particles highly affects the
efficiency of electrocatalyst.25−27 However, how the structure of
the carbon support affects the formation of PtRu particles and
how it affects the CO tolerant of the resulting catalyst is not yet
understood.
The aim of this present study is to clarify how the activation

degree of the catalyst support affects the performance and CO
tolerance of a carbon-gel base PtRu anode catalyst. Single cell
analysis was conducted using fuels containing 0−2000 ppm of
CO, and the results were compared with a well-known high CO
tolerant commercial catalyst.

2. EXPERIMENTAL SECTION
2.1. Resorcinol-Formaldehyde Carbon Gel Prepara-

tion. Resorcinol−formaldehyde (RF) solutions were prepared
from resorcinol (R), formaldehyde (F), sodium carbonate (C),
and distilled water (W). The molar ratios of resorcinol to
catalyst (R/C), and resorcinol to formaldehyde (R/F), and the
mass to volume ratio of resorcinol to water (R/W) were fixed
to 1000 mol/mol, 0.5 mol/mol, and 0.5 g/mL, respectively.
The prepared RF solutions were first kept at room temperature
until they transformed to gels. Then, the obtained RF hydrogels
were aged at 60 °C for 3 days. Solvent was then exchanged by
immersing the RF hydrogels in t-butanol kept at 60 °C for 3
days, the solvent was replaced every day. Then, the RF

hydrogels were dried at 120 °C for 3 days before being
carbonized. Carbonization was conducted in a 100 cm3-STP
min−1 (ccm) flow of nitrogen gas. Samples were heated up to
250 °C at a 250 °C/h heating rate, and were kept at this
temperature for 2 h. Heating was then continued at a rate of
250 °C/h until the temperature reached 1000 °C, and the
temperature was kept constant for 4 h. Activation was carried
out in a 20 ccm CO2 and 100 ccm N2 flow at 1000 °C.
Activation degree (or burn-off ratio) was calculated as followed
Activation degree = weight loss after activation × 100/weight
before activation.
RF Carbons were named by their R/C ratio and activation

degree, for example, RC1000ac0 denotes that the carbon was
prepared at an R/C ratio of 1000 without activation and
RC1000ac58 indicates that the carbon was prepared under the
same R/C ratio but was activation to a burn-off of 58%.

2.2. Preparation of Pt2Ru3 Anode Catalysts. The Pt2Ru3
anode catalyst were prepare through a three-step process. In the
first step, the preparation of Pt/RC1000ac58, 189.6 mg of
Pt(NH3)2(NO2)2 solution (4.554 wt % Pt, Tanaka Kikinzoku
Kogyo) and 283.7 mg of RC1000ac58 283.7 mg in were mixed
with 300 mL distilled water in a three-neck flask at room
temperature (20 °C) for 1 h, Pt was then reduced by adding 30
mL of ethanol to the mixture and heating the mixture up to 95
°C followed by holding the mixture at this temperature
overnight. After that, the catalysts were filtered out and washed
with distilled water. Then the catalysts were dried in air at 80
°C for 10 h. In the second step, for example for the preparation
of Pt2Ru3/RC1000ac58, 303.8 mg of RuCl3·nH2O (99.9%,
Wako) was dissolved in 100 mL distilled water and the
obtained solution was mixed with Pt/RC1000ac58 at room
temperature for 1 h. Then Ru was reduced by adding 20 mL of
methanol to the mixture and heating the mixture up to 70 °C,
followed by holding the mixture at this temperature overnight.
After that, the obtained catalysts were filtered and washed with
distilled water. Then the catalysts were dried in N2 at 80 °C for
10 h. In the final step, the heat treatment process, the catalysts
were reduced in H2/Ar (5% H2) at room temperature for 1 h
followed by rapid heating in He up to 880 °C within 12 min.
The oven was turned off when the temperature reached 880 °C
to cool the catalysts immediately. Then, the catalysts were
reduced again in H2/Ar (5% H2) at 150 °C for 2 h. Pt2Ru3/
RC1000ac0, Pt2Ru3/RC1000ac37 and Pt2Ru3/RC1000ac88
were also prepared by the same method. A commercial catalyst
Pt2Ru3/TKK TEC61E54 (Pt 29.6%, Ru 23.0%, Tanaka
Kikinzoku Kogyo) was used as received for comparison.

2.3. Physical Characterization. In order to estimate the
PtRu metal crystallite size, XRD patterns of the catalysts were
measured using a powder X-ray diffractometer (RIGAKU,
RINT 2000). The tube current used for Cu Kα radiation was
40 mA and the tube voltage was 40 kV. The angular region of
the 2θ scan was set between 10° and 85°, and the scan rate was
1° min−1. The peak profile of the (2 2 0) reflection of Pt fcc
structure was fitted with a Gaussian function. The crystallite
sizes were evaluated from the position and width of the
optimum Gaussian functions. Catalyst morphology was also
investigated by using a Hitachi HD-2000 a scanning trans-
mission electron microscope (STEM) instrument with an
electron energy of 200 kV and a beam current of 30 μA.
Transmission electron microscopy (TEM) images were
obtained with a JEM-2000FX (JEOL) equipped with LaB6
filament using an accelerating voltage of 200 kV.
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2.4. MEA Preparation and Single Cell Performance
Testing. For preparation of the membrane electrode assembly
(MEA), carbon paper (P50T) was used as the backing layers of
the anode and cathode. Anode catalyst inks were prepared by
dispersing PtRu/RC1000 catalysts in 4 drops of distilled water
and ethanol with Nafion solution (5 wt % dispersion, Aldrich).
Cathode catalyst ink was prepared by dispersing commercial
catalyst TEC61E54, 54 wt % PtRu in distilled water and
ethanol with Nafion. In both electrodes, the catalysts were
painted onto each electrode at a metal loading of 0.5 mg cm−2,
followed by a coating of Nafion at density of 0.5 mg cm−2.
Finally, the anode and cathode (22 × 22 mm2) 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.
The MEA was assembled into a single cell with flow field

plates made of graphite and copper end plates attached to a
heater (FC05-01SP, ElectroChem, Inc.). The single cell was
connected to fuel cell test equipment (Chino Corp.). Pure H2
(or H2/CO mixture) and O2 were supplied at flow rates of 80
mL/min to the anode and cathode, respectively, at ambient
pressure. During the measurement, the anode and cathode
humidifiers were set at 70 and 68 °C, respectively, and a single
cell was operated at 70 °C.
2.5. CO Tolerance Experiment. The CO tolerance

experiments were performed basically under the same
conditions as single cell performance tests. But the current
density was fixed at (0.2 A cm−2). Experiments were conducted
by first providing pure H2 for 1 h and then 100 ppm of CO was
introduced in the H2 flow for 2 h. Next, the CO concentration
was increased to 500, 1000, and 2000 ppm at an interval of 2 h.

3. RESULTS AND DISCUSSION
3.1. Structural Characterization- BET. Table 1 shows the

surface area of RF carbon RC1000 with various activation

degrees from ac0 to ac88. As the activation degree was
increased, the surface area and average pore diameter increased.
Carbon RC1000Ac0 has a surface area of 633 m2g−1, which is
smaller than that of the carbon support of the commercial
catalyst (823 m2g−1). With an increase in activation degree
from 37 to 88, surface areas increased from 1671 to 3429
m2g−1.
3.2. Structural Characterization by XRD. Figure 1 shows

the XRD patterns of Pt2Ru3/RC1000 with various activation
degrees from ac0 to ac88 and the Pt2Ru3 commercial catalyst.
All XRD data were summarized in Table 2. The peaks
positioned at 2θ degrees of 39.2, 42.9 and 67.5° (corresponding
d-spacings are 2.30, 2.11, and 1.39 Å, respectively), can be
respectively assigned to the (111), (200), (220), and (311)
planes of the face-centered cubic (fcc) crystal structure. The

crystallite sizes were estimated from the (220) plane using the
Scherer’s equation because there are no interferences from the
carbon background. Pure 50 wt % Pt/RC1000ac48 was
analyzed as a reference.
All diffractograms show the three peaks. These d-spacings are

close to those characteristic of (111), (200),and (220) planes of
the face-centered cubic (fcc) crystal structure Pt metal but
shifted slightly. Thus, the results indicate all of the samples have
a similar degree of alloying of Pt with Ru.
It was found that Pt2Ru3 commercial catalyst has the largest

PtRu particles (3.48 nm), followed by Pt2Ru3/RC1000ac88 and
Pt2Ru3/RC1000ac37 (2.94 and 2.86 nm, respectively). The
crystallite size of Pt2Ru3/RC1000ac58 was calculated to be 2.81
nm, and that of Pt2Ru3/RC1000ac0 was the smallest and was
2.48 nm. In the case of peak position, Pure 50 wt % Pt/
RC1000ac48 peak of (220) plane at 67.5°.
A larger surface area was expected to result in a smaller PtRu

crystallite size but from BET and XRD data, this was not the
case. For example, the crystallite size of Pt2Ru3/RC1000ac88
which has the largest surface area but the crystallite size was
2.86 nm, larger than or almost equal to that of Pt2Ru3/
RC1000ac58 (2.81 nm), which has a much smaller surface area.
As another example, the crystallite size of Pt2Ru3/RC1000ac0 is
smaller than that of the commercial catalyst even though it has
the smallest surface area. Therefore, the surface area of the
support may not be the major factor which governs the
crystallite size.

Table 1. Relation between Activation Degree and Surface
Area

RF gel RC 1000
surface area of support

(m2g‑1)
AVG pore diameter

(nm)

Ac 0 633 0.52
Ac 37 1671 0.57
Ac 58 2775 0.79
Ac 88 3429 1.22
Commercial
Catalyst

823

Figure 1. XRD patterns of Pt2Ru3-commercial catalyst and prepared
catalysts.

Table 2. XRD Peak Positions for (220) Plane of Pt Metal in
the Supported Pt2Ru3 and Calculated Metal Crystal Sizes

catalyst
Pt (220) peak position (2θ)

(deg)
crystallite size

(nm)

Ac 0 68.75 2.48
Ac 37 69.15 2.86
Ac 58 69.47 2.81
Ac 88 69.14 2.94
commercial catalyst 68.83 3.48
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3.3. Structural Characterizations-STEM. In order to
understand how PtRu particles are formed on the surface of the
catalyst support, STEM technique was used. Figure 2A−F

shows STEM pictures of the Pt2Ru3 commercial catalyst,
Pt2Ru3/RC1000ac0, Pt2Ru3/RC1000ac37, Pt2Ru3/
RC1000ac58, and Pt2Ru3/RC1000ac88, respectively. Since
only the micropore structure is changed by activation except
for Pt2Ru3/RC1000ac88 (Figure 2E,F, 88% activation degree),
macro and mesopore structures are essentially identical. The
comparison of the Pt2Ru3 commercial catalyst and all prepared
catalysts clearly shows that the dispersion of metal particles on
the surface of prepared catalysts are much better than the
commercial one. It should be noted that all catalysts were
prepared based on the same metal content of about 53%.
Figure 2B−E shows that the carbon structures of the

prepared catalysts were quite the same because all catalysts
were prepared from the same RC1000 carbon through the same
preparation process. It was observed that the PtRu particle size
of Pt2Ru3/RC1000ac0 was much larger than other catalysts
(different from PXRD results).
Unfortunately, in Figure 2F (bright field mode), the

existence of agglomerated particles can be confirmed. Many
pictures of Pt2Ru3/RC1000ac88 showed agglomerated particles
located inside the carbon but not on its surface. It is possible
that sintering occurred as the micropores within the carbon are
interconnected. Activation degree increases surface area via
introduction of additional micropores but it was confirmed by
STEM that the basic structure of RF carbons was not changed
significantly.

3.4. Structural Characterizations by TEM. Figure 3
shows the TEM pictures of the prepared catalysts and the
commercial catalyst. Particle size distribution obtained from
TEM pictures are also shown. The distributions focus on the
range of 1−6 nm, as particles must have sizes in the range about
3−5 nm to show high catalytic activities16. About 200 particles
per catalyst were measured to obtain these distributions. In
Figure 3A, TEM picture of the commercial catalyst; large metal
particles with sizes around 9 nm can be found. The sizes of the
metal particles were not uniform, ranging from 2 to 12 nm.
Figure 3B, the TEM picture of Pt2Ru3/RC1000ac0, a catalyst
with a lower surface area than commercial catalyst, shows that
the PtRu particles are not uniform but the sized are a little bit
smaller, in the range of 1−10 nm. Figure 3C reveals that the
sizes of metal particles in Pt2Ru3/RC1000ac37 are much
smaller (1−5 nm) and are quite uniform, Figure 3D, shows that
Pt2Ru3/RC1000ac58 has the most uniform sized particles in the
range of 1−4 nm. As shown in Figure 3E, although Pt2Ru3/
RC1000ac88 has the largest surface area, the size of its PtRu
particles is not as uniform as those of Pt2Ru3/RC1000ac58. It
was found that the size of the metal particles size between 1 and
8 nm and a large particle (30 nm) was also found. This is
consistent with Figure 2F.
These results clearly show that all the prepared catalysts have

a narrower PtRu particle size distribution than the commercial
catalyst, even RC1000ac0, which surface area is less than that of
the commercial catalyst. This strongly suggests that the
structure of the carbon support plays a major role in Pt−Ru
particle formation, not only its surface area. TEM pictures also
show the effect of activation degree. The Pt−Ru particle size
distribution basically becomes narrower with the increase in
activation degree (from Ac0 to Ac58), but when the degree
becomes too large (Ac88), large particles appear, probably due
to the sintering through the developed micropore network of
the highly activated carbon support.

3.5. Performance and CO Tolerance Examination via
Single Cell Analysis. Figure 4 shows the current density−
voltage curves and power density curves of electrodes
constructed using the catalysts. The metal content in all of
the anode electrodes were 0.5 g cm−2. Figure 4 (a), the power
density curve of Pt2Ru3/RC1000 ac37 shows a maximum
power density of 0.73 W cm−2, which value is higher than those
of Pt2Ru3/RC1000ac58 and Pt2Ru3 commercial catalyst, which
are quite similar and at 0.66 and 0.67 W cm−2, respectively.
However, the current density of the commercial catalyst at 0.6
V potential is 0.9 A cm−2, lower than those of Pt2Ru3/RC1000
ac58 and Pt2Ru3/RC1000 ac37 which are 1.0 and 1.1 A cm−2,
respectively. If we consider the three potential loss region, all
catalysts except Pt2Ru3/RC1000 ac0 show high activation
polarization (reaction rate loss are low) in the first region. In
the second region, the region of ohmic polarization (resistance
loss), catalyst synthesis using a higher activation degree carbon,
such as Pt2Ru3/RC1000 ac58 and Pt2Ru3/RC1000 ac88 lose
more potential due to their larger surface areas. In the final
region, the region of concentration polarization (gas transport
loss), not only are catalysts synthesized using higher activation
degree carbons, such as Pt2Ru3/RC1000ac88, but also those
synthesized using lower activation degree carbon such as
Pt2Ru3/RC1000 ac0 show a sharp drop of potential, indicating
that optimizing the activation degree of the carbon support may
also lead to gas transportation enhancement. However, Figure
4(a) showed that Pt2Ru3/RC1000 ac37 exhibits a better
performance than that exhibited by the Pt2Ru3 commercial

Figure 2. STEM image: (A) commercial Pt2Ru3/C, (B) Pt2Ru3/
RC1000ac0, (C) Pt2Ru3/RC1000ac37, (D) Pt2Ru3/RC1000ac58, (E)
Pt2Ru3/RC1000ac88, and (F) transmission mode of Pt2Ru3/
RC1000ac88. Scale bars = 50 nm.
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PtRu/C catalyst in a unit cell test. Figure 4(b), an enlarged

portion of Figure 4(a) reveal that the order of the catalyst are

Pt2Ru3/RC1000 ac58 > Pt2Ru3/RC1000 ac37 > Pt2Ru3/

RC1000 ac88 > Pt2Ru3 commercial catalyst > Pt2Ru3/

RC1000 ac0. Better catalytic activity indicates the possibly of

the enhancement of CO oxidation reaction, resulting in the
enhancement of CO removal process.
Therefore, we checked the CO tolerance of the catalysts

Figure 5(a) shows the relation between cell efficiency and CO
contamination. At the beginning, pure H2 was fed to the anode
side, and it was found that Pt2Ru3/RC1000 ac58 showed the

Figure 3. TEM micrograph: (A) Pt2Ru3/C commercial catalyst, (B) Pt2Ru3/RC1000ac0, (C) Pt2Ru3/RC1000ac37, (D) Pt2Ru3/RC1000ac58, and
(E) Pt2Ru3/RC1000ac88. Scale bars = 20 nm.
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highest cell voltage of 0.787 V after the current density was
fixed to 0.2 A cm−2 for 1 h, followed by 0.767 V of Pt2Ru3/
RC1000 ac37. Pt2Ru3/RC1000 ac88 and the Pt2Ru3 commer-
cial catalyst showed cell voltages of 0.755 and 0.748 V,
respectively. Pt2Ru3/RC1000 ac0 showed a cell voltage of 0.745
V for a few seconds but the voltage suddenly dropped to 0.667
V. Then, 100 ppm of CO was mixed with the H2 and fed to the
anode side of the cells. Pt2Ru3/RC1000 ac58 still showed the
highest performance, although the cell voltage slightly
decreased to 0.758 V after the current density was fixed at
0.2 A cm−2. The cell voltage of Pt2Ru3/RC1000 ac37 decreased
to 0.736 V, and that of Pt2Ru3/RC1000 ac88 to 0.722 V. The
Pt2Ru3 commercial catalyst showed a cell voltage of 0.719 V.
That of Pt2Ru3/RC1000 ac0 was 0.635 V, indicating that this
catalyst still shows the lowest efficiency.
The critical level of CO contamination is 500 ppm, which is

thought to be the actual possible CO concentration in H2 from
refineries and also from CO shift converters in residential gas
systems. All of the reported catalysts including the Pt2Ru3
commercial catalyst, which is well-known as the best CO
tolerant catalyst, cannot tolerate this level. After 2 h at a fixed
current density of 0.2 A cm−2, the cell voltage of the Pt2Ru3
commercial catalyst dropped to 0.567 V, which indicates a
24.2% efficiency decrease. Surprisingly, all prepared catalysts,
including Pt2Ru3/RC1000ac0 showed higher performances at

this CO level. Pt2Ru3/RC1000ac58 still showed the highest cell
voltage of at 0.72 V, which dropped by only 8.5% from when
compared with the voltage of starting period. Cell voltage of
Pt2Ru3/RC1000 ac37, ac88 and ac0 were 0.704, 0.669, and
0.593 V, respectively.
CO tolerance analysis at 2000 ppm confirmed that all of the

prepared catalysts show a better CO tolerance than the
commercial catalyst. The catalyst showing the highest perform-
ance and the order among the catalysts did not change. Pt2Ru3/
RC1000ac58 showed a cell voltage of 0.655 V (0.132 V or only
16.8% overvoltage). The cell voltages of Pt2Ru3/RC1000ac37,
Pt2Ru3/RC1000ac88 and Pt2Ru3/RC1000ac0 were 0.556,
0.583, and 0.514 V, respectively. However, the Pt2Ru3
commercial catalyst generated only 0.394 V, 0.354 V or
47.3% overvoltage.
The commercial catalyst is well-known for its high CO

tolerance, but this investigation reveals that Pt2Ru3/RC1000
ac37, 58, and 88 anode catalysts show higher performance than
the Pt2Ru3 commercial catalyst in the CO concentration rage
from 500 to 2000 ppm. Even PtRu/RC1000 ac0, the catalyst
showing the lowest performance, showed a higher efficiency
than the commercial catalyst. Especially the over potential of
Pt2Ru3/RC1000ac58 at 2000 ppm of CO contamination was
0.132 V (16.8%) which is much lower than that of the
commercial catalyst (0.354 V 47.3%). The activation degree of

Figure 4. Comparison of unit cell performance. Current−voltage curves of electrodes and power density curves of electrodes with prepared and
commercial catalysts as respective anode electrocatalyst. (a) Full range, (b) zoom at activity loss range: (A) Pt2Ru3/C commercial catalyst, (B)
Pt2Ru3/RC1000ac0, (C) Pt2Ru3/RC1000ac37, (D) Pt2Ru3/RC1000ac58, and (E) Pt2Ru3/RC1000ac88.
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the support highly affects the CO tolerance of the resulting
catalyst. Figure 5 (b) shows the relation between the potential
at 0.2 A cm−2 in the presence of 1000 ppm of CO and the
surface area of the catalyst support, it can be seen that an
optimum surface area which the highest potential exits.
Moreover, the standard deviation of PtRu particle size observed
by TEM confirmed the higher uniformity of particle size.
Adjusting the activation degree of the catalyst support is
thought to have led to the optimization of micropore structure,
resulting in the uniform dispersion of catalyst particles.

4. CONCLUSIONS
Resorcinol−formaldehyde carbon gels with various volumes of
micropores were prepared by changing the degree of CO2
activation from 0 to 88%. Pt and Ru nanoparticles were
dispersed on these carbons by a rapid quenching method. The
crystallite sizes of the PtRu particles within the prepared
catalysts were smaller than those in a typical commercial
catalyst. STEM pictures show that increasing the degree of
activation, leads to a better distribution of PtRu particles on the
surface of carbon. TEM pictures also showed the same trend

that a higher degree of activation, leads to smaller PtRu
particles, but when the degree becomes too large (Pt2Ru3/
RC1000ac88), large particle tend to be formed inside the
carbon. Micropores play an important role to stabilized PtRu
particles on the support surface but too high volume of
micropore increase the electrical resistance of the cell. Finally,
single cell experiments were performed. With pure H2, the cell
voltage of all anode catalysts at a constant current of 0.2 A cm−2

was in the range of 0.759−0.795 V, except that of Pt2Ru3/
RC1000ac0 (0.66 V). After CO was introduced to H2 from 100
to 2000 ppm, the decrease in the cell voltage of the prepared
showed was much smaller than that commercial catalyst
showed. When the contamination level reached 500 ppm
even Pt2Ru3/RC1000ac0 generated a higher potential than the
commercial catalyst. Pt2Ru3/RC1000ac58, which is thought to
be prepared with the carbon support having the optimum
degree of activation, showed the best performance due to its
proper carbon micropore structure which allows the uniform
dispersion of PtRu particles. From this study, it was shown that
adjusting the degree of activation of the carbon support leads to
the efficient loading of PtRu particles, both in terms of particle
size and distribution resulting in a higher performance and
higher CO tolerance.
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ABSTRACT: The effects of the addition of crystalline Mo3VOx oxides
(MoVO) seeds on an assembly of pentagonal [Mo6O21]

6− building units with
Mo and V octahedra for forming MoVO were investigated. In the absence of
the seeds, the crystal phase of formed MoVO depended on the pH of the
preparative solution, while the crystal phase of the formed MoVO was decided
by the phase of the MoVO seeds used irrespective of the pH. Interestingly,
MoVO were formed even in the pH condition where no crystals were formed
in the absence of the seeds. It was shown by X-ray diffraction, scanning
transmission electron microscopy−energy-dispersive X-ray spectroscopy, and
scanning electron microscopy that MoVO crystals were grown from the cross-
section of the rod-shaped crystals of the MoVO seeds.

1. INTRODUCTION

Orthorhombic Mo3VOx oxide (Orth-MoVO) and trigonal
Mo3VOx oxide (Tri-MoVO) are well-known as effective
catalysts for the selective oxidation of ethane,1−4 propane,5−7

and acrolein.4,8,9 These oxides have specific structures in their
a−a or a−b plane. These planes are constructed with
pentagonal [Mo6O21]

6− units (shown by purple color in Figure
1a,b) and {MO6} (M = Mo, V) octahedra to form micropore
channels, hexagonal channel and heptagonal channel. We have
reported that the heptagonal channel provides an effective
catalysis field for the selective oxidation of ethane.3,4

Orth-MoVO and Tri-MoVO are formed by the hydrothermal
method. The formations of these phases are dependent on the
pH condition of the preparative solution. When the pH value of
precursor solution is over 3.6, no solids are formed. When the
pH of precursor solution is in the range of 3.4−2.7 (no pH
control: pH = 3.2), Orth-MoVO is formed. Tri-MoVO is
formed by decreasing the pH of precursor solution to 2.2. The
pH value is lower than 1.7, and Mo0.87V0.13O2.94 (JCPDF: 00-
048-0766) is formed.10 We have proposed the formation
schemes of Orth-MoVO and Tri-MoVO under hydrothermal
conditions.10,11 The proposed structure formation schemes are
shown in Figure 1. Ball-type polyoxometalate, [Mo72V30O282-
(H2O)56(SO4)12]

36− ({Mo72V30}), in which 12 pentagonal
[Mo6O21]

6− polyoxomolybdate units connected with 30 [V
O]2+ units, is first generated in preparative solution.12,13 Since
the pentagonal [Mo6O21]

6− unit in ball-shaped polyoxomo-
lybdates is kinetically stable, {Mo72V30} can steady provide the
pentagonal [Mo6O21]

6− unit.10,11,14 The pentagonal
[Mo6O21]

6− unit and other Mo and V octahedral form building
units and Orth-MoVO or Tri-MoVO are formed by an
assembly of the building units.

For forming Orth-MoVO, two pentagonal units connected
with a V octahedral are the building unit. In the case of Tri-
MoVO, a more condense pentagonal polyoxometalate unit
comprised of three pentagonal units and three V octahedra is
the building unit. Voids produced by an arrangement of the
building units are filled with clusters comprised of the
octahedra, resulting in the formation of the hexagonal and
the heptagonal channels. The clusters are a pentamer in Orth-
MoVO and a trimer in Tri-MoVO.15

Seed-assisted syntheses of high dimensional structure such as
zeolites, metal−organic frameworks (MOFs) and polyoxome-
talate based frameworks (POFs) are widely applied.16−28 In
zeolite, Okubo et al. have recently reported a working
hypothesis for the seed-assisted synthesis on zeolite.19,20 They
suggested that composited building units which are contained
both in the seed zeolite and the obtained zeolite from a reactant
gel without seeds are the key factor in the seed-assisted
synthesis. The composited building units in the gel are stacked
on the surface of the seed crystals, and zeolites having the same
crystal phase with the seed are formed. This zeolites synthesis
method has attracted much attention because of the structure
directing ability derived from a change of the condensation
condition of the composited building units.20 As described
above, Orth-MoVO and Tri-MoVO have been proposed to be
formed by the building block assembly of the pentagonal
[Mo6O21]

6− units with Mo and V octahedra. The assembly of
the building units may be controllable by using Orth-MoVO or
Tri-MoVO as a seed because Orth-MoVO, Tri-MoVO, and
{Mo72V30} contain the same structural parts. Control of the
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building units assembly have a lot of possibilities for the
material synthesis and may enable us to synthesize new
materials or provide new insights for synthesizing MoVO. This
paper investigated the roles of MoVO seeds on the building
block assembly for forming MoVO and showed benefits in the
seed-assisted synthesis of MoVO.

2. EXPERIMENTAL SECTION
Synthesis of Orthorhombic Mo3VOx Oxide. Orth-MoVO was

synthesized by a hydrothermal method. A total of 8.83 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 3.29 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. Then, the
obtained mixed solution was introduced into an autoclave with a 300
mL Teflon inner vessel and 4000 cm2 of a Teflon thin sheet to occupy
about half of the Teflon inner vessel space. This sheet is necessary to
obtain a well-crystallized sample. After the introduction, N2 was fed
into the solution in the tube in order to remove residual oxygen. At
this stage, the pH of the solution was 3.2. Then the hydrothermal
reaction was started at 175 °C for x h (x = 20, 48) under static
conditions in an electric oven. Gray solids formed on the Teflon sheet
were separated by filtration, washed with distilled water, and dried in
air at 80 °C overnight. If needed, purification with oxalic acid was
conducted on the obtained solids in order to remove an impurity
formed with Orth-MoVO. 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 and then washed with 500 mL of distilled water after
filtration. The samples purified with oxalic acid were described as
“‘oxa’” in the bottom of the sample name. The obtained solid was
denoted as Orth-x-(oxa), where x represents the synthesis time.
Synthesis of Trigonal Mo3VOx Oxide. Almost the same

synthetic procedure as that for the Orth-MoVO was applied to the
synthesis of Tri-MoVO except for the pH condition. The pH value of
the mixed solution was adjusted to 2.2 by adding H2SO4 (2 mol L−1).
If needed, purification with oxalic acid was conducted on the obtained
solids. The obtained solid was denoted as Tri-20-(oxa).
Synthesis of Amorphous Mo3VOx Oxide. As described in our

previous paper,1 Mo3VOx material was well-crystallized in the c-

direction but disorder in the other direction was obtained when the
concentration of the mixed aqueous solution was twice as high. The
other preparative conditions were the same as those for the
orthorhombic Mo3VOx. Hydrothermal reaction was performed for
48 h at 175 °C. Here in this paper this material is abbreviated as Amor.

Synthesis of Tetragonal Mo3VOx Oxide. Tetragonal Mo3VOx
(Tet-MoVO) was synthesized by phase transformation from Orth-48-
oxa by heat treatment as follows. The dried Orth-48-oxa was heated in
air at a heating ramp of 10 °C min−1 to 400 °C, kept at this
temperature for 2 h, and then cooled to ambient temperature. This
heat-treated sample was again heated in a nitrogen stream (50 mL
min−1) at a heating ramp of 10 °C min−1 to 575 °C and kept at this
temperature for 2 h. Obtained soild was abbreviated as Tet.

Seed-Assisted Synthesis of Mo3VOx Oxides. In the seed-
assisted synthesis, Orth-48-oxa, Tri-20-oxa, Amor, and Tet were used
as seeds. y g of the seed (y = 0.05, 0.10, 0.30, 0.60, and 1.00) after
being ground for 5 min by an agate mortar was added into the
precursor solution prepared in the same manner as synthesizing Orth-
MoVO. pH of the precursor solution was controlled to z (z = 1.0−4.0)
by using H2SO4 (2 mol L−1) or 10% NH3 solution before introducing
into the Teflon inner vessel. After N2 bubbling for 10 min, a
hydrothermal reaction was conducted for x h (x = 2−96). Obtained
materials were filtrated, washed with distilled water, and then dried in
air at 80 °C overnight. In this case, no purification was conducted.
Obtained materials were abbreviated as (Orth, Tri, Amor, Tet) (s)-x-y-
z (x, synthesis time; y, the amount of the seed; z, pH of the precursor
solution).

Characterization of Synthesized Materials. The synthesized
materials were characterized by the following techniques. Powder X-
ray diffraction (XRD) patterns were recorded with a diffractometer
(RINT Ultima+, Rigaku) using Cu−Kα radiation (tube voltage: 40 kV,
tube current: 20 mA). For XRD measurements, prepared samples were
ground for 5 min and were put on a horizontal sample holder.
Diffractions were recorded in the range of 4−60° with 1°/ min scan
speed. Scanning electron microscopy (SEM) images were taken using
an electron microscope (JSM-6360LA, JEOL). Scanning transmission
electron microscopy−energy-dispersive X-ray spectroscopy (STEM-
EDX) analysis was conducted by using HD-2000 (Hitachi). For
STEM analysis, samples were dispersed with ethanol and treated by
ultrasonic equipment. Supernatant liquid was dropped on the Cu-grid
and dried overnight. The obtained grid was set to the machine and an

Figure 1. Proposed schemes of structure formation of (a) orthorhombic Mo3VOx oxide and (b) trigonal Mo3VOx oxide. Purple, Mo; gray, V; green,
mixture of Mo and V.
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analysis was taken. Transmission electron microscopy (TEM) analysis
was conducted by JEM-2100F (JEOL). For TEM analysis, samples
were dispersed with ethanol and treated by ultrasonic equipment.
Supernatant liquid was dropped on the Cu-grid and dried overnight
for the analysis. Elemental compositions in the balk were determined
by inductively coupled plasma atomic emission spectroscopy (ICP-
AES) (ICPE-9000, Shimadzu). N2 adsorption isotherms at liquid N2
temperature were obtained using an autoadsorption system
(BELSORP MAX, Nippon BELL). External surface area was
determined using a t-plot. Prior to N2 adsorption, the catalysts heat-
treated under air atmosphere at 400 °C for 2 h were evacuated under a
vacuum at 300 °C for 2 h.
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. As-synthesized catalysts
were ground with an agate mortar for 5 min, followed by heat-
treatment under N2 atmosphere at 400 °C for 2 h for Orth-MoVO and
under air atmosphere at 400 °C for 2 h for Tri-MoVO. Then, the 0.50
g of the treated catalysts 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 350 °C
under nitrogen flow (40 mL min−1 from the top of the reactor). The
temperature was measured with a thermocouple inserted into the
middle of the catalyst zone. When the temperature reached 350 °C, a
reactant gas with the composition of C2H6/O2/N2 = 10/10/80 (mol
%) was fed in with a total flow rate of 50 mL min−1, and the catalysts
were kept at this temperature for 2 h under the reactant gas flow in
order to attain stable catalytic activity. Then, the temperature was
decreased to 330 °C, 310 °C, 290 °C, 270 °C, and 250 °C with their
catalytic activities being analyzed. Reactants and products were
analyzed with three online gas chromatographs (molecular sieve 13X
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 experimental
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

Crystal Structure and Yield of the Products Formed
under Hydrothermal Condition. Table 1 shows the crystal
phase and the yield of the products formed under the
hydrothermal condition in various pH of the precursor
solution. Synthesis time was set to be 20 h, and the amount
of the added seeds was fixed at 0.30 g. pH of the precursor
solution was changed in the range of 1.0−4.0 by using 10%
NH3 solution or 2 M H2SO4 (no pH control: pH = 3.2). The
seeds used in this study were Orth-48-oxa, Tri-20-oxa, Amor,
and Tet. These seeds were rod-shaped crystals. The structural
arrangements in a−a or a−b plane attributed to the cross-
section of the rods were different for each crystal phase. Crystal
yield was calculated based on MoO3 and V2O5 as described in
the footnote in Table 1. Yields of the products formed in the
presence of the seeds were calculated after subtracting the
amount of the added seeds (0.30 g) from the total products
amount. In all cases, yield without purification is shown. The
yield and crystal phase of the products formed in the absence of
the seeds are shown in Entry 1−4.
As we have previously reported, pseudohexagonal

Mo0.87V0.13O2.94 (JCPDF: 00-048-0766) was formed at pH =
1.0 (Table 1, Entry 1). Tri-MoVO was formed when the pH of
the precursor solution was 2.2. Orth-MoVO was formed at pH
= 3.2 (Table 1, Entry 2, 3). The yield of Tri-20 was 50.9% and
was higher than that of Orth-20. We have reported that a higher
pH was not suitable for the formation of MoVO under our
reaction conditions. For this reason, no products were formed

at pH = 4.0 (Table 1, Entry 4). An existing ball-type
polyoxometalate {Mo72V30} in the precursor solution was
revealed by UV−vis and Raman analysis in the range of pH =
1.5−4.7.10 In the presence of {Mo72V30}, MoVO were formed
by tuning the pH value of the precursor solution (Orth-MoVO:
pH = 2.7−3.4, Tri-MoVO: pH = 1.7−2.2). When the pH of the
precursor solution is over 4.0, {Mo72V30} in the precursor
solution might be hydrolyzed in the hydrothermal condition.10

Therefore, no nuclei are formed in the precursor solution,
resulting in no product formation. Below pH 1.5, the Raman
bands attributed to [Mo36O112]

8− ({Mo36}) were observed in
the precursor solution, which was reported as a nucleus for
forming the pseudohexagonal Mo0.87V0.13O2.94.

10,11 Figure 2
shows the XRD patterns of the products formed in the absence
or presence of the seeds.
The XRD peaks around 10° are ascribed to the structure of

a−a or a−b plane, and the peaks at 22° and 45° represents the
layered structure in the c axis.1 In addition to the peaks at 22°
and 45°, Orth-20 showed peaks at 6.6°, 7.8°, 9.0° and Tri-20
showed peaks at 4.7° and 8.3°, deriving from the crystalline
structure of Orth-MoVO and Tri-MoVO, respectively (Figure
2a,d). In both cases, the broad peak were observed
concomitantly under 10°, suggesting that Orth-20 and Tri-20
contained Amor as an impurity.1 When Orth-48-oxa was added
to the precursor solution as a seed, Orth-MoVO was formed in
pH = 2.2−4.0 (Table 1, Entry 6−8). The yield of the products
formed at different pHs was 45.7% at pH = 2.2, 29.8% at pH =
3.2, and 10.5% at pH = 4.0. Nevertheless, Orth-MoVO was
formed in a wide pH range under hydrothermal conditions by
using the Orth-48-oxa seed. In the presence of the Orth-48-oxa
seed, other than the very small amounts of Tri-MoVO, Orth-
MoVO was formed at pH = 2.2, where no Orth-MoVO was
formed in the absence of the seeds (Table 1, Entry 2, 6). The
Orth-48-oxa seed was found to have a structure-directing
ability. Surprisingly, in the presence of the Orth-48-oxa seed,
more than three times the amount of Orth-MoVO for the

Table 1. Crystal Phase and Yield of the Products Formed by
Changing pH Value with or without the Seedsa

entry
seed

(phase)b/g pH
crystal phase of the formed

solidsb yieldc/%

1 0 1.0 Hexa 79.6
2 0 2.2 Tri + Amor 50.9
3 0 3.2 Orth + Amor 9.7
4 0 4.0 0.0
5 0.3 (Orth) 1.0 Hexa 78.7
6 0.3 (Orth) 2.2 Tri + Orth 45.7
7 0.3 (Orth) 3.2 Orth 29.8
8 0.3 (Orth) 4.0 Orth 10.5
9 0.3 (Tri) 1.0 Hexa 67.8
10 0.3 (Tri) 2.2 Tri 53.3
11 0.3 (Tri) 3.2 Tri 29.5
12 0.3 (Tri) 4.0 Tri 12.0
13 0.3 (Amor) 4.0 Amor 5.8
14 0.3 (Tet) 4.0 0.0

aSynthesis time was fixed at 20 h. bOrthorhombic, trigonal, tetragonal,
amorphous, and pseudohexagonal were abbreviated as Orth, Tri, Tet,
Amor, and Hexa, respectively. cYield was calculated as (total products
amount (g) − amount of the added seed (g))/(50 × MMoO3

+ 12.5 ×

0.5 × MV2O5
), where MMoO3

corresponds to the molecular weight of

MoO3 (144 g mol−1) and MV2O5
corresponds to the molecular weight

of V2O5 (182 g mmol−1).
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amount of added seed was formed at pH = 4.0 where no
products could be recovered in the absence of the seeds (Table
1, Entry 4, 8). This experimental result clearly shows that the
Orth-48-oxa seed facilitates crystal formation in a wide pH
range, even where {Mo72V30} can be hydrolyzed in hydro-
thermal conditions. In the same manner, Tri-MoVO was
formed at pH = 2.2−4.0 by adding Tri-20-oxa as the seed
(Table 1. Entry 10−12). Yields of the products were 53.3% at
pH = 2.2, 29.5% at pH = 3.2, and 12.0% at pH = 4.0.
Nevertheless, products other than the Tri-20-oxa seed could be
recovered by the hydrothermal reaction. In this case also, the
Tri-20-oxa seed was found to have a structure-directing ability
since only Tri-MoVO was formed at pH = 3.2 where only
Orth-MoVO was formed in the absence of the seeds. At pH =
4.0 where no products were formed in the absence of the seeds,
more than four times the amount of Tri-MoVO for the amount
of added seed was formed. Obviously, the Tri-20-oxa seed
facilitated the crystal formation in a wide pH range as well as
that of Orth-48-oxa seed. In both cases of Orth (s)-20−0.30−
4.0 and Tri (s)-20−0.30−4.0, almost no broad peaks at 10°
were observed, indicating that these contained almost no Amor
like Orth-20-oxa and Tri-20-oxa (Figure 2c,f). The high pH
value prevented the self-condensation of the building units as
shown in Entry 4. Therefore, almost no Amor formation
occurred in the hydrothermal condition. At pH = 1.0,
pseudohexagonal Mo0.87V0.13O2.94 was formed irrespective of
the addition of the seeds (Table 1, Entry 5, 9). In this
condition, {Mo36} was detected instead of {Mo72V30} in the
precursor solution irrespective of the addition of the seeds. This
experimental fact implies that no MoVO can be formed when
no {Mo72V30} is in the precursor solution even in the presence
of the seeds. In the case that Amor was used as a seed, Amor
was formed at pH = 4.0 with 5.8% yield (Table 1, Entry 13). It
was found that the Amor seed could facilitate the crystal
formation as well as Orth-48-oxa and Tri-20-oxa. On the other
hand, different from the other seeds, lesser amounts of the
products than that of the added seed were recovered when Tet
was used as a seed (Table 1, Entry 14). Obviously, no products

were formed hydrothermally when Tet was used. Tet-MoVO is
formed by the phase transformation from Orth-48-oxa by the
heat treatment. The metal−oxygen bonds in the Tet-MoVO are
normally shorter than those in the other crystal phase used as
seeds in this study.11,29,30 Therefore, no structural units related
to Tet-MoVO could be provided in the hydrothermal
condition, resulting in no products formation. These
experimental facts imply that the structure in the a−a or a−b
plane of the seeds, attributed to the cross-section of the rods,
affects crystal formation in the seed-assisted synthesis. In the
presence of the seeds, the situation of recovering the products
after the hydrothermal reaction differed from that in the
absence of the seeds. In the absence of the seeds, products were
recovered from the Teflon sheet which was added in the Teflon
inner tube. On the other hand, in the presence of the seeds,
almost all the products were recovered from the bottom of the
Teflon inner tube. This situation suggests that the seeds that
have sunk to the bottom of the Teflon inner tube under the
static synthesis condition facilitate crystal formation.
Yield change of the products formed at pH 4.0 (10% NH3

solution was used for pH control) in the absence or presence of
the seeds as a function of the synthesis time is shown in Figure
3. The amount of the seeds was fixed at 0.30 g. The synthesis

time was changed in the range of 2−96 h. No products were
formed by the hydrothermal reaction in whole synthesis time in
the absence of the seeds (black triangle).
As described above, almost no products were formed when

Tet was added as a seed. After 96 h, however, a material of
which showed a sharp peak at 9.6° in XRD pattern was
obtained with 2.5% yield (data not shown). To the best of our
knowledge, the obtained material was new and unidentified at
this stage. An investigation of this structure is now in progress.
When Orth-48-oxa, Tri-20-oxa, and Amor were used as seeds,
the materials having the same crystal phase with the seeds were
formed hydrothermally at each synthesis time. Their yields
were increased with an increase of the synthesis time. The rate

Figure 2. XRD patterns of (a) Orth-20, (b) Orth-20-oxa, (c) Orth (s)-
20−0.30−4.0, (d) Tri-20, (e) Tri-20-oxa, and (f) Tri (s)-20−0.30−4.0.

Figure 3. Yield of the formed products as a function of the synthesis
time. Synthesis condition: pH of the precursor solution; 4.0, amounts
of the seeds; 0.30 g, synthesis time; 2−96 h. The added seeds were
Orth-48-oxa (circle), Tri-20-oxa (square), Amor (logenze), Tet
(inverted triangle), and no seed (triangle). Yield was calculated as
(total products amount (g) − amount of the added seeds (g))/(50 ×
MMoO3

+ 12.5 × 0.5 × MV2O5
), where MMoO3

corresponds to the

molecular weight of MoO3 (144 g mol−1) and MV2O5
corresponds to

the molecular weight of V2O5 (182 g mmol−1).
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of the increase of the yield, however, depended on their crystal
structure and was in the order of Tri-MoVO > Orth-MoVO >
Amor-MoVO. The external surface area of Tri-MoVO is 12.4
m2 g−1 and is about twice as large as that of Orth-MoVO and
Amor-MoVO (7.3 m2 g−1 in Orth-MoVO, 5.7 m2 g−1 in Amor-
MoVO).1 As discussed later, Tri-MoVO is considered to
provide the specific surface which can contribute to the crystal
evolution, leading to a higher yield than that of OrthMoVO and
Amor-MoVO. The yield of Orth-MoVO, however, was much
higher than that of Amor-MoVO at each synthesis time, even
though they had similar external surface area. Since the
morphology of these seeds were rod-shaped and were almost
the same, the structure in the a−a or a−b plane attributed to
the cross-section of the rod-shaped crystals may affect the
crystal formation rate as well as the external surface area.
The yield of the products obtained by changing the seed

amounts of Orth-48-oxa or Tri-20-oxa is shown in Figure 4.

The pH of the precursor solution was fixed at 4.0 by using 10%
NH3 solution in order to avoid the self-formation of MoVO
irrespective of the addition of the seeds. The synthesis time was
fixed at 20 h, and the amounts of the seed were changed in the
range of 0.05−1.00 g. In both cases, the crystal phase of the
formed products was the same with the added seeds. The yields
of the products were increased with an increase of the amounts
of the added seeds. In all cases, the yield of Tri-MoVO was
higher than that of Orth-MoVO, probably due to the external
surface area of the seeds. The products yield became constant
when over 0.60 g of Orth-48-oxa or Tri-20-oxa seed was added.
With the addition of over 0.60 g of the seed, the added seed
formed two layers in the bottom of the Teflon tube. Only the
surface of the upper layer was considered to contribute to the
crystal formation, which limited the increase of the products
yield.
Crystal Growth in Seed-Assisted Synthesis. We

investigated how the rod-shaped crystals were formed in the
seed-assisted synthesis of Orth-MoVO and Tri-MoVO. The
experimental conditions and yield of the products are listed in
Table 2. In our seed-assisted synthesis, seeds were added as a
solid. However, under the hydrothermal conditions, a part of

the solid seeds can be dissolved likewise for the case of
zeolites.19,20 It is difficult to evaluate and observe the amounts
of the dissolved seeds. This situation made it difficult to
evaluate the roles of the dissolved and undissolved seeds for the
crystal growth.
Therefore, dissolved seeds are used for the seed-assisted

synthesis in order to evaluate the roles of the dissolved seeds
for the crystal growth. Figure S1, Supporting Information
shows the solid amounts recovered after the hydrothermal
treatment at 175 °C. In this experiment, 0.30 g of Orth-48-oxa
or Tri-20-oxa seeds was added into 240 mL of distilled water,
and the amounts of the seeds recovered from the solution were
measured. Orth-48-oxa was not completely dissolved under this
condition. When Tri-20-oxa was treated in this condition,
however, the amount of Tri-20-oxa decreased with the reaction
time and was completely dissolved at 20 h. The solution
prepared by dissolving 0.30 g of Tri-20-oxa in distilled water
was used as the solution for synthesizing Tri-MoVO instead of
distilled water. To 240 mL of the prepared solution, 8.83 g of
(NH4)6Mo7O24·4H2O and 3.29 g of hydrated VOSO4 were
added and the mixture was stirred for 10 min before the pH
was adjusted to be 4.0 by adding 10% NH3 solution. After the
N2 bubbling for 10 min, a hydrothermal reaction was
conducted for 20 h at 175 °C. After the hydrothermal reaction,
no products were formed (Table 2, Entry 3). This experimental
fact showed that the seeds dissolved under hydrothermal
condition can contribute to no crystal formation. Therefore,
solid seeds are essential for the seed-assisted synthesis. In our
seed-assisted synthesis, crystals grew because the crystal growth
rate was superior to the dissolving rate of the solid seeds.
Then, we investigated the role of {Mo72V30} in the seed-

assisted synthesis since the existing of {Mo72V30} in the
precursor solution was revealed at pH = 4.0.10 For this purpose,
the precursor solution prepared by (NH4)6Mo7O24·4H2O (Mo:
50 mmol) and NH4VO3 (V: 12.5 mmol) was used for
synthesizing Orth-MoVO and Tri-MoVO. A total of 8.83 g of
(NH4)6Mo7O24·4H2O and 1.46 g of NH4VO3 were mixed with
240 mL of distilled water. A total of 0.30 g of Orth-MoVO or
Tri-MoVO was added before the pH was adjusted to 4.0 using

Figure 4. Yield of the formed products as a function of the amounts of
the seeds. Synthesis condition: pH of the precursor solution; 4.0,
amounts of the seeds; 0.05−1.00 g, synthesis time; 20 h. The added
seeds were Orth-48-oxa (circle) and Tri-20-oxa (square). Yield was
calculated as (total products amount (g) − amount of the added seeds
(g))/(50 × MMoO3

+ 12.5 × 0.5 × MV2O5
), where MMoO3

corresponds

to the molecular weight of MoO3 (144 g mol−1) and MV2O5

corresponds to the molecular weight of V2O5 (182 g mmol−1).

Table 2. Crystal Yield of the Products Synthesized by the
Seed-Assisted Synthesis in Various Conditionsa

entry seedb seed conditionc yieldd/%

1 Orth ground solid 10.5
2 Tri ground solid 12.0
3 Tri ground dissolved in distilled water 0.0
4 Orthe ground solid 0.0
5 Trie ground solid 0.0
6 Orth unground Solid 4.4
7 Tri unground Solid 4.0
8 MoVWO ground Solid 12.8

aSynthesis condition: the amount of the seeds; 0.30 g, pH of the
precursor solution; 4.0, synthesis time; 20 h. bAdded seed. Orth and
Tri represent Orth-48-oxa and Tri-20-oxa, respectively. cSeed
condition before the seed-assisted synthesis. dYield was calculated as
(total products amount (g) − amount of the added seeds (g))/(50 ×
MMoO3

+ 12.5 × 0.5 × MV2O5
), where MMoO3

corresponds to the

molecular weight of MoO3 (144 g mol−1) and MV2O5
corresponds to

the molecular weight of V2O5 (182 g mmol−1). e0.30 g of the seeds
were added into the precursor solution prepared by (NH4)6Mo7O24·
4H2O (Mo: 50 mmol) and NH4VO4 (V: 12.5 mmol) dissolved in 240
mL at pH = 4.0. Synthesis time was fixed at 20 h.
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2 M H2SO4 (no pH control: pH = 5.4). In the preparative
solution, no {Mo72V30} was detected by liquid Raman analysis.
After the N2 bubbling for 10 min, a hydrothermal reaction was
conducted for 20 h at 175 °C. As a consequence, no products
were obtained in both cases (Table 2, Entry 4, 5). This
experimental fact suggests that {Mo72V30} is needed for the
crystal formation in the seed-assisted synthesis of Orth-MoVO
and Tri-MoVO. As described in Figure 3, no products were
formed by the hydrothermal synthesis at pH = 4.0 when no
seeds were used, although {Mo72V30} was in the precursor
solution. However, in the presence of the seeds, {Mo72V30} is
found to work for the crystal formation, suggesting that
{Mo72V30} contributes not to crystal nucleation but to crystal
growth in the seed-assisted synthesis. The above results show
that the solid seeds work as the crystal nucleus and {Mo72V30}
is responsible for the crystal growth in the seed-assisted
synthesis. As discussed above, crystal structure in the a−a or a−

b plane attributed to the cross-section of the rods was implied
to play crucial roles in the crystal formation. In order to
investigate the roles of the cross-section of the rod-shaped
crystals, the seeds having almost no cross-section were applied
to the seed-assisted synthesis. For this purpose, Orth-48-oxa or
Tri-20-oxa without grind treatment was used as the seeds since
rod-shaped crystals of Orth-MoVO and Tri-MoVO had lesser
cross-section compared with that of the ground seeds.3 The
synthesis procedure was the same as that shown in the
experimental section except for the grind treatment for the
seeds. In both cases, the synthesis condition was as follows: pH
of the precursor solution;, 4.0; amount of the seeds, 0.30 g;
synthesis time, 20 h. Orth-MoVO or Tri-MoVO was formed
irrespective of the grind treatment of the seeds. The yield of the
products, however, was decreased to 4.4% in Orth-MoVO and
4.0% in Tri-MoVO, although 10.5% and 12.0% yield was
achieved in Orth-MoVO and Tri-MoVO when the ground

Figure 5. STEM images (a) and the mapping images of Mo (b), V (c), and W (d) of the product obtained by the seed-assisted synthesis by using
MoVWO as a seed. Synthesis condition: the amount of the seed, 0.30 g; pH of the precursor solution, 4.0; synthesis time, 20 h.
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seeds were used (Table 2, Entry 1, 2, 6, 7). It is reported that
the rod-shaped crystals of Orth-MoVO were sorely cut for the
c-direction by the grind treatment.1,3 Irrespective of the grind,
the external surface area was almost unchanged since the
exposed section surface area was only ca. 10% against the
external surface area. The cross-section of the rod-shaped
crystals exposed by the grind treatment provided more than
twice the yield even the exposed surface area was ca. 10%.
Obviously, the cross-section of the rod-shaped crystals prefers
to facilitate the crystal growth rather than the side surface of the
rods.
For further confirmation, STEM-EDX analysis was con-

ducted in order to investigate the details about the crystal
growth in seed-assisted synthesis. Mo−V−W−O oxide
(MoVWO) which has the same crystal structure with Tri-
MoVO was synthesized by (CH3CH2NH3)2Mo3O10 and
VOSO4 (for detailed preparation conditions, see Supporting
Information). In this experiment, only the seed contains W in
the structure, and the formed products are expected to have no
W, since no W species are being in the precursor solution. The
synthesis condition in the presence of MoVWO seed was as
follows: pH of the precursor solution, 4.0; amount of the seed,
0.30 g; synthesis time, 20 h. The obtained product showed the
same XRD pattern with Tri-MoVO, and the product yield was
12.8%, which was almost the same yield as that obtained by
using Tri-20-oxa as a seed (Table 2, Entry 8).
The STEM images and the mapping images of Mo, V, W of

the product are shown in Figure 5. In STEM images, rod-
shaped crystals were observed. The W mapping images clearly
show that there are two different contrasts in the rods (Figure
5d). The thin contrast shows the distribution of Cu which was
used as a grid. It was inevitable because the energy level of Cu
and W in EDX analysis was close. The bright blue contrast
distributed through only the center part of the rods showing
the distribution of W. On the other hand, Mo and V were
uniformly distributed through the rods (Figure 5b,c). The rods
which contain Mo, V, and W are the seed and the rods only
containing Mo and V are the formed crystals under
hydrothermal conditions. Tri-MoVO was revealed to evolve
from the cross-section of the seed rod-shaped crystals. The
TEM images and select area electron diffraction (SAED) of
Orth (s)-20−0.30−4.0 and Tri (s)-20−0.30−4.0 are shown in
Figure S2, Supporting Information. The small rod-shaped
crystal evolved from the rod-shaped crystals of the seeds shows
a clear diffraction pattern. The rod-shaped crystals evolved from
the seeds have a crystalline structure, which is in agreement
with the clear XRD patterns of the products as shown in Figure
2.
The length of the rod-shaped crystals obtained at the

different synthesis time was measured. In this experiment, seed-
assisted syntheses using Orth-48-oxa or Tri-20-oxa were
conducted at 175 °C for x h (x = 2, 5, 12, 20). The pH of
the precursor solution was fixed at 4.0, and the amount of the
added seeds was set to be 0.30 g. The yield of the formed
products has already been described in Figure 2. The
histograms of the length of the rod-shaped crystals obtained
by measuring 30−40 crystallites are shown in Figure 6. At 2 h,
where almost no products were formed, the average lengths of
the rod-shaped crystals were 1.0 μm in Orth-MoVO and 0.8
μm in Tri-MoVO. At 5 h, the histogram of the length shifted to
the longer direction, and the average lengths of the rod-shaped
crystals increased to be 2.3 μm in Orth-MoVO and 1.5 μm in
Tri-MoVO. The histogram of the length subsequently shifted

to a longer direction by increasing the synthesis time. Their
average lengths increased to 5.4 μm in Orth-MoVO and 1.9 μm
in Tri-MoVO at 12 h and 5.5 μm in Orth-MoVO and 4.3 μm in
Tri-MoVO at 20 h. Over 20 h, the lengths of the rod-shaped
crystals was too long to measure by SEM in both cases.
Obviously, the length of the rod-shaped crystals increased with
the synthesis time. The rod-shaped crystals were found to grow
along with c-axis for the seed-assisted synthesis.
On the basis of the above results, we propose a crystal

growth scheme of the seed-assisted synthesis and is described in
Figure 7. The {Mo72V30} being in the precursor solution
provides the building units to the a−a or a−b-plane of the
crystalline Mo3VOx oxides. The building units are stacked on
the planes and crystals grew along with c-axis. As a
consequence, rod-shaped crystals were formed.

Physicochemical Properties and Their Catalytic
Activity for the Selective Oxidation of Ethane. The
external surface area, the micropore volume, the average
diameter of the rod-shaped crystals, and the bulk composition
of the products formed in the absence or presence of the seeds

Figure 6. Histogram of the length of the rod-shaped crystals of (a−d)
Orth-MoVO and (e−h) Tri-MoVO obtained by seed-assisted
synthesis. The length of 30−40 rods in SEM images were measured.
Synthesis condition: the amount of the seeds, 0.30 g; pH of the
precursor solution, 4.0; synthesis time (a, e) 2 h, (b), (f) 5 h, (c, g) 12
h, (d, h) 20 h.
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are listed in Table 3. The external surface areas of Orth-48-oxa
and Tri-20-oxa were 7.3 and 12.4 m2 g−1, respectively. On the

other hand, the external surface areas of Orth (s)-20−0.30−4.0
and Tri (s)- 20−0.30−4.0 were 12.4 and 21.4 m2 g−1,
respectively, and were about 1.7 times higher than that of
Orth-48-oxa and Tri-20-oxa. As shown in Table 3, the average
diameters of the rod-shaped crystals obtained with 100 of
crystallites were 0.17 and 0.14 μm in Orth (s)-20−0.30−4.0
and Tri (s)-20−0.30−4.0, respectively. These were smaller than
that of Orth-48-oxa and Tri-20-oxa (Orth-48-oxa, 0.42 μm; Tri-
20-oxa, 0.22 μm). The small crystal size of the products
obtained by seed-assisted synthesis caused the increase of the
external surface area. There are two possibilities in regard to the
crystallite size decrease when the seeds were used: (1) due to
the high pH of the precursor solution, (2) due to the addition
of the seed. However, the possibility (1) could be easily
excluded since the products formed at pH = 3.2 in Orth-MoVO
and pH = 2.2 in Tri-MoVO with the same synthesis time and
amount of the seed showed a similar diameter with that formed
at pH = 4.0. Thus, the addition of the seeds should be related

to the crystal size decrease, although the details are still
unknown. The micropore volumes were almost the same
irrespective of the addition of the seeds and were c.a. 7.2−8.2
cm3 g−1 in Orth-MoVO and 4.2−5.1 cm3 g−1 in Tri-MoVO.
The micropore volumes of Orth-MoVO were smaller than that
of our previous papers.1,31 Orth-MoVO was treated under air
atmosphere before the adsorption, which related to the small
micropore volumes because the micropore volume of Orth-
MoVO strongly depended on their reduction state.32 Never-
theless, the products obtained by the seed-assisted synthesis
were found to have microporosity. The elemental compositions
were almost the same irrespective of the addition of the seeds,
and the ratios of V/Mo were 0.37−0.40 in Orth-MoVO and
0.33−0.36 in Tri-MoVO, respectively. The catalytic perform-
ance over the catalysts formed in the absence or presence of the
seeds at each reaction temperature is illustrated in Figure 8.

After the catalytic reaction, crystal structure of the catalysts was
unchanged except for the small changes of the lattice parameter
and the peaks intensities. The conversion of ethane increased
with the reaction temperature (Figure 8A). The conversion of
ethane of Orth-48-oxa and Orth (s)-20−0.30−4.0 was almost
the same at each reaction temperature. As well, Tri-20-oxa and
Tri (s)-20−0.30−4.0 showed almost the same conversion of
ethane at each reaction temperature. The products detected
were ethene, acetic acid, and COx. The selectivity to ethene was

Figure 7. Crystal formation schemes of seed-assisted synthesis of (a)
Orth-MoVO and (b) Tri-MoVO. Purple, Mo; gray, V; green, mixture
of Mo and V.

Table 3. Physicochemical Properties of the Products Formed
in the Absence or Presence of the Seeds

catalysta

external
surface areab /

m2 g−1

micropore
volumeb /10−3

cm3 g−1

average rod
diameterc

/μm bulk V/Mod

Orth 7.3 8.2 0.42 0.40
Orth (s) 12.4 7.2 0.17 0.37
Tri 12.4 4.0 0.22 0.33
Tri (s) 21.4 5.1 0.14 0.36

aOrth, Tri, Orth (s), and Tri (s) represent Orth-48-oxa, Tri-20-oxa,
Orth (s)-20−0.30−4.0, and Tri (s)-20−0.30−4.0, respectively.
bExternal surface area and micropore volume were measured by N2
adsorption at −196 °C for the catalysts after the heat treatment under
air at 400 °C for 2 h and were determined by t-plot method. cAverage
of 100 crystallites in SEM images. dDetermined by ICP.

Figure 8. Conversion (A) and selectivity (B) changes as a function of
reaction temperature in the oxidative dehydrogenation of ethane over
Orth (s)-20−0.30−4.0 (closed circles), Orth-48-oxa (open circles), Tri
(s)-20−0.30−4.0 (closed triangles), and Tri-20-oxa (open triangles).
Reaction condition: catalyst amount, 0.5 g,; gas feed, C2H6/O2/N2 =
5/5/40 mL min−1.
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over 90% at the low ethane conversion range under the low
reaction temperature and then decreased gradually upon
increasing the reaction temperature. The COx selectivity was
increased subsequently with the reaction temperature. Acetic
acid selectivity was almost unchanged at each reaction
temperature and was in the range of 1−3%. The products
selectivity was almost the same at each reaction temperature
over these catalysts. We have reported that ethane is converted
in the heptagonal channel in the structure.3,4 As pointed out by
the N2 adsorption analysis, the obtained catalysts had
microporosity irrespective of the addition of the seeds, which
led to a similar catalytic performance for the selective oxidation
of ethane.

4. CONCLUSIONS
Seed-assisted syntheses of crystalline Mo3VOx oxides (MoVO)
were conducted for the first time. MoVO having the same
crystal phase with the seeds were formed under hydrothermal
conditions in a wide pH range of the precursor solution. The
rod-shaped crystals of MoVO were formed from the cross-
section of the rod-shaped crystals of the seeds and grew along
the c axis. We concluded that the building units provided from
ball-type polyoxomolybdate, [Mo72V30O282(H2O)56(SO4)12]

36−

({Mo72V30}), staked on the a−a or a−b plane of MoVO seeds,
leading to the formation of MoVO. The present work
successfully demonstrates the seed-assisted synthesis method
on MoVO and will pave a new way for synthesizing materials
based on building-block assembly.
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Abstract We succeeded in introducing W in Mo3VOx

with keeping the orthorhombic, trigonal, and amorphous

structures. Synthesized crystalline Mo(W)3VOx with

orthorhombic and trigonal structures, both of which pos-

sess heptagonal channels, showed catalytic activity for gas-

phase selective acrolein oxidation to acrylic acid superior

to amorphous Mo(W)3VOx and to tetragonal Mo3VOx. The

results strongly suggest that the crystalline Mo(W)3VOx

with orthorhombic and trigonal structures are real active

phase of industrial acrolein oxidation catalysts based on

Mo, W, and V oxides. Furthermore, we found that the

resulting W-containing catalyst showed less-dependency of

water partial pressure in the reactant feed on the acrolein

conversion.

Keywords Mo(W)3VOx � Acrolein � Oxidation � Acrylic
acid � Crystal structure � Amorphous � Industrial catalysts

1 Introduction

Catalytic oxidation is a key technology for converting

petroleum-based feedstocks to useful chemicals. The

obtained oxygen-containing products such as alcohols,

aldehydes, ketones, or acid are widely used as raw mate-

rials for manufacturing plastics, synthetic fiber, polyesters,

etc. [1–3]. As for solid-state oxidation catalysts, transition

metal oxides are most used as a key component of various

heterogeneous oxidation catalysts because of their diversity

in composition and valence state. Among various metal

oxide and complex metal oxides, Mo-V-based complex

metal oxides have long attracted much attention, back to

the sixties in the last century.

Mo-V-based complex metal oxide is very well known as

the selective oxidation catalyst of acrolein to acrylic acid.

Acrylic acid is one of the most important chemicals largely

employed by the chemical industry for the production of

super absorber, polymer, adhesive, paint, plastic, rubber

synthesis, detergent, etc. Currently all acrylic acid is

manufactured via two steps propylene based oxidation

processes, where initial stage is the formation of acrolein

followed by oxidation of acrolein to acrylic acid in which

Mo-V-based complex metal oxide is used. During the long

period of optimization of industrial catalysts, a large

number of metal promoters (Me) such as W, Cu, Mn, Fe,

Sb, Cr, and Sr were introduced to modify the catalytic

performance of these complex oxides [4]. A brief charac-

teristic of the industrial catalysts is in Table 1. In the

selective catalysts, Mo is always richer than V in content

and these components are usually in lower oxidation states.

Since the catalysts contain various elements for achieving

necessary catalyst performance, materials are basically

X-ray amorphous but show a diffraction of 0.4 nm

d-spacing. Though these conventional investigations

apparently facilitated an increase in the efficiency of the

catalysts, little has been provided in terms of the under-

standing of the real active material and structural phase and

underlying mechanisms so far due to the complexity of the

industrial catalysts.

Nevertheless, there are some useful and important

researches. The most important is a report by Andrushke-

vich [5]. She nicely listed up important characteristics of

Mo-V-based oxide catalyst on the basis of the reported

results and information on mixed Mo-V oxides, which are

shown in Table 1. One can easily see common features
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between industrial catalysts and mixed Mo-V oxides in the

table. Her most important conclusion amongst the features

is the elemental composition of Mo3VO11 as the catalyti-

cally active material. However, detailed information like

crystal structure about this material has been lacking.

After the report by Andrushkevich, there are an appre-

ciable number of reports on the topics of mixed Mo-V

oxide catalysts. However, there seem no results confirming

active material phase for the selective acrolein oxidation.

For example, Mestl et al. suggested (MoVW)5O14 with a

tetragonal structure as the active and selective phase [6],

while it was concluded by Vogel et al. that only X-ray

amorphous Mo/V mixed oxides contained selective oxi-

dation centers in contrast to the crystalline samples [7].

Obviously, mixed Mo-V oxide catalysts with tetragonal

structure or with amorphous structure could be a candidate

real active material. The situation, however, is still com-

plicated owing to the diversity of components and the lack

of full structural information of the catalysts. One of the

possible ways to reach the real state is to make a catalyt-

ically highly active material with simpler components and

well characterized.

Meanwhile, Mitsubishi Chemicals developed a complex

Mo-V–O based catalyst, which has an orthorhombic

structural phase, so-called M1, for propane oxidation to

acrylic acid and the ammoxidation of propane to acrylo-

nitrile [8–11]. The catalysts commonly contain various

levels of Nb and Te or Sb which are considered able to

affect catalyst activity either through promotion of product

selectivity as with Te or structurally as with Nb. This

development not only contributes to realize catalytic pro-

pane ammoxidation processes but also helps to understand

the active phase of acrolein oxidation. More recently, we

reported four different pure crystalline Mo3VOx materials

assuming trigonal, orthorhombic, tetragonal, and amor-

phous systems (denoted as Tri-MoVO, Orth-MoVO, Tetra-

MoVO, and Amor-MoVO, respectively) without contain-

ing a third metal elements [12] and eventually we found

that Tri-MoVO and Orth-MoVO are extremely active and

selective for ethane oxidation and for acrolein oxidation to

acrylic acid, of which acrolein oxidation performance is

superior to the industrial catalyst as far as compared under

laboratory scale experiments [13].

HAADF-STEM images of these four materials and

crystal structure models of Tri-MoVO and Orth-MoVO

have been reported as shown in Fig. 1 [14, 15]. The

materials have a rod-like morphology along its c-axis

direction. All of the complex Mo-V–O based catalysts are

layered with a lattice constant of 0.4 nm, in which each

layer is comprised of MO6 octahedra and pentagonal

bipyramidal M(M5O27) units [16–19]. The units are

arranged forming heptagonal and hexagonal channels in

the a-b plane in Tri-MoVO, Orth-MoVO, and Amor-

MoVO but without these channels in Tetra-MoVO. All the

above structural characterizations were fully confirmed by

HAADF-STEM images shown in Fig. 1. Owing to the

simplicity of the components and the uniformity of the

structures of these materials, study of the structure–activity

relationship between the properties of the catalysts and

their performance is possible.

In the present work, four different pure crystalline

Mo3VOx phases materials and W-containing analogues

were synthesized and tested as catalysts in the selective

oxidation of acrolein to acrylic acid. By these experiments,

real active structural phase for acrolein oxidation will be

identified, it will be elucidated that active surface is a-

b plane because the heptagonal channel sites are available,

and finally role of W in term of water addition effect will

be evidenced.

2 Experimental

2.1 Synthesis of Four Distinct Crystalline Mo3VOx

The catalysts were synthesized as previously reported [12,

13]. Briefly for Orth-MoVO, a solution of VOSO4�nH2O

(n = 5.4, 3.28 g, Mitsuwa Chemicals) in deionized water

(120 mL) was added to a solution of (NH4)6Mo7O24

(8.82 g) (Mo: 50 mmol, Wako) in deionized water

(120 mL) with stirring. The mixture was stirred for 10 min

and then transferred into an autoclave with a Teflon inner

tube and a Teflon thin sheet. The reaction mixture was

purged with N2 for 10 min and then hydrothermally treated

at 175 �C for 48 h. The procedure for Tri-MoVO was the

same as that above except that the pH value of the mixture

was adjusted to 2.2 with H2SO4. Duration of hydrothermal

reaction was 20 h. As-synthesized Orth-MoVO and Tri-

MoVO was purified by the treatment in a solution of oxalic

acid at 60 �C for 30 min to remove amorphous impurities.

Synthesis of Tetra-MoVO was done through heat treatment

of Orth-MoVO (400 �C in air for 2 h and 575 �C under an

Table 1 Typical features of Mo-V–O catalysts for gas-phase acrolein

oxidation

Features Industrial catalysts Mixed Mo-V oxide

Composition Mo/V = 2*8 Mo3VO11-x

Additives Cu, W, Fe, Sb etc. none

XRD X-ray amorphous Phase mixture

(with peak of

d = 0.4 nm)

(with peak of

d = 0.4 nm)

Valence state Highly reduced Mo6?, V4?

IR band (cm-1) not available 870 (st), 917 (sh),

824 (sh)
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atmosphere of N2 for 2 h). Amor-MoVO was obtained by

the same procedure of Orth-MoVO synthesis except the

twofold precursor concentration, without use of the Teflon

sheet, and no N2 bubbling.

2.2 Synthesis of W-Containing Mo3VOx

Orthorhombic Mo3VW0.25Ox (denoted as Orth-MoVWO)

was synthesized with (NH4)6Mo7O24�4H2O, (NH4)6
[H2W12O40]�6H2O, and VOSO4�5.4H2O under hydrother-

mal conditions. Firstly, solution A was obtained with

8.38 g of (NH4)6Mo7O24�4H2O and 0.64 g of (NH4)6
[H2W12O40]�6H2O being dissolved in 120 mL of deionized

water, and solution B was obtained with 3.28 g of

VOSO4�5.4H2O being dissolved in another 120 mL of

deionized water. Secondly, solution B was poured into

solution A under stirring conditions. The other synthetic

procedures are the same as described above. Hydrothermal

reaction was conducted at 448 K for 48 h. As-synthesized

material was treated with oxalic acid solution

(10 mmol L-1) at 60 �C for two times. The treatment was

kept for 30 min every time.

Amorphous Mo3VW0.25Ox (denoted as Amor-MoVWO)

was also synthesized with the same precursor with twice

high concentration and by the same procedure but without

Teflon sheet.

For synthesizing trigonal Mo3VW0.25Ox (denoted as Tri-

MoVWO), ethylammonium trimolybdate [EATM, (CH3-

CH2NH3)2Mo3O10] was used as a Mo source instead of

(NH4)6Mo7O24�4H2O used to synthesizing Tri-MoVO.

EATM was first prepared as follows. 21.594 g of MoO3

(Kanto; 0.150 mol) was dissolved in 28.0 mL of 70 %

ethylamine solution (ethylamine: 0.300 mol, Wako) dilu-

ted with 28.0 mL of distilled water. The reason for the

addition of distilled water is to reduce the viscosity of the

mixed solutions. After being completely dissolved, the

solution was evaporated under vacuumed condition at

70 �C and then solid powder was obtained. The powder

was dried in air at 80 �C overnight.

8.995 g of EATM (Mo: 50 mmol) was dissolved in

120 mL of distilled water. Separately, an aqueous solution

of VOSO4 was prepared by dissolving 3.29 g of hydrated

VOSO4 in 120 mL of distilled water. The two solutions

were mixed at ambient temperature and stirred for 10 min

before the addition of 2.40 g of (NH4)6[H2W12O40]�nH2O

(W: 9.1 mmol). Then, the obtained mixed solution was

introduced into an autoclave with a 300 mL-Teflon inner

vessel and 4,000 cm2 of Teflon thin sheet to occupy about

half of Teflon inner vessel space. After being introduced,

N2 was fed into the solution in the tube in order to remove

residual oxygen. At this stage, the pH of the solution was

2.4. Then the hydrothermal reaction was started at 175 �C

Fig. 1 HAADF-STEM images of a orthorhombic, b trigonal, c tetragonal, and f amorphous Mo3VOx and structural models for d orthorhombic,

e trigonal phases
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for 48 h under static conditions in an electric oven. Gray

solids formed on the Teflon sheet were separated by fil-

tration, washed with distilled water, and dried in air at

80 �C overnight. Purification with oxalic acid was con-

ducted to the obtained solids in order to remove amorphous

type materials contained 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.

2.3 Characterization

X-ray diffraction patterns were measured by using an X-ray

diffractometer (RINT-Ultima III, Rigaku) with Cu Ka to

study their crystalline structure. Scanning electron

microscopy (SEM) images were taken using an electron

microscope (JSM-6360LA, JEOL). Scanning transmission

electron microscope (STEM) image and metal element

mapping of Mo, W, and V were obtained on an HD-2000

(HITACHI). The chemical compositions of the catalysts

determined by ICP-AES method with a VISTA-PRO

apparatus (Varian). N2 adsorption–desorption isotherms

measurements were carried out on an auto-adsorption

system (BELSORP MAX, Nippon BELL) using t-plot

method to obtain the external surface area and micropore

volume. Before measurements, the samples were treated at

400 �C for 2 h under air and outgassed at 300 �C under

vacuum for 2 h.

2.4 Gas-Phase Catalytic Oxidation

Catalytic oxidation of acrolein to acrylic acid was carried

out using a fixed bed stainless tubular reactor at an atmo-

spheric pressure. The amount of catalyst was 0.25 g (with

2.5 g of carborundum) or 0.125 g (with 2.5 g of carbo-

rundum). The catalysts were firstly heated from room

temperature to 400 �C under N2 of 50 mL min-1 and were

kept for 2 h at this temperature. Then the temperature was

decreased to a desired reaction temperature. The reaction

was conducted under two different water pressure. With

higher water pressure, the feed composition was acrolein/

O2/H2O/N2 ? He = 2.3/7.4/25.2/65.1 (mol%), and total

flow rate was 107.6 mL min-1. With lower water pressure,

the fed amount of H2O was reduced to 12.6 mol%, and the

total flow rate was kept constant with the increase of N2 as

balance gas. The quantitative analysis was carried out using

three on-line gas chromatographs with columns of

Molecular Sieve 13X, Gaskuropack 54, and Porapak Q.

Blank runs showed that no reaction took place without

catalysts under the experimental conditions. Carbon bal-

ance was always ca. 96–100 %.

3 Results and Discussion

3.1 Acrolein Oxidation Over Four Different Pure

Crystalline Mo3VOx Catalysts and W-Containing

Analogues

Gas-phase selective oxidation of acrolein to acrylic acid

was conducted over crystalline Mo3VOx catalysts with

four different crystal structure phases and W-containing

Mo3VOx catalysts. The results are summarized in Table 2

with structural parameters and catalytic performance

changes as the function of reaction temperature are illus-

trated in Fig. 2. As we have already reported [13, 20], there

is a large difference in the performance of these four

Mo3VOx catalysts with the different crystal phases. Tri-

MoVO was the most active catalyst, giving appreciable

conversion of acrolein even at 175 �C and achieving

almost 100 % conversion at 215 �C with high acrylic acid

selectivity more than 97 %. This catalytic performance is

surprisingly high and totally not comparable to other

reported data [4, 6, 7]. This catalyst is followed by Orth-

MoVO in terms of the conversion as shown in Fig. 2. By

taking it into account that the external surface area of Tri-

MoVO is about three times higher than that of Orth-MoVO

(Table 2), the activity of Orth-MoVO giving 68 % at

215 �C is reasonable and thus it should be concluded that

both Tri-MoVO and Orth-MoVO assume a similar intrinsic

catalytic property for the acrolein selective oxidation.

Amor-MoVO, on the other hand, was less active and gave

only 25 % conversion at 223 �C which is a little higher

than those applied to Tri-MoVO and Orth-MoVO. To reach

95 % conversion with the Amor-MoVO catalyst, the

reaction temperature needed to be elevated to nearly

300 �C, as can be seen in Fig. 2. The temperature neces-

sary for 95 % conversion is approximately 90 �C higher

than that for Tri-MoVO catalyst. Tetra-MoVO which has

often been examined as an active phase for the reaction

[21] was found almost inactive under the temperature

condition below 250 �C.
In order to understand the observed clear relationship

between crystal structure and catalytic activity, various

determining factors of acrolein oxidation activity should be

considered. The four catalysts having different crystal

structures were carefully prepared phase-purely, so that any

effects by impurity materials can be ruled out. One may

notice that the Mo/V values of Orth-MoVO and Tri-MoVO

are slightly higher than those of Amor-MoVO and Tetra-

MoVO as listed in Table 2. At present, we consider that

this is a structure requisite and such difference may not

cause big difference in the activity. External surface area

should be a direct effect on the conversion as already stated

above in the activity comparison between Orth-MoVO and

Tri-MoVO catalysts. In the case of a comparison between
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Orth-MoVO and Amor-MoVO catalysts, however, twice

amount of Amor-MoVO to compensate the external surface

area of Orth-MoVO could not cover the reaction temper-

ature difference of about 30 �C between Orth-MoVO and

Amor-MoVO (Fig. 2). There are no ways to compensate in

the case of Tetra-MoVO. These may allow us to consider

the activity-determining factor on the basis of crystal

structure straightforwardly. Tri-MoVO, Orth-MoVO, and

Amor-MoVO all possess heptagonal channels and hexag-

onal channels in their structures, whereas Tetra-MoVO

does not. This simple fact can suggest that the catalytically

active sites could exist around the heptagonal channels and

the hexagonal channels. Then next it has to be explained

why Amor-MoVO was inferior to Tri-MoVO and Orth-

MoVO. From structural point of view, Amor-MoVO has

the disordered arrangement of the pentagonal units in a-

b plane, so that the number of the heptagonal channels and

the hexagonal channels should be decreased. This causes

lower number of the active sites associated with the hep-

tagonal channels and the hexagonal channels than those of

Tri-MoVO and Orth-MoVO. This could be the reason why

Amor-MoVO had the lower catalytic activity than the other

two catalysts.

The above discussion may suggest that the acrolein

oxidation mainly takes place on the surface of the a-b plane

of the catalysts where the heptagonal channels and the

hexagonal channels locate and not on the side surface of

the rod-shaped catalysts. In order to clarify which con-

tributes more to the oxidation activity, the side surface or

the section surface of the rod-shaped crystals, unground

Orth-MoVO catalyst was tested for the selective oxidation

of acrolein. The acrylic acid selectivity (96 %) of the

unground catalyst was almost the same with the ground

catalyst but the acrolein conversion (9.8 %) was far less

compared with the ground catalyst (37.8 %) in spite of

similar external surface areas (ground; 6.2 m2 g-1,

unground; 4.0 m2 g-1). This fact clearly indicates that the

section surface exposed by the grind treatment is far more

active for the selective oxidation of acrolein than the side

surface of the rod-shaped crystals. As a consequence,

Table 2 Structural information of Mo3VOx catalysts and W-containing analogues, and their catalytic performance in acrolein oxidation

Catalyst Elemental composition (%)a Lattice parameter (nm) External

surface

area (m2/g)b

Reac.

temp. (�C)
Acrolein

conv. (%)c
Selectivity (%)

Mo V W a b c AAd AcOHe COx

Orth-MoVO 75.6 24.4 0 2.108 2.657 0.3997 6.2 215 68.2 98.1 0.1 1.8

Orth-MoVWO 69.8 25.5 4.7 2.102 2.648 0.3994 28.9 215 91.1 97.1 0.3 2.6

Tri-MoVO 75.8 24.2 0 2.127 0.4011 16.3 215 99.3 97.3 0.3 2.4

Tri-MoVWO 74.1 20.7 5.2 2.129 0.3996 18.0 215 53.9 97.5 0.2 2.3

Amor-MoVO 72.2 27.8 0 – – 0.3996 3.0 223 25.2 98.4 0.0 1.6

Amor-MoVWO 71.9 22.3 5.8 – – 0.3994 3.4 223 16.0 98.8 0.0 1.2

a Determined by ICP-AES
b Measured by N2adsorption and determined by t-plot
c Reaction conditions: 107.6 mL min-1 of reactant gas with the composition of acrolein/O2/H2O/N2 ? He = 2.3/7.4/25.2/65.1(mol%) was fed

in 0.25 g of catalysts diluted with carborundum(2.5 g)
d Acrylic acid
e Acetic acid
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Fig. 2 Acrolein oxidation over Orth-MoVO (filled square), Orth-
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acrolein oxidation to acrylic acid can proceed over the

external surface of the rod-shaped crystals but dominantly

on the section surface of the rod-shaped crystals.

3.2 Acrolein Oxidation Over W-Containing Mo3VOx

Catalysts

We succeeded in introducing W in Mo3VOx with keeping

the orthorhombic, trigonal, and amorphous structures by

the preparative procedure shown in the experimental sec-

tion. The W contents in Orth-MoVWO, Tri-MoVWO, and

Amor-MoVWO are determined by ICP-AES method to be

4.7, 5.2, and 5.8 % respectively, as shown in Table 2,

manifesting that W was successfully introduced into the

synthesized materials. The crystalline structure of the cat-

alysts was studied by XRD characterization. Diffraction

peaks at 22.2� and 45.4� was observed for all the catalysts,

which indicates that the present catalysts are a kind of

layered-type material with a layer lattice distance of about

0.4 nm (Table 2). These two peaks were ascribed to (001)

and (002) plane reflections. Besides these two peaks, dif-

fraction peaks corresponding to the orthorhombic crystal

system emerged in the pattern of Orth-MoVWO at 6.6�,
7.9�, 9.0�, and 27.3�(Cu Ka), which were ascribed to the

plane of (020), (120), (210), and (630), respectively. These

diffraction peaks at the low angel region less than 10�
indicates that Orth-MoVWO was well crystallized along a-

and b-axis as well as c-axis. Similarly, diffraction peaks

corresponding to the trigonal crystal system emerged in the

pattern of Tri-MoVWO at 4.6�, 8.2�, and 9.5� (Cu Ka),
which were ascribed to the plane of (100), (110), and (200),

respectively. These are the most distinct difference com-

pared with the amorphous samples. Amor-MoVWO

showed only a broad peak below 10� with sharp peaks

ascribed to (001) and (002) plane reflections. These data

satisfactory support the introduction of W in the lattice of

orthorhombic and amorphous structures. Further details on

the state of W in Orth-MoVWO and Amor-MoVWO will

be reported elsewhere.

The morphology analyses of the present catalysts were

conducted through SEM characterization. Orth-MoVWO

presented as rod-shaped crystals, which is similar to that of

Orth-MoVO. The average diameter of Orth-MoVO was

about 300 nm, while that of Orth-MoVWO was apparently

smaller to be less than 200 nm. Since the surface area of

Orth-MoVWO was quit high, the actual diameter of Orth-

MoVWO rods should be much smaller, which is likely

caused by the rod-segregation of the rod-shaped crystals

due to lattice contraction generated by the incorporation of

W. Accompanying the decrease of the rod diameter and the

length, the external surface area of Orth-MoVWO reached

28.9 m2 g-1, which is 4.8 times as high as that of Orth-

MoVO (6.2 m2 g-1, Table 2). The rod shape was also

observed by STEM characterization in Tri-MoVWO and

Amor-MoVWO. However, the introduction of W in Tri-

MoVO and Amor-MoVO had no clear effect on the

external surface area and the rod size did not change

obviously by the introduction of W.

Table 2 lists the acrolein conversion and product

selectivities over three W-containing catalysts, Orth-

MoVWO, Tri-MoVWO, and Amor-MoVWO. It can be

clearly seen that the catalytic activity of Orth-MoVWO is

higher than that of Orth-MoVO and higher than those of

Tri-MoVWO and Amor-MoVWO. Total conversion of

acrolein could be realized at much lower temperature when

Orth-MoVWO is used, which is comparable to Tri-MoVO

(Table 2). For example, 91 % conversion of acrolein could

be obtained at the temperature of 215 �C over Orth-

MoVWO catalyst, while 68 % conversion was only

obtained at the same temperature of 215 �C over Orth-

MoVO catalyst. On the contrarily, the addition of W

introduction into the trigonal and amorphous type catalysts

caused a negative effect on the conversion as can be seen in

Fig. 2. Nevertheless, nearly 100 % conversion of acrolein
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could be obtained at the temperature of 280 �C over Amor-

MoVWO with a bit higher selectivity to acrylic acid that

that over Orth-MoVWO and Tri-MoVWO catalysts.

The extremely high catalytic activity was achieved over

Orth-MoVWO catalyst compared to those over Tri-MoV-

WO and Amor-MoVWO catalysts. This is obviously due to

the largely increased surface area by the introduction of W,

but at the same time this fact suggests that the introduction

of W the introduction may affect the orthorhombic struc-

ture material specifically. In fact, the introduction of W

showed the clear negative promotion effect on the catalytic

activity for the trigonal and amorphous system. We con-

sider at the present stage that only when W is incorporated

into the orthorhombic crystalline structure with bringing

about the increase of active surface area and structural

strain, excellent catalytic activity can be realized at lower

temperature. On the contrary, the negative effect of W

addition observed in the Tri-MoVO is presumably due to

structural stabilization by W in the structure with

decreasing structural strain and thus active surface area.

3.3 Effect of Water on the Acrolein Oxidation Over

W-Containing Mo3VOx Catalysts

In order to understand the addition effect of W from other

aspect, we tested water addition effect on the acrolein

oxidation. Although the promotion mechanism of added

water in reactant feed is still not clear, it is well accepted

that water is able to act as an important promoter for the

conversion of acrolein. For example, with Mo/V/W-mixed

oxides as catalyst, the conversion of acrolein decreased

with the reduction of fed amount of water at lower

temperature.

Figure 3 illustrates the acrolein conversion and product

selectivites as the function of the reaction temperature over

four catalysts, Orth-MoVWO, Orth-MoVO, Tri-MoVWO,

Tri-MoVO, under two different water feed concentrations.

Table 3 also summarizes water feed effect on the conver-

sion and the selectivity over Orth-MoVWO, Orth-MoVO,

Tri-MoVWO, Tri-MoVO, Amor-MoVWO, and Amor-

MoVO catalysts in different catalyst weights. As expected,

the acrolein conversion over Orth-MoVO and Tri-MoVO

catalysts appreciably decreased when the water concen-

tration decreased to half. Higher reaction temperature is

required when the water concentration is lower (see arrows

in Fig. 3). On the other hand, the conversion of acrolein

over the W-containing catalysts, Orth-MoVWO and Tri-

MoVWO, showed only small decreases even when the fed

amount of water decreased by half. These results clearly

demonstrate that the role of W in the oxidation of acrolein

over Mo-V–O catalysts is to moderate the effect of water.

It should be noted in Table 3 that different from the

other two catalysts, no clear effect of W on the water

addition effect was observed when the catalysts are

amorphous. We speculate that the W effect can appear only

when W is incorporated into the framework of the

Table 3 Water-addition effect on acrolein oxidation over Orth-MoVO, Orth-MoVWO, Tri-MoVO, Tri-MoVWO, Amor-MoVO, Amor-MoV-

WO catalysts

Catalyst Catalyst

weight (g)

Water content

(mol%)a
Reac.

temp. (oC)

Acrolein

conv. (%)

Selectivity (%)

AAb AcOHc COx

Orth-MoVO 0.25 25.2a 215 68.2 98.1 0.1 1.8

Orth-MoVO 0.25 12.6b 215 27.0 98.2 0.1 1.7

Orth-MoVWO 0.15 25.2 215 73.6 97.5 0.2 2.3

Orth-MoVWO 0.15 12.6 215 58.9 97.6 0.2 2.2

Tri-MoVO 0.10 25.2 215 50.7 98.1 0.1 1.8

Tri-MoVO 0.10 12.6 215 29.2 97.9 0.1 2.0

Tri-MoVWO 0.25 25.2 215 53.9 97.5 0.2 2.3

Tri-MoVWO 0.25 12.6 215 44.9 97.5 0.2 2.3

Amor-MoVO 0.25 25.2 245 67.4 98.7 0.1 1.2

Amor-MoVO 0.25 12.6 245 58.8 98.8 0.1 1.1

Amor-MoVWO 0.25 25.2 245 47.2 98.9 0.1 1.0

Amor-MoVWO 0.25 12.6 245 45.2 99.0 0.1 0.9

a Reaction conditions(H2O: 25.2 mol%): 107.6 mL min-1 of reactant gas with the composition of acrolein/O2/H2O/N2 ? He = 2.3/7.4/25.2/

65.1(mol%) was fed in 0.25 g of catalysts diluted with carborundum(2.5 g); reaction conditions(H2O: 12.6 mol%): 107.6 mL min-1 of reactant

gas with the composition of acrolein/O2/H2O/N2 ? He = 2.3/7.4/12.6/77.7(mol%)
b Acrylic acid
c Acetic acid
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orthorhombic or the trigonal crystalline structure. Obvi-

ously further experiments are necessary, which are on

going.

4 Conclusions

The present work on acrolein oxidation catalysts based on

Mo(W)3VOx was conducted in three different approaches;

first, structure–activity relationship by using different

crystal phase materials as catalysts, second, effect of W

addition effects in Mo3VOx on the conversion and third,

effect of water addition depending on the presence of W in

the catalyst structures. By combining all collected data in

these three approaches, it was concluded that the network

of the pentagonal units forming the heptagonal and hex-

agonal channels is indispensable for creating active sites on

the surface the Mo3VOx catalyst and that the a-b plane with

the heptagonal and hexagonal channels on the surface is

responsible for acrolein oxidation activity. This active

surface formation is assisted by the W-addition in the case

of orthorhombic Mo3VOx catalyst. It was clearly demon-

strated that the active surface containing W can work even

under low partial pressure of water in the reactant feed.

Many years have passed since the discovery of active

Mo and V-based oxide catalyst for acrolein selective oxi-

dation to acrylic acid. Now, the present work proposes that

crystalline Mo(W)3VOx with orthorhombic or trigonal

structure is the real active phase for the reaction.
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a b s t r a c t

Conversion of alcohols in a gas phase under N2 flow at 573 K was carried out using V2O3 and MoO2 oxides
with low valence oxidation states. It was found in the reaction of ethanol that equimolar amounts of
ethane and acetaldehyde were catalytically formed as the main products over the oxides. Bi-products
were small amounts of ethene and C4 compounds. Reactions of other alcohols (methanol, 1-propanol
and 2-propanol) over the V2O3 and MoO2 catalysts also led to the equimolar formation of corresponding
alkanes and aldehydes or ketone. It was confirmed by XRD and XPS that the low valence states of V2O3

and MoO2 were unchanged during the reactions and the oxides stably worked as the catalyst. Based
on catalytic reaction results obtained under various reaction conditions (reaction temperature, contact
time, introduction of H2 and C2H4 into reaction stream) and on experiments of kinetic isotope effects on
the ethanol reaction, a reaction scheme is proposed, in which hydrogen transfer reaction between two
alcohol molecules adsorbed on metal–O2−–metal sites on the surface of V2O3 and MoO2 catalysts takes
place via 6-membered transition state, followed by dehydration.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Vanadium oxides and molybdenum oxides are one of the most
frequently used catalytic materials in industrial chemical pro-
cesses, such as partial oxidations of hydrocarbons and alcohols,
dehydration of alcohols, de-NOx reaction and so forth. In most
of the cases of these catalytic reactions, the oxidation states of V
and Mo under working conditions are either the highest or slightly
reduced, but much reduced states like V3+ and Mo4+ are quite rare in
any metal oxide forms under catalytically working states. Recently,
we found that ethanol conversion can catalytically proceed over
highly reduced vanadium oxides and molybdenum oxides, partic-
ularly over V2O3 and MoO2 oxides and that the reaction selectively
produces ethane and acetaldehyde in equimolar amounts [1]. This
reaction itself and catalytic function of low valence V and Mo in
metal oxides seem quite unique in catalysis and interesting in terms
of reaction mechanism.

Formation of alkanes from aliphatic alcohols has been little
studied in contrast to extensive studies of catalytic dehydration
and dehydrogenation of alcohols. A few research results, however,

∗ Corresponding author. Tel.: +81 0454815661.
E-mail addresses: ueda@cat.hokudai.ac.jp, uedaw@kanagawa-u.ac.jp (W. Ueda).

have been reported for the formation so far. They showed that the
formation of alkanes from corresponding alcohols mostly occurs
via either direct hydrogenation of the alcohols or alkenes formed
by dehydration of the alcohols with hydrogen that was formed
by dehydrogenation of the alcohols [2–4]. Cd–Cr–O [2] and 12-
molybdophosphate [3] catalysts were reported to form ethane from
ethanol via hydrogenation of ethylene, on the basis of that the
selectivity to ethane increased with decrease of the selectivity to
ethylene. Lobo et al. also showed that propane could be formed via
hydrogenation of 1-propanol over Pt supported catalysts (Pt/TiO2,
CeO2, Al2O3) [4].

There seems other possible formation mechanisms of alkanes
from alcohols. For example, Mohamed et al. reported that ethane
and methane were formed as major products from ethanol over
Fe ion-exchanged mordenite. They explained that the preferential
formation of alkanes was due to the O-abstracting affinity of Fe3+

[5]. Ochoa et al. also reported that ethane, acetaldehyde and water
were observed at low temperature on TPD profiles in the ethanol
reaction over ferrite catalyst [6] They proposed that ethane was
formed via disproportionation of ethanol or coupling of methyl
species formed by dissociation of acetaldehyde. Jin et al. found that
butane was formed from 1-, 2-butanols over Fe2O3, Fe2O3–ZrO2
and Fe2O3–ZnO. On the basis of hydrogen effect over Fe2O3–ZrO2,
they concluded that formation of butane from butanol was via

http://dx.doi.org/10.1016/j.molcata.2014.07.009
1381-1169/© 2014 Elsevier B.V. All rights reserved.
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nucleophilic substitution (SN2) of hydroxyl group of alcohols by
a hydride ion [7].

In the case of aromatic alcohol reaction like benzyl alcohol, there
are several research reports on equimolar formation of toluene and
benzyl aldehyde. Jayamani et al. and Ganesan et al. reported that
toluene and benzaldehyde were produced in an equal amount from
benzyl alcohol over alumina catalyst [8–10] and Ganesan et al. pro-
posed that the disproportionation of di-benzyl ether is a pathway
to form the toluene and benzaldehyde in a 1:1 ratio in addition
to a direct disproportionation of benzyl alcohol. Moreover, they
also proposed that the reaction mechanism is a hydride transfer
reaction from one surface benzyloxy species to a neighboring one.
Mathew et al. reported that the conversion of benzyl alcohol to
toluene and benzaldehyde occurred over molybdenum supported
Al(OH)3 [11,12]. ABB�O3 (A = Ba, B = Pb, Ce, Ti and B� = Bi, Cu, Sb)-
type perovskite oxides [13] and Au–Pd nanoparticle [14,15] are also
found active for the reaction. In the case of the former, hydrogena-
tion of benzyl alcohol to form toluene was proposed, while in the
latter Hutching’s group proposed a disproportionation of benzyl
alcohol as a main pathway to form toluene and benzaldehyde since
Au–Pd led to the equimolar formation of toluene and benzaldehyde
in benzyl alcohol reaction under He.

Among the catalytic systems mentioned above, 12-
molybdophosphate [3], Pt-supported catalysts [4] are the unique
cases that simultaneously produced equivalent amounts of alkanes
and aldehydes from aliphatic alcohols, although some other prod-
ucts were formed along with them and the proposed reaction
mechanisms are still controversial. In addition, it seems have been
considered that higher oxidation states of metal elements in the
case of oxide catalysts favor the alkane formation. Meanwhile, our
results reported recently using vanadium oxides and molybdenum
oxides as catalysts for ethanol conversion evidently showed that
equivalent amounts of alkanes and aldehydes were formed from
corresponding alcohols as main products without H2 formation
and clarified that lower oxidation states of metal elements in
these oxide catalysts are active for the equimolar formation
[1]. Apparently vanadium oxides and molybdenum oxides in
low valence states are now one of the representative catalysts for
equimolar formation of alkanes and aldehydes from corresponding
alcohols. In order to further confirm the simultaneous formation
of equivalent amounts of alkanes and aldehydes and to elucidate a
plausible reaction mechanism for the reaction, we conducted the
reaction under different conditions and kinetic analysis. Here in
this report, an intermolecular hydrogen-transfer dehydration of
aliphatic alcohols will be described based on observed results.

2. Experimental

2.1. Catalyst preparation

V2O5 was prepared by the calcination of NH4VO3 (99% Wako
Pure Chemical Industries) at 773 K for 2 h in air. V2O3 was then
prepared by the reduction of the prepared V2O5 (0.3 g) in a tubu-
lar furnace under a H2 stream (30 ml/min) at 773 K for 2 h. The
reduced samples were then exposed to air when they cooled at
room temperature before use for catalysis. MoO3 was prepared by
the calcination of (NH4)6Mo7O24 (99% Wako Pure Chemical Indus-
tries) at 773 K for 2 h in air. MoO2 was obtained by the reduction of
the obtained MoO3 (0.3 g) in a tubular furnace under a H2 stream
(30 ml/min) at 773 K for 2 h. Subsequently, the reduced molybde-
num oxide samples were exposed to air once after they cooled
at room temperature. Then the samples were treated again in a
tubular furnace under a 5%H2/Ar (30 ml/min) stream at 773 K for
2 h. Finally the reduced sample was cooled to room temperature,

followed by an exposure in air. Thus obtained MoO2 was provided
for catalysis.

2.2. Catalytic test

Catalytic reactions were carried out in a continuous flow fixed
bed reactor (Pyrex). A similar volume mixture of the catalyst
(0.03–1.5 g) and SiO2 sands (1.3–2.6 g) as a diluent, which showed
no catalytic activity in the alcohol reaction, was placed in the reac-
tor and heated to a desired reaction temperature (533–633 K) under
a N2 flow (21.4 ml/min). Then, the catalytic reaction was started
by the introduction of ethanol (99.5%, Wako Pure Chemical Indus-
tries) with N2 carrier into the reactor. The total flow rate of the
reactant gas was kept constant (21.4 ml/min) for all the reactions.
Ethanol concentration was changed from 1.8–7.5 mol%. The con-
centrations of methanol (99.8%, Wako Pure Chemical Industries),
1-propanol (99.5%, Wako Pure Chemical Industries) and 2-propanol
(99.7%, Wako Pure Chemical Industries) were 2.7, 1.7, and 4.3 mol%,
respectively. For study on kinetic isotopic effect, two types of
isotope-labeled ethanol, CH3CH2OD (99%, Wako Pure Chemical
Industries) and CD3CD2OD (99%, Wako Pure Chemical Industries),
were used as reactant.

The reaction products were analyzed by gas chromatography.
Two gas chromatographs, Shimadzu GC-8A equipped with a ther-
mal conductivity detector and a packed column Porapack-QS and
GL Science GC-380 equipped with a thermal conductivity detector
and a flame-ionization detector and two packed columns, Unicar-
bon and molecular sieve 5A, were used. N2 gas was used as internal
standard for quantitative GC analysis. Alcohol conversion, the prod-
uct selectivity, and carbon balance were defined as the following
Eqs. (1)–(3), respectively.

Conversion(%) = X

X0
× 100 (1)

Selectivity(%) = A

X
× 100 (2)

Carbon balance = Selectivitytotal (3)

where X0, X, and A refer to the amount of alcohol feed, the amount
of reacted, and amounts of products, respectively.

2.3. Catalyst characterization

Powder X-ray diffraction (XRD) measurements were performed
with a RINT Ultima+ diffractometer (Rigaku) with Cu-K� radiation
(� = 0.1540 nm) and X-ray power of 40 kV/20 mA. Specific surface
areas were measured by the BET method from N2 adsorption at
77 K using a BELSORP MAX (BEL Japan Inc.). XPS measurements
were performed using a JPS-9010 MC (JEOL). An Mg-K� radiation
source (1253.3 eV) operated at a power of 100 W (10 kV, 10 mA)
was employed. Vacuum in the analysis chamber was <5 × 10−6 dur-
ing all measurements. Pass energy of 30 eV was used to acquire
all survey scans. The binding energy (BE) was corrected for sur-
face charging by taking the C1s peak of carbon as a reference at
248.7 eV. Data were analyzed using the SpecSurf including Shirley
background subtraction and fitting procedure. Quantification of
the components for the surface oxidation state of vanadium and
molybdenum was made using the SpecSurf. The binding energies
of 517.2, 516.0 and 515.2 eV were attributed to V5+, V4+ and V3+,
respectively in the V2O3 [16,17], and Mo6+, Mo5+ and Mo4+ oxida-
tion states (Mo3d3/2 and Mo3d5/2) were identified at 235.8, 234.7
and 232.7 eV, and 232.2, 231.9 and 229.1 eV, respectively [18,19].

─ 126 ─



Y. Nakamura et al. / Journal of Molecular Catalysis A: Chemical 394 (2014) 137–144 139

Table 1
Ethanol reaction in the presence of H2 and C2H4 over V2O3 and MoO2 catalysts.

Catalysts SBET (m2/gcat)a Condition Conversion (%) Selectivity (%)

C2H4 C2H6 CH3CHO Othersf

V2O3 17 N2
b 13.4 2.0 42.7 43.6 11.7

With H2
c 16.5 1.1 45.7 42.4 10.8

With C2H4
d 16.8 1.3e 45.8 41.5 11.4

MoO2 6 N2
b 41.0 1.2 47.4 47.6 3.8

With H2
c 38.0 1.1 44.4 45.9 8.6

With C2H4
d 36.8 4.3e 43.4 45.5 6.8

Reaction condition: reaction temperature 573 K, catalyst 0.15 g, 5 h time on stream.
a Specific surface area of the catalysts measured by N2 adsorption -196 ◦C.
b N2 21 ml/min, ethanol 0.39 ml/min.
c N2 20 ml/min, C2H5OH 0.39 ml/min, H2 1.0 ml/min.
d N2 20 ml/min, C2H5OH 0.39 ml/min, C2H4 1.0 ml/min.
e Obtained by subtraction of the concentration of ethylene introduced into the feed from the concentration of ethylene in the products.
f Others are attributed to C4 compounds mainly.

3. Results and discussion

3.1. Catalytic activity of V2O3 and MoO2 in ethanol reaction

Over the V2O3 catalyst and the MoO2 catalyst, we observed
the formation of ethane and acetaldehyde as the main products
in the conversion of ethanol. Main by-product detected was eth-
ylene and trace amounts of C4 compounds such as ethyl acetate,
n-butanol, crotonaldehyde and 2-butanone were also detected. We
also observed heavy products in the outlet of the reactor, so that
the carbon balances were around 90% in the ethanol reaction. The
product selectivity of these products including C4 compounds was
calculated on the basis of the carbon balances and is listed as oth-
ers in Tables 1 and 3. No formations of diethyl ether and H2 were
observed. Ethylene can be simply formed by dehydration and the
C4 by-products can be formed via condensation reaction of ethanol.

Fig. 1 shows the conversion of ethanol and the selectivity to
products as a function of time on stream on the V2O3 and MoO2
catalysts. The conversion of ethanol on the V2O3 catalyst, as can be
seen in Fig. 1(a), was 24% at the beginning of the time on stream and
decreased sharply to 15% with the increase of the time on stream.
The reason for the sharp decrease is unclear, but possibly due to a
change of oxidation state of V on the surface during the reaction
as observed in our previous paper [1]. Nevertheless, the conver-
sion then kept unchanged after 2 h time on stream. On the other
hand, the ethane selectivity of 38% and the acetaldehyde selec-
tivity of 43% were observed at the beginning of the reaction and
the ethane selectivity gradually increased, giving 43% selectivity to
ethane with 44% selectivity to acetaldehyde at 5 h time on stream
(Table 1).

Compared to the above V2O3 catalyst, the MoO2 catalyst showed
more stable and better performance for the conversion of ethanol
to ethane and acetaldehyde, as can be seen in Fig. 1(b) and Table 1.
The conversion was about three times higher than that of the V2O3
catalyst and only slightly decreased from 47% to 41% at 2 h time
on stream and then was stabilized. Obviously, intrinsic activity the
MoO2 catalyst for the ethanol reaction seems higher than that of the
V2O3 catalyst, since the surface area of the V2O3 (17 m2/g shown
in Table 1) is higher than that of MoO2 (5 m2/g). In addition, the
MoO2 catalyst clearly revealed the high selectivity performance for
the equimolar product formation in which 47% ethane selectivity
and 48% acetaldehyde selectivity were achieved from the beginning
of the ethanol reaction and continued to 9 h time on stream without
appreciable changes in the selectivities.

For both the V2O3 and MoO2 catalysts, the equimolar forma-
tion of ethane and acetaldehyde from ethanol is now apparent and
active sites on the catalysts are stable during the ethanol reaction.
Interesting thing is that very small amount of ethylene and no

formation of diethyl ether were observed for both the V2O3 and
MoO2 catalysts. This fact indicates that no acid sites, which can pro-
mote dehydration of ethanol to ethylene and diethyl ether, exist on
the surface of the low valence V2O3 and MoO2. This result suggests
at the same time that the reaction is not a simple acid-catalyzed
reaction.
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Fig. 1. Ethanol conversion to ethane and acetaldehyde as the function of time on
stream over V2O3 (a) and MoO2 (b) catalysts at 573 K. Reaction condition: cat. 0.15 g,
flow rate N2 21 ml/min, ethanol 0.39 ml/min.
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Fig. 2. XRD patterns of the V2O3, MoO2 before and after ethanol reaction. Reaction
condition: cat. 0.15 g, reaction temperature 573 K, 9 h time on stream, flow rate N2

21 ml/min, ethanol 0.39 ml/min. (�) V2O3, (�) MoO2, (�) SiO2 (diluent).

3.2. Oxidation state of the catalysts after the reaction

XRD measurements were carried out for the V2O3 and MoO2 cat-
alysts before and after the ethanol reaction. Results are shown in
Fig. 2. A typical XRD pattern of V2O3 was observed without any
other crystal phases both before and after the ethanol reaction.
MoO2 phase was also confirmed by XRD and the XRD after the
ethanol reaction showed no additional peaks of any impurities such
as HxMoO3 [20] and other molybdenum oxides. These results evi-
dently reveal that the reduced state of V and Mo in each oxide can
be maintained under the reaction conditions and no decomposition
of the oxide catalysts takes place during the reaction. To obtain fur-
ther insight into the stability of the oxidation state of the catalysts,
surface oxidation states of V and Mo before and after the ethanol
reaction were examined by XPS. Since the measurements were
unable to be conducted on the samples without exposure to air,
note that obtained XPS results are not for actual surface under the
reaction. Nevertheless, the results summarized in Table S1 showed
that the surfaces kept highly reduced states and consisted of V3+

and Mo4+ species mainly and these reduced states were almost the
same before and after the reaction. This result is apparently con-
sistent with the XRD result. As a consequence, it is reasonable to
conclude that the crystal phases and the surface oxidation states of
the V2O3 and MoO2 catalysts are stable under the ethanol reaction.

3.3. Addition of H2 and C2H4 into the reaction stream

Hydrogenation of ethanol or of ethylene formed by dehydration
of ethanol with formed hydrogen molecules during the reaction
was thought to be a likely pathway for the formation of ethane
[2,3,13]. Direct hydrogenation of ethylene with ethanol as a source
of hydrogen molecules is also a possible pathway to form ethane.
To investigate whether reactions on these pathways actually occur
or not, the ethanol reaction was carried out in the presence of
H2 and/or C2H4 into the reaction stream. H2 (1.0 ml/min) or C2H4
(1.0 ml/min) was added into the reaction stream and the total flow
rate was maintained at 21.4 ml/min. Ethanol conversion and prod-
ucts distribution in the presence of H2 or C2H4 in the reaction
stream over the V2O3 catalyst and the MoO2 catalyst are listed
in Table 1. For both the V2O3 and MoO2 catalysts, the conversion
of ethanol and the selectivities to all kind of the products did not
change in the presence of H2 in the reaction stream. Therefore, it
can be concluded that hydrogen molecule is not involved in the

formation of ethane from ethanol. Similarly, the addition of C2H4
had also no effect on the conversion of ethanol and the selectivi-
ties to the products. These results suggest that the pathway of the
hydrogenation of ethylene is not responsible for the formation of
the equivalent amount of ethane and acetaldehyde from ethanol
over V2O3 and MoO2.

Coupling reaction of methylene group formed by decomposi-
tion of diethyl ether [2] or dissociation of acetaldehyde [6] are also
a possible reaction mechanism as proposed for the formation of
ethane from ethanol. However, we could observe no formation of
formaldehyde and no diethyl ether conversion over the both cata-
lysts under the same reaction conditions for ethanol conversion, so
that these two reaction pathways can be excluded.

3.4. Effect of reaction condition

Effects of the reaction temperature on the selectivities to ethane
and acetaldehyde were examined over V2O3 and MoO2 in the
temperature range from 533 K to 653 K. Results are shown in
Fig. 3. V2O3 showed the selectivities to ethane and acetaldehyde of
43.4% and 45.3%, respectively, at low reaction temperature (573 K).
The selectivity to these products did not change even when the
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Fig. 3. Ethanol reaction over V2O3 (a) and MoO2 (b) catalysts at different reac-
tion temperature from 533 K to 653 K. Reaction condition: cat. 0.15 g, flow rate N2

21 ml/min, ethanol 0.39 ml/min. The inset shows Arrhenius plots using the rate of
formation of ethane and acetaldehyde.
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Table 2
Kinetic parameters of ethanol reaction over V2O3 and MoO2 catalysts.

Catalysts Reaction order Eapp (kJ/mol) for the formation of

C2H6 CH3CHO

V2O3 0.35 106 100
MoO2 0.40 90 87

reaction temperature was increased until 653 K, although the some
amounts of ethylene with the selectivity 1.3% was appreciably pro-
duced at 603 K and increased to 3.7% at 653 K. MoO2 also showed
no temperature effect on the selectivities to ethane and acetalde-
hyde. The selectivities to ethane and acetaldehyde in all reaction
temperatures were within the range of 44–46% and 45–48%, respec-
tively. The insets of Fig. 3 show Arrhenius plots for the formation
of ethane and acetaldehyde over V2O3 and MoO2. Apparent activa-
tion energies (Ea,app) of ethane and acetaldehyde formation were
calculated to be 106 kJ/mol and 100 kJ/mol, respectively, for V2O3
and 96 kJ/mol and 90 kJ/mol for MoO2 as listed in Table 2. The
Ea,app values for ethane and acetaldehyde formation were sim-
ilar both over V2O3 and MoO2, but the values over V2O3 were
slightly higher than those of MoO2. In the oxidative dehydrogena-
tion of ethanol to acetaldehyde VOx/TiO2/SiO2 catalyst [21] and
MOx/Al2O3 (M V, Mo, W) catalysts [22] have been reported to
give apparent activation energies of 46 kJ/mol and 17–23 kJ/mol,
respectively. These values are obviously much lower than those
observed in the ethanol reaction over V2O3 and MoO2 which is
a non-oxidative reaction. This comparison may suggest that the
equimolar formation of ethane and acetaldehyde from ethanol
takes place without accompanying a reduction–oxidation process
of the V2O3 and MoO2 catalysts.

Effects of contact time on the selectivities ethane and acetalde-
hyde were shown in Fig. 4. Ethane and acetaldehyde were formed
with an equal amount over V2O3 under the W/F conditions of
lower that 0.023 g ml/min. However, the selectivity to acetalde-
hyde constantly decreased with increase of the contact time
and reached to 34.9% under the W/F of 0.07 g ml/min, while the
selectivity to ethane kept unchanged in all contact time range
tested. MoO2 also revealed a similar selectivity change, that is,
the selectivity to acetaldehyde slightly decreased from 50.9% at
0.03 g ml/min to 39.4% at 0.07 g ml/min and on the other hand the
selectivity to ethane did not change in this contact time range.
The observed decrease of the selectivity to acetaldehyde seems
due to a consecutive condensation reaction of formed acetalde-
hyde when concentration of acetaldehyde increased under longer
contact times. By summarizing all the data collected under the
different reaction conditions, it is evident that the product selec-
tivities are practically independent of the reaction temperature
and the conversion of ethanol. This clearly indicates that ethane
and acetaldehyde are not formed by consecutive reactions but in a
single step from common intermediate.

3.5. Reaction of various alcohols over V2O3 and MoO2 catalysts

In order to further study the equimolar formation of alkanes
and aldehydes, catalytic reactions using methanol, 1-propanol, 2-
propanol were carried out over V2O3 and MoO2 oxide catalysts.
Results are summarized in Table 3. Like as ethanol, almost the same
selectivities to alkanes and corresponding aldehydes or ketones
were observed in all kind of tested alcohols over both V2O3 and
MoO2 oxide catalysts, except for the 2-propanol reaction in which
much amounts of propylene were simultaneously formed by the
dehydration of 2-propanol and also the selectivity to acetone in the
reaction over MoO2 was slightly higher than that of propane prob-
ably due to a occurrence of simple dehydrogenation of 2-propanol
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Fig. 4. Ethanol reaction at different contact time over V2O3 (a) and MoO2 (b) cata-
lysts at 573 K. Reaction condition: cat. 0.03–1.50 g, flow rate N2 21 ml/min, ethanol
0.39 ml/min.

to acetone. It is now evident from the data that the equimolar for-
mation of alkanes and aldehydes or ketones occurs regardless of
alcohols. Moreover, it is noteworthy that methane was obtained
from methanol with reasonably high selectivity. This result strongly
confirms that the equimolar formation of alkanes and aldehydes
from alcohols is not via the formation of olefin.

Formation rates of the products of each alcohol were calculated
by using the data summarized in Table 3 and the values are listed
in Table 4. The order of the product formation rates of the different
alcohols over V2O3 was as follows: 2-propanol � ethanol > 1-
propanol > methanol. In the case of MoO2, the order was as follows:
2-propanol � methanol > ethanol > 1-propanol. There are differ-
ence in the order between the catalysts but the order among normal
alcohols seem to have less meanings, since the rates of these alco-
hols are more or less similar. More prominent is that much higher
production rates were obtained in the reaction of 2-propanol for
both the V2O3 and the MoO2 catalysts than those of the other alco-
hols. This interesting result of the high reaction rate of 2-propanol
could be related to reactivity of �-hydrogen of 2-propanol, namely
easy elimination of �-hydrogen in 2-propanol compared with the
other alcohols. Then a hydrogen transfer reaction at �-position of
alcohols is suggested involved in the rate-determining step for the
equimolar formation of alkanes and aldehydes from alcohols.
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Table 3
Reaction of various alcohols over V2O3 and MoO2 catalystsa.

Catalysts Reactants Conv.
(%)b

Selectivity to products (%)c

MA EE EA PE PA FA ACA ACT PPA Othersd

V2O3 CH3OH 10.8 40.7 – – – – 47.1 – – – 12.2
C2H5OH 14.6 – 2.0 42.7 – – – 43.6 – – 11.7
C3H7OH 11.4 – – – <1 47.6 – – – 47.2 4.8
CH3CH(OH)CH3 72.1 – – – 17.9 39.1 – – 42.5 – 0.5

MoO2 CH3OH 19.8 47.8 – – – – 43.1 – – – 9.1
C2H5OH 41.0 – 1.2 47.4 – – – 47.6 – – 3.8
C3H7OH 29.5 – – – 4.3 44.9 – – – 44.8 6.0
CH3CH(OH)CH3 100.0 – – – 41.4 26.2 – – 32.0 – 0.4

a Reaction condition: cat. 0.15 g, reaction temperature 573 K, time on stream 5 h, flow rate: N2 21 ml/min, CH3OH 0.59 ml/min, C2H5OH 0.39 ml/min, C3H7OH 0.36 ml/min,
CH3CH(OH)CH3 0.93 ml/min.

b Conversion of the reactants.
c Selectivity to product, MA: methane, EE: ethylene, EA: ethane, PE: propylene, PA: propane, FA: formaldehyde, ACA: acetaldehyde, ACT: acetone, PPA: propionaldehyde.
d Others are attributed to condensation products.

3.6. Kinetic investigation for the formation of ethane and
acetaldehyde

Study on H–D kinetic isotope effects (KIE) was conducted to
reveal the reaction mechanism. KIE was measured using CH3CH2OD
and CD3CD2OD with respect to CH3CH2OH. The results are shown
in Table 5. The KIE values in the conversion of C2H5OD (KIE;
vC2H5OH/vC2H5OD) were 1.09 for V2O3 and 1.12 for MoO2 cata-
lysts. On the other hand, slightly high KIE value for MoO2 (KIE;
vC2H5OH/vC2H5OD is 1.32) was observed when C2D5OD was used
as the reactant. Very differently, V2O3 showed an inverse isotope
effect (KIE; vC2H5OH/vC2H5OD is 0.84). This will be discussed in the
following section.

We estimated KIE value as primary isotope effect for v−CH/v−CD
at 573 K for C H cleavage (�-H elimination) to be 2.8, which is
obviously higher than that of the experimental values (entry 1, 2
in Table 5) of 0.80 and 1.32 for V2O3 and MoO2, respectively. The
experimental KIE values (vC2H5OH/vC2H5OD = 4.9, entry 3 in Table 5)
in the case of oxidative cleavage of C H bond of alcohols have
been reported very close to the estimated KIE value as primary
isotope effect (KIE = 5.0), indicating that C H bond in methylene
group is completely dissociated [23]. Ru/carbon catalyst (entry
4) showed KIE values for both O H and C H which are lower
than those of estimated value, suggesting that �-hydrogen elim-
ination is not a rate-determining step [24]. Hydroxyapatite [25],
Al-complex [26] and Zr-complex [27], which have been reported
as catalysts for hydrogen transfer reaction, showed also small KIE
values as primary isotope effect for the cleavage of C H bond. All
of these reports (entry 5–7) indicate that C H and O H bonds
are not completely dissociated in the transition states and hydride

Table 4
Rate of product formation in the various alcohol reactions on V2O3 and MoO2

catalystsa.

Catalysts Reactant Rate of product formation (�mol/g min)

Alkene Alkane Aldehyde

V2O3 CH3OH – 7.6 8.4
C2H5OH 0.6 6.9 7.4
C3H7OH 0.2 5.3 5.2
CH3CH(OH)CH3 33.2 74.6 80.4b

MoO2 CH3OH – 12.9 11.6
C2H5OH 0.6 23.8 24.1
C3H7OH 1.5 14.7 14.5
CH3CH(OH)CH3 106.9 62.3 70.4b

a Reaction condition: cat. 0.15 g, reaction temperature 573 K, 5 h time on
stream, flow rate N2 21 ml/min, CH3OH 0.59 ml/min, C2H5OH 0.39 ml/min, C3H7OH
0.36 ml/min, CH3CH(OH)CH3 0.93 ml/min.

b Acetone.

transfer favorably occurred via a concerted mechanism [25–27].
The experimental KIE values (v CH/CD) for the V2O3 and MoO2 are
similar to that of these reports, so that a hydrogen transfer-type
reaction could occur as a rate-determining step for the equivalent
formation of ethane and acetaldehyde from ethanol over V2O3 and
MoO2.

3.7. Co-formation of ethane and acetaldehyde from ethanol over
V2O3 and MoO2

For better discussion, we made adsorbed state models of ethanol
on (0 1 2) plane of V2O3 and (−1 1 1) plane of MoO2. The models are
illustrated in Fig. 5. A chosen hexagonal crystal structure of the
V2O3 catalyst grows in the direction to (0 1 2) plane [28], and the
preferential orientation is reported along (1 1 l) directions for nor-
mal MoO2 [29]. Almost the same distance of Ha–Ob was able to set
for both V2O3 (2.30 Å) and MoO2 (2.37 Å) catalyst surface. However,
a much longer distance of Hb–Cb was necessary for V2O3 catalyst
(2.21 Å) while a short distance (1.61 Å) was realized on MoO2 cata-
lyst (1.61 Å). The model can help to reasonably explain the observed
various kinetic results by assuming that simultaneous formation
of ethane and acetaldehyde proceeds via the hydrogen transfer
dehydration through a 6-membered cyclic intermediate, which is
a concerted process where two ethanol molecules are adsorbed at
V–O and Mo–O sites on the surface of the catalysts.

First, the apparent activation energy for the formation of ethane
and acetaldehyde over V2O3 (106 kJ/mol and 100 kJ/mol, respec-
tively, in Table 2) was higher than that of MoO2 (90 kJ/mol and
86 kJ/mol, respectively, in Table 2). The higher activation energy
seems caused by the longer distance between Hb and Cb over
V2O3 than MoO2, i.e., the interaction of Hb in methylene group and
adjacent Cb in methylene group is more difficult over V2O3 com-
pared with MoO2. The KIE values when C2H5OD was reacted were
almost the same for V2O3 (vC2H5OH/vC2H5OD = 1.09 in Table 4) and
MoO2 (vC2H5OH/vC2H5OD = 1.12 in Table 4), and the KIE values when
C2D5OD was used were, on the other hand, very different between
V2O3 (vC2H5OH/vC2H5OD = 0.84 in Table 4) and MoO2 (vC2H5OH/vC2H5OD
= 1.32 in Table 4). The observed KIE values when C2H5OD was
reacted clearly indicate that the OH interaction of alcohol with
oxide surface is not a rate-limiting step. Although the observed KIE
over MoO2 was rather small, the KIE values for vC2H5OH/vC2H5OD
more than unity is not discrepant with the assumption that �-
hydrogen is eliminated by a concerted mechanism and hydrogen
transfer as the rate-determining step takes place via formation
of the 6-membered cyclic (nonlinear) intermediate, followed by
dehydration to form the products. In fact, KIE values in hydrogen
transfer reaction are more than 6 when the reaction takes place in
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Table 5
KIE in alcohol reactions over several catalytic systems.

Entry Catalysts Reactions Temp. (K) KIE values Ref.

v –OH/–OD ()a v –CH/–CD ()a

1 V2O3 C2H5OD, C2D5OD → ethane, acetaldehyde, H2O 573 1.09 (3.1) 0.84 (2.8) This work
2 MoO2 C2H5OD, C2D5OD → ethane, acetaldehyde, H2O 573 1.12 (3.1) 1.32 (2.8) This work

3 VOx/Al2O3 C2H5OD, C2D5OD
O2−→acetaldehyde, H2O 473 1.02 (3.9) 4.90 (5.0) [23]

4 Ru/carbon 373 1.57 (5.6) 1.69 (4.6) [24]

5 Hydroxyapatite 573 1.80 (2.8) [25]

6 Al-complexb 310 2.33 (6.5) [26]

7 Zr-complexc 353 1.80 (4.1) [27]

a Estimated values for KIE as primary isotope effect are shown in parenthesis.
b BINOLate/Al/iPrOH system, BINOL (2,2�-dihydroxy-1,1�-binaphthyl).
c Zirconocene complex, Cp2ZrH2.

Fig. 5. Model of adsorbed ethanol on (0 1 2) planes of V2O3 (a) and (−1 1 1) plane of MoO2 (b) surface. Green, blue, red, grey and white balls correspond to V, Mo, O, C and H,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

linear transition structure [30], and nonlinear transition structure
shows decreased KIE values as low as 21/2 [31]. On the other hand,
an inverse kinetic isotope effect was observed on V2O3. It appears
that the inverse kinetic isotope effect should be related to con-
formation of the 6-membered cyclic intermediate over the oxide
surface. The intermediate with C2H5OD cannot stably form due to
the long distance of Hb–Cb over V2O3. However, when C2D5OD is
reacted, an adsorbed state of C2D5OD may alter the conformation of
the 6-membered cyclic intermediate to facilitate easier hydrogen
transfer.

Based on these results, we proposed a plausible reaction scheme
for the co-formation of ethane and acetaldehyde from ethanol

on V2O3 and MoO2 as shown in Scheme 1. In the first step, the
6-membered cyclic intermediate is formed by a interaction
between two adjacently adsorbed ethanol over coordinatively
unsaturated V–O and Mo–O sites than can be created when the
metal elements are in a low valence state. The H atoms of the
hydroxyl groups of alcohol may be stabilized by hydrogen bond-
ing with lattice oxygen atoms of V2O3 and MoO2 catalysts. Ha

adsorbed on lattice oxygen simultaneously interacts with the ObH
of adjacent adsorbed alcohol and Hb in methylene group also inter-
act with Cb in adjacent methylene group. Then 6-membered cyclic
intermediate as a transition state is formed [32,33]. Subsequently,
Ha in hydroxyl group adsorbed on lattice oxygen completely
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Scheme 1. A reaction mechanism for the equivalent formation of ethane and acetaldehyde from ethanol over V2O3 and MoO2 catalysts.
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transfers as proton to the hydroxyl group adsorbed at adjacent site
(–ObH), forming water. Concertedly Hb in the methylene group also
transfers as hydride ion to the Cb in methylene group of another
ethanol adsorbed on the adjacent site accompanied by the cleavage
of Cb Ob bond. Thus, ethane and acetaldehyde are simultaneously
formed.

4. Conclusion

Equimolar amounts of ethane and acetaldehyde were formed
from ethanol over V2O3 and MoO2 catalysts. The selectivity to
ethane and acetaldehyde were almost independent of the reac-
tion temperature in the range of 533–653 K and contact time in the
range 0.0014–0.07 g/ml/min, confirming the equimolar formation
scheme. Both over the V2O3 and MoO2 catalysts, the reactions of
methanol, 1-propanol and 2-propanol also produced the equivalent
amount of corresponding alkanes and aldehydes. The reaction over
the V2O3 and MoO2 catalysts is generally applicable for aliphatic
alcohols. The formation of methane strongly supports that olefin is
not an intermediate in the co-formation of alkanes from aliphatic
alcohols. Kinetic isotope effects for C2H5OD and C2D5OD respect
to C2H5OH were rather small for both the V2O3 and MoO2 cat-
alysts. It is concluded that plausible reaction mechanism for the
co-formation of ethane and acetaldehyde from ethanol is a hydro-
gen transfer reaction between two ethanol molecules adsorbed on
metal–O2−–metal sites of V2O3 and MoO2 catalysts surface via for-
mation of six-membered transition states. This reaction itself and
catalytic function of low valence V and Mo in metal oxide form seem
quite unique in catalysis field and interesting for further applica-
tion.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.molcata.
2014.07.009.
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Hydrothermal synthesis of octahedra-based
layered niobium oxide and its catalytic
activity as a solid acid†

Toru Murayama,* Junli Chen, Jun Hirata, Keeko Matsumoto and Wataru Ueda*

Layered-structure-type niobium oxides were synthesized by the hydrothermal method by using

ammonium niobium oxalate as a precursor. The X-ray diffraction pattern (Cu-Kα) of the synthesized

niobium oxide showed characteristic peaks at 2θ = 22.7° and 46.2°, indicating the linear corner-sharing of

NbO6 octahedra in the c-direction. From Raman measurements, the layered-structure-type niobium oxide

was composed of NbO6 octahedra and {Nb6O21} pentagonal units. The presence of micropores was

confirmed by N2 adsorption at low pressure (1.0 × 10−6), indicating that the arrangement of the a–b plane

was an interconnection of the crystal structure motifs of {Nb6O21} units and micropore channels but

without long-range order (deformed orthorhombic). Ammonium cations and water were desorbed from

the deformed orthorhombic niobium oxide by calcination at 400 °C, and Brønsted acid sites were formed.

The deformed orthorhombic niobium oxide showed high catalytic activity as a solid acid compared to the

catalytic activities of other crystalline niobium oxides. The order of catalytic activity for the alkylation of benzyl

alcohol and anisole was deformed orthorhombic Nb2O5 > TT-Nb2O5, amorphous Nb2O5 ≫ T-Nb2O5,

pyrochlore Nb2O5.

Introduction

Niobium oxide is widely used in catalysis and in electro-
chromic and photoelectrochemical devices.1,2 Niobium oxide
(or hydrated niobium oxide) has been used especially as a
water-tolerant solid acid catalyst for many reactions such
as alkylation, esterification, hydrolysis, dehydration and
hydration.3,4 Hydrated niobium oxide (Nb2O5·nH2O, niobic
acid) has high acid strength (H0 ≤ −5.6) and possesses Lewis
and Brönsted acidity. Therefore, much effort has been
focused on the preparation of new morphologies of nano-
crystalline niobium oxide (or hydrated niobium oxide) in
order to obtain niobium oxide with a large surface area,
such as nanoparticles,5,6 rods,7,8 wires,9 and nanoplates.10–12

Niobium oxide forms different polyhedral structures and
transforms its phase depending on the heat treatment
performed. Amorphous niobium oxide, Nb2O5·nH2O, pos-
sesses distorted NbO6 octahedra, NbO7 pentagonal bipyra-
mids and NbO8 hexagonal bipyramids as structural units.13,14

With heat treatment of Nb2O5·nH2O, pseudohexagonal niobium
oxide (TT-Nb2O5) is formed at 300–500 °C, orthorhombic

niobium oxide (T-Nb2O5) at 700–800 °C and monoclinic
niobium oxide (H-Nb2O5) at temperatures higher than
1000 °C. With an increase in the heat treatment temperature
and the degree of crystallinity, its catalytic activity as a solid
acid (Brønsted acidity) and surface area decreased.15 There-
fore, the protons did not form on the ordered crystalline struc-
ture but formed on the distorted polyhedra in amorphous
Nb2O5·nH2O, having been regarded as active Brønsted acid
sites.

For improving the Brønsted acidity and catalytic proper-
ties of niobium oxide, modification of niobium oxide or
supported niobium oxide with sulfates and phosphates has
been tried.16–18 Complex metal oxides such as layered
HNbMOx (M = Ti, Mo, W) have been reported to be a strong
solid catalyst, and M(OH)Nb was regarded as a strong
Brönsted acid site.19,20 Some researchers reported that the
acid centers were due to isomorphous substitutions of Nb5+

by the higher-valence M6+ cation (M = Mo, W) in the mixed
oxide.21,22

We have long studied the relationship between the crystal-
line structure of complex metal oxides and their catalytic
activity.23–25 Studies on the crystalline metal oxides of
Mo3VOx have demonstrated that their oxidation activities
depend on the crystalline arrangement of pentagonal
{Mo6O21} units and MO6 octahedra in the a–b plane. These
materials contain heptagonal channels in their structure. For
the synthesis of these catalysts, the formation of a pentagonal

4250 | Catal. Sci. Technol., 2014, 4, 4250–4257 This journal is © The Royal Society of Chemistry 2014
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{Mo6O21} unit in the precursor solution was important, and
the pentagonal unit assembled further into a metal oxide
complex under hydrothermal conditions.26,27 A metal oxide
complex that possesses a similar layered structure in the
c-direction by corner-sharing of MO6 (M = Mo, W, V, Ta, Nb)
octahedra has been synthesized by a hydrothermal method.28–30

These catalysts were found to function as solid acids, the
property of which was understood from a structural point
of view.

We report herein the synthesis of niobium oxide by a hydro-
thermal process from niobic acid and niobium oxalate as the
precursors. The Nb atom has a pentagonal bipyramidal environ-
ment in the crystal structure of NH4[NbO(C2O4)2(H2O)2]·nH2O,

31

and under hydrothermal conditions, pentagonal {Nb6O21} units
may be formed by the hydrolysis of [NbO(C2O4)2(H2O)2]

−

(ref. 32) and then self-assemble into niobium oxide. The
structure and catalytic activity of the obtained niobium oxides
were investigated. Various crystalline niobium oxides, includ-
ing pseudohexagonal (TT phase), orthorhombic (T phase),
pyrochlore, and amorphous, were also prepared, enabling us
to discuss the relationships between the crystalline structure
and their catalytic activity and acidity.

Experimental
Preparation of niobium oxides

Layered-structure-type niobium oxides were synthesized by
a hydrothermal method from ammonium niobium oxalate
(NH4[NbO(C2O4)2(H2O)2]·nH2O), denoted as NbO-ANO. Typically,
ammonium niobium oxalate (supplied by CBMM) containing
6 mmol of Nb was dissolved in 40 mL of deionized water and
then sealed in a 60 mL Teflon-lined stainless-steel autoclave.
Hydrothermal reaction was carried out at 175 °C for 3 days.
The obtained solid was filtered, washed thoroughly with
deionized water, and dried at 80 °C overnight. The same
type of niobium oxide was obtained from ammonium
niobium oxalate (Aldrich), and similar characterization results
were obtained (Table S1†). Pseudohexagonal niobium oxide
and pyrochlore niobium oxide were also synthesized by a
hydrothermal method using a niobic acid (Nb2O5·nH2O,
Soekawa Chemical) precursor, denoted as NbO-NA(d) and
NbO-NA(c), respectively. 4 mmol based on Nb of niobic acid
was dispersed in 40 mL of deionized water for NbO-NA(c) and
0.25 mmol for NbO-NA(d). The hydrothermal conditions and
the following process were the same as those of NbO-ANO.
The yields of niobium oxides calculated as Nb2O5 were more
than 90% for all of the catalysts. The samples were calcined
at 400 °C for 4 h under air before being used as catalysts.
The rate of temperature increase was 10 °C min−1 from room
temperature. For comparison, amorphous niobium oxide was
prepared by calcination of niobic acid at 400 °C for 4 h under
air (denoted as NbO-cal).

The as-synthesized material (NbO-ANO, 0.3 g) was dispersed
in 15 mL of KNO3 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
NbO-ANO (K+). A NbO-ANO (K+) sample treated with NH4NO3

solution was denoted as NbO-ANO (NH4
+). NbO-ANO (NH4

+)
was prepared by ion-exchange treatment of NbO-ANO (K+) in
15 ml of NH4NO3 solution (0.1 mol L−1) at 80 °C for 8 h.

Alkylation reaction

A 50 mL round-bottom three-neck flask equipped with a reflux
condenser was used as a stirred bed reactor to test the catalytic
activities. Typically, a mixture of benzyl alcohol (1 mmol),
anisole (50 mmol), and an internal standard, decane (0.5 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 reactant and the product were measured by gas chroma-
tography using a flame ionization detector (GL Science
GC390B) with a ZB-1 column.

Characterization

The catalysts were characterized by the following techniques.
Powder XRD patterns were recorded 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° at 5° min−1. Morphology was investigated
by using a scanning transmission electron microscope
(HD-2000, Hitachi) at 200 kV and 30 μA and a transmission
electron microscope (JEM-2100F, JEOL) at 200 kV. The
samples were dispersed in ethanol by ultrasonic treatment
for several minutes, and drops of the suspension were placed
on a copper grid for STEM and TEM observations. Raman
spectra were obtained using a spectrometer (inVia Reflex,
Renishaw, 2 cm−1 spectral resolution) at a wavelength of
532 nm and a collection time of 10 s. N2 adsorption iso-
therms at liquid N2 temperature were measured by using an
autoadsorption system (BELSORP-max, BEL Japan) for the
samples. The samples before the reactions were heat-treated
in air at 400 °C for 2 h (300 °C for the NbO-NA(c) sample).
Prior to N2 adsorption, the catalysts were evacuated under
vacuum at 300 °C for 2 h. External surface area was calcu-
lated by a multipoint Brunauer–Emmett–Teller (BET) method
and the t method. Temperature-programmed desorption (TPD)
of ammonia, NH3-TPD, was employed to measure oxide surface
acidity. The experiment was carried out using an autochemi-
sorption 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 (300 °C for the NbO-NA(c) sample). Then
ammonia was introduced at 150 °C for 30 min. The desorp-
tion profile from 150 to 700 °C was recorded with a mass
spectrometer under helium flow (50 mL min−1). Temperature-
programmed decomposition mass spectrometry (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).

Catalysis Science & Technology Paper

Pu
bl

is
he

d 
on

 1
8 

Ju
ly

 2
01

4.
 D

ow
nl

oa
de

d 
by

 H
ok

ka
id

o 
D

ai
ga

ku
 o

n 
02

/0
4/

20
15

 0
1:

51
:2

9.
 

View Article Online

─ 134 ─



4252 | Catal. Sci. Technol., 2014, 4, 4250–4257 This journal is © The Royal Society of Chemistry 2014

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). XPS (JPC-9010MC, JEOL) with non-monochromatic
Mg-Kα radiation was used for measuring binding energy
values of Nb. Binding energy was based on Au 4f7/2 (84.0 eV)
deposited by an auto fine coater (JFC-1600, JEOL). Measure-
ments of thermogravimetric-differential thermal analysis
(TG-DTA) were performed on a Rigaku TG-8120 thermo-
gravimetric analyzer. Dry air provided by a pressure tank with
a flow rate of 30 mL min−1 was used as the carrier gas. The
catalyst sample and a standard were loaded onto two alumina
pans and heated at 10 °C min−1 to the desired temperature.

Results and discussion

Several niobium precursors were used for the hydrothermal
synthesis of niobium oxides, and the characterization results
of the obtained niobium oxides are summarized in Table 1.
Fig. 1 shows XRD patterns of the obtained niobium oxide
samples. When 0.15 mol L−1 ammonium niobium oxalate
(NH4[NbO(C2O4)2(H2O)2]·nH2O) dissolved in 40 mL of water
was used as a precursor solution (NbO-ANO), the XRD pattern
of NbO-ANO calcined at 400 °C showed only a tense and
sharp peak at 2θ = 22.7° and a relatively weak peak at 2θ =
46.2°. The peaks at 2θ = 22.7° and 46.2° can be attributed
to (001) and (002) planes, respectively. The XRD pattern of
NbO-ANO was very similar to that of amorphous Mo3VOx

(Fig. S1†), which possesses a layered structure in the c-direction
with an interval layer distance of 4.01 Å. The arrangement
of the a–b plane of amorphous Mo3VOx is a network of
pentagonal units.23 The results of XRD suggested that the
arrangement of niobium oxide in the a–b plane is also a
deformed orthorhombic structure as shown Fig. 2b. In the
case of the NbO-ANO sample, the interval layer distance of
Nb–O–Nb was 3.92 Å, calculated from the diffraction peak.
This distance is smaller than that of Mo–O–Mo due to Nb

octahedra which tend to be more symmetric than Mo. High-
resolution transmission electron microscopy (HRTEM)
images and selected area electron diffraction of NbO-ANO
were collected to confirm its crystal structure (Fig. 2a). The
layer distance in the c-direction was estimated to be 3.91 Å
from the HRTEM image, which is in good agreement with
the results obtained from the XRD pattern of that catalyst.
Leite et al. reported the synthesis of pseudohexagonal niobium
oxide nanorods by hydrothermal treatment (140 °C) of a
niobium peroxo complex precursor formed by ammonium
niobium oxalate (NH4[NbO(C2O4)2(H2O)2]·nH2O) and hydrogen
peroxide.7 It is thought that these different phases of layered-
type and pseudohexagonal niobium oxides were formed due
to different niobium precursors and hydrothermal conditions.

Niobic acid, which is often used as a solid acid, was also
subjected to hydrothermal synthesis. Crystalline niobium
oxides possessing a pseudohexagonal phase (NbO-NA(d)) and
a pyrochlore phase (NbO-NA(c)) were synthesized by adjusting
the amount of niobic acid in the precursor solution, and their
diffraction patterns are shown in Fig. 1. Fig. S2† shows the
effects of the amount of niobic acid on the XRD patterns of

Table 1 Results of the characterization of various niobium oxides obtained by a hydrothermal method

Catalyst Synthesis method
Calcination
temp./°C Crystallinity d(001)

Morphology
(particle size/nm)

BET surface
area/m2 g−1 t-plot/m2 g−1

Mesopore
volumea/cm3 g−1

NbO-ANO Hydrothermal 400 Deformed
orthorhombic

3.922 Rod (10 × 50–100) 193 202 0.563

NbO-NA(d) Hydrothermal 400 Pseudohexagonal
(TT-Nb2O5)

3.938 Rod (200 × 2000) 47 48 0.228

NbO-NA(c) Hydrothermal 300 Pyrochlore — Sphere (50–250) 38 38 0.035
NbO-NA(o) Hydrothermal 400 Deformed

orthorhombic
3.928 Rod (10 × 30–50) 100 107 0.131

NbO-cal Calcination 400 Amorphous — Sphere (50–250) 27 27 0.002
NbO-ANO Hydrothermal 500 Deformed

orthorhombic
3.921 n.d. 113 115 0.071

NbO-ANO Hydrothermal 550 Orthorhombic
(T-Nb2O5)

3.935 n.d. 66 67 0.010

NbO-ANO Hydrothermal 700 Orthorhombic
(T-Nb2O5)

3.933 n.d. 21 21 0.003

a Calculated by the BJH method.

Fig. 1 XRD patterns of various niobium oxides after heat treatment.
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niobium oxides obtained before calcination. The sample
obtained from 0.25 mmol of Nb2O5 in 40 mL of deionized
water (NbO-NA(d)) gave diffraction peaks at 2θ = 22.5, 28.3,
36.5, 46.0, 50.1, 54.9°. This pattern was in agreement with the
pseudohexagonal structure called TT-Nb2O5 phase (JCPDS
card no. 28-0317, lattice constants: c = 3.94 Å and a = 3.64 Å).
The structure of TT-Nb2O5 is shown in Fig. 2c. The a–b plane
comprises edge-shared NbO6 and NbO7 units. These are
linked by corner-sharing polyhedra along the c-axis to form
the three-dimensional structure.33–35 The XRD patterns of
niobium oxide obtained from 4 mmol of Nb2O5 in 40 mL
of deionized water (NbO-NA(c)) gave diffraction peaks at
2θ = 14.5, 28.0, 29.2, 33.9, 37.0, 41.8, 44.5, 48.7, 51.1, 57.1,
57.9° (Fd3̄m (227), JCPDS 61-0608), which are ascribed to a
pyrochlore-type crystalline structure (Fig. 2d). The pyrochlore
structure comprises corner-shared NbO6. There are a few
reports on pyrochlore H4Nb2O7. Wu et al. reported photocata-
lytic activity over pyrochlore H4Nb2O7 obtained by a hydro-
thermal method,2 and Nalbandyan et al. described a method

for synthesis by a solid-state reaction in the JCPDS database
(JCPDS 61-0608). In the case of ammonium niobium oxalate,
regardless of the concentration in the range of 0.0125 to
0.25 mol L−1, the XRD patterns of the niobium oxide samples
gave the same peaks at 2θ = 22.7° and 46.2° (Fig. S3†).

Niobium oxide was also synthesized under hydrothermal
conditions from a mixture of niobic acid and oxalic acid.
Oxalic acid was added to a niobic acid (2 mmol)-dispersed
solution. By the addition of more than 0.125 mol L−1 oxalic
acid, niobic acid was completely dissolved. Fig. S4† shows
the effects of the ratio of oxalic acid and niobium acid on the
XRD pattern of niobium oxide. In the case of niobic acid
only, the diffraction pattern was a mixture of layered, pseudo-
hexagonal and pyrochlore structures, and the peaks based
on the pyrochlore structure decreased upon calcination at
400 °C, while the peaks based on the pseudohexagonal phase
remained, as will be described later. The peaks based on the
pyrochlore and pseudohexagonal structures decreased with
the addition of oxalic acid, and the peaks of the pyrochlore
and pseudohexagonal structures were not observed with the
addition of 0.25 mol L−1 oxalic acid. This sample was denoted
as NbO-NA(o). The XRD pattern of the NbO-NA(o) sample
showed peaks at 2θ = 22.7° and 46.2° as in the case of
NbO-ANO. For niobium oxide synthesis by a hydrothermal
process, it is considered that niobium oxide is formed through
a dissolution–crystallization mechanism and rearrangement
of the niobium polyhedra occurs. In the presence of oxalic
acid, Nb forms pentagonal bipyramidal units with an oxalate
ligand in the precursor solution, and the pentagonal {Nb6O21}
units would be formed under hydrothermal conditions. The
pentagonal units play an important role in the formation of a
new crystalline structure under hydrothermal conditions.

Fig. S5† shows STEM images of the obtained niobium
oxides synthesized under hydrothermal conditions, and their
morphologies are summarized in Table 1. NbO-ANO consists
of one-dimensional nanorods with diameters of ca. 10 nm
and lengths of 50–100 nm. The nanorods suggest growth
along the [001] direction. NbO-NA(o) also consisted of nano-
rods with diameters of ca. 10 nm and lengths of 30–50 nm.
NbO-NA(d) was relatively large rods with diameters of
ca. 200 nm and lengths of 2 μm. NbO-NA(c) and NbO-cal consist
of spherical particles with diameters of 50–250 nm.

The samples were heat-treated at different temperatures
under air in order to examine their thermal stability. Fig. 3
shows the effect of calcination temperature on the XRD
patterns of NbO-ANO and NbO-NA(c). The XRD patterns of
the as-synthesized NbO-ANO showed tense and sharp peaks
at 2θ = 22.7° and 46.2° as described above. The structure of
layered niobium oxide was maintained after 500 °C treat-
ment. When NbO-ANO was calcined at 550 and 700 °C, the
peaks at 22.7° shifted to lower angles and diffraction peaks
based on orthorhombic niobium oxide (T-Nb2O5, Pbam (55),
JCPDS 30-0837) appeared. The orthorhombic (T-Nb2O5) and
pseudohexagonal (TT-Nb2O5) phases are difficult to distinguish
in terms of structure. The T phase is thought to be simply
a more ordered structure of the TT phase (Fig. 2c).33–35

Fig. 2 (a) HRTEM image and electron diffraction pattern of NbO-ANO,
(b) proposed structure model of NbO-ANO (deformed orthorhombic),
and (b’) crystalline models of orthorhombic, (c) pseudohexagonal
(TT-Nb2O5) and orthorhombic (T-Nb2O5) niobium oxides, and (d) pyrochlore
niobium oxide. (Blue octahedron: Nb–O octahedron, red dot: oxygen)
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The pyrochlore sample was not stable for heat treatment. The
positions of the diffraction peaks of samples heat-treated at
200 and 300 °C for 4 h did not shift, but intensities of the
peaks decreased with increasing calcination temperature.
The diffraction pattern of pyrochlore niobium oxide calcined
at a temperature higher than 400 °C was in the hexagonal
phase, revealing a phase transition, and the monoclinic
phase was observed in the sample calcined at 800 °C. In
order to evaluate the characteristics of the pyrochlore struc-
ture, NbO-(c) was treated at 300 °C.

Raman spectroscopy was performed to confirm the
niobium oxide structure of the NbO-ANO catalyst. The Raman
band in 500–800 cm−1 is assigned to the symmetric stretching
modes of slightly distorted NbO6 octahedra, and the associ-
ated bending modes of Nb–O–Nb linkages appear in the low
wavenumber region at around 200 cm−1.13,14 In the case of
pseudohexagonal (TT phase) Nb2O5, the Raman band of the
symmetric stretching modes of NbO6 octahedra is observed
at around 700 cm−1. The weak broad Raman band at around
900 cm−1 is assigned to the symmetric stretching mode of
NbO surface sites. Fig. 4 shows Raman spectra of obtained
niobium oxides after calcination. The Raman band of pyrochlore
NbO-NA(c), the corner-shared structure of NbO6 octahedra,
showed a characteristic band based on the symmetric
stretching modes (690 cm−1) and the bending modes of the
Nb–O–Nb linkage (260, 365, 475 cm−1). The Raman band at
170 cm−1 was assigned to the translational modes of Nb, and
the Raman bands at 860 and 940 cm−1 were assigned to the
symmetric stretching mode of terminal Nb–O for pyrochlore
NbO-(c).36 The Raman band at 710 cm−1 of pseudohexagonal
NbO-NA(d), which possesses NbO6 octahedra and NbO7 in
its structure, is assigned to the symmetric stretching mode
of the polyhedra. The Raman bands at 230 and 970 cm−1

were assigned to the bending modes of Nb–O–Nb and the
symmetric stretching mode of NbO, respectively. The
Raman band of NbO-ANO was almost the same as that of
NbO-NA(d), indicating that NbO-ANO also consists of NbO6

and NbO7. For NbO-cal and NbO-NA(o) samples, the band of

the symmetric stretching mode of the polyhedra shifted
to 690 cm−1. For the NbO-NA(o) sample, the band of the
symmetric stretching mode of the polyhedra broadened com-
pared to that of the NbO-NA(d) sample, indicating that these
samples contain distorted NbO6 octahedra, NbO7 pentagonal
bipyramids and NbO8 hexagonal bipyramids.13

The XRD pattern and the Raman spectra of NbO-ANO
indicated that NbO-ANO is a layered-structure composed
of NbO6 octahedra and NbO7 pentagonal bipyramids inter-
connected in the a–b plane. This structure can be regarded as a
niobium bronze structure based on pentagonal {Nb6O21} build-
ing units. Lundberg et al. reported orthorhombic Csx(Nb,W)5O14

(ref. 32) that possesses a tungsten or niobium bronze struc-
ture based on the pentagonal unit. This Csx(Nb,W)5O14 was
synthesized by solid-state reaction at high temperature, so
that a small surface area (3 m2 g−1) is inevitable and it is
difficult to remove the cesium cations in the heptagonal
channnel.29 We have reported on molybdenum bronze based
on the pentagonal {Mo6O21} unit of orthorhombic Mo3VOx

obtained by a hydrothermal 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 micro-
pore.23 Therefore, the presence of micropores confirms the
formation of a bronze structure as an orthorhombic phase
(Fig. 2b’). In order to investigate microporosity, N2 adsorp-
tion of NbO-ANO, NbO-Nb(d), NbO-NA(c), NbO-NA(o) and
NbO-cal was examined (Fig. S6†), and the calculated data are
summarized in Table 1. Orthorhombic Mo3VOx showed N2

adsorption at a relative pressure P/P0 lower than 1.0 × 10−5,
revealing microporosity. The NbO-ANO sample also showed
N2 adsorption at low pressure (1.0 × 10−6), suggesting the for-
mation of micropore-like heptagonal channels. In addition,
the difference in surface areas between the BET method and

Fig. 3 Effects of calcination temperature on the XRD patterns of
(i) NbO-ANO and (ii) NbO-NA(c).

Fig. 4 Raman spectra of various niobium oxides synthesized by a
hydrothermal method with niobic acid.
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the t method indicates the existence of micropores. After
adsorption at 1.0 × 10−6, the amount of adsorbed nitrogen
gradually increased with nitrogen pressure for NbO-ANO,
suggesting that the micropores formed within NbO-ANO
are partially non-uniform. NbO-NA(o) and NbO-NA(d) also
adsorbed N2 at a relatively low pressure, but the adsorption
volume increased gradually, implying that the size of micro-
pores was not ordered. NbO-NA(c) and NbO-cal did not show
N2 adsorption at low pressure.

Results of XRD, Raman and adsorption analyses suggested
that the a–b plane of NbO-ANO is a deformed orthorhombic
structure as illustrated in Fig. 2b. The deformed ortho-
rhombic structure in the a–b plane perpendicular to the
c-axis is an interconnection of crystal structure motifs such
as pentagonal {Nb6O21} units and micropore channels but
without any long-range order. In order to confirm its struc-
ture, TPD-MS, TG and XPS were carried out (Fig. S7, S8†).
From these analyses, the formula of as-synthesized NbO-ANO
can be expressed as H19.9(NH4)4.1Nb40O112·3.6H2O, calculated
on the basis of a lattice unit of the orthorhombic phase.
Elemental composition is expressed as AI

4M
V/VI

40O112·nH2O
(A: cation, M: metal) for the orthorhombic structure. The
ratio of ammonia cation to metal was matched from a struc-
tural point of view. This result indicated that NH3 is located
in the heptagonal channel.

NH4
+ formed by NbO6 octahedra (NH4–ONb) in the hep-

tagonal channel can be released by calcination, and Brønsted
acid sites (HO–Nb) will be produced. Thus, the solid acid
catalytic activity was examined by the relationship between
structure and catalytic activity. Results of the Friedel–Crafts
alkylation reactions of anisole with benzyl alcohol over vari-
ous niobium oxides are presented in Table 2 and Fig. S9.†
Several catalysts showed 100% conversion under condition I,
therefore catalytic tests were also conducted under condition II
in order to compare the catalytic activities. Acid amounts of
niobium oxides were measured by NH3-TPD (Fig. S10† and
Table 2). The products were benzyl anisole and dibenzyl
ether. Carbon balance was always more than 97% in all experi-
ments. The NbO-ANO (deformed orthorhombic) catalyst had

the highest activity, with 100% conversion of benzyl alcohol
in 94% yield (benzyl anisole) under condition I. Catalyst
reuse experiment was done under condition II for three
runs(Fig. S11†). The collected catalyst was repeatedly rinsed
with acetone and dried in an oven at 80 °C. No significant
decrease in benzyl alcohol conversion and benzyl anisole
yield was observed after three reuses of the catalyst. The con-
version of benzyl alcohol decreased with increasing heat
treatment temperature, and the NbO-ANO sample calcined at
550 °C showed 31% conversion in 29% yield, while NbO-ANO
calcined at 700 °C (orthorhombic, T-Nb2O5) showed no cata-
lytic activity. NbO-NA(d) (pseudohexagonal) samples (83%
conversion, 78% yield) and NbO-cal (amorphous) samples
(12% conversion, 9% yield) showed less activity.

NbO-NA(c) (pyrochlore) showed no catalytic activity as a
solid acid, even though it adsorbed many NH3 molecules
as revealed by NH3-TPD. The amount of absorbed NH3 was
1.36 mmol g−1 when NH3 was adsorbed at 150 °C, and this
value corresponded to (NH4)0.36Nb2O5·nH2O. The adsorbed
NH3 would be located inside the hexagonal channel like
other pyrochlore A2Nb2O7 types,

37–39 and this site potentially
acts as a solid acid site, but the hexagonal channel is too
small for an organic substrate to access.

The NbO-NA(o) samples showed less activity than that
of NbO-ANO under condition II (Table 2). Fig. 5 shows
the results of characterization and alkylation reaction for
niobium oxide obtained from a mixture of niobic acid and
oxalic acid. By the addition of oxalic acid to niobic acid, the
BET surface area and acid amount increased, and with an
increase in the concentration of oxalic acid, the BET surface
area and acid amount gradually decreased. On the other hand,
the yield of benzyl anisole increased with increasing oxalic acid
concentration in the precursor solution. Although NbO-NA(o)
showed an XRD pattern similar to that of NbO-ANO, the cata-
lytic activities were different under condition II. From the
Raman spectra of NbO-NA(o), the band of the symmetric
stretching mode of niobium polyhedra was broad (Fig. 4) and
N2 adsorption at low pressure indicated that micropores
based on the heptagonal channel were not formed in an

Table 2 Alkylation over various niobium oxides

Catalyst
Calcination
temp./°C

Acid amountsa
Conv. (benzyl alcohol)/%
(yield (benzyl anisole)/%) F. r.b/mmol

h−1 m−2mmol g−1 μmol m−2 Condition Ic Condition IId

NbO-ANO 400 0.152 0.788 100 (93.9) 51.7 (36.4) 0.094
NbO-NA(d) 400 0.025 0.532 82.8 (77.6) 5.4 (2.7) 0.029
NbO-NA(c) 300 1.362 — 0.0 (0.0) 0.0 (0.0) 0.000
NbO-NA(o) 400 0.078 0.729 100 (91.6) 20.7 (11.6) 0.054
NbO-cal 400 0.008 0.296 12.4 (8.6) 2.1 (1.3) 0.024
NbO-ANO 500 0.028 0.248 100 (96.3) 43.6 (26.2) 0.116
NbO-ANO 550 0.003 0.045 31.2 (29.1) 14.9 (9.7) 0.073
NbO-ANO 700 0.000 0.000 4.5 (0.8) 0.0 (0.0) 0.000
NbO-ANO(K+) 400 0.038 0.208 5.6 (0.7) 0.0 (0.0) 0.000
NbO-ANO(NH4

+) 400 0.168 0.840 100 (93.2) 43.6 (28.2) 0.071

a Acid amounts were calculated by NH3-TPD and BET surface area. b Formation rate of benzyl anisole per BET surface area for condition II.
c Reaction condition I: benzyl alcohol (1.0 mmol), anisole (50 mmol), catalyst (0.1 g), 100 °C, 30 min. d Reaction condition II: benzyl alcohol
(10 mmol), anisole (100 mmol), catalyst (0.1 g), 100 °C, 120 min.
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orderly manner. In the case of orthorhombic Mo3VOx, the
cation in the precursor solution acts as a stabilizer and a
structure-directing agent under hydrothermal conditions.40

For niobium oxide, it is considered that the ammonium
cation has an important role in the formation of a uniform
crystalline structure and micropores based on the heptagonal
channel. These results also suggested that a stronger
Brønsted acid site was formed around the open mouth of the
heptagonal channel after desorption of ammonia.

A comparison of the formation rates of benzyl anisole per
surface area showed that the order of catalytic activity was
NbO-ANO (deformed orthorhombic) > NbO-NA(o) > NbO-NA(d)
(TT-Nb2O5), NbO-cal (amorphous) ≫ NbO-ANO(T-Nb2O5),
NbO-NA(c) (pyrochlore). It is difficult to relate the acid
amount to alkylation activity because the acid amount calcu-
lated by NH3-TPD includes both Lewis acid and Brønsted
acid sites. It is known that the activity for the alkylation of
anisole and benzyl alcohol over niobic acid can be promoted
on Brønsted acid sites.16–22 To demonstrate the effect of
Brønsted acid sites, ion exchange treatments were conducted.
After K+-exchange treatment (NbO-ANO(K+)), 85% of NH4

+ in
niobium oxide was ion-exchanged by K+ as confirmed by TPD
measurements (Fig. S12†). IR spectra also confirmed that NH4

+

existed in the NbO-ANO precursor and NH4
+ was removed by ion

exchange treatment. In addition, after the NH4
+-exchange treat-

ment of NbO-ANO(K+), the amount of NH4
+ in NbO-ANO(NH4

+)
was 81% of NbO-ANO. NbO-ANO(K+) showed no activity for
the alkylation reaction of benzyl alcohol. On the other hand,
NbO-ANO(NH4

+) showed activity similar to that of NbO-ANO
(Table 2). These results suggested that NbO-ANO possesses
ion-exchange capacity. The ion exchange treatment by K+

deactivated the Brønsted acid sites but these sites were recovered
with further ion exchange by NH4

+ and calcination.
NbO-ANO (H19.9(NH4)4.1Nb40O112·3.8H2O) desorbed NH3

and water during calcination at 400 °C without changing its
structure. A Brønsted acid site would be formed around the
open mouth of the heptagonal channel after desorption of

ammonia. This acid site of NbO-ANO can explain the solid
acid activity for crystalline niobium oxide. A more crystalline
niobium oxide must be prepared for its exact structure analysis.
However, layered-structure niobium oxide formed by NbO6

octahedra and NbO7 pentagonal bipyramids, possessing a
crystalline structure such as an orthorhombic structure,
would form exceptional acid sites.

Conclusions

Crystalline niobium oxides (deformed orthorhombic, pseudo-
hexagonal (TT-Nb2O5), orthorhombic (T-Nb2O5) and pyrochlore
niobium oxides) were synthesized by a hydrothermal process.
The NbO-ANO sample obtained from ammonium niobium
oxalate showed a layered-type structure, in which NbO6 octa-
hedra were corner-sharing in the c-direction. Raman spectra
indicated that the layered niobium consisted of NbO6 octahe-
dra and NbO7 in its structure. Adsorption results showed the
presence of micropore channels, indicating the formation of
a high-dimensional structure in the a–b plane. From these
results, we concluded that the structure of NbO-ANO was in
a deformed orthorhombic phase. As-synthesized NbO-ANO
was expressed as H19.9(NH4)4.1Nb40O112·3.8H2O, and NH3

and water were desorbed by calcination at 400 °C, forming a
Brønsted acid site without changing its structure. This mate-
rial showed high catalytic activity as a solid acid. The layered-
structure niobium oxide composed of NbO6 octahedra and
pentagonal {Nb6O21} units forms exceptional Brønsted acid
sites around the open mouth of the heptagonal channel.
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Investigation of the formation process of zeolite-
like 3D frameworks constructed with ε-Keggin-
type polyoxovanadomolybdates with binding
bismuth ions and preparation of a nano-crystal†

Zhenxin Zhang,a Masahiro Sadakane,*b,c Toru Murayamaa and Wataru Ueda*a

Reaction conditions for the synthesis of an ε-Keggin-type polyoxometalate-based 3D framework,

(NH4)2.8H0.9[ε-VMo9.4V2.6O40Bi2]·7.2H2O (denoted as Mo–V–Bi oxide), are studied. It is found that the

reaction time, temperature, pH of the solution, and starting compounds affect the production of

Mo–V–Bi oxide. The crystal size of Mo–V–Bi oxide is controllable by changing bismuth compounds.

Nanometer-sized Mo–V–Bi oxide is produced using a water-soluble bismuth compound, Bi(NO3)3·5H2O,

whereas micrometer to submicrometer-sized Mo–V–Bi oxide is produced using Bi(OH)3, which is less

soluble in water. The particle size of the material affects the properties of the material, such as surface

area and catalysis. The investigation of the formation process of the material is carried out with Raman

spectroscopy, which indicates that mixing (NH4)6Mo7O24·4H2O, VOSO4·5H2O, and bismuth ions in water

produces the ε-Keggin polyoxovanadomolybdate together with a ball-shaped polyoxovanadomolybdate,

[Mo72V30O282(H2O)56(SO4)12]
36− (denoted as {Mo72V30}). By heating the reaction mixture, the ε-Keggin

polyoxovanadomolybdate assembles with bismuth ions to form Mo–V–Bi oxide, whereas {Mo72V30}

assembles with other vanadium and molybdenum ions to form orthorhombic Mo–V oxide.

Introduction

Polyoxometalates (POMs) are anionic metal oxygen clusters of
W, Mo, V, and Nb. POMs have attracted much attention
because they have been applied to various fields.1–5 In
materials science, POMs are known to be well-defined building
blocks for well-ordered crystalline materials, because they can
interact with not only various organic compounds but also in-
organic ions, resulting in the synthesis of POM-based
materials, including polyoxometalate organic framework
(POMOF) materials,6–9 POM-macrocation materials,10–15 and
microporous Mo-based complex oxides.16–21

Recently, we have reported the first ε-Keggin POM-based
microporous metal oxide, (NH4)2.8H0.9[ε-VMo9.4V2.6O40-
Bi2]·7.2H2O, formed by connecting ε-Keggin polyoxovanado-

molybdate ([VMo9.4V2.6O40]
9.7−) units with Bi3+ in a tetrahedral

fashion (Fig. 1a and b).22 Micropores of the material, which
are derived from cages and channels surrounded by the frame-
work, can be opened by heat treatment. The material shows
interesting zeolite-like properties such as ion-exchange, mole-
cule adsorption, and acid catalysis.

However, the formation process of Mo–V–Bi oxide has not
been elucidated. Moreover, the yield of well-crystallized Mo–V–Bi
oxide is low (3% based on Mo after purification), which should
be improved for further investigations of this material.
Furthermore, from the viewpoint of applications, the size of

Fig. 1 Polyhedral representations of (a) ε-Keggin units and their con-
nection, (b) unit cell of Mo–V–Bi oxide, and (c) orthorhombic Mo–V
oxide, Mo–O and V–O octahedra (blue octahedra), V–O tetrahedra
(gray tetrahedra), Bi–O octahedra (purple octahedra), cation or water
(deep blue spheres), and O (red spheres).
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the material is also important, and many examples of nan-
ometer-sized materials showing properties superior to those of
larger materials have been presented.23–26

In this paper, we describe in detail the conditions for syn-
thesis of Mo–V–Bi oxide. Crystal size of the resulting Mo–V–Bi
oxide was found to be highly dependent on the starting
materials and could be controlled by altering the solubility of
the starting materials. Nanometer-sized Mo–V–Bi oxide crys-
tals, denoted as nano-Mo–V–Bi oxide, could be synthesized by
applying all soluble starting materials. Formation of the
ε-Keggin POM as building blocks is proposed on the basis of
Raman spectra of the precursor solution during the synthesis.

Results and discussion
Preparation of Mo–V–Bi oxide

In our previous paper,22 well-crystallized Mo–V–Bi oxide was
synthesized by a hydrothermal reaction of (NH4)6Mo7O24·4H2O
(denoted as AHM), VOSO4·5H2O, and Bi(OH)3 at 448 K for
48 hours (Table 1, entry 3). After the hydrothermal synthesis,
the powder XRD pattern of the resulting material showed that
the crude material in the autoclave was a mixture of Mo–V–Bi
oxide and orthorhombic Mo–V oxide (Fig. 2a). Orthorhombic
Mo–V oxide was synthesized by a hydrothermal reaction of
AHM and VOSO4, and it was constructed by connecting penta-
gonal polyoxomolybdate units with metal–oxygen octahedra in
the a–b plane that grows in the c-axis (Fig. 1c). Purification pro-
cesses were essential to obtain pure Mo–V–Bi oxide. Mo–V–Bi
oxide tended to form on the bottom of the Teflon liner, and a
material formed on the Teflon sheet inserted in the Teflon

liner was orthorhombic Mo–V oxide (Fig. 2b) (see the Experi-
mental section for details).17 Most of the material of ortho-
rhombic Mo–V oxide could be removed by removal of the
Teflon sheet, and the rest of the material of orthorhombic
Mo–V oxide on the bottom was removed by filtration with
cotton and centrifugation. Mo–V–Bi oxide could be separated
from orthorhombic Mo–V oxide because of the shape differ-
ence of these oxides. Orthorhombic Mo–V oxide, which has a
rod-like shape,17 attached to the cotton, whereas Mo–V–Bi
oxide, which has an octahedral shape, easily passed through
the cotton (Fig. 3a), and thus Mo–V–Bi oxide could be separ-
ated from orthorhombic Mo–V oxide. Centrifugation was also
an effective method for separating Mo–V–Bi oxide. After cen-
trifugation, Mo–V–Bi oxide tended to settle on the bottom of
the centrifugation tube, and orthorhombic Mo–V oxide was
still dispersed in the solution. After the purification process,
we could obtain pure well-crystallized Mo–V–Bi oxide (Fig. 2c).

The effects of synthesis conditions including reaction time,
reaction temperature, pH value of the precursor, and starting
materials were investigated. The results are summarized in
Table 1, and the powder XRD patterns of the resulting solids
are shown in ESI† Fig. S1. Reaction time of over 4 hours was
necessary to obtain Mo–V–Bi oxide (Table 1, entries 1–4,
Fig. S1a–d†) at 448 K. After 4 hours, no orthorhombic Mo–V
oxide had formed, but Mo–V–Bi oxide and Bi(OH)3 were
detected, indicating that Mo–V–Bi oxide formed faster than
orthorhombic Mo–V oxide. Low temperature (293 K) was not
suitable for formation of Mo–V–Bi oxide (Table 1, entry 5,
Fig. S1e†), and Mo–V–Bi oxide formed at high temperatures
(373–448 K, Table 1, entries 6–7, Fig. S1f–g†). A hydrothermal
reaction at 373 K produced only Mo–V–Bi oxide, and no other

Table 1 Synthesis of Mo–V–Bi oxide under different conditionsa

Entry Mo V Bi pH
Time
(h)

Temp.
(K)

Mo–V–Bi
oxideb

Orthorhombic-
Mo–V Oxidec Other phasesc,d

1 AHMe VOSO4 Bi(OH)3 3.45 1 448 N N Amorphous phase
2 AHM VOSO4 Bi(OH)3 3.45 4 448 Y N Bi(OH)3
3 AHM VOSO4 Bi(OH)3 3.45 48 448 Y Y N
4 AHM VOSO4 Bi(OH)3 3.45 120 448 Y Y Hexagonal Mo–V oxide
5 AHM VOSO4 Bi(OH)3 3.45 48 293 N N Unknown phase
6 AHM VOSO4 Bi(OH)3 3.45 48 373 Y N N
7 AHM VOSO4 Bi(OH)3 3.45 48 423 Y Y N
8 AHM VOSO4 Bi(OH)3 1.03 48 448 N N Hexagonal Mo–V oxide
9 AHM VOSO4 Bi(OH)3 2.07 48 448 Y N Unknown phase, VO
10 AHM VOSO4 Bi(OH)3 4.92 48 448 Y N Hexagonal Mo–V oxide
11 AHM VOSO4 Bi(OH)3 6.39 48 448 N N Bi24(VO4)(BiO4)O32, BiVO4
12 Na2MoO4 VOSO4 Bi(OH)3 3.38 48 448 N N Na0.32Bi0.56(MoO4), VO0.9
13 K2MoO4 VOSO4 Bi(OH)3 3.41 48 448 N N Unknown phase
14 AHM NH4VO3 Bi(OH)3 3.55 48 448 N N Na0.32Bi0.56(MoO4)
15 AHM NaVO3 Bi(OH)3 3.35 48 448 N N Na0.32Bi0.56(MoO4)
16 AHM VOSO4 Bi2O3 3.42 48 448 Y Y N
17 AHM VOSO4 BiOCl 3.42 48 448 Y Y N
18 AHM VOSO4 Bi2(SO4)3 3.38 48 448 Y Y N
19 AHM VOSO4 Bi(NO3)3 3.32 48 448 Y N Hexagonal Mo–V oxide

aMo source (50 mmol based on Mo), V source (12.5 mmol), Bi source (1.67 mmol), 240 mL of water, with the value of pH adjusted by H2SO4
(1 M) or NH3 solution (28%). b Presence of Mo–V–Bi oxide was examined by powder XRD after purification. Y: Mo–V–Bi oxide was formed, N:
Mo–V–Bi oxide was not formed. Corresponding powder XRD patterns are presented in ESI Fig. S1. c Presence of orthorhombic Mo–V oxide and
other phases were examined by powder XRD using all solids formed in the autoclave, Y: orthorhombic Mo–V oxide was formed, N: orthorhombic
Mo–V oxide was not formed. dN: other phase was not formed. e AHM: (NH4)6Mo7O24·4H2O.
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phase was observed. The suitable pH range for production of
Mo–V–Bi oxide was from 2 to 5, and Mo–V–Bi oxide did not
form at pH higher than 5 or lower than 2 (Table 1, entries
8–11, Fig. S1h–k†). We have reported that orthorhombic Mo–V

oxide is produced in solutions with pH values between ca. 2.7
to 3.4 and that trigonal Mo–V oxide and hexagonal Mo–V oxide
are produced in a solution with a pH value of 2.16 These results
indicate that Mo–V–Bi oxide can be produced under wider con-
ditions than can orthorhombic Mo–V oxide. It was found that
synthesis at 373 K (Table 1, entry 6) could produce mostly pure
Mo–V–Bi oxide, but XRD peaks of the Mo–V–Bi oxide (Fig. S1c
and f†) were broader than that of well-crystallized Mo–V–Bi
oxide (Table 1, entry 3), indicating small crystallite size of the
materials. Therefore, well-crystallized material large enough for
single crystal structure analysis was obtained at 448 K for 48 h
and purification was necessary (Table 1, entry 3).22

K2MoO4 and Na2MoO4·2H2O were not suitable to yield
Mo–V–Bi oxide (Table 1, entries 12–13, Fig. S1l–m†) despite
pH values being between 2 and 5, indicating that Na+ and K+

hinder the formation of Mo–V–Bi oxide.
VOSO4·5H2O was necessary for the production of Mo–V–Bi

oxide, and other vanadium compounds could not produce the
material (Table 1, entries 14–15, Fig. S1n–o†). Vanadium and
molybdenum in Mo–V–Bi oxide were partially reduced, and
VOSO4·5H2O also acted as a reducing reagent. Therefore,
NH4VO3 and NaVO3 are not suitable vanadium sources.

Several bismuth sources could produce Mo–V–Bi oxide with
orthorhombic or hexagonal Mo–V oxide (Table 1, entries
16–19, Fig. S1p–s†). A reaction with Bi(NO3)3·5H2O produced
Mo–V–Bi oxide as well as hexagonal Mo–V oxide16 without for-
mation of orthorhombic Mo–V oxide. Interestingly, XRD peaks
of Mo–V–Bi oxide produced by synthesis using Bi(NO3)3 were
broader than those of Mo–V–Bi oxide produced using other Bi
sources (Fig. S1s†), indicating that smaller crystals of Mo–V–Bi
oxide are produced by using Bi(NO3)3. Crystallite sizes calcu-
lated by the Scherrer equation were >100, 63, 76, 81, and
40 nm for materials prepared from Bi(OH)3, Bi2O3, BiOCl,
Bi2(SO4)3, and Bi(NO3)3, respectively. High solubility of
Bi(NO3)3 (Table S1†) might be a reason for the small crystallite
sizes of Mo–V–Bi oxide form.

Synthesis and characterization of nanometer-sized Mo–V–Bi
oxide

We found that the use of the dynamic hydrothermal method
(the autoclave being rotated during hydrothermal synthesis)
and increasing the amount of Bi(NO3)3 (Mo–V–Bi = 4 : 1 : 0.67)
can decrease the amount of impurities. Addition of glycerol
increased the solubility of Bi(NO3)3 (Table S1†), which further
suppressed side-reactions and resulted in the production of
mostly Mo–V–Bi oxide (Fig. 2d) (the synthesis procedure is pre-
sented in the Experimental section). Broad powder diffraction
peaks indicated smaller crystals of Mo–V–Bi oxide (denoted as
nano-Mo–V–Bi oxide), and crystallite size estimated using the
Scherrer equation was ca. 24 nm. Nano-Mo–V–Bi oxide was
obtained in a high yield (22% based on Mo) compared with the
yield of the material obtained using Bi(OH)3 (3% based on Mo).

Powder XRD patterns (Fig. 2c and d) and FT-IR spectra
(Fig. S2†) of well-crystallized Mo–V–Bi oxide and nano-Mo–V–Bi
oxide confirmed that the basic structures of both oxides are
the same. SEM images of nano-Mo–V–Bi oxide and Mo–V–Bi

Fig. 3 SEM images of (a) Mo–V–Bi oxide and (b) nano-Mo–V–Bi oxide.

Fig. 2 Powder XRD patterns of (a) the crude solid of Mo–V–Bi oxide,
(b) the solid of orthorhombic Mo–V oxide collected on the Teflon sheet,
(c) the solid of Mo–V–Bi oxide after purification, and (d) nano-Mo–V–Bi
oxide.
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oxide (Fig. 3) showed that the size of nano-Mo–V–Bi oxide
(20–50 nm in one diameter) is much smaller than that of
Mo–V–Bi oxide (1 µm in one diameter). Clear lattice images of
Mo–V–Bi oxide and nano-Mo–V–Bi oxide could be observed by
high-resolution TEM (HR-TEM). An HR-TEM image of nano-
Mo–V–Bi oxide showed that the layer distance of the (111)
plane was 11.4 Å (Fig. 4), which is in accordance with the
results of powder XRD,22 demonstrating that nano-Mo–V–Bi
oxide is a well-ordered nanometer-sized single crystal (Fig. 4b).
Elemental analysis showed that the Mo : V : Bi ratio in nano-
Mo–V–Bi oxide was 9.4 : 3.6 : 2, which is the same as the
Mo : V : Bi ratio of well-crystallized Mo–V–Bi oxide.

Nitrogen sorption isotherms of Mo–V–Bi oxide and nano-
Mo–V–Bi oxide are shown in Fig. 5a, illustrating that both
materials are microporous materials. The amounts of nitrogen
gas uptake at very low relative pressure (less than 0.01) of
Mo–V–Bi oxide and nano-Mo–V–Bi oxide were similar, indicat-
ing that both oxides have similar volumes of micropores. The
micropore size distribution showed that the micropore size of
both oxides was the same, 5.5 Å (Fig. 5b). However, the nitro-
gen gas uptake of nano-Mo–V–Bi oxide continued to increase
with increase in relative pressure, indicating that nano-Mo–V–Bi
has a larger external surface area. BET surface areas of Mo–V–Bi
oxide and nano-Mo–V–Bi oxide were calculated to be 60 m2 g−1

and 75 m2 g−1, respectively. An obvious hysteresis in the N2

sorption isotherm of nano-Mo–V–Bi oxide was observed in the
pressure range from 0.6 to 1.0, which is ascribed to mesopores
of the material formed by particle aggregation.27,28 Mesopore
size distribution of nano-Mo–V–Bi oxide was wide, indicating
that mesorpores were not uniform (Fig. 5c).

Heat-treatment removed ammonia and water in both
Mo–V–Bi oxides. TPD profiles showed ammonia desorbed
from the material during heating (Fig. 6), and protons would
leave the materials to make charge balance and acted as acid
sites. The amount of ammonium cation in both oxides esti-
mated by TPD was similar. For both oxides, their basic struc-

Fig. 4 TEM images of (a) Mo–V–Bi oxide and (b) nano-Mo–V–Bi oxide.

Fig. 5 (a) Nitrogen adsorption–desorption isotherms, (b) pore size dis-
tribution calculated by the SF method, and (c) pore size distribution cal-
culated by the BJH method of Mo–V–Bi oxide (black squares) and
nano-Mo–V–Bi oxide (red circles).

Fig. 6 TPD profiles of Mo–V–Bi oxide (black) and nano-Mo–V–Bi oxide
(red), (a) m/z = 16 (NH3 desorption), peak area (Mo–V–Bi oxide): peak
area (nano-Mo–V–Bi oxide) = 1.03 : 1, and (b) m/z = 18 (water deso-
rption), peak area (Mo–V–Bi oxide): peak area (nano-Mo–V–Bi oxide) =
0.88 : 1.
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tures, chemical composition, and the amount of acid sites was
almost the same, but the particle size was different. Catalytic
activities of as-synthesized nano-Mo–V–Bi oxide, calcined
nano-Mo–V–Bi oxide, and calcined Mo–V–Bi oxide for dehy-
dration of benzyl alcohol were examined (Fig. S3†). The as-syn-
thesized nano-Mo–V–Bi oxide did not show catalytic activity,
but the calcined one showed enhanced catalytic activity due to
the presence of acid sites generated by calcination. Catalytic
activity of nano-Mo–V–Bi oxide was enhanced compared to
Mo–V–Bi oxide, because the dehydration reaction occurs on
the surface of the crystals (Fig. S3†). Smaller particles had
more acid sites on the external surface.

Formation mechanism

It was found that Mo–V–Bi oxide can be obtained simply by
heating the AHM, VOSO4·5H2O, and Bi(NO3)3 in H2O–glycerol
solution at 373 K for 150 min in a flask under atmospheric
conditions (synthesis conditions are shown in the caption of
Fig. 7) (Fig. S4†). The solution was monitored by Raman spec-
troscopy during the synthesis. When AHM and VOSO4·5H2O were mixed in H2O–glycerol solution, a Raman spectrum with

a band top of 880 cm−1, typical for the ball-type molybdovana-
date of {Mo72V30}, was observed (Fig. 7 and S4†).16,29,30 We
have reported that mixing AHM and VOSO4·5H2O in an
aqueous solution spontaneously produces {Mo72V30}, which
then produces orthorhombic Mo–V oxide under hydrothermal
conditions.21 When Bi(NO3)3 was added to the solution of
AHM and VOSO4·5H2O and then the solution was heated for
7–15 min, a new band ascribed to [ε-VMo9.4V2.6O40{Bi}x]

n− at
820 cm−1 appeared (Fig. 7), and peak intensity was decreased
by increasing the reaction time. Furthermore, Raman analysis
indicated that heating a solution of AHM and VOSO4·5H2O
without BiIII ions does not produce the Raman band at
820 cm−1 (Fig. S5†).

The formation process of Mo–V–Bi oxide is proposed
(Fig. 8). After mixing AHM with VOSO4·5H2O in an aqueous
solution, {Mo72V30} forms immediately.16,20 In the presence of
Bi(NO3)3, the ε-Keggin POM, [ε-VMo9.4V2.6O40{Bi}x]

n−, also
forms. By heating this solution, the ε-Keggin POMs assemble
in a tetrahedral fashion to form Mo–V–Bi oxide.

Conclusions

In summary, the formation of Mo–V–Bi oxide was investigated,
and appropriate conditions for synthesis of Mo–V–Bi oxide
were confirmed. It was found that the solubility of the starting
materials affects the crystal size of the resulting material.
Soluble starting materials produce nanometer-sized Mo–V–Bi
oxide (nano-Mo–V–Bi oxide). Crystal size of Mo–V–Bi oxide
affects the properties of Mo–V–Bi oxide including adsorption
properties and catalytic activity, which are enhanced by
decreasing the crystal size. The formation mechanism was
studied by Raman spectroscopy, which indicated the presence
of ε-Keggin POM and {Mo72V30} in solution, forming Mo–V–Bi
oxide and orthorhombic Mo–V oxide, respectively.

Fig. 7 (A) Raman spectra of the solution: AHM (8.33 mmol based on
Mo), VOSO4·5H2O (2.08 mmol), and Bi(NO3)3·5H2O (1.40 mmol) in
1.7 mL of solution (glycerol–water = 1 : 1), 40 mL of water, pH of 3.4,
373 K for (a) 0 min, (b) 7 min, (c) 15 min, (d) 20 min, (e) 60 min (f )
150 min, (g) Raman spectrum of solid Mo–V–Bi oxide, and (B) Raman
spectra of the solution: (h) AHM (8.33 mmol based on Mo), VOSO4·5H2O
(2.08 mmol), 40 mL of water. The band at 1050 cm−1 was ascribed to
nitrate.

Fig. 8 Formation pathway of Mo–V–Bi oxide and orthorhombic Mo–V
oxide: Mo–O octahedra (blue octahedra), V–O tetrahedra or octahedra
(gray tetrahedra or octahedra), Bi–O octahedra (purple octahedra), and
O (red spheres).
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Experimental
Synthetic procedures

Synthesis of well-crystallized Mo–V–Bi oxide. (NH4)6Mo7O24·
4H2O (8.828 g, 50 mmol based on Mo) was dissolved in
110 mL of water. VOSO4·5H2O (3.219 g, 12.5 mmol) was dis-
solved in 110 mL of water. After the solids had been comple-
tely dissolved, the solution of VOSO4·5H2O was rapidly poured
into a solution of AHM. After stirring at room temperature for
3 min, Bi(OH)3 (0.438 g, 1.67 mmol) was added. Then the
mixture was stirred for 7 min followed by N2 bubbling for
10 min. The mixture was introduced into a 300 mL Teflon liner
of a stainless-steel autoclave with the help of 20 mL of water. A
Teflon sheet (4 m × 0.1 m × 0.1 mm) was inserted into the
liner. The autoclave was placed in an oven and heated at 448 K
for 48 h. After the autoclave had been cooled down to room
temperature, Mo–V–Bi oxide formed at the bottom of the liner.
For purification, the Teflon sheet, on which most of the impur-
ity of Mo–V oxide had formed, was carefully removed. Then the
solid at the bottom was filtered by two cotton sheets. The fil-
trate that contained Mo–V–Bi oxide was transferred into cen-
trifugation tubes with the help of 200 mL of water and
separated by centrifugation (2000 rpm, 3 min). The solid at the
bottom of the centrifugation tube was collected and then the
solid was dispersed in water (200 mL) and separated by cen-
trifugation (2000 rpm, 3 min). This washing process was
repeated 6 times, and the obtained solid was dried at 353 K
overnight. Then 0.45 g of Mo–V–Bi oxide (yield: 3.3% based on
Mo) was obtained.

Synthesis of nano-Mo–V–Bi oxide with high yield. 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 based on Mo) was
dissolved in 20 mL of water. VOSO4·5H2O (0.5365 g,
2.08 mmol) was dissolved in 20 mL of water. After the solids
had been completely dissolved, the solution of VOSO4·5H2O
was rapidly poured into the solution of (NH4)6Mo7O24·4H2O.
After 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. After the mixture had been purged by N2 for
10 min, the mixture was introduced into a 50 mL Teflon liner
of a stainless-steel autoclave. The autoclave was placed in an
oven with rotation equipment and heated at 448 K for 48 h
with rotation (∼1 rpm). After the autoclave had been cooled
down to room temperature, the black solid was collected by fil-
tration, washed with 20 mL of water 3 times, and dried at
353 K overnight. Then 0.506 g of Mo–V–Bi oxide (yield: 22%
based on Mo) was obtained. Elemental analysis: Calcd for
(NH4)2.8H0.9[ε-VMo9.4V2.6O40Bi2]·7.2H2O: Bi, 17.98; Mo, 38.80;
V, 7.89; N, 1.68; H, 1.14, found: Bi, 18.14; Mo, 39.51; V, 7.37.

Characterization

Nitrogen sorption isotherms were obtained by a BELSORP
MAX (BEL Japan Inc.) sorption analyzer at 77 K. Surface area
was calculated by the BET method. The materials were cal-

cined under nitrogen gas for 2 h and then evacuated at 573 K
for 2.5 h before measurement. Pore size distribution was calcu-
lated by the SF method (for micropore) and the BJH method
(for mesopore). Temperature-programmed desorption mass
spectrometry (TPD-MS) measurements were carried out from
313 K to 893 K at a heating rate of 10 K min−1 under helium
(flow rate: 50 mL min−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 NH4 (m/z = 16) and H2O (m/z = 18).
Powder X-ray diffraction (XRD) patterns were obtained on
RINT2200 (Rigaku) with Cu Kα radiation (tube voltage: 40 kV,
tube current: 20 mA). Scanning electron microscopy (SEM)
images were obtained with HD-2000 (HITACHI). Transmission
electron microscopy (TEM) images were taken with a 200 kV
TEM (JEOL JEM-2100F). Fourier transform infrared (FT-IR)
analysis was carried out on PARAGON 1000, Perkin Elmer.
Raman spectra were recorded with a Renishaw inVia Raman
microscope. Elemental compositions were determined by an
inductive coupling plasma (ICP-AES) method (ICPE-9000,
Shimadzu). Crystallite size was calculated from the most inten-
sive powder diffraction peak (peak at 7.6 degree) with the MID
Jade 7 software package by using the Scherrer equation.
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ABSTRACT: Two new ε-Keggin-type polyoxometalate-based 3D frameworks,
Na1 . 5H11 . 4 [ε -Zn

I IMoV
1 0 . 9MoV I

1 . 1O40{Zn
I I } 2] and (NH4)2 . 1H7 . 5 [ε -

MnII0.2MoV6MoVI6O40{MnII}2], are prepared, and their structures are determined
by powder X-ray diffraction, Fourier transform infrared, Raman spectroscopy, and
elemental analysis. ε-Keggin-type polyoxomolybdate units, [ε-ZnMo12O40] and [ε-
Mn0.2Mo12O40], are linked with Zn2+ and Mn2+, respectively, in a tetrahedral
fashion to form 3D frameworks. They show zeolite-like ion-exchange properties
and redox properties. The ε-Keggin-based 3D framework shows high chemical
composition diversity and can incorporate different elements in the framework.

■ INTRODUCTION

Polyoxometalates (POMs) are anionic metal oxide clusters
comprised of mainly early transition metals such as tungsten,
molybdenum, niobium, and vanadium.1−3 POMs have attracted
much attention because they are applicable to functional
materials, such as catalysts and electrode, optical, and magnetic
materials. Furthermore, their molecular properties, such as
multielectron-transfer, strong acidic, and magnetic properties,
are tunable by changing their structures and incorporating
metal components in the structures.
POMs are also known to be well-defined building units for

the construction of nanostructured materials and well-ordered
crystalline materials, such as polyoxometalate−organic frame-
works (POMOFs),4−10 macrocations−POM materials,11−18

and complex metal oxides.19−21 These materials have been
prepared by the assembly of POMs with other structural
building blocks. The resulting materials exhibit interesting
properties and have various applications, such as adsorp-
tion,11,12,22,23 separation,11,12 catalysis,16,20,24−27 ion exchange,28

and electrocatalysis.6 The most popular POM building unit is
the α isomer of a Keggin-type POM.
In the case of POMOF materials, the ε isomer of a Keggin-

type POM composed of one central XO4 tetrahedron and 12
metal−oxygen octahedra with Td symmetry is of great interest.
Four hexagonal faces of the ε-Keggin POM are bound to metal
ions (Figure 1), and linking of these four metal ions by a
bidentate organic ligand results in the formation of a 3D-

ordered framework of POM and an organic moiety.4,6,7

Recently, we have reported the first all-inorganic 3D framework
composed of ε-Keggin POM, [ε-VMo9.4V2.6O40], with a
bismuth linker (denoted as Mo−V−Bi oxide). A total of 10
[ε-VMo9.4V2.6O40] units surround a cage that is connected by
channels, forming a zigzag 3D pore system.29 Compared with
POMOFs, the Mo−V−Bi oxide is thermally more stable so that
water and ammonium cations presented in the pores can be
removed by thermal treatment, and the opened pores are
analyzable by the N2 adsorption−desorption technique.
Furthermore, ammonium cations are exchangeable with other
cations.
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 able to be incorporated into the structures of ε-
Keggin POM-based 3D frameworks and their properties, such
as stability, ion-exchange property, acidity, and redox, magnetic,
and pore properties, to be easily tuned.
Here, we describe the synthesis and structural character-

ization of two new members of all-inorganic ε-Keggin POM-
based 3D frameworks, ε-Keggin polyoxomolybdates with metal
i o n s ( Z n I I a n d M n I I ) , N a 1 . 5 H 1 1 . 4 [ ε -
ZnIIMoV

10 .9MoVI
1 . 1O40{Zn

I I}2] and (NH4)2 .1H7.5[ε -
MnII0.2MoV6MoVI6O40{MnII}2], denoted as Mo−Zn oxide and

Received: March 19, 2014
Published: July 9, 2014

Article

pubs.acs.org/IC

© 2014 American Chemical Society 7309 dx.doi.org/10.1021/ic500630h | Inorg. Chem. 2014, 53, 7309−7318

─ 148 ─



Mo−Mn oxide, respectively. Structures of the materials are
determined by powder X-ray diffraction (XRD), Fourier
transform infrared (FT-IR), and elemental analysis. The
thermal stability of the materials is investigated, and it is
found that the existing guest molecules can be mostly removed
by heat treatment. The materials are found to have selective
ion-exchange properties that are similar to those of zeolites.

■ EXPERIMENTAL SECTION
Materials. All chemicals were of reagent grade and were used as

supplied, and house-made distilled water was used throughout. Mo−
V−Bi oxide was prepared according to our paper.29

Synthesis of Mo−Zn 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 ZnCl2 (0.453 g, 3.3 mmol) were added to
the mixture sequentially, followed by adjustment of the pH to 4.8 with
1 M H2SO4. The mixture was introduced into a 50 mL Teflon liner of
a stainless-steel autoclave. The autoclave was placed in an oven heated
at 448 K for 24 h. After the autoclave had been cooled to room
temperature, the mixture was placed in a 100 mL beaker. For solid
recovery, 60 mL of water was added to the beaker, and the beaker was
kept at room temperature for 5 min. Then the upper 50% part of the
suspension was collected by filtration. The recovery process was
repeated three times. The resulting solid was washed with 10 mL of
water three times and dried at 353 K overnight. Then 0.28 g of Mo−
Zn oxide (yield: 14% based on Mo) was obtained. Elem anal. Calcd for
Na1.5Zn3Mo12O45H21.4: Zn, 9.24; Mo, 54.22; Na, 1.62; H, 1.02. Found:
Zn, 9.63; Mo, 54.14; Na, 1.54; H, 1.18.
Synthesis of Mo−Mn Oxide. (NH4)6Mo7O24·4H2O (2.060 g,

11.7 mmol based on Mo) was dissolved in 40 mL of distilled water.
Metal Mo (0.2 g, 2.1 mmol) and MnO (0.235 g, 3.3 mmol) were
added to the mixture sequentially (pH of 5.1). The mixture was
introduced into a 50 mL Teflon liner of a stainless-steel autoclave. The
autoclave was placed in an oven heated at 448 K for 24 h. After the
autoclave had been cooled to room temperature, the mixture was
placed in a 100 mL beaker. For solid recovery, 60 mL of water was
added to the beaker, and the beaker was kept at room temperature for
5 min. Then the upper 50% part of the suspension was collected by
filtration. The recovery process was repeated three times. The resulting
solid was washed with 10 mL of water three times and dried at 353 K
overnight. Then 0.32 g of Mo−Mn oxide (yield: 16% based on Mo)
was obtained. Elem anal. Calcd for N2.1Mn2.2Mo12O44H23.9: Mn, 5.95;
Mo, 56.72; N, 1.45; H, 1.19. Found: Mn, 5.91; Mo, 56.45; N, 1.62; H,
1.23.
Ion Exchange. As-synthesized material (Mo−Zn oxide or Mo−

Mn oxide, 0.3 g) was dispersed in 15 mL of water containing 0.61
mmol each of LiCl, NaCl, NH4Cl, KCl, RbCl, CsCl, BeSO4, MgCl2,
CaCl2, SrCl2, and BaCl2. The mixture was stirred at 353 K for 6 h. The
resulting solid (M−Mo−Zn oxide or M−Mo−Mn oxide, where M =
Li, Na, NH4, K, Rb, Cs, Be, Mg, Ca, Sr, and Ba) was collected by
filtration, washed with water (3 × 10 mL), and dried at 353 K
overnight. To synthesize a proton-exchanged sample, 0.5 mL of
concentrated HCl was dissolved in 14.5 mL of water. Then 0.3 g of as-
synthesized material (Mo−Zn oxide or Mo−Mn oxide) was added.

The mixture was stirred at 353 K for 6 h. The resulting solid was
recovered by filtration, washed with water (3 × 10 mL), and dried at
353 K overnight.

E lementa l Ana ly s i s . H−Mo−Zn ox ide . Ca l cd fo r
Na0.6Zn3Mo12O45H22.3: Zn, 9.32; Mo, 54.73; Na, 0.66; H, 1.07.
Found: Zn, 9.18; Mo, 54.98; Na, 0.67; H, 1.38.

Li−Mo−Zn oxide. Calcd for Li0.7Na0.8Zn3Mo12O45H21.4: Li, 0.23;
Zn, 9.29; Mo, 54.51; Na, 0.87; H, 1.15. Found: Li, 0.07; Zn, 9.19; Mo,
54.88; Na, 0.72; H, 1.19.

NH4−Mo−Zn oxide. Calcd for Na0.1N1.4Zn3Mo12O45H27: Na, 0.11;
Zn, 9.27; Mo, 54.40; N, 0.93; H, 1.29. Found: Na, 0.08; Zn, 9.32; Mo,
54.37; N, 1.19; H, 1.45.

K−Mo−Zn oxide. Calcd for K1.4Na0.1Zn3Mo12O45H21.4: K, 2.55; Zn,
9.14; Mo, 53.65; Na, 0.11; H, 1.01. Found: K, 2.31; Zn, 9.26; Mo,
53.43; Na, 0.07; H, 1.16.

Rb−Mo−Zn oxide. Calcd for Rb1.3Na0.2Zn3Mo12O45H21.4: Rb, 5.04;
Zn, 8.90; Mo, 52.22; Na, 0.21; H, 0.98. Found: Rb, 5.02; Zn, 8.93; Mo,
52.02; Na, 0.07; H, 1.10.

Cs−Mo−Zn oxide. Calcd for Cs1.5Zn3Mo12O45H21.4: Cs, 8.71; Zn,
8.57; Mo, 50.31; Na, 0; H, 0.94. Found: Cs, 8.73; Zn, 8.67; Mo, 50.47;
Na, 0; H, 1.01.

H−Mo−Mn oxide. Calcd for N1.7Mn2.2Mo12O43H20.7: Mn, 6.03;
Mo, 57.43; N, 1.19; H, 1.04. Found: Mn, 5.78; Mo, 57.75; N, 0.95; H,
1.47.

Li−Mo−Mn oxide. Calcd for Li0.1N2.0Mn2.2Mo12O43H21.5: Li, 0.03;
Mn, 6.01; Mo, 57.26; N, 1.39; H, 1.08. Found: Li, 0.04; Mn, 6.12; Mo,
57.15; N, 1.28; H, 1.47.

Na−Mo−Mn oxide. Calcd for Na0.4N1.7Mn2.2Mo12O43H20.3: Na,
0.46; Mn, 6.00; Mo, 57.18; N, 1.18; H, 1.02. Found: Na, 0.52; Mn,
5.89; Mo, 56.99; N, 1.20; H, 1.38.

K−Mo−Mn oxide. Calcd for K1.4N0.7Mn2.2Mo12O43H16.3: K, 2.68;
Mn, 5.92; Mo, 56.41; N, 0.48; H, 0.80. Found: K, 2.63; Mn, 6.37; Mo,
56.53; N, 0.38; H, 1.16.

Rb−Mo−Mn oxide. Calcd for Rb1.5N0.6Mn2.2Mo12O43H15.9: Rb,
6.07; Mn, 5.72; Mo, 54.49; N, 0.40; H, 0.76. Found: Rb, 6.03; Mn,
5.81; Mo, 54.55; N, 0.12; H, 1.07.

Cs−Mo−Mn oxide. Calcd for Cs1.4N0.7Mn2.2Mo12O44H18.3: Cs,
8.49; Mn, 5.52; Mo, 52.56; N, 0.45; H, 0.84. Found: Cs, 8.65; Mn,
5.44; Mo, 52.65; N, 0.17; H, 1.08.

Be−Mo−Zn oxide. Calcd for Be0.3Na0.9Zn3Mo12O44H19.4: Be, 0.13;
Zn, 9.37; Mo, 54.97; Na, 0.99; H, 0.93. Found: Be, 0.12; Zn, 9.72; Mo,
54.72; Na, 1.04; H, 1.13.

Mg−Mo−Zn oxide. Calcd for Mg0.6Na0.3Zn3Mo12O46H23.4: Mg,
0.69; Zn, 9.22; Mo, 54.09; Na, 0.32; H, 1.11. Found: Mg, 0.62; Zn,
9.68; Mo, 53.77; Na, 0.44; H, 1.16.

Ca−Mo−Zn oxide. Calcd for Ca1Zn3Mo12O47H24.9: Ca, 1.85; Zn,
9.06; Mo, 53.19; Na, 0; H, 1.16. Found: Ca, 1.75; Zn, 8.95; Mo, 52.79;
Na, 0.03; H, 1.22.

Sr−Mo−Zn oxide. Calcd for Sr0.8Na0.1Zn3Mo12O45H21.2: Sr, 3.24;
Zn, 9.08; Mo, 53.27; Na, 0.11; H, 0.98. Found: Sr, 3.29; Zn, 9.28; Mo,
52.94; Na, 0.13; H, 1.13.

Ba−Mo−Zn oxide. Calcd for Ba1.4Zn3Mo12O45H20.1: Ba, 8.43; Zn,
8.60; Mo, 50.50; Na, 0; H, 0.89. Found: Ba, 8.30; Zn, 8.16; Mo, 50.34;
Na, 0.02; H, 1.08.

Figure 1. (a) Polyhedral representation, (b) ball−stick representation, and (c) metal skeleton representation of ε-Keggin-type POM with four
capping metal ions. Central metal site: gray. Surrounding metal site: blue. Linking metal: purple. Oxygen: red.
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Be−Mo−Mn oxide. Calcd for Be0.2N1.7Mn2.2Mo12O45H24.3: Be,
0.09; Mn, 5.92; Mo, 56.37; N, 1.17; H, 1.20. Found: Be, 0.07; Mn,
5.95; Mo, 56.01; N, 1.20; H, 1.36.
Mg−Mo−Mn oxide. Calcd for Mg0.6N1.2Mn2.2Mo12O43H18: Mg,

0.73; Mn, 6.01; Mo, 57.29; N, 0.84; H, 0.90. Found: Mg, 0.75; Mn,
6.10; Mo, 57.42; N, 0.86; H, 1.12.
Ca−Mo−Mn oxide. Calcd for Ca0.9N1Mn2.2Mo12O45H20.8: Ca, 1.75;

Mn, 5.86; Mo, 55.80; N, 0.68; H, 1.02. Found: Ca, 1.78; Mn, 5.95; Mo,
55.60; N, 0.69; H, 1.28.
Sr−Mo−Mn oxide. Calcd for Sr0.8N1Mn2.2Mo12O45H21: Sr, 3.34;

Mn, 5.76; Mo, 54.89; N, 0.67; H, 1.01. Found: Sr, 3.43; Mn, 5.55; Mo,
54.74; N, 0.67; H, 1.22.
Ba−Mo−Mn oxide. Calcd for Ba1.6Mn2.2Mo12O44H14.4: Ba, 9.94;

Mn, 5.47; Mo, 52.09; N, 0; H, 0.66. Found: Ba, 10.13; Mn, 5.24; Mo,
51.96; N, 0; H, 0.88.
Characterization. N2 sorption isotherms were obtained by a

BELSORP-max (BEL Japan Inc., Osaka, Japan) sorption analyzer at 77
K. The surface area was calculated by the Brunauer−Emmett−Teller
(BET) method using an adsorption branch. Mo−V−Bi oxide was
evacuated at 573 K for 2.5 h and the samples of Mo−Zn oxide and
Mo−Mn oxide were evacuated at 473 K for 2.5 h before measurement.
Powder XRD patterns were obtained on RINT2200 (Rigaku) with Cu
Kα radiation (tube voltage, 40 kV, tube current, 20 mA). Scanning
electron microscopy (SEM) images were obtained with a HD-2000
microscope (Hitachi). Transmission electron microscopy (TEM)
images were taken with a 200 kV transmission electron microscope
(JEOL JEM-2010F). FT-IR analysis was carried out on a PARAGON
1000 analyzer (PerkinElmer). Raman spectra were recorded with a
Renishaw inVia Raman microscope. Thermogravimetric−differential
thermal analysis (TG-DTA) measurements were carried out up to 773
K at a heating rate of 10 K min−1 under nitrogen (flow rate, 10 mL
min−1) and air (flow rate, 30 mL min−1) flow with Thermo plus TG-
8120 (Rigaku). Temperature-programmed desorption mass spectrom-
etry (TPD-MS) measurements were carried out from 313 to 893 K at
a heating rate of 10 K min−1 under helium (flow rate, 50 mL min−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),
H2O (m/z 18), O2 (m/z 32), and N2 (m/z 28). For TPD-MS
measurements of the materials after heat treatment, the samples were
heated at 473 K under high vacuum for 2.5 h in a TPD instrument
before measurements. X-ray photoelectron spectroscopy (XPS) was
performed on a JPS-9010MC spectrometer (JEOL). The spectrometry
energies were calibrated using the C 1s peak at 284.8 eV. Diffuse-
reflectance (DR) UV−vis spectra were obtained using a JASCO V-570
spectrophotometer equipped with an ISN-470 reflectance spectrosco-
py accessory. Elemental compositions were determined by an
inductive coupling plasma atomic emission spectroscopy (ICP-AES)
method (ICPE-9000, Shimadzu). The CHN elemental composition
was determined at Instrumental Analysis Division, Equipment
Management Center, Creative Research Institution, Hokkaido
University.
Structure Determination and Computer-Based Simulation.

The structures of Mo−Zn and Mo−Mn oxides were determined by
powder XRD. Powder XRD patterns were recorded on a RINT2200
diffractometer (Rigaku) with Cu Kα radiation (tube voltage, 40 kV;
tube current, 40 mA; scan speed, 1 deg min−1; step, 0.01 deg). First,
the powder XRD pattern was indexed by programs, including
DICVOL0630 and X-cell,31 which gave the same results. After Pawley
refinement was performed, the most reasonable space group was
obtained. Then the Le Bail method32 was applied for intensity
extraction with the EdPCR program. The initial structure was solved
by a charge-flipping algorithm.33 The positions and types of heavy-
metal atoms (Mo, Zn, and Mn) were obtained by analyzing the
generated electron density maps. Most of the O atoms and cations
were assigned according to the residual peaks, which were indicated by
the charge-flipping algorithm, with consideration of the crystal
structure of Mo−V−Bi oxide. The initial structures from the charge-
flipping algorithm are shown in Supporting Information (SI) Tables
S1 and S2.

The initial structures of Mo−Zn and Mo−Mn oxides were refined
by powder XRD Rietveld refinement.34 The lattice and pattern
parameters of the material were first refined by Pawley refinement.
Then isotropical temperature factors (see the SI for detailed
information) were given for every atom in the initial structure.
Rietveld analysis was started with the initial model of the material and
lattice and pattern parameters from Pawley refinement. Every atom
position was refined. The occupancy of atoms in the framework was
fixed without further refinement, and occupancies of atoms in
micropores were refined with consideration of the elemental analysis
results. Finally, the pattern parameters were refined again for obtaining
the lowest Rwp value. Crystallographic and Rietveld analysis parameters
are shown in SI Tables S3−S6.

Material modeling, the X-cell program, and Pawley and Rietveld
refinement were performed with the Materials Studio v6.1.0 package
(Accelrys Software Inc.). DICVOL06 and EdPCR were carried out with
the Fullprof package. The charge-flipping algorithm was performed
with Superf lip in Jana2006, and electron density maps were generated
with Chimera 1.8.1.

The Connolly surfaces and free space of POM-based materials were
simulated by the Atom Volume & Surfaces program in Materials Studio.
The diameters of the cage and channel were estimated from the
Connolly surfaces of the cage and the channel with a Connolly radius
of 1 Å,35 and the shortest values are presented.

■ RESULTS AND DISCUSSION
Preparation of Mo−Zn and Mo−Mn Oxides. Two novel

POM-based crystalline metal oxides, Mo−Zn and Mo−Mn
oxides, are synthesized under hydrothermal conditions. The
hydrothermal reaction of Na2MoO4·2H2O, Mo metal, and
ZnCl2 at 448 K for 24 h produces Mo−Zn oxide, and the
powder XRD profile of the solid is presented in Figure 2b. A
profile similar to that of Mo−V−Bi oxide is observed. XRD
peaks corresponding to ZnMoO4, MoO2, and unreacted Mo
metal are also obtained in the crude solid.

The desired solid is isolatable by settlement of the obtained
crude solid in water and decantation of the upper solution,
because the desired Mo−Zn oxide is smaller than ZnMoO4,
MoO2, and Mo metal (Figure 3 and SI Figure S1). The XRD
profile of isolated Mo−Zn oxide is similar to that of Mo−V−Bi
oxide (Figure 2c).

Figure 2. XRD patterns of (a) Mo−V−Bi oxide, (b) a crude solid of
Mo−Zn oxide, (c) Mo−Zn oxide after purification, (d) a crude solid
of Mo−Mn oxide, and (e) Mo−Mn oxide after purification. PDF
number: ZnMoO4, 00-025-1024; MnMoO4, 01-082-2166; MoO2, 00-
050-0739; Mo, 00-004-0809.
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Crystalline Mo−Mn oxide is prepared by the same method
as that used for Mo−Zn oxide except for replacement of ZnCl2
by MnO. A powder XRD profile similar to that of Mo−V−Bi
oxide is observed in the profile of the resulting solid (Figure
2d). XRD peaks corresponding to MnMoO4 and unreacted Mo
metal are also detected.
The desired product is separated by settlement of the

obtained crude solid in water and decantation of the upper
solution, because the desired Mo−Mn oxide is smaller than
MnMoO4 and Mo metal (Figure 3 and Supporting Information
Figure S1). The XRD profile of the isolated Mo−Mn oxide is
also similar to that of Mo−V−Bi oxide (Figure 2e).

Structural Characterizations of Mo−Zn and Mo−Mn
Oxides. The powder XRD profiles of Mo−Zn and Mo−Mn
oxides are similar to that of Mo−V−Bi oxide with a slight shift
of 2θ and different intensity ratios (Figure 2 and SI Figure S2a),
and XRD pattern indexing and Pawley refinement show that
these three materials are cubic systems with the same space
group of Fd3 ̅m and similar lattice parameters (Table 1). Mo−

Zn and Mo−Mn oxides have octahedral morphologies that are
similar to that of Mo−V−Bi oxide (Figure 3). Therefore, we
consider the structures of Mo−Zn and Mo−Mn oxides to be
similar to that of Mo−V−Bi oxide. The structure of Mo−V−Bi
oxide has been determined by single-crystal X-ray analysis,29

which showed that the material is comprised of ε-Keggin POM
units, ε-VMo9.4V3.6O40, with a BiIII linker (Figure 1). A V−O
tetrahedron is surrounded by 12 M−O (M = Mo and V)
octahedra to form the ε-Keggin-type POM, which is linked by
BiIII to form a diamond-like framework. There are three metal
sites in the framework of the materials: a central metal site,
surrounding 12 metal sites, and linking metal sites in an
asymmetric unit.
SEM images (Figure 3) of Mo−Zn and Mo−Mn oxides

show that both of these materials are too small to perform
single-crystal analysis (100−200 nm in one diameter).
Therefore, structure analysis based on powder XRD is carried
out.
For Mo−Zn oxide, the results obtained by using the charge-

flipping algorithm reveal the three most intensive peaks of the
electron density map with intensity order of surrounding metal
sites > central metal site ∼ linking metal site (Figure 4a−c and

Figure 3. SEM images of (a) Mo−V−Bi, (b) Mo−Zn, and (c) Mo−
Mn oxides.

Table 1. Refined Parameters and Agreement Factors of
Rietveld Analysis for Mo−Zn and Mo−Mn Oxides

Mo−Zn oxide Mo−Mn oxide

empirical formula O45.6Na1.56Zn3Mo12 O47.9Mn2.24Mo12
cryst syst cubic cubic

space group Fd3 ̅m Fd3 ̅m
a = b = c (Å) 19.4675 19.6578

α = β = γ (deg) 90 90

V (Å3) 7377.86 7596.34

agreement factors

Rwp (%) 7.10 6.19

Rwp(w/o
bck) (%)

12.09 11.92

Rp (%) 5.35 4.66

pattern parameter
peak-shape
function

pseudo-Voigt pseudo-Voigt

fwhm U = 1.24597, V = −0.65679,
W = 0.13636

U = 0.64154, V = −0.26116,
W = 0.05624

profile parameter
line shift

NA = 1.02040, NB = −0.005
10

NA = 1.03398, NB = −0.008
52

instrument
geometry

Bragg−Brentano Bragg−Brentano

zero point −1.01992 −0.31358
shift#1 0.93425 0.18755

shift#2 0.09903 0.08589

correction method Berar−Baldinozzi Berar−Baldinozzi
parameter P1 = 0.19643, P2 =

−0.10651, P3 = −0.48315,
P4 = 0.20029

P1 = 1.67562, P2 = 0.35040,
P3 = −3.51892, P4 =
−0.73820

background
coefficients

polynomial = 100 polynomial = 100

preferred
orientation
March−Dollase

R0 = 1.536 23 R0 = 1.456 85
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SI Table S1). Elemental analysis of Mo−Zn oxide reveals that
the ratio of Mo:Zn is 12:3. These results indicate that Zn is
present in the central and linking metal sites and that Mo is
present in the surrounding metal sites. In the case of Mo−Mn
oxide, the two most intensive peaks of the electron density map
correspond to the surrounding metal sites and linking metal
sites, where the intensity of the surrounding metal sites is much
higher than that of the linking metal site (Figure 4d−f). A weak
peak is found at the central metal site, indicating that the
position is occupied partly or by light atoms (SI Table S2).
Elemental analysis of Mo−Mn oxide reveals that the ratio of
Mo:Mn is 12:2.2. These results indicate that Mo is present in
the surrounding metal sites, Mn is present in the linking metal
site, and the central metal site is occupied by Mn with 0.2
occupancy. Other sites are assigned as O atoms of the Keggin
unit, countercations, and O atoms of water.
The initial structures of Mo−Zn and Mo−Mn oxides are

refined with Rietveld refinement. Figure 5 shows the simulated
powder XRD patterns of Mo−Zn and Mo−Mn oxides. The Rwp
values of Mo−Zn and Mo−Mn oxides are 7.10% and 6.19%,
respectively. The results of Rietveld and elemental analyses
demonstrate that the POM building blocks of Mo−Zn and
Mo−Mn oxides are ε-Keggin POMs ε-ZnMo12O40 and ε-
Mn0.2Mo12O40, respectively (Figure 6a). A total of 12 MoO6
octahedra surrounded an MO4 (M = Zn or Mn) tetrahedron to
form the ε-Keggin cores, which are connected by metal ions
(Zn or Mn) in a tetrahedral fashion to form a 3D framework

(Figure 6b). In the case of other ε-Keggin POMs, there are four
capping metal ions for one ε-Keggin POM.36−39 In the case of
Mo−V−Bi, Mo−Zn, and Mo−Mn oxides, capping metal ions
connect the POM units.
FT-IR and Raman spectra (SI Figure S3) of Mo−Zn and

Mo−Mn oxides are similar to those of other ε-Keggin
polyoxomolybdates, [ε-H2Mo12O40Ni4(H2O)]36 and [ε-
H2Mo12O40Co4(H2O)].

40 [ε-H2Mo12O40Ni4(H2O)] and [ε-
H2Mo12O40Co4(H2O)] are composed of ε-Keggin polyoxomo-
lybdate [ε-H2MoVIxMoV12−xO40] and four Ni2+ or Co2+ on the
hexagonal surfaces of the ε-Keggin polyoxomolybdate. These
results confirm that the surrounding metal sites in the ε-Keggin
cores are mostly occupied by Mo in Mo−Zn and Mo−Mn
oxides.
High-resolution transmission electron microscopy

(HRTEM) images are obtained to further confirm the
structures. Figure 7 shows a comparison of the generated
polyhedral image using the crystal structure of Mo−V−Bi oxide
with HRTEM images of the materials along the (101)
direction. HRTEM reveals characteristic face-centered-cubic
lattice images for Mo−Zn and Mo−Mn oxides. The ordering of
the rhombic black and white spots in the HRTEM images is
exactly the same as the ordering of ε-Keggin POM building
blocks and pores. The lattice parameters of the unit cells and
distances of the (111) plane are also obtained from the
HRTEM images, and they are in good agreement with the

Figure 4. Schematic representations of the charge-flipping algorithm results: (a) electron density map from the charge-flipping method showing
positions of the intensive peaks [surrounding metal sites (Q1; gray), linking metal sites (Q2; red), and central metal sites (Q3; blue)] in a unit cell;
(b) ε-Keggin unit with four linking metal sites; (c) intensity difference of the peaks of Mo−Zn oxide; (d) electron density map from the charge-
flipping method showing positions of the intensive peaks [surrounding metal sites (Q1; gray) and linking metal sites (Q2; red)] in a unit cell; (e) ε-
Keggin unit with four linking metal sites; (f) intensity difference of the peaks of Mo−Mn oxide.
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results obtained from crystal structures of the materials (Figure
7d).
The oxidation states of the metal elements in Mo−Zn and

Mo−Mn oxides are studied by XPS, and the results are
presented in SI Figure S4. For linker metals, the bond valence
sum (BVS) values of Zn and Mn are 2.13 and 1.93, respectively.
For center metals, the BVS values of Zn and Mn are 2.14 and
2.24, respectively, confirming that the oxidation states of both
ZnII and MnII are 2+. The surrounding 12 Mo atoms are mostly
reduced, as in the case of other ε-Keggin polyoxomolyb-
dates.7,36,38 In the case of Mo−Zn oxide, the ratio of MoVI:MoV

is 0.1:1.0. The ratio of MoVI:MoV in Mo−Mn oxide is 1.0:1.0.
The detailed chemical formulas of these two POM units are
estimated to be [ε-ZnIIMoV10.9MoVI1.1O40{Zn

II}2]
12.9− and [ε-

MnII0.2MoV6MoVI6O40{MnII}2]
9.6−.

The presence of water in Mo−Zn oxide and the presence of
water and NH4

+ in Mo−Mn oxide are confirmed by FT-IR
analysis. The FT-IR spectrum (SI Figure S2b) of Mo−Mn
oxide shows peak maxima at 1628 and 1401 cm−1,
corresponding to water and NH4

+, respectively. For Mo−Zn
oxide, a peak at 1630 cm−1 corresponding to water is observed.
The cationic species of Mo−Zn oxide is Na+, which results
from the starting agent of Na2MoO4·2H2O. The amounts of
cationic species (NH4

+ and Na+) and water are estimated by
elemental analysis. The detailed formulas of Mo−Zn and Mo−
Mn oxides are Na1.5H11.4[ε-Zn

IIMoV10.9MoVI1.1O40{Zn
II}2]·

5H2O and (NH4)2.1H7.5[ε-MnII0.2MoV6MoVI6O40{MnII}2]·
4H2O, respectively.

Cages and channels exist in the materials. One cage is
surrounded by 10 ε-Keggin POM units with metal-ion linkers
(BiIII, ZnII, or MnII).29 The cages are connected with channels
in a tetrahedral fashion to form a periodical 3D pore system as
FAU-type zeolites (Faujasite) do. The sizes of the cages are
estimated from the Connolly surfaces (see details in the
Experimental Section) to be 7.7, 7.6, and 7.6 Å and the sizes of
the channels are estimated to be 3.4, 2.9, and 2.9 Å for Mo−V−
Bi, Mo−Zn, and Mo−Mn oxides, respectively (Figure 6c). The
pore systems of these materials are unique. In one direction, the
tunnel of the pore is not straight but in a zigzag fashion (Figure
6d). The existing NH4

+ (or Na+) and water occupy the cages
and channels in the as-synthesized materials.
TPD-MS analysis under helium flow shows that the water

and NH4
+ in the materials desorb with heat treatment (SI

Figure S5). m/z 16, 18, 28, and 32 are attributed to the signals
of NH3, water, N2, and O2, respectively. TPD-MS (m/z 16)
shows that Mo−V−Bi oxide has two NH4

+ desorption
processes when the temperature is increased to 873 K. One
NH4

+ has a weak interaction with the framework and desorbs at
433 K, and the other has a strong interaction with the
framework and desorbs at 633 K.29 Mo−Mn oxide only shows a
peak at 593 K in the TPD profile (m/z 16), indicating only one
kind of NH4

+ in the framework. Mo−Zn oxide does not have
any NH4

+ in the structure, and therefore no signal of m/z 16 is
found in the TPD profile. For water desorption, TPD profiles
of these three materials show two water desorption processes.
TG-DTA of Mo−Zn and Mo−Mn oxides under nitrogen flow
(SI Figure S5d,e) shows weight losses of 8.2% and 7.2% until
ca. 620 K for Mo−Zn and Mo−Mn oxides, respectively. The
theoretical weight loss related to removal of the included water
calculated from the chemical formula is 4.2% for Mo−Zn oxide,
and that related to removal of the included water and
ammonium cation is 5.4% for Mo−Mn oxide, which are
remarkably smaller than the observed weight losses of the
oxides. It is known that heating of POMs generates water from
protons and O atoms of POM.41,42 The calculated weight losses
of removal of the included water, ammonium cation, and water
generated from protons and O atoms of polyoxomolybdate are
8.7% and 8.7% for Mo−Zn and Mo−Mn oxides, respectively,
which are close to the observed values. Therefore, we conclude
that heating Mo−Zn and Mo−Mn oxides generates water from
protons and O atoms of polyoxomolybdates.

Thermal Stability. Mo−V−Bi oxide is stable, and the
structure of the framework is maintained under the condition of
heat treatment at 623 K under a nitrogen gas atmosphere. The
stabilities of these two materials are tested by calcination at
different temperatures under nitrogen gas. The materials are
stable up to 523 K. The powder XRD patterns (SI Figure S6)
of the samples calcined at 573 K show that the peak intensities
decreased remarkably and FT-IR spectra of the materials also
change (SI Figure S7), indicating that both Mo−Zn and Mo−
Mn oxides start to collapse at 573 K and are less stable than
Mo−V−Bi oxide.
The guest molecules, ammonia and water, in the as-

synthesized POM-based materials can be removed by sufficient
heat treatment without structural decomposition. Mo−V−Bi
oxide is calcined at 623 K for 2 h under a nitrogen atmosphere
followed by treatment at 573 K for 2.5 h under high vacuum.
Mo−Zn and Mo−Mn oxides are treated at 473 K for 2.5 h
under high vacuum. Most of the guest molecules occupying the
cages and channels are removed by heat treatment (SI Figure
S8) without collapse of the structures (SI Figure S6). TPD-MS

Figure 5. Comparison of the experimental XRD patterns with
simulated XRD patterns using the Rietveld method: (a) Mo−Zn
oxide, Rwp = 7.10%; (b) Mo−Mn oxide, Rwp = 6.19%.
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(m/z 16 and 18) profiles of the samples treated at 473 K for 2.5
h under high vacuum show that small amounts of strongly
bound water and ammonia remained.
N2 adsorption−desorption measurement of calcined Mo−

V−Bi oxide at 623 K shows a characteristic type I isotherm
(Figure 8), indicating that the material is a microporous
material. Mo−Zn and Mo−Mn oxides are heated at 473 K for
2.5 h under high vacuum, which are expected to remove most
of NH3 and water, before sorption measurement (SI Figure
S8). The results show that the micropores of Mo−Zn and Mo−
Mn oxides are also opened, although the adsorbed volume of
N2 on the materials is lower than that on Mo−V−Bi oxide.
Surface areas are calculated as 60, 37, and 27 m2 g−1 for Mo−
V−Bi, Mo−Zn, and Mo−Mn oxides, respectively, using the
BET method. The largest BET surface area mainly results from
the highly opened micropores of Mo−V−Bi oxide. The less
opened micropores of Mo−Zn and Mo−Mn oxides might be
caused by the remaining NH4

+ and Na+, which would block
pores and decrease the pore volume of the materials.29

Ion-Exchange Property. POM-based materials that show
ion-exchange property are interesting.43,44 Mo−V−Bi oxide
shows an ion-exchange property similar to that of zeolite.29

There are two kinds of NH4
+ in Mo−V−Bi oxide, a strongly

bound one and a weakly bound one. Small cations, including
H+, Li+, and Na+, selectively replace the weakly bound NH4

+,
and large cations, including K+, Rb+, and Cs+, selectively replace
the strongly bound one. We confirm that K+ is present in the
channel and that strongly bound NH4

+ exists in the channel.
Mo−Zn and Mo−Mn oxides show ion-exchange properties.
The countercations, NH4

+ in Mo−Mn oxide and Na+ in Mo−
Zn oxide, are exchangeable with other cations. Various
countercations, including H+, Li+, Na+, K+, Rb+, and Cs+,

were tested for ion exchange with Mo−Zn and Mo−Mn oxides.
After the ion-exchange process, the ion-exchanged samples are
characterized by powder XRD (SI Figure S9), which shows that
all of the characteristic peaks of Mo−Zn and Mo−Mn oxides
are retained in the corresponding ion-exchanged materials and
demonstrate that the basic structures of the materials are
unchanged. For K+-, Rb+-, and Cs+-exchanged samples, powder
XRD patterns reveal that the relative peak intensity of ion-
exchanged samples changes compared with that of the as-
synthesized sample. Moreover, diffraction peaks shift, especially
after ion exchange with Rb+ and Cs+, which implies a slight
alteration of the lattice parameters (SI Figure S9). In FT-IR
spectra of the materials, the vibration peaks of the POM moiety
are unchanged, indicating the high stability of the materials
during the ion-exchange process. A decrease of the NH4

+ peaks
in FT-IR spectra of Mo−Mn oxide also indicates that NH4

+ is
replaced by other countercations (SI Figure S10).
Elemental analysis confirms that the cations are exchanged

with NH4
+ or Na+ and introduced into the materials. The

chemical formulas of the ion-exchanged samples are summar-
ized in Table 2. The results show that the ion-exchange
properties of the materials depend on the size of the ions. Large
cations, including K+, Rb+, and Cs+, show a high ion-exchange
capacity for both Mo−Zn and Mo−Mn oxides. Small ions, H+,
Li+, and Na+, are not as efficient as the large ions to replace
NH4

+ or Na+ in as-synthesized materials of Mo−Zn and Mo−
Mn oxides. Elemental analysis further shows that the amounts
of Mo, Zn, and Mn remain constant after the ion-exchange
process, indicating that Mo, Zn, and Mn are in the frameworks
of the materials.
Furthermore, the ion-exchange properties of Mo−Zn and

Mo−Mn oxides with alkaline-earth metal ions are also

Figure 6. Polyhedral representations of (a) ε-Keggin POM with capping metal ions. (b) Unit cell. Surrounding MoO6 octahedra: blue. Central MO4
tetrahedra: gray. Metal-ion linkers (Bi, Zn, and Mn): purple. Oxygen: red. (c) CPK (Corey, Pauling, and Koltun) representations of the (110) plane.
Framework oxygen: red. Species in the channel: yellow. Species in the cages: deep blue. (d) Connolly surface of the materials in the (110) plane. The
pink arrow shows the pore tunnel along the (110) plane, and the blue arrow shows the pore tunnel perpendicular to the (110) plane.
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investigated. After ion exchange, the basic structures of the
materials do not change, as indicated by powder XRD patterns
(SI Figure S11) and FT-IR spectra (SI Figure S12). Elemental
analysis shows that the alkaline-earth metal ions are successfully
replaced by the original cations in the materials. Chemical
formulas calculated from elemental analysis show that heavy
alkaline-earth metal ions, such as Ba2+ and Sr2+, can exchange
not only with cation species (Na+ or NH4

+) but also with
protons in the materials (Table 3).
Redox Behavior. A comparison of TG-DTA of Mo−Zn

and Mo−Mn oxides under nitrogen and air flow (SI Figure S5)

shows that weight losses in air flow are less than those in
nitrogen flow. These results indicate that Mo−Zn and Mo−Mn
oxides are oxidized by air. After heating of these oxides in air at
398 K for 2 h, all characteristic peaks of the XRD patterns (SI
Figure S13) are retained with a peak shift to higher angles.
These results indicate that the structures of these oxides are
stable under the heating conditions and the lattice parameters
become smaller. Oxidation of MoV to MoVI is confirmed by
XPS (Table 4 and SI Figure S14 and Table S7).
Furthermore, reduction of the materials is conducted under

hydrogen flow at 423 K. After reduction, the basic structures of

Figure 7. HRTEM images of (a) Mo−V−Bi, (b) Mo−Zn, and (c) Mo−Mn oxides with comparison of (d) the polyhedral representation. Inset:
power spectra.

Figure 8. (a) N2 adsorption−desorption isotherms of Mo−V−Bi, Mo−Zn, and Mo−Mn oxides and (b) the low pressure range.
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the materials do not change (SI Figure S13). XPS results
(Table 4 and SI Figure S14 and and Table S7) demonstrate

that the Mo ion in Mo−Zn oxide can be reduced to MoV and
MoIV, while the Mo ion is not reduced in Mo−Mn oxide under
the current conditions. Furthermore, redox treatments of the
materials affect the DR UV−vis spectra of the materials (SI
Figure S15).
These results indicate that these oxides can accept and

release electrons without collapse of the structures. Further
investigations to understand and control the redox behavior of
these materials are now in progress in our group.

■ CONCLUSION
Two new ε-Keggin polyoxomolybdate-based 3D framework
materials, cubic Mo−Zn and Mo−Mn oxides, have been
successfully synthesized and characterized. In both oxides, ε-
Keggin polyoxomolybdates with 12 Mo atoms, [ε-ZnMo12O40]
or [ε-Mn0.2Mo12O40], are linked by ZnII or MnII ions to form
3D diamond-like frameworks. The guest molecules in as-
synthesized materials can be mostly removed by heat treatment
(473 K), although they are thermally less stable than the
previously reported Mo−V−Bi oxide. These oxides show ion-
exchange properties similar to those of zeolite materials.
Furthermore, these oxides can accept and release electrons
without collapse of the structures. Our results, indicating that a
variety of transition metals can be incorporated into the ε-
Keggin polyoxomolybdate-based materials, open a door for the
development of ε-Keggin polyoxomolybdate-based 3D frame-
work materials as functional materials, such as ion-exchange,
catalyst, adsorption, and magnetic materials.
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II}2]
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398 K in air
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ZnIIMoV6.5MoVI5.5O40{Zn

II}2]
Mo−Zn oxide heated at
423 K under hydrogen
flow

MoV:MoIV =
0.25

Na1.5H22.1[ε-
ZnIIMoV2.4MoIV9.6O40{Zn

II}2]

Mo−Mn oxide MoVI:MoV =
1.00

(NH4)2.1H7.5[ε-
MnII0.2MoV6MoVI6O40{MnII}2]

Mo−Mn oxide heated at
398 K in air

MoVI:MoV =
6.10

(NH4)2.1H3.2[ε-
MnII0.2MoV1.7MoVI10.3O40{MnII}2]

Mo−Mn oxide heated at
423 K under hydrogen
flow

MoVI:MoV =
1.00

(NH4)2.1H7.5[ε-
MnII0.2MoV6MoVI6O40{MnII}2]
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a b s t r a c t

Orthorhombic Mo3VOx oxide catalysts in various crystal sizes with different external surface areas and
the same micropore volumes were synthesized hydrothermally by adding sodium dodecyl sulphonate
(SDS, C12H25SO3Na) to preparation solution and by changing synthesis temperature. The synthesized
catalysts were then tested for the selective oxidations of ethane, propane, and acrolein, in order to clarity
catalysis field for the reactions. It was found that ethane converted to ethene in the heptagonal channel in
the structure of the catalyst and propane was also oxidized to COx in the heptagonal channel. Acrolein, on
the other hand, was converted to acrylic acid at the mouth of the heptagonal channel. It is concluded that
the heptagonal channel is all responsible for the catalysis for ethane, propane, and acrolein. However,
the catalysis field is different in a reflection of the molecular size of the reactants.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Orthorhombic Mo3VOx is well known as an effective catalyst
for the selective oxidation of light alkanes [1–5], alcohols [6,7], and
acrolein [8]. Fig. 1 shows the structural model and SEM images of
orthorhombic Mo3VOx before and after grinding. The structure is a
layer-type with a slab comprising hexagonal and heptagonal chan-
nels of corner-sharing octahedra and pentagonal {(Mo)Mo5} units
[9]. In a reflection of the complex arrangement in the a–b plane and
the simple stacking in the c axis, crystals were rod-shaped. The rod-
shaped crystals are easily broken by grinding to shorter rod crystals
with keeping the diameter of the rod due to the crystal habit. In this
structure, the heptagonal channel works as a micropore adsorbing
small molecules like CO2, CH4, and C2H6 [10,11] because the hep-
tagonal channel is enough large in diameter to accept these small
molecules. Therefore, the heptagonal channel seems play a crucial
role for the selective oxidation of ethane, propane, and acrolein.

Recently, we have reported that ethane is converted in the
heptagonal channel micropore of orthorhombic Mo3VOx, which
leads the extremely high catalytic activity for the selective oxi-
dation of ethane [12]. In the case of the selective oxidation of
propane, we have reported that catalytic activities of Mo-V-Te-O
and Mo-V-Sb-O oxide catalysts, which assume the same structure
with orthorhombic Mo3VOx, were increased drastically when grind

∗ Corresponding author. Tel.: +81 11 762 9164; fax: +81 11 762 9163.
E-mail address: ueda@cat.hokudai.ac.jp (W. Ueda).

treatment was conducted before the selective oxidation of propane
[13]. We concluded that the section surface of the rod-shaped crys-
tals of the catalysts attributed to the a–b plane in the orthorhombic
structure is active for the reaction. Shiju et al. have reported that
Mo-V-Te-Nb-O coated with alumina showed almost no catalytic
activity for the ammoxidation of propane, while the catalytic activ-
ity was increased drastically when the catalyst was ground [14].
The result shows that the a–b plane exposed by the grind treat-
ment is active for the ammoxidation of propane. We have reported
the relationships of the catalytic activity for the selective oxidation
of alkane to the crystal phase of crystalline Mo-V-O oxide catalysts.
We found that the catalysts which have heptagonal channel in the
structure showed the catalytic activity, on the other hand, no cat-
alytic activity was observed in the catalysts without heptagonal
channel in the structure [2,5].

In the case of the selective oxidation of acrolein, there are
many reports which deal with Mo-V-O oxide catalysts [15–17].
The active catalytic material for the selective oxidation of acrolein
was composed by Mo3VO11+y (y = 0–0.2). However, there are few
researches showing what kind of structural phase is active and
how catalysis can take place. Recently, we have reported that
crystalline Mo3VOx catalysts having heptagonal channel in the
structure showed extremely high catalytic activity for the selec-
tive oxidation of acrolein, while the catalysts with no heptagonal
channel showed no catalytic activity [8]. It is now no doubt that
the heptagonal channel of Mo3VOx is responsible for activating
acrolein. However, there are still no reports which investigate
actual catalysis field for the reactions.

http://dx.doi.org/10.1016/j.cattod.2013.12.054
0920-5861/© 2014 Elsevier B.V. All rights reserved.
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Fig. 1. Structural model (Mo, cyan; V, gray; O, red) (left) and SEM images (middle; ungound, right; gournd) of the orthorhombic Mo3VOx oxide catalyst. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

More recently, we have reported that the crystal sizes of the
orthorhombic Mo3VOx oxide catalysts can be controlled by adding
sodium dodecyl sulphonate (SDS, C12H25SO3Na) and by changing
the synthesis temperature under hydrothermal preparative con-
ditions [12]. This method can afford no change of catalytically
affective properties such as crystal structure, micropore volume,
and chemical compositions except the external surface area with
these catalysts. Catalysis fields of orthorhombic Mo3VOx can be
clarified by evaluating the dependency of the catalytic activity upon
the external surface area. Here, we studied the selective oxidation
of ethane, propane, and acrolein over the catalysts in order to reveal
contributions of the external surface and micropore channel for the
reactions.

2. Experiments

2.1. Catalyst preparation

Catalysts were prepared according to our previous paper
[12]. An aqueous solution of Mo prepared by 8.83 g of
(NH4)6Mo7O24·4H2O (Mo: 50 mmol, Wako) dissolved in 120 mL
of distilled water was mixed with an aqueous solution of VOSO4
prepared by dissolving 3.29 g of hydrated VOSO4 (V: 12.5 mmol,
Mitsuwa Chemicals) in 120 mL of distilled water. The two solutions
were mixed and stirred for 10 min. Then, an appropriate amount of
sodium dodecyl sulphonate (SDS, C12H25SO3Na, Wako) was added
and stirred for another 10 min. The amount of SDS added was x = 0,
0.15, 0.30, and 0.60, where x corresponds to the molar ratio of
SDS/(Mo + V). Then, the obtained mixed solution was introduced
into an autoclave with a 300 mL-Teflon inner vessel and 4000 cm3

of Teflon thin sheet. After the introduction, N2 bubbling was con-
ducted in order to remove residual oxygen. The hydrothermal
reaction was started at 175 ◦C for 48 h. Gray solids formed on the
Teflon sheet was separated by filtration, washed with 1000 mL of
distilled water, and dried at 80 ◦C over night. Obtained solid con-
tained amorphous type of materials as an impurity phase, so that
the dried samples were treated with oxalic acid for purification. 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 distil water. When SDS was added, materi-
als were washed with 500 mL of distil water, followed by washing
with 300 mL of ethanol to remove SDS and drying at 80 ◦C over
night. FT-IR and CHN elemental analysis confirmed that SDS was
completely removed by ethanol washing. Hydrothermal synthesis
was also conducted at 230 ◦C for 20 h using 250 mL-Teflon inner
vessel. In this case, the amount of (NH4)6Mo7O24·4H2O, hydrated
VOSO4, and SDS were set to be half with the same concentration.
The other procedure was the same as described above. The general
abbreviation for the synthesized samples is MoVO-SDSx−y, where
x corresponds to the molar ratio of SDS/(Mo + V) and y corresponds
to the synthetic temperature.

2.2. Characterization of synthesized materials

Catalysts were characterized by the following techniques. Pow-
der XRD patterns were measured with a diffractometer (RINT
Ultima+, Rigaku) using Cu-K� radiation (tube voltage: 40 kV, tube
current: 20 mA). Diffractions were recorded in the range of 4–60◦

with 5◦ min−1. FT-IR spectra were obtained using a spectrom-
eter (Paragon 1000, Perkin Elmer) at room temperature in the
range of 500–2000 cm−1. SEM images were taken using an elec-
tron microscope (JSM-7400F, JEOL). XPS (JPC-9010MC, JEOL) with
a non-monochromatic Mg-K� radiation was used for measuring
binding energy values of Mo and V. Binding energy was referred by
Au 4f7/2 (84.0 eV) which was deposited by an auto fine coater (JFC-
1600, JEOL). Elemental compositions in the balk were determined
by ICP-AES (ICPE-9000, Shimadzu). N2 adsorption isotherms at liq.
N2 temperature were measured by using an auto-adsorption sys-
tem (BELSORP MAX, Nippon BELL) for the samples both before and
after the catalytic tests. The samples before the reactions were heat
treated in air at 400 ◦C for 2 h. Prior to N2 adsorption, the catalysts
were evacuated under vacuum at 300 ◦C for 2 h. External surface
area was determined using a t-plot.

2.3. Catalytic test

Selective oxidation of ethane was performed according to our
previous report [12]. Selective oxidation of propane in gas phase
was carried out at atmospheric pressure in a conventional vertical
flow system with a fixed bed Pyrex tubular reactor. As-synthesized
catalysts were ground with an agate mortar for 5 min, followed
by heat-treatment under N2 atmosphere at 400 ◦C for 2 h with a
fixed bed Pyrex tubular furnace. Then, 0.500 g of the treated cat-
alysts were diluted with 2.300 g of silica and put into the tubular
reactor for propane oxidation. The reactor was heated gradually
from room temperature at a rate of 10 ◦C min−1 to 360 ◦C under
mixed gas flow of nitrogen and helium flow (14.8 mL min−1) from
the top of the reactor. The temperature was measured with a ther-
mocouple inserted in the middle of the catalyst zone. When the
temperature reached 360 ◦C, a reactant gas with the composition of
C3H8/O2/H2O/(N2 + He) = 7.5/10.0/45.5/37.0 (mol%) was fed in with
total flow rate of 40 mL min−1 and started the reaction. Water was
supplied by helium bubbling with 8.1 mL min−1 of flow rate to hot
water at 90 ◦C. Reaction temperature was then decreased to 330,
300, 270, and 250 ◦C. Reactants and products were analyzed with
three online gas chromatographs (Molecular sieve 5A for O2, N2 and
CO with a TCD detector, Gaskuropack54 for CO2, C3H8 and C3H6
with a TCD detector, and Porapak Q for acetone, acetic acid and
acrylic acid with a FID detector). Blank runs showed that under
the experimental conditions used in this study, homogeneous gas-
phase reactions were negligible. Carbon balance was always ca.
95–100%.
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Table 1
External surface area of MoVO-SDSx−y catalysts.

External surface area/m2 g−1

As synthesis After catalysis

Ethane Propane Acrolein

MoVO-SDS0-175 7.3 7.2 6.4 6.7
MoVO-SDS0-175-non – 6.8 8.3 4.0
MoVO-SDS0.15-175 5.9 7.2 – –
MoVO-SDS0.30-175 5.7 7.3 – –
MoVO-SDS0.60-175 15.4 14.0 15.1 19.2
MoVO-SDS0-230 2.9 5.3 4.8 4.5
MoVO-SDS0.15-230 0.8 1.2 0.6 1.6
MoVO-SDS0.30-230 2.4 3.9 – –
MoVO-SDS0.60-230 2.8 5.5 – –

Selective oxidation of acrolein was also carried out at atmo-
spheric pressure in the same conventional vertical flow system with
a stainless tubular reactor. As-synthesized catalysts were ground
with an agate mortar for 5 min, followed by heat-treatment under
N2 atmosphere at 400 ◦C for 2 h with a fixed bed Pyrex tubular
furnace. Then, 0.125 g of the treated catalysts were diluted with
1.200 g of silica and put into the tubular reactor for acrolein oxida-
tion. The reactor was heated at a rate of 10 ◦C min−1 to the desired
reaction temperature under mixed gas flow of nitrogen and helium
(70 mL min−1). When the temperature reached the desired reaction
temperature, 107.5 mL min−1 of reactant gas with the composition
of 2.3/7.4/25.2/65.1 (mol%) was fed in and started the reaction.
Acrolein was supplied by nitrogen bubbling with 20.6 mL min−1

of flow rate to acrolein solution at 0 ◦C. Water was supplied by
helium bubbling with 30.5 mL min−1 of flow rate to hot water at
80 ◦C. Reaction temperature was then decreased. Reactants and
products were analyzed with three on-line gas chromatographs
(Molecular Sieve 13X for O2, N2, and CO with a TCD detector,
Gaskuropack54 for CO2 with a TCD detector, and Porapak Q for
C2H3COH, CH3COOH, C2H3COOH with a FID detector). Blank runs
showed that no reaction took place without catalysts under the
experimental conditions used in this study. Carbon balance was
always ca. 96–100%.

3. Results and discussion

The catalysts synthesized with SDS were characterized by XRD,
XPS, ICP, SEM, and N2 adsorption. Irrespective of the addition of
SDS and of the synthesis temperature, properties strongly relat-
ing to catalysis, such as crystal structure, elemental compositions
(bulk and surface), and micropore volume, were almost the same
in the synthesized catalysts. Size of the rod-shaped crystals was
only changed by the addition of SDS and by changing the syn-
thesis temperature, which thus caused change of external surface
area. The external surface area of the catalysts before and after
the selective oxidation of ethane, propane, and acrolein are listed
in Table 1. As can be seen in Table 1, the external surface area
was widely changed by altering the preparative conditions. After
the selective oxidations, the external surface areas of each cata-
lyst were slightly changed. Practically no XRD peaks and pattern
changes were observed after the catalytic tests of the selective
oxidation of ethane, propane, and acrolein, revealing that the cata-
lysts could be kept stable structurally under the catalytic reaction
conditions. Physicochemical properties of the catalysts after the
selective oxidation of ethane are summarized in Fig. 2. The side
surface area and the section surface area were calculated by using
the average diameter and the average length of the rod-shaped
crystals, which were obtained by measuring 100 of rod-shaped
crystals by using SEM photos. The average diameter and the aver-
age length of the rod-shaped crystals after the selective oxidation

Fig. 2. Side surface area (circle), section surface area (triangle), micropore volume
(square), and aspect ratio (lozenge) of the rod-shaped crystals of the catalysts after
the selective oxidation of ethane. Side surface area and section surface area were
calculated based on the measured external surface area by using the values of the
average diameter and the average length of the rod-shaped crystals obtained by
measuring 100 of the crystals in SEM images. Micropore volume was determined
by the t-plot method. Aspect ratio is the ratio of the average length to the average
diameter of the rod-shaped crystals.

of ethane were in the range of 0.22–1.04 �m in the diameter and
0.7–4.8 �m in the length, respectively. Aspect ratio is the ratio of
the average length to the average diameter of the crystals. The side
surface area and the section surface area of the rod-shaped crys-
tals were linearly increased with the external surface area, since
the aspect ratio of the rod-shaped crystals was almost the same
with the same rod-shaped crystals of the catalysts. On the other
hand, the micropore volume measured by N2 adsorption at liq-
uid N2 temperature was found almost constant. Micropore volume
measured by ethane adsorption was also almost the same and was
in the range of 16.1–18.8 × 10−3 cm3 g−1 after the ethane selective
oxidation. The molar ratio of V/Mo measured by ICP was in the
range of V/Mo = 0.36–0.39 in the catalysts. No change of the ele-
mental composition was observed after the selective oxidation of
ethane.

We now compare the catalytic performance of these catalysts for
the oxidation of ethane, propane, and acrolein in Fig. 3. As described
in the experimental section, MoVO-SDSx−y represents the cata-
lysts synthesized with x mol% of SDS adding (x = SDS/(Mo + V)) at
y ◦C. The catalysts shown in Fig. 3 were MoVO-SDS0-175, MoVO-
SDS0.60-175, MoVO-SDS0-230, and MoVO-SDS0.15-230, of which
the external surface area were 7.2, 15.4, 2.8, and 0.8 m2 g−1 before
the reactions, respectively. These external surface areas were
slightly changed after the reaction as mentioned before (Table 1),
but a large difference in the external surface area among the cat-
alysts was still remained. Therefore we can evaluate the effects of
the external surface area on the reaction. The conversion of ethane
and the selectivity to ethene and COx are shown in Fig. 3(A) and (A�).
With increasing the reaction temperature from 250 ◦C to 380 ◦C, the
conversion of ethane increased. The selectivity to ethene decreased
with the reaction temperature. At the same time, the selectivity to
COx increased. Strikingly all the catalysts showed almost the same
conversion of ethane and the same selectivity to ethene and COx at
whole the reaction temperature range. Fig. 4(A) shows the relation-
ship between the external surface area and the conversion of ethane
at 300 ◦C. Irrespective of the increase of the external surface area of
the catalysts, the ethane conversion was ca. 30% for all the catalysts.
This figure clearly shows no dependency of the catalytic activity on
the external surface area of the catalyst. The result suggests that the
external surface area provides no practical impacts to the catalytic
activity. Therefore, catalysis field in the catalyst for the ethane oxi-
dation is considered to be the micropore channel. However, since
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Fig. 3. Conversion (top) and selectivity (bottom) changes as a function of reaction temperature in the selective oxidation of ethane (A), (A�), propane (B), (B�), and acrolein
(C), (C�). MoVO-SDS0-175 (closed triangle), MoVO-SDS0.60-175 (closed lozenge), MoVO-SDS0-230 (closed square), MoVO-SDS0.15-230 (closed circle), MoVO-SDS0-175-non
(open triangle). Selective oxidation of ethane, selectivity to ethene (solid line) and COx (dot line) are plotted. Selective oxidation of propane, selectivity to acrylic acid (solid
line) and COx (dot line) are plotted. Selective oxidation of acrolein, selectivity to acrylic acid (solid line) and COx (dot line) are plotted.

the section surface area of the catalysts was quite small compared
with the side surface area as shown in Fig. 2, the effects of section
surface for the selective oxidation of ethane are difficult to be eval-
uated. In order to investigate the contributions of section surface

area of the rod-shaped crystals for the reaction, a catalyst (MoVO-
SDS0-175-non) without grinding before catalysis was tested for
the reaction. The external surface area of MoVO-SDS0-175-non
was 6.8 m2 g−1, almost the same with that of MoVO-SDS0-175 as

Fig. 4. Conversion changes as a function of external surface area in the selective oxidation of ethane (A), propane (B), and acrolein (C). Substrates conversion of MoVO-SDS0-
175-non is represented by a closed star in either figure. External surface area changes by the reactions are represents by closed symbols (before reaction) and open symbols
(after reaction).
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shown in Table 1. No change in the micropore volume measured
by ethane adsorption was observed between MoVO-SDS0-175-non
and MoVO-SDS0-175 (MoVO-SDS0-175-non, 22.3 cm3 g−1; MoVO-
SDS0-175, 17.7 cm3 g−1). Fig. 3(A), (A�) shows the conversion of
ethane and the selectivity to ethene and COx when MoVO-SDS0-
175-non was used. MoVO-SDS0-175-non (open triangle) showed
the same ethane conversion with the ground catalyst (closed tri-
angle) until 320 ◦C. The selectivity to ethene was slightly low and
the selectivity to COx was slightly high compared with the ground
catalyst at all the reaction temperature. This result implies that the
contribution of the section surface exposed by the grind treatment
for the ethane oxidation was negligible. The slight change of the
selectivity to ethene and COx was due to the deep oxidation of
ethane in the micropore channel, because the long diffusion dis-
tance of the heptagonal channel derived from the long length of the
rod-shaped crystals. MoVO-SDS0-175-non is considered to provide
an active sites in the heptagonal channel more chances for attack-
ing ethane, which leads the over oxidation. As a consequence, it
can be concluded that the micropore provides catalysis field for
the selective oxidation of ethane.

The orthorhombic Mo3VOx oxide catalyst has two micropores,
hexagonal channel and heptagonal channel in the a–b plane. The
size of the hexagonal channel in the a-b plane is calculated to be
0.25 nm and the size of the heptagonal channel is calculated to be
0.40 nm by using the structural model. The size of ethane is 0.40 nm,
so that the hexagonal channel is too small to accept ethane. On the
other hand, the heptagonal channel can adsorb ethane, which was
revealed by the ethane adsorption analysis and the Monte Carlo
simulation [12]. Therefore, the hexagonal channel can contribute
no catalytic activity for the selective oxidation of ethane, supporting
that the heptagonal channel responsible for the catalysis for the
reaction.

The propane conversion and the selectivity to acrylic acid and
COx are shown in Fig. 3(B) and (B�). Propane conversion was
increased with the reaction temperature. The selectivity to acrylic
acid was decreased with the reaction temperature and become
almost 0 at 370 ◦C. Instead, the COx selectivity increased with the
reaction temperature. The selectivity to acrylic acid and COx was
almost the same for all the catalysts. Different from the selec-
tive oxidation of ethane, the catalysts with low external surface
area showed lower propane conversion than that of the catalysts
with high external surface area at all the reaction temperature.
Fig. 4(B) shows the relationship between the external surface
area of the catalysts and the propane conversion at 315 ◦C. The
conversion of propane was increased from ca. 15% to ca. 22%
with increasing the external surface area, indicating an effect of
the external surface area on the conversion of propane. On the
other hand, the conversion of propane over MoVO-SDS0.60-175
and MoVO-SDS0-175 was almost the same, although the exter-
nal surface area of MoVO-SDS0.60-175 was almost twice as high
as that of MoVO-SDS0-175. In order to understand the details of
the catalysis field for the oxidation of propane, propane oxida-
tion by using MoVO-SDS0-175-non was conducted. Fig. 3(B), (B�)
shows the conversion of propane and the selectivity to acrylic acid
and COx when MoVO-SDS0-175-non was used. The conversion of
propane gradually increased with the reaction temperature. The
selectivity to acrylic acid was decreased with the increase of COx

selectivity, along with the increase of the reaction temperature.
The propane conversion of MoVO-SDS0-175-non was about the half
compared with that of MoVO-SDS0-175 in all the reaction temper-
ature. This result is also illustrated in Fig. 4(B). It is interesting to
note that the catalysts, MoVO-SDS0-175-non and MoVO-SDS0.15-
230, both of which have a very small section surface area but have
largely different external surface area, showed almost the same
propane conversion as can be seen in Fig. 4(B) (star mark). This
fact clearly indicates that the catalytic activity is independent of

the apparent external surface area and rather suggests that the
propane oxidation takes place in the heptagonal channel like as
ethane.

The acrolein conversion and the selectivity to acrylic acid and
COx are shown in Fig. 3(C) and (C�). The acrolein conversion was
increased with the increase of the reaction temperature. The selec-
tivity to acrylic acid was in the range of 96–98% and was unchanged
by the increase of the reaction temperature. COx selectivity was also
unchanged irrespective of the reaction temperature. The catalysts
with high external surface area showed higher acrolein conversion
than that of the catalysts with low external surface area in all the
reaction temperature. Fig. 4(C) shows the relationship between the
conversion of acrolein at 220 ◦C and the external surface area of the
catalyst. With increasing the external surface area, the acrolein con-
version increased proportionally. The acrolein conversion over the
catalysts clearly depended on the external surface area, implying
that acrolein is converted on the external surface of the cata-
lyst. Then, in order to clarify the contribution of the side surface
and of the section surface of the rod-shaped crystals, a catalyst
without the grind treatment was tested for the selective oxida-
tion of acrolein. Fig. 3(C) shows the acrolein conversion and the
selectivity to acrylic acid and COx when MoVO-SDS0-175-non was
used. The acrolein conversion increased linearly with the increase
of the reaction temperature. The selectivity of the unground cat-
alyst was almost the same with the ground catalyst in all the
reaction temperature. However, the acrolein conversion was far
less compared with the ground catalyst, in spite of almost the
same external surface area. This fact clearly indicates that the sec-
tion surface exposed by the grind treatment is far more active
for the selective oxidation of acrolein than the side surface of
the rod-shaped crystals. As a consequence, acrolein is oxidized to
acrylic acid mainly on the section surface of the rod-shaped crys-
tals.

Ethane with 0.40 nm in diameter evidently enters the heptago-
nal channel. This situation satisfactory explains the independence
of the conversion of ethane upon the external surface area shown in
Fig. 4(A). Therefore we can convincingly conclude that the conver-
sion of ethane to ethene can proceeds smoothly in the heptagonal
channel. The relationship for propane oxidation in Fig. 4(B) can be
similarly explained, since the molecular size of propane is sim-
ilar to that of the diameter of the heptagonal channel (0.40 nm
in diameter). However, due to more balky size of propane than
that of ethane for entering into the heptagonal channel, propane
should have much difficulty to go through the heptagonal chan-
nel. This kind of diffusion effect may become more prominent
when the diffusion length is long in the case of the long rod-
shaped catalysts with low external surface area. This might be
the reason for the observation that the propane conversion over
catalysts with low external surface area became clearly lowered
while the conversion became independent of the external surface
area when the catalyst is short rod-shaped (Fig. 4(B)). Obviously
we need further experiments for confirming the above discus-
sion.

In the case of the acrolein selective oxidation, it is pronounced
that the section surface of the rod-shaped crystals was exclusively
active. Since only the catalysts possessing the heptagonal channel
are active for the acrolein oxidation [8], the heptagonal structural
part is responsible for the reaction. Therefore we suggest that the
mouth of heptagonal channel on the surface can trap the alde-
hyde group of acrolein effectively and convert to the acid by active
oxygen species around the heptagonal channel, which leads to the
extremely high catalytic activity for the reaction. The heptagonal
channel existing in the section surface has strained bond derived
from the low symmetric shape. This situation may produce an
active oxygen species and is expected to contribute the catalytic
reaction.
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4. Conclusion

Selective oxidations of ethane, propane, and acrolein were con-
ducted by using the orthorhombic Mo3VOx oxide catalysts with
different external surface area. The molecular size of ethane is small
enough to enter the heptagonal channel, so that ethane can enter
the heptagonal channel and convert to ethene. Propane is consid-
ered to convert in the heptagonal channel. However, because of
the balky molecular size of propane for entering into the heptago-
nal channel, the heptagonal channel with short length may prefer
to provide the catalysis field to propane. Acrolein is effectively con-
verted to acrylic acid on the section surface of the catalyst. Strained
bonds derived from the low symmetric shape of the heptagonal
channel in the section surface of the rod-shaped crystals are con-
sidered to produce an active oxygen species and to activate acrolein
effectively, resulting in the extremely high catalytic activity for the
reaction. Although the heptagonal channel is obviously responsible
for the catalysis of ethane, propane, and acrolein, the catalysis field
of the channel is found to be different in a reflection of the molec-
ular size and the functional group of the reactants. The presented
work successfully demonstrates the catalysis field for the selective
oxidation of ethane, propane, and acrolein and will provide a way
to design a new evolutional oxidation catalyst.
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Reduced Vanadium and Molybdenum Oxides Catalyze the
Equivalent Formation of Ethane and Acetaldehyde from
Ethanol
Yoichi Nakamura, Toru Murayama, and Wataru Ueda*[a]

Catalytic tests for ethanol conversion were performed on vana-
dium and molybdenum oxides with different oxidation states.
We found for the first time that equivalent amounts of ethane
and acetaldehyde were formed catalytically over V2O3 and
MoO2. No influence of the reaction temperature was observed
on the selectivity to ethane and acetaldehyde in the range of
533–653 K over V2O3 and MoO2. The reactions of methanol,
1-propanol, and 2-propanol also produced the corresponding
alkanes and aldehydes in a 1:1 ratio. A reaction scheme for the
formation of ethane and acetaldehyde from ethanol is pro-
posed in which a hydrogen transfer reaction occurs between
two ethanol molecules adsorbed on the adjacent metal
cation–oxygen anion pair sites to form ethane, acetaldehyde,
and water in one step.

Vanadium and molybdenum oxide catalysts have attracted
much attention because of their unique catalytic properties
and commercial application in various chemical processes.
These catalysts are known to be active as oxidation and acid
catalysts in reactions such as the partial oxidation of alkanes[1]

and dehydration of alcohols.[2] In reports on the reaction of al-
cohols over vanadium and molybdenum oxide catalysts, the
catalytic reaction was performed in the presence of oxygen
and aldehydes, and carboxylic acid and CO2 were produced.
However, we found that ethane was formed from ethanol con-
version over vanadium and molybdenum oxides under N2. The
formation of alkanes from the corresponding alcohols is not
normally a feature of the dehydration and dehydrogenation of
alcohols. There is no report that describes the formation of al-
kanes from alcohols over reduced vanadium or molybdenum
oxides. However, several reports describe the formation of al-
kanes from the corresponding alcohols, which are summarized
in Table 1.

McMonagle and Moffat proposed that the formation of
ethane from ethanol over 12 molybdophosphates proceeds
through the secondary hydrogenation of ethylene formed by
the dehydration of ethanol because the selectivity to ethane
increased in the presence of H2 and the selectivity to acetalde-
hyde was always higher than that of ethane. In this study,
Mo6+ in the catalyst was reduced to Mo5+ during the reaction.

The selectivities to ethane and acetaldehyde decreased and
the selectivity to ethylene increased over the reduced catalyst
because of the loss of active sites for the dehydrogenation of
ethanol.[3] Other reports also show the relationship between
the selectivities to alkanes and aldehydes and the catalytic oxi-
dation states. Abu-Zied and El-Awad showed that the forma-
tion of ethane from ethanol over Cd-Cr-O catalysts proceeded
through the hydrogenation of ethylene produced by the dehy-
dration of ethanol. As the selectivity to ethane increased with
an increase in the selectivity to acetaldehyde and Cr is known
to form hydride species, Cr�H was proposed as the active spe-
cies in the hydrogenation of alcohols over Cr. In this reaction,
Cr was reduced from Cr6+ to Cr3+ during the catalysis because
of the absence of oxygen in the reaction stream. The reduced
Cr is highly active for the dehydration reaction.[4] Mohamed
showed that ethane and methane were formed as major prod-
ucts over Fe-ion-exchanged mordenite. In this report, the for-
mation of ethane as a dominant product was explained mainly
by the high O-abstracting affinity of the Fe3+ ions.[5] Sumathi
et al. showed that the reducibility of the B site of ABB’O3-type
perovskite oxides (A=Ba, B=Pb, Ce, Ti, B’=Bi, Cu, Sb) played
an important role in the catalytic activity and selectivity in the
selective oxidation of benzyl alcohol. They showed that the
mechanism for the formation of toluene proceeded through
the hydrogenation of benzyl alcohol. The possibility that the
adsorbed hydrogen species formed from the dehydrogenation
of benzyl alcohol take up lattice oxide ions increases as the re-
ducibility of the B sites decreased.[6]

On the other hand, some reports showed that almost the
same yield of alkanes and aldehydes were formed from corre-
sponding alcohols. Ohtani et al. showed that the simultaneous
formation of ethane and acetaldehyde occurred by the hydro-
genation of hemiacetal via the acetalization of ethanol and
acetaldehyde using acidified ethanol over TiO2-PtO2 in a postir-
radiation dark reaction. The yield of ethane increased with de-
creasing yields of acetal and H2.

[7] Lobo et al. reported the for-
mation of propane and propionaldehyde in the same quantity
with H2 as the main product in the reaction of 1-propanol over
Pt-supported catalysts (Pt/Al2O3, Pt/Ce2O3, Pt/TiO2).

[8] They pro-
posed the mechanism for the formation of propane from
1-propanol to be through the hydrogenation of 1-propanol.
They indicated that the hydrogenation of propylene and the
shift of OH to other propanol molecules were unlikely because
propylene and diols were not observed. Jin et al. showed that
butane was formed from 1- and 2-butanol over Fe2O3, Fe2O3-
ZrO2, and Fe2O3-ZnO. They indicated that the formation of
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Hokkaido University
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butane from butanol proceeded through the nucleophilic sub-
stitution (SN2) of the alcoholic hydroxyl ion by a hydride ion.

In the nucleophilic mechanism, the source of hydride ions
may be a hydrogen molecule that is adsorbed heterolytically,
which is produced by the dehydrogenation of butanol.[9] Mee-
nakshisundaram et al. showed that nearly equal amounts of
toluene and benzaldehyde were formed from benzyl alcohol
on Au-Pd nanoparticles under He. They proposed a mechanism
for the formation of toluene and benzaldehyde through the
disproportionation of benzaldehyde over Pd.[10]

Rintramee et al. observed the formation of ethane in ethanol
temperature-programmed desorption (TPD) profiles of a Pt cat-
alyst at high temperatures and proposed the hydrogenation of
ethylene to form ethane from ethanol.[11] Ochoa et al. observed
ethane, acetaldehyde, and water at low temperatures in etha-
nol TPD profiles over ferrite catalysts, however, they suggested
that the reaction mechanism for the formation of ethane is
ethanol disproportionation and coupling of the methyl species
formed by the dissociation of
acetaldehyde.[12]

Several reaction schemes for
the formation of alkanes from
the corresponding alcohols have
been proposed, however, the re-
action mechanism and the rela-
tionship between the catalytic
states and catalytic activity for
the formation of alkanes are still
not clear.

In the present study, we found
that the reduced states of vana-
dium and molybdenum oxides
were active for the formation of
ethane and acetaldehyde in an
equivalent amount from ethanol.
The objective of the present
study is to understand the cata-
lytic properties of vanadium and
molybdenum oxides in relation

to their oxidation states for the formation of alkane from the
corresponding alcohol. A reaction mechanism that leads to al-
kanes and aldehydes is proposed, in which a hydrogen transfer
reaction occurs between two ethanol molecules adsorbed on
adjacent metal cation–oxygen anion pair sites.

The product distribution for the conversion of ethanol on
vanadium and molybdenum oxide catalysts with different oxi-
dation states is given in Table 2. Over V2O5, ethane was not
formed, but a high selectivity to acetaldehyde of 64.7% was
observed with the complete transformation of ethanol at 0.1 h
time on stream. However, the formation of ethane in 37% se-
lectivity and decreases in the conversion and selectivity to
acetaldehyde were also observed at 2 h time on stream. With
a further increase of the time on stream, the selectivity to
ethane reached 45.7% at 9 h time on stream, and almost the
same selectivities to ethane and acetaldehyde with 42.5% se-
lectivity were observed at this time on stream. Other minor
products are attributed to C4 compounds. The formation of C4

Table 1. Formation of alkanes from the corresponding alcohols over various solid catalysts.

Catalyst Reactant T Carrier Conversion Selectivity [%] Other products Ref.
[K] [%] Alkane Alkene Aldehyde

(NH4)3PMo12O40 C2H5OH 498 He 38.3 32.9 15.3 51.8 – [3]
Cd-Cr-O C2H5OH 673 N2 58.0 5.5 5.0 73.0 – [4]
Fe-ion-exchanged mordenite C2H5OH 673 N2 68.0 68.0 – 7.0 CH4, (C2H5)2O [5]
TiO2-PtO C2H5OH RT – – 2.6 – 3.7 hemiacetal [7]
Pt-Al C3H7OH 523 N2 – 13.0 – 12.0 H2 [8]
Pt-Ti C3H7OH 523 N2 – 12.0 – 10.0 H2 [8]
Pt-Ce C3H7OH 523 N2 – 10.0 – 15.0 H2 [8]
Fe2O3 2-butanol 523 He 8.8 16.8 7.7 76.5 – [9]
Fe2O3-ZnO 2-butanol 523 He 24.9 2.4 3.2 94.4 – [9]
Fe2O3-ZrO2 2-butanol 523 He 8.5 13.8 11.9 85.3 – [9]
Au-Pd/TiO2 benzyl alcohol 353 He 27.0 45.4 – 54.6 – [10]
BaPb0.6Bi0.4O3 benzyl alcohol 637 N2 28.8 23.4 – 76.6 – [6]
V2O3 C2H5OH 573 N2 16.5 39.9 <1 41.7 – this work
MoO2 C2H5OH 573 N2 42.9 45.6 1.3 47.1 – this work

Table 2. Catalytic activity of V2Ox and MoOx for the formation of products in ethanol conversion.[a]

Catalyst Time on Conversion Selectivity [%]
stream [h] [%] C2H6 C2H4 CH3CHO C2H5O C2H5 Other

V2O5 0.1 100.0 <1 10.5 64.7 0 24.8
2 74.5 37.0 1.1 43.7 0 18.2
9 73.7 45.7 0.9 42.5 0 10.9

VO2 0.1 35.5 7.7 1.2 82.8 0 8.3
2 31.5 37.7 0.6 53.2 0 8.5
9 28.0 42.7 0.9 44.4 0 10.0

V2O3 0.1 22.8 41.8 <1 46.1 0 12.1
2 15.3 41.4 <1 43.3 0 15.3
9 16.5 39.9 <1 41.7 0 18.3

MoO3 0.1 98.4 <1 28.2 65.5 6.0 0.3
2 59.6 19.1 28.1 36.4 4.4 12.0
9 47.7 24.8 35.9 28.2 5.9 5.2

MoO2 0.1 46.9 48.4 1.1 48.5 <1 2.0
2 42.0 47.0 1.1 47.5 <1 4.4
9 42.9 45.6 1.3 47.1 <1 6.0

[a] Reaction conditions: 573 K, catalyst 0.15 g, SiO2 2.5 g, N2 flow rate 21 mLmin�1, ethanol flow rate
0.24 mLmin�1.
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compounds, such as ethyl acetate, n-butanol, crotonaldehyde,
and 2-butanone, as condensation products of acetaldehyde
was observed. A decrease of the selectivity to acetaldehyde
with increased time on stream over V2O5 was caused by the re-
duction of vanadium oxide. In the initial time on stream, the
preferential formation of acetaldehyde occurred from the de-
hydrogenation of ethanol with the concomitant removal of lat-
tice oxygen atoms of V2O5 because the catalytic reaction was
performed under N2, which suggests that V2O5 was reduced
during the catalytic reaction. This result indicates that the state
of V2O5 after ethanol conversion at 9 h time on stream was dif-
ferent from that in the initial reaction period at 0.1 h time on
stream.

The decreased conversion was caused mainly by the reduc-
tion of V2O5 as we observed an increased surface area of the
catalyst after the reaction. This result indicates that reduced va-
nadium oxide was active for the formation of ethane from eth-
anol. VO2 showed the formation of a small amount of ethane
with 7.7% selectivity at 0.1 h time on stream, which suggests
that the degree of reduction was not enough to form the
equivalent amount of ethane and acetaldehyde in the initial
reaction period. The selectivity to ethane was still lower than
that of acetaldehyde until 2 h time on stream, then almost the
same selectivity to ethane (42.7%) and acetaldehyde (44.4%)
was observed at 9 h time on stream.

These results show that V2O5 and VO2 were reduced during
the reaction to the same surface state of V2O3, which is active
to form ethane and acetaldehyde in equal amounts. A similar
tendency of the change in the selectivities to ethane and acet-
aldehyde was observed over molybdenum oxides.

MoO3 showed a very high selectivity to acetaldehyde with
no formation of ethane at a time on stream of 0.1 h. Moreover,
ethylene with 28.2% selectivity and diethyl ether with 6.0% se-
lectivity were formed by the dehydration of ethanol over the
acid sites of MoO3.

[13] However, the selectivity to ethane in-
creased and the selectivity to acetaldehyde decreased with in-
creased time on stream. At a time on stream of 9 h, almost the
same selectivities to ethane (24.8%) and acetaldehyde (28.2%)
were observed. This result indicates that MoO3 was also re-
duced during the catalytic reaction. In addition, the selectivity
to ethylene increased to 35.9% at 9 h time on stream. Ohno
et al. reported that a HxMoO3 phase is formed by the partial re-
duction of MoO3 with H2, which is active for the dehydration
of 2-propanol.[14] Therefore, in this case, a HxMoO3 phase seems
to be formed on MoOx during ethanol conversion, which may
act as protonic acid sites to promote the dehydration of etha-
nol.

However, MoO2 showed the same selectivity to ethane
(48.4%) and acetaldehyde (48.5%) from the beginning of the
reaction.

From these results, we can conclude that V3

and Mo4+ species are active for the equivalent formation of
ethane and acetaldehyde from ethanol.

The effects of the reaction temperature on the selectivities
to ethane and acetaldehyde were examined over V2O3 and
MoO2 in the temperature range from 533–653 K (Figure 1). The
reaction temperature had no effect on the selectivities to

ethane and acetaldehyde over V2O3 (Figure 1 (a)) and MoO2

(Figure 1 (b)). For both V2O3 and MoO2, the selectivities to
ethane and acetaldehyde were almost the same and were un-
changed throughout the reaction temperature range or the
conversion range. If ethane and acetaldehyde were formed in
successive steps, the selectivities to ethane and acetaldehyde
would vary with the reaction temperature or conversion unless
the activation energies for the formation of ethane and acetal-
dehyde were the same for these steps. The results suggest
that ethane and acetaldehyde are formed in a single step from
a common intermediate.

To study the reaction scheme for alcohol conversion on re-
duced vanadium and molybdenum oxides, a catalytic reaction
was performed by using methanol, 1-propanol, and 2-propanol
over reduced vanadium oxide (Table 3). The formation of meth-
ane and formaldehyde with 42.9 and 43.2% selectivity, respec-
tively, was observed if methanol was used as the substrate. In
the case of 1-propanol, we observed the formation of propane
and propionaldehyde with 43.1 and 36.0% selectivity, respec-
tively. The formation of propane with 22.6% selectivity and
acetone with 19.4% selectivity was observed if 2-propanol was
used, and a higher selectivity to propylene of 55.9% was ob-
tained. Almost the same selectivities to alkanes and their corre-
sponding aldehydes were observed in all kinds of alcohols.
This result indicates that the equivalent formation of alkanes

Figure 1. Reaction of ethanol from 533–653 K over a) V2O3 and b) MoO2.
Conditions: catalyst 0.15 g, SiO2 2.5 g, time on stream 3 h, N2 flow rate
21 mLmin�1, ethanol flow rate 0.24 mLmin�1. Conversion of ethanol (^) and
selectivity to ethane (^), ethylene (*), and acetaldehyde (&).
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and aldehydes occurs with corresponding alcohols, regardless
of the alcohol. Moreover, the result of the formation of meth-
ane from methanol suggests that the reaction mechanism for
the equivalent formation of alkanes and aldehydes is not the
hydrogenation of an olefin.

Based on these results, we propose a plausible reaction
scheme for the co-formation of ethane and acetaldehyde from
ethanol on V2O3 and MoO2 (Scheme 1). The simultaneous for-
mation of ethane and acetaldehyde proceeds through a hydro-
gen transfer reaction between two ethanol molecules ad-
sorbed on adjacent metal cation–oxygen anion pairs on re-
duced vanadium and molybdenum oxides.

Cation sites of certain catalysts, such as ZrO2, are known to
act as Lewis acid sites, which are active for the hydrogen trans-
fer reaction between alcohols and aldehydes through a six-
membered transition state.[15] Therefore, in the present case,
two ethanol molecules are adsorbed on a pair of cation–
oxygen anion sites on reduced vanadium and molybdenum
oxides. The H atoms on the hydroxyl groups may be stabilized
by H bonding with lattice O atoms. As a result, the six-mem-
bered transition state is formed. The methylene Ha transfers to
the positively charged C atom of methylene group of another
ethanol adsorbed on the adjacent site as a hydride ion. At the
same time, the H atom of the hydroxyl group transfers to the
hydroxyl group of the ethanol adsorbed at the adjacent site
accompanied by the cleavage of the C�O bond of the ethanol
molecule. As a result, ethane and acetaldehyde are formed
simultaneously.

Experimental Section

V2O5 was prepared by the calcina-
tion of NH4VO3 (99% Wako Purer
Chemical Industries) at 773 K for
2 h in air. VO2 was purchased from
Wako Purer Chemical Industries.
V2O3 was prepared by the reduc-
tion of V2O5 under a H2 stream
(30 mLmin�1) at 773 K for 2 h.
MoO3 was prepared by the calcina-
tion of (NH4)6Mo7O24 (99% Wako
Purer Chemical Industries) at 773 K
in air. MoO2 was prepared by the
reduction of MoO3 under a H2

stream (30 mLmin�1) at 773 K for 2 h and then treated again under
a H2/Ar stream (5% H2, 30 mLmin�1) at 773 K for 2 h.

Catalytic reactions were performed in a continuous-flow fixed reac-
tor. A mixture of catalyst (0.15 g) and SiO2 (2.5 g) as diluent was
placed in the reactor and heated to 573 K. Then, the catalytic reac-
tion was started by the introduction of EtOH (1.8%) with N2 carrier
gas into the reactor. N2 gas was used both as the carrier gas and
internal standard.

Catalytic activity tests with other alcohols as reactants were con-
ducted by the same procedure with different flow rates of the re-
actants.

The products were analyzed by GC. Two gas chromatographs were
used: Shimazu GC-8A and GC-380. The GC-8A chromatograph was
equipped with a thermal conductivity detector and the column
was packed with Porapack-QS. The GC-380 chromatograph was
equipped with a thermal conductivity detector and flame-ioniza-
tion detector and two columns packed with Unicarbon and molec-
ular sieves (5A).

Keywords: alcohols · aldehydes · alkanes · molybdenum ·
vanadium

[1] S. Song, S. Jiang, R. Rao, H. Yang, A. Zhang, Appl. Catal. A 2011, 401,
215–219.

[2] A. Benadda, A. Katrib, A. Barama, Appl. Catal. A 2003, 251, 93–105.
[3] J. B. McMonagle, J. B. Moffat, J. Catal. 1985, 91, 132–141.
[4] B. M. Abu-Zied, A. M. El-Awad, J. Mol. Catal. A 2001, 176, 227–246.
[5] M. M. Mohamed, J. Mol. Catal. A 2003, 200, 301–3137.
[6] R. Sumathi, K. Johnson, B. Viswanathan, T. K. Varadarajan, Appl. Catal. A

1998, 172, 15–22.
[7] B. Ohtani, M. KAkimoto, S. Nishimoto, T, Kagiya, J. Photochem. Photo-

biol. A 1993, 70, 265–272.
[8] R. Lobo, C. L. Marshall, P. J. Dierich, F. H. Ribeiro, C. Akatay, E. A. Stach, A.

Mane, Y. Lei, J. Elam, J. T. Miller, ACS Catal. 2012, 2, 2316–2326.
[9] T. Jin, H. Hattori, K. Tanabe, Chem. Lett. 1981, 1, 533–1534.

[10] S. Meenakshisundaram, E. Nowicka, G. J. Hutchings, Faraday Discuss.
2010, 145, 341–356.

[11] K. Rintramee, K. Fottinger, G. Rupprechter, J. Wittayakun, Appl. Catal. B
2012, 115, 225–235.

[12] J. V. Ochoa, C. Trevisanut, J. M. M. Millet, G. Busca, F. Cavani, J. Phys.
Chem. C 2013, 117, 23908–23918.

[13] F. Bertinchamps, E. M. Gaigneaux, Catal. Today 2004, 91, 105–110.
[14] T. Ohno, Z. Sakai, H. Sakagami, N. Takahashi, T. Matsuda, Appl. Catal. A

2010, 389, 52–59.
[15] Y. Zhu, G. Chuah, S. Jaenicke, J. Catal. 2004, 227, 1–10.

Received: November 20, 2013
Published online on February 12, 2014

Table 3. Reaction of various alcohols on reduced vanadium oxide as catalyst.[a]

Reactant Conversion[b] Selectivity to products[c] [%]
[%] MA EE EA PE PA FA ACA ACT PPA Other

CH3OH 40.4 42.9 0 0 0 0 43.2 0 0 0 13.9
C2H5OH 73.7 0 0.9 45.7 0 0 0 42.5 0 0 10.9
n-C3H7OH 47.8 0 0 0 0 43.1 0 0 0 36.0 20.9
CH3CH(OH)CH2 100.0 0 0 0 55.9 22.6 0 0 19.4 0 2.2

[a] Reaction conditions: V2Ox 0.15 g, SiO2 2.5 g, 573 K, 4 h, flow rates: N2 21 mLmin�1, ethanol 0.24 mLmin�1,
methanol 0.74 mLmin�1, 1-propanol 0.41 mLmin�1, 2-propanol 0.80 mLmin�1. [b] Conversion of reactants.
[c] MA: methane, EE: ethylene, EA: ethane, PE: propylene, PA: propane, FA: formaldehyde, ACA: acetaldehyde,
ACT: acetone, PPA: propionaldehyde.

Scheme 1. Reaction scheme for the co-formation of ethane and acetalde-
hyde from ethanol over reduced vanadium and molybdenum oxides.
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ABSTRACT: A new type of polyoxometalate-based porous
material was successfully synthesized. The new material is the
first fully inorganic Keggin-type polyoxometalate-based micro-
porous material with intrinsically ordered open micropores and
is the third member of the small family of octahedral molecular
sieves (OMSs). Twelve MoO6 or VO6 octahedra surround a
central VO4 tetrahedron to form ε-Keggin polyoxometalate
building blocks (ε-VMo9.4V2.6O40) that are linked by BiIII ions
to form crystalline Mo−V−Bi oxide with a diamondoid
topology. The presence of a tetrahedral shape of the ε-Keggin
polyoxometalate building block results in arrangement of microporosity in a tetrahedral fashion which is new in OMSs. Owing to
its microporosity, this Mo−V−Bi oxide shows zeolitic-like properties such as ion-exchange and molecule adsorption.

■ INTRODUCTION

Polyoxometalates (POMs) are anionic metal oxide clusters of
early transition metals such as molybdenum, vanadium, and
tungsten. These materials have been widely applied to various
fields such as catalysis, photocatalysis, materials science,
magnetism, biology, and medicine.1−6

Crystalline solids based on POMs with porosity are of great
interest, because properties of POMs such as redox and acidic
properties can be combined with pore-based properties such as
size selective sorption of molecules and ions. A classical
example of porous POM materials was microporous and/or
mesoporous cesium or ammonium salts of α-Keggin-type
POMs.4,7−10 The porosity of the materials was derived from
aggregation of nanometer-size crystallites of POMs, and the
pores were present between the crystallites. Control of the
pores was an important factor for enhancing catalytic activity of
these materials.
Recently, new approaches to form porous POMs have

attracted much attention. Mizuno’s group successfully
developed a method to use large cation molecules (macro-
cations) to synthesize porous POMs. The large cation
molecules, which were composed of three chromium cations
and six organic carboxylate such as [Cr3O{RCO2}6L3]

+ (L =

ligand), and POMs formed crystalline materials with intrinsic
micropores in their crystal structure.11−16 Pore properties were
tunable by selection of organic moiety, metals, and/or POMs,
and selective adsorption and catalytic reaction in the pores have
been achieved.
Another new approach is assembly of POMs to form

microporous complex metal oxides.17−19 We have succeeded in
synthesizing orthorhombic and trigonal Mo−V oxides by
assembly of pentagonal [(Mo)Mo5O21]

6‑ polyoxomolybdate
units of giant POMs, {Mo132}

20 or {Mo72V30},
21 with other

MoO6 and VO6 octahedra. The microporosity of the materials
resulted from 7-member-ring channels of octahedra. Thus
formed Mo−V oxides were redox active and showed out-
standing catalytic activity for selective oxidations of light
alkanes,22−24 acrolein,25 and alcohols.26,27 Furthermore, the
microporous properties were reversibly tunable by redox
treatment.28 Recently, the orthorhombic Mo−V oxide was
applied as high capacity electrode materials for rechargeable
lithium batteries.29
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There have been a few reports on inorganic POM-based
frameworks.30−32 Linking of POM units with metal ions formed
the frameworks with internal spaces. However, some organic
molecules and/or ions occupied the spaces and were difficult to
remove, and the pore of these materials could not be opened.
Another example of POM-based frameworks was achieved by

using POMs as building blocks for construction of metal
organic frameworks (so-called POMOFs).4,33−36 In POMOF
materials, the ε-isomer of Keggin-type POMs is an ideal
building block because ε-Keggin POMs have a truncated
tetrahedral shape (Td) with four hexagonal faces that can
coordinate to metal ions (capping metal ions), such as Ni, Cu,
Co, Bi, and La, by three oxygen atoms on one of the hexagonal
faces (Figure 1).36−40 The capping metal ions can be

coordinated by multidentate organic ligands that bridge the
ε-Keggin POMs to form POMOFs.34 However, the organic
linkers result in materials with low oxidative and thermal
stabilities, and the materials therefore cannot survive under
harsh conditions.34 Thus, no porosity was found in POMOFs
due to molecules occupying the pores that cannot be removed
without framework collapse.34 A more inventive way would be
to use metal ions to bridge ε-Keggin POMs without any
organic linkers. So far, no example has been reported following
this strategy.
Here, we report the first all-inorganic microporous material

based on ε-Keggin-type POM (ε-VMo9.4V2.6O40, designated as
Mo−V−Bi oxide), in which intrinsic micropores can be
opened. These POM units are connected by BiIII ions to
form a three-dimensional (3D) network. Mo−V−Bi oxide has a
3D pore system like FAU zeolite (Faujasite)41 and shows
zeolitic-like properties such as selective molecule adsorption,
ion-exchange, and catalysis.
Moreover, Mo−V−Bi oxide contained mostly octahedral

coordinating metals and can be called “octahedral molecular
sieves (OMSs)”. Two kinds of OMSs have been reported, the
family of microporous Todorokite-type Mn and Fe oxides42,43

and Mo−V mixed oxides,19,28 and both of these have one-
dimensional channels as with MTW-type (ZSM-12) zeolite.44

Mo−V−Bi oxide is the third member of OMSs, and the 3D
pore system is new in OMS materials.

■ EXPERIMENTAL SECTION
Material Preparation. (NH4)6Mo7O24·4H2O (8.828 g, 50 mmol

based on Mo) was dissolved in 110 mL of water. VOSO4·5H2O (3.219
g, 12.5 mmol) was dissolved in 110 mL of water. After the solids had
been dissolved, the solution of VOSO4·5H2O was poured into the
solution of (NH4)6Mo7O24·4H2O. After the mixture was stirred at
room temperature for 3 min, Bi(OH)3 (0.438 g, 1.67 mmol) was

added. Then, the mixture was stirred for 7 min followed by N2
bubbling for 10 min. The mixture was introduced into a 300-mL
Teflon liner of a stainless-steal autoclave with the help of 20 mL of
water. A Teflon sheet (4 m × 0.1 m × 0.1 mm) was inserted into the
liner. The autoclave was placed in an oven heated at 448 K for 48 h.
After the autoclave had been cooled down, the black solid on the
bottom of the liner was transferred into centrifuge tubes with the help
of water (200 mL) and separated by centrifugation (2000 rpm, 3 min).
The collected solids were dispersed in water (200 mL) and separated
by centrifugation (2000 rpm, 3 min). This washing process was
repeated 6 times. The obtained solid was dried at 353 K overnight, and
0.45 g of Mo−V−Bi oxide (yield: 3.3% based on Mo) was obtained.
FT-IR (KBr pellets, ν/cm−1): 1620, 1402, 991, 955, 856, 813, 718,
698, 642, and 546 cm−1.Anal. Calcd for Bi2Mo9.4V3.6N2.8O47.2H26.5: Bi,
17.98; Mo, 38.80; V, 7.89; N, 1.68; H, 1.15. Found: Bi, 18.45; Mo,
38.41; V, 7.51; N, 1.66; H, 0.97.

Ion-Exchange. As-synthesized Mo−V−Bi oxide (0.3 g) was
dispersed in 15 mL of water that contained KCl (0.0455 g), LiCl
(0.0259 g), NaCl (0.0367 g), RbCl (0.074 g), or CsCl (0.103 g). The
mixture was stirred at 353 K for 6 h. The resulting solids were
collected by filtration, washed with water (3 × 10 mL), and dried at
353 K overnight. For ion-exchange with protons, 0.5 mL of HCl
(36%) was dissolved in 14.5 mL of water, and 0.3 g of Mo−V−Bi
oxide was added to the solution. The mixture was stirred for 6 h at 353
K. The solid was recovered by filtration, washed with water (3 × 10
mL), and dried at 353 K overnight. The ion-exchanged materials were
designated as M−Mo−V−Bi oxide (M = H, Li, Na, K, Rb, or Cs).

Elemental Analysis. H−Mo−V−Bi oxide ((NH4)2.1H0.7H0.9[ε-
VMo9.4V2.6O40Bi2]·7.2H2O), Calcd for Bi2Mo9.4V3.6N2.1O47.2H24.4: Bi,
18.08; Mo, 39.00; V, 7.93; N, 1.27; H, 1.06. Found: Bi, 18.13; Mo,
39.11; V, 7.54; N, 1.29; H, 0.98.

Li−Mo−V−Bi oxide ((NH4)2.6Li0.2H0.9[ε-VMo9.4V2.6O40Bi2]·
7.2H2O), Calcd for Li0.2Bi2Mo9.4V3.6N2.6O47.2H25.7: Bi, 18.00; Mo,
38.84; V, 7.90; Li, 0.06; N, 1.57; H, 1.11. Found: Bi, 18.55; Mo, 38.41;
V, 7.68; Li, 0.05; N, 1.48; H, 0.94.

Na−Mo−V−Bi oxide ((NH4)2.2Na0.6H0.9[ε-VMo9.4V2.6O40Bi2]·
7.2H2O), Calcd for Na0.6Bi2Mo9.4V3.6N2.2O47.2H24.1: Bi, 17.96; Mo,
38.75; V, 7.88; Na, 0.59; N, 1.32; H, 1.04. Found: Bi, 18.51; Mo,
38.69; V, 7.44; Na, 0.58; N, 1.05; H, 0.86.

K−Mo−V−Bi oxide ((NH4)0.9K1.9H0.9[ε-VMo9.4V2.6O40Bi2]·
6.1H2O), Calcd for K1.9Bi2Mo9.4V3.6N0.9O46.1H16.5: Bi, 17.83; Mo,
38.47; V, 7.82 K, 3.17; N, 0.54; H, 0.70. Found: Bi, 18.03; Mo, 38.27;
V, 7.42; K 3.15; N, 0.42; H, 0.67.

Rb−Mo−V−Bi oxide ((NH4)0.7Rb2.1H0.9[ε-VMo9.4V2.6O40Bi2]·
7.2H2O), Calcd for Rb2.1Bi2Mo9.4V3.6N0.7O47.2H18.1: Bi, 16.95; Mo,
36.58; V, 7.44; Rb, 7.28; N, 0.40; H, 0.73. Found: Bi, 16.58; Mo,
37.21; V, 7.52; Rb 7.12; N, 0.20; H, 0.53.

Cs−Mo−V−Bi oxide ((NH4)0.8Cs2.0H0.9[ε-VMo9.4V2.6O40Bi2]·
7.2H2O), Calcd for Cs2Bi2Mo9.4V3.6N0.8O47.2H18.5: Bi, 16.36; Mo,
35.31; V, 7.18; Cs, 10.41; N, 0.44; H, 0.73. Found: Bi, 16.81; Mo,
34.97; V, 6.89; Cs, 10.49; N, 0.21; H, 0.57.

Calcination. The synthesized Mo−V−Bi oxide (1 g) was placed in
a glass tube in a furnace, heated at 2 K/min to 623 K under N2 (50
mL/min), and then maintained for 2 h at 623 K.

Crystal Growth. Low concentration of the precursor, long
synthesis time, and seed were applied to obtain a large single crystal
for X-ray single crystal analysis. An aqueous solution (110 mL) of
(NH4)6Mo7O24·4H2O (7.062 g, 40 mmol based on Mo) was mixed
with 110 mL of an aqueous solution of VOSO4·5H2O (2.575 g, 10
mmol). After the mixture was stirred at room temperature for 3 min,
Bi(OH)3 (0.438 g, 1.67 mmol) was added, and synthesized Mo−V−Bi
oxide (100 mg) was added as a seed. Then, the mixture was stirred for
7 min followed by N2 bubbling for 10 min. The mixture was
introduced into a 300-mL Teflon liner of a stainless-steel autoclave
with the help of 20 mL of water, and a Teflon sheet (4 m × 0.1 m ×
0.1 mm) was inserted into the liner. The autoclave had been heated at
448 K for 96 h. After the autoclave was cooled down to room
temperature, the black solid on the bottom of the liner was transferred
into centrifuge tubes with the help of 200 mL of water and separated
by centrifugation (2000 rpm, 3 min). The collected solids were

Figure 1. Representations of ε-VMo9.4V2.6O40 Keggin core with
capping BiIII ions: (a) ball-and-stick representation and (b) polyhedron
representation. Central V: gray. Bi: purple. Mo or V: blue. O: red.
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dispersed in water (200 mL) and separated by centrifugation (2000
rpm, 3 min.). This washing process was repeated six times, and the
obtained solid was dried at 353 K overnight. The obtained solid was
used as a seed again. After repeating this crystal growth procedure four
times, the crystal of Mo−V−Bi oxide was large enough for single
crystal analysis.
To obtain a large crystal of K−Mo−V−Bi oxide for single crystal

analysis, the large crystal of as-synthesized Mo−V−Bi oxide (50 mg)
was dispersed in 2.5 mL of water followed by addition of KCl (7.6
mg). The mixture was heated at 353 K for 6 h. The solid was
recovered by centrifugation, washed with water three times, and dried
at 353 K overnight.
Characterization. Redox titration: The concentration of KMnO4

solution was determined by using H2C2O4·H2O as a standard
compound. H2C2O4·2H2O (0.1157 g) was dissolved in 30 mL of
water, followed by acidification with 15 mL of 16% H2SO4. Titration
was performed at 343−358 K. The concentration of KMnO4 was
0.04848 mol/L. Then, Mo−V−Bi oxide (0.2867 g) was dissolved in 40
mL of 50% of H2SO4 that was degassed by N2 bubbling in a 100-mL
beaker. A Horiba D-52 pH meter with a metal (ORP) electrode was
used to detect the potential of the Mo−V−Bi oxide solution. The
solution of Mo−V−Bi oxide was titrated with the standard solution of
KMnO4 at room temperature. Measured potential was plotted against
amount of KMnO4 solution. Molecule (CO2, CH4, C2H6, and C3H8)
adsorption was performed on Mo−V−Bi oxide by a BELSORP MAX
(BEL Japan Inc.) sorption analyzer at 298 K. The samples were
evacuated at 573 K for 2 h before the measurement. Nitrogen
isotherms were obtained by a BELSORP MAX (BEL Japan Inc.)
sorption analyzer at 77 K. Surface area was calculated by the BET
method using an adsorption branch, and pore distribution was
estimated by the SF method using an adsorption branch. The samples
were evacuated at 573 K for 2 h before the measurement. Powder X-
ray diffraction (XRD) patterns were obtained on RINT2200 (Rigaku)
with Cu Kα radiation (tube voltage 40 kV, tube current 20 mA).
Scanning electron microscopy (SEM) images were obtained with an
HD-2000 (HITACHI). Transmission electron microscopy (TEM)
images were taken with a 200 kV TEM (JEOL JEM-2010F). Carbon
was deposited on the sample prior to TEM observation to reduce
charging-up of the sample. Fourier transform infrared spectroscopy
(FT-IR) was carried out on a PARAGON 1000 (Perkin-Elmer).
Thermal analysis (TG-DTA) was performed on Thermo Plus,
TG8120 (Rigaku). Temperature-programmed desorption mass
spectrometry (TPD-MS) measurements were carried out from 313
to 893 K at a heating rate of 10 K min−1 under helium (flow rate: 50
mL min−1). The Mo−V−Bi oxide sample was set between two layers
of quartz wool. A TPD apparatus (BELJAPN, Inc.) equipped with a
quadrupole mass spectrometer (M-100QA; Anelva) was used to detect
NH3 (m/z = 16), H2O (m/z = 18), O2 (m/z = 32), and N2 (m/z =
28). X-ray photoelectron spectroscopy (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, Shimad-
zu). CHN elemental composition was determined at Instrumental
Analysis Division, Equipment Management Center, Creative Research
Institution, Hokkaido University.
Computer-Based Simulation. All computer-based simulation

was performed using Materials Studio v 6.1.0 (Accelrys Software Inc.).
Rietveld analysis45 of a powder XRD pattern was performed using
“Reflex” tool in Materials studio. The lattice parameter and pattern
parameters were refined by Pawley refinement based on the structural
data obtained by single crystal structure analysis. All peak indexes were
listed in Supporting Information (Table S1). Connolly surfaces,
solvent surfaces, free space of Mo−V−Bi oxide, and volume of an
C2H6 molecule were simulated by “Atom Volume & Surfaces”
program in Materials Studio. The diameters of the cage and the
channel were estimated from the Connolly surfaces of the cage and the
channel with Connolly radius of 1 Å, and the shortest values were
presented.46 The theoretical accessible space of Mo−V−Bi oxide
(without ammonium cations and water) was obtained by solvent
surface calculation with solvent radius of 1.4 Å.46 The volume of an

C2H6 molecule was obtained by Connolly surface calculation with
Connolly radius of 1 Å.

Single Crystal Analysis. Since the crystals that had been grown
were still too small for the diffractometer in the laboratory system, data
collection was performed on a high-precision diffractometer installed
in the SPring-8 BL40XU beamline.47,48 The synchrotron radiation
emitted from helical undulator was monochromated by using a
Si(111) channel cut monochromator and focused with a Fresnel zone
plate. A Rigaku Saturn724 CCD detector was used. The measurement
was performed at 100 (2) K. An empirical absorption correction based
on Fourier series approximation was applied. The data were corrected
for Lorentz and polarization effects. The structure was solved by direct
methods and refined by full-matrix least-squares (SHELX-97),49 where
the unweighted and weighted agreement factors of R = Σ∥Fo| − |Fc∥/
Σ|Fo| (I > 2.00σ (I)) and wR = [Σw(Fo2 − Fc

2)2/Σw(Fo2)2]1/2,
respectively, were used. Position of K in the structure of K−Mo−V−Bi
oxide was determined from differential Fourier map. Nitrogen atoms
of ammonium cations were modeled as oxygen atoms because
nitrogen atoms could not be distinguished from oxygen atoms. Oxygen
atoms of water in Mo−V−Bi oxide were refined isotropically, and
other atoms were refined anisotropically. Total amounts of water and
ammonium cations estimated by elemental analysis were slightly larger
than those obtained by single crystal structure analysis. This is because
of the difference in the crystal sample and bulk sample. The sample for
elemental analysis may contain surface waters. Crystallographic data of
Mo−V−Bi oxide and K−Mo−V−Bi oxide were listed in Table 1.

Anisotropic displacement ellipsoids were presented in the Supporting
Information Figure S1. Metal−oxygen bond lengths, atom coordinates,
and atom occupancies are summarized in Table 2 and Supporting
Information Tables S2 and S3, respectively. CIF data are available in

Table 1. Crystallographic Data of Mo−V−Bi Oxide and K−
Mo−V−Bi Oxide

Mo−V−Bi oxide K−Mo−V−Bi oxide

formula H14.10Bi2Mo9.4O47.05V3.6 H10.07Bi2K1.7Mo9.4O45.03V3.6

Mr 2270.19 2300.21
cryst syst cubic cubic
space group Fd3̅m Fd3̅m
a (Å) 19.662(3) 19.6850(6)
V (Å3) 7600.9(18) 7627.9(4)
T (K) 100(2) 100(2)
Z 8 8
ρcalcd (g cm−3) 3.968 4.006
F000 8273 8369
λ (Å) 0.830 77 0.831 12
μ (mm−1) 14.593 14.838
measured reflns 3748 10 887
unique reflns 372 430
R1(I > 2σ(I)) 0.0580 0.0344
wR2(all data) 0.1552 0.0646
GOF 1.091 0.904

Table 2. Metal−Oxygen Bond Lengths from Single Crystal
Analysis of As-Synthesized Mo−V−Bi Oxidea

bond length of Mo−V−Bi
oxide (Å)

bond length of K−Mo−V−Bi
oxide (Å)

V1−O4 1.76(2) 1.719(9)
Bi2−O3 2.355(12) 2.335(6)
M3−O1 1.640(12) 1.674(6)
M3−O2 1.894(5) 1.906(3)
M3−O3 1.964(8) 1.980(4)
M3−O4 2.428(12) 2.454(6)

aM includes V and Mo.
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Supporting Information. CSD-425857 and CSD-426125 contain the
crystallographic data for Mo−V−Bi oxide and K−Mo−V−Bi oxide
(data available from CrysDATA@FIZ-Karlsruhe.de).
Catalytic Test, Catalyst Recovery, and Filtration Experiment.

For the catalytic test, the calcined Mo−V−Bi oxide (20 mg) and 10
mmol of benzyl alcohol were added to a reaction tube. Some cotton
(50 mg) was set at the uppermost part of the tube to adsorb the water
generated during the reaction. The reaction tube was heated at 403 K
for 3 h. After the temperature had cooled to room temperature, the
cotton was removed, and 4 mmol of tridecane and 10 mL of acetone
were added to the reaction tube. The mixture was stirred at room
temperature for 5 min. Yield, conversion, and selectivity were
measured by GC-FID. For catalyst recovery, the catalyst was recovered
by centrifugation (5 min, 3000 rpm), washed with 5 mL of acetone 3
times, and dried at 353 K overnight. For the filtration experiment, 20
mg of calcined Mo−V−Bi oxide, 10 mmol of benzyl alcohol, and 0.8
mmol of tridecane were added to a reaction tube. A 50 mg portion of
cotton was set at the uppermost part of the tube to adsorb the water
generated during the reaction. The reaction tube was heated at 403 K.
After reaction for 45 min, the material was removed using a syringe
with a disposable syringe filter unit (PTFE, 0.2 μm) when the solution
was still hot, and the filtrate kept on reacting. The reaction was
monitored by GC.

■ RESULTS AND DISCUSSION
Synthesis and Structural Characterization. Hydro-

thermal reaction of (NH4)6Mo7O24·4H2O, VOSO4·5H2O, and
Bi(OH)3 produced crystalline Mo−V−Bi oxide, the powder
XRD pattern of which is presented in Figure 2a. SEM images

showed that the resulting solids were polyhedral crystals that
were too small (less than 1 μm in one dimension) to perform
single crystal structure analysis (Supporting Information Figure
S2a). Therefore, crystal growth experiments were performed
using the synthesized Mo−V−Bi oxide as a seed in the reaction
mixture. After repeating the crystal growth procedure, crystals
of Mo−V−Bi oxide large enough (∼5 μm in one diameter) for
single crystal analysis were obtained (Supporting Information
Figure S2b).
Single crystal structure analysis and elemental analysis

(Mo:V:Bi = 9.4:3.6:2) of the as-prepared Mo−V−Bi oxide
and K-exchanged sample (designated as K−Mo−V−Bi oxide,
with ion-exchange presented in a later section) revealed that the
building block of Mo−V−Bi oxide was an ε-Keggin-type

polyoxovanadomolybdate, ε-VMo9.4V2.6O40, that was formed by
one central VO4 tetrahedron surrounded by 12 distorted MO6
(M = Mo or V) octahedra (Figure 1). The central atom of this
POM was a 4-fold coordinated vanadium with bond length of
V−O being 1.76(2) or 1.719(9) Å for Mo−V−Bi oxide and K−
Mo−V-Bi oxide, respectively. Bond valence sum (BVS)
calculation revealed that valence of the central V was 5+,
which is often observed in polyoxometalate compounds.40,50

Four edge-sharing M3O13 (M = Mo or V) units were anchored
to this tetrahedral VO4 to form the ε-Keggin POM. Disordering
of the molybdenum and vanadium atoms in the surrounding 12
positions was detected, as has been often observed in
polyoxomolybdates51 and Mo−V-based complex metal ox-
ides.17 Three oxygen atoms in each hexagonal face of the POM
coordinated to Bi, and an adjacent POM supplied three oxygen
atoms in the hexagonal face to the Bi to form a diamond-like
3D framework (Figure 3). The bond length of Bi−O was
2.355(12) or 2.335(6) Å for Mo−V−Bi oxide and K−Mo−V−
Bi oxide, respectively, and BVS calculations revealed that the
valence of the Bi linker was 3+.

The powder X-ray diffraction pattern of Mo−V−Bi oxide was
similar to the simulated pattern obtained by using crystal data
from single crystal structure analysis (Figure 2). Furthermore,
there were no additional peaks in the experimental data,
indicating that the powder sample of Mo−V−Bi oxide was
pure.
Figure 4 shows a comparison of the generated polyhedral

image and the high-resolution transmission electron micros-Figure 2. Comparison of (a) the experimental XRD pattern with (b)
simulated pattern using structural data obtained by single crystal
structure analysis with lattice parameter refinement (a = 19.79 Å, Rwp
= 10.49%), and (c) difference of experimental pattern and simulated
pattern.

Figure 3. (a) Polyhedral representation of Mo−V−Bi oxide. Central
V: gray. Bi: purple. Mo or V: light blue. O: red. (b) Schematic
representation of Mo−V−Bi oxide, POM unit: blue tetrahedron, Bi:
purple.

Figure 4. Comparison of polyhedron representation of Mo−V−Bi
oxide with HRTEM. (a) Polyhedral representation and (b) HRTEM
image (insert: power spectrum) of Mo−V−Bi oxide, viewed along the
101 direction. Mo−V−Bi oxide was not so stable under TEM
condition, and an amorphous-like part was produced during
observation.
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copy (HRTEM) image of Mo−V−Bi oxide along the 101
direction. The HRTEM revealed a characteristic face-centered
cubic lattice image for Mo−V−Bi oxide. Ordering of the
rhombic black and white spots in the HRTEM image was
exactly the same as the ordering of ε-VMo9.4V2.6O40 building
blocks and pores. The unit cell lengths and distances of the
(111) plane were obtained from the HRTEM image: 19.7 Å
and 11.4 Å, respectively.
The oxidation states of the metal elements were studied by

X-ray photoelectron spectroscopy (XPS) (Figure 5), which
indicated that reduced states of molybdenum (MoV) and
vanadium (VIV) existed, and the oxidation state of bismuth was
3+. Furthermore, XPS showed that 25% of the molybdenum
and 50% of the vanadium were MoV and VIV, respectively. The
total reduced metal content (molybdenum and vanadium) was

32%. Manganometric redox titration also confirmed that ca.
28% of the total metal (molybdenum and vanadium) was
reduced (Figure 6). Partial reduction was in good agreement
with other reported ε-Keggin POM molecules. In the case of
[ ε - M o V I M o V

1 2 O 4 0 ( C 5 M e 5 R h I I I ) 8 ]
2 + , 5 2 [ ε -

PVMoV
8MoVI

4O36(OH)4{La
II I(H2O)4}4]

5+,38 and [ε-
H2MoV12O30(OH)10{Ni

II(H2O)3}4],
37 all or part of the

surrounding 12 metal ions are reduced. Thus, the detailed
formula of the ε-Keggin POM framework was [ε-
VV

1.0MoV2.3MoVI7.1V
IV
1.8V

V
0.8O40Bi

III
2]

3.7‑.
There were cages and channels in Mo−V−Bi oxide. A cage

was composed of 10 ε-VMo9.4V2.6O40 building blocks that were
connected by BiIII ions (Figure 7a,b). The internal diameter of
the cage was ca. 7.7 Å. One cage was tetrahedrally connected
with four other adjacent cages by four channels (Figure 7c,d).
The diameter of the channel was ca. 3.4 Å. The cages and
channels constructed a periodical 3D pore system for Mo−V−
Bi oxide in a tetrahedral fashion. In one direction, the tunnel of
the micropore was not straight but in a zigzag-like fashion
(Figure 7e and Supporting Information Figure S3), which is
new in OMSs.
Single crystal structure analysis of Mo−V−Bi oxide revealed

that there were two types of sites for water or NH4
+ (10 sites

per one ε-VMo9.4V2.6O40 unit). One was in the cage, and the
other was in the channel. Nitrogen (represented NH4

+) could
not be distinguished from oxygen (represented H2O) by single
crystal analysis (Figure 7e). An FT-IR spectrum (Supporting
Information Figure S4a) of Mo−V−Bi oxide showed the
presence of water (1620 cm−1) and NH4

+ (1402 cm−1)
together with bands at 991, 955, 856, 813, 718, 698, 642, and
546 cm−1, which were attributed to the framework. The
amount of NH4

+ was estimated by elemental analysis to be ca.
2.8 for one ε-Keggin POM. Therefore, the detailed formula can
b e e x p r e s s e d a s ( N H 4 ) 2 . 8 H 0 . 9 [ ε -
VV

1.0MoV2.3MoVI7.1V
IV
1.8V

V
0.8O40Bi

III
2]·7.2H2O.

The NH4
+ and H2O in Mo−V−Bi oxide were removable by

heat-treatment. TG-DTA of Mo−V−Bi oxide indicated that
there were two weight losses: one was between ca. 310 and 490
K, and the other was between ca. 580 and 710 K (Supporting
Information Figure S5). Temperature programmed desorption
(TPD) analysis revealed that the first weight loss corresponded
to desorption of water and NH3 and that the second weight loss
corresponded to desorption of water, NH3, and N2 (Supporting
Information Figure S5). N2 was produced by decomposition of
NH4

+. Total weight loss from room temperature to 773 K was
ca. 7.8%, which was in accord with the total amount of NH4

+

and water estimated by elemental analysis. TPD results showed
that there were two kinds of NH4

+ in the material. One NH4
+,

which had a strong interaction with the framework, desorbed at
633 K (peak top) and is denoted as NH4

+(S). The other, which
had a relatively weak interaction with the framework, desorbed
at 443 K (peak top) and is denoted as NH4

+(W). These results
indicated that NH4

+ and water co-occupied two different
positions in the as-synthesized material: one was in the cage,
and the other was in the channel. Total NH4

+ amount
estimated by TPD was slightly less than NH4

+ amount
estimated by elemental analysis, because some NH4

+ were
released as N2 (Table 3, entry 1).

Microporosity. The NH4
+ and water were removed by

calcination (2 K/min, 623 K for 2 h, N2 flow rate of 50 mL/
min) without structural collapse (Supporting Information
Figure S6a,b). However, further heating (calcination at 673
K) caused the framework of Mo−V−Bi oxide to collapse

Figure 5. XPS and curve fitting results of Mo−V−Bi oxide of (a)
molybdenum, Mo6+/Mo5+ = 3, (b) vanadium, V5+/V4+ = 1, and (c)
bismuth. Blue: experimental data. Purple: sum of every simulated peak.
Red: simulated peak.
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(Supporting Information Figure S6c). The nitrogen adsorp-
tion−desorption isotherm of calcined Mo−V−Bi oxide was
best described as a type I isotherm, indicating that Mo−V−Bi
oxide was a microporous material (Figure 8a,b, black). The

BET surface area and pore volume of this material were
calculated to be 60 m2/g and 0.0202 cm3/g, respectively, which
are similar to those of other reported POM-based porous
materials (Supporting Information Table S4). The pore size

Figure 6. Manganometric redox titration curves of (a) H2C2O4·2H2O and (b) Mo−V−Bi oxide.

Figure 7. Polyhedral representations of (a) a front image of the cage, (b) the back image of the cage, (c) filling representation of the pore system
with framework, with gray curved surface described the morepores, (d) filling representation of the pore system without framework and linkage of a
cage by channels, gray curved surface described the morepores (central V, gray; Bi, purple; Mo or V, blue; O, red), (e) CPK (Corey, Pauling, and
Koltun) representations of the (110) plane of Mo−V−Bi oxide (N or O in cage, blue; N or O in channel, green), and (f) K−Mo−V−Bi oxide. K:
yellow. N or O in cage: blue.
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distribution curve (obtained by the SF method) showed that
the average diameter of the micropores was 5.5 Å, attributed to
the cages and channels in the framework (Figure 8c). The

powder XRD pattern of the material after adsorption
measurement showed that the structure of the material did
not change, indicating that the framework was stable under the
measurement conditions.
Mo−V−Bi oxide selectively adsorbed different molecules

depending on the size of the molecule (Figure 9). The size of

the channel (3.4 Å) of Mo−V−Bi oxide was similar to that of C
(3.4 Å) and O (3.04 Å) atoms. Therefore, the straight
molecules (CO2, CH4, and C2H6), in which skeleton atoms (C
and O) were in a straight line, were able to pass the channel
and adsorbed in the material. C3H8 whose carbon skeleton was
bent and larger than the channel was not adsorbed.
Interestingly, Mo−V−Bi oxide adsorbed C2H6 at low pressure
from 0.002 to 0.06 kPa (type I isotherm, Figure 9b). The
theoretical accessible space of a cage (49.84 Å3) was similar to
the volume of a C2H6 (47.28 Å3) molecule, so that C2H6 could
fit in the cage, which may be the reason for the type I
adsorption of C2H6.

Ion-Exchange. The ammonium cation in the micropores
was exchangeable with other cations in aqueous solution, such
as H+, Li+, Na+, K+, Rb+, and Cs+ (corresponding materials
designated as M−Mo−V−Bi oxide, M = H, Li, Na, K, Rb, and
Cs). The powder XRD patterns showed that the basic structure
of ion-exchanged Mo−V−Bi oxide did not change (Supporting
Information Figure S6d−g,i,j). Table 3 summarizes the
formulas and amounts of NH4

+(S) and NH4
+(W) after ion-

exchange estimated by elemental analysis and TPD, respec-
tively. Moreover, TPD profiles (m/z = 16 for NH3) of
exchanged Mo−V−Bi oxide indicated that smaller cations such
as H+, Li+, and Na+ selectively replaced the weakly bound
ammonium cation NH4

+(W), whereas larger K+, Rb+, and Cs+

cations selectively replaced the strongly bound ammonium
cation NH4

+(S) (Supporting Information Figure S7d−j).
In K−Mo−V−Bi oxide, in which only NH4

+(S) was
exchanged, ca. 1.9 NH4

+ per one ε-VMo9.4V2.6O40 building
block were exchanged with K+. In the case of H−Mo−V−Bi
oxide, in which only NH4

+(W) was exchanged, ca. 0.7 NH4
+ per

one ε-VMo9.4V2.6O40 building block were exchanged with H+.
From this result, we estimated the ratio of NH4

+(W) and
NH4

+(S) to be ca. 0.7−0.9:1.9−2.1. Single crystal analysis of
K−Mo−V−Bi oxide revealed that 89% of K+ selectively
occupied the channel and that the remaining 11% of K+,
NH4

+, and H2O occupied the cage in K−Mo−V−Bi oxide
(Figure 7f). Therefore, we speculate that K+ replaced NH4

+ in
the channel and that the NH4

+(S) was located in the channel
and NH4

+(W) was located in the cage. The K+ blocked the

Table 3. Changes in Formulas by Ion-Exchange

amount of NH4
+ per

one ε-
VMo9.4V2.6O40

b

entry cation formulaa NH4
+(W) NH4

+(S)

1 before ion-
exchange

(NH4)2.8H0.9[ε-
VMo9.4V2.6O40Bi2]

0.7 1.4

2 H+ (NH4)2.1H0.7H0.9[ε-
VMo9.4V2.6O40Bi2]

0 1.6

3 Li+ (NH4)2.6Li0.2H0.9[ε-
VMo9.4V2.6O40Bi2]

0.3 1.4

4 Na+ (NH4)2.2Na0.6H0.9[ε-
VMo9.4V2.6O40Bi2]

0.2 1.4

5 K+ (NH4)0.9K1.9H0.9[ε-
VMo9.4V2.6O40Bi2]

0.6 0

6 Rb+ (NH4)0.7Rb2.1H0.9[ε-
VMo9.4V2.6O40Bi2]

0.2 0

7 Cs+ (NH4)0.8Cs2.0H0.9[ε-
VMo9.4V2.6O40Bi2]

0.3 0

aEstimated by elemental analysis. bEstimated by TPD.

Figure 8. Nitrogen adsorption−desorption isotherms: (a) P/P0 0−1,
(b) low P/P0 range. Black: calcined Mo−V−Bi oxide. Red: K−Mo−
V−Bi oxide. (c) Pore size distribution of calcined Mo−V−Bi oxide
using the SF method.

Figure 9.Molecule adsorption isotherms of Mo−V−Bi oxide (a) CO2,
(b) C2H6, (c) CH4, and d) C3H8.
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micropores of Mo−V−Bi oxide and could not be removed by
calcination. The material lost microporosity with decrease in
BET surface area (4.4 m2/g) after ion-exchange with K+ (Figure
8a, red).
Activity as an Acid Catalyst. Removal of NH3 from

NH4
+(W) and NH4

+(S) produced weak and strong H+ acid
sites on the Mo−V−Bi oxide, respectively. Table 4 shows

results of catalytic performance of Mo−V−Bi oxide for benzyl
alcohol etherification. Mo−V−Bi oxide without calcination was
not active (entry 1). Calcined Mo−V−Bi oxide showed
catalytic activity (entry 2). Mo−V−Bi oxide calcined at
temperatures over 473 K (entries 2 and 3), and proton-
exchanged H−Mo−V−Bi oxide (entry 4) showed catalytic
activity. These results indicated that a weak acid had sufficient
catalytic activity for this reaction. Filtration experiments (Figure
10) showed that calcined Mo−V−Bi oxide was a heterogeneous

catalyst. The material could be reused without loss of activity
(entry 5). The XRD pattern and IR of the recovered catalyst
(Supporting Information Figure S8) confirmed high stability of
Mo−V−Bi oxide during catalytic reaction. Benzyl alcohol was
larger than the pore size; thus, the reaction occurred on the
surface of Mo−V−Bi oxide. Therefore, Mo−V−Bi oxide
calcined at 673 K, which did not contain micropores
(Supporting Information Figure S9), was also active (entry
6). However, Mo−V−Bi oxide showed higher conversion of

benzyl alcohol, and the yield of dibenzyl ether compared to
other reported heterogeneous catalysts (Supporting Informa-
tion Table S5), which indicates that Mo−V−Bi oxide has high
potential as an acid catalyst.

■ CONCLUSION
The first all-inorganic Keggin-type polyoxometalate-based
microporous material with intrinsically ordered open micro-
pores, Mo−V−Bi oxide, was successfully synthesized and
characterized. Structural characterization showed that the
material constructed by assembly of ε-Keggin POMs with
BiIII ions in a tetrahedral fashion. Heat treatment can remove
the existing NH4

+ and H2O from the material to open the 3D
micropores. The 3D micropore system of Mo−V−Bi oxide
resulted from cages and channels in the material. Mo−V−Bi
oxide exhibited zeolite-like properties such as molecule
adsorption, ion-exchange, and acid catalysis. POMs have a
diversity of elements, and they can incorporate other metals in
the structure. We believe our results will open a door for
production of new porous materials based on ε-Keggin-type
POM building blocks with tunable properties.
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Analysis; Universitaẗ Göttingen: Göttingen, Germany, 1997.
(50) Zhang, Q.-Z.; Lu, C.-Z.; Yang, W.-B.; Wu, C.-D.; Yu, Y.-Q.; Yan,
Y.; Liu, J.-H.; He, X. J. Cluster Sci. 2003, 14, 381−390.
(51) Zang, X.; Tan, H.; Wu, Q.; Li, Y.; Li, Y.; Wang, E. Inorg. Chem.
Commun. 2010, 13, 471−474.
(52) Chae, K.; Day, V. W.; Eberspacher, T. A. Inorg. Chem. 1992, 8,
3187−3189.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic4022849 | Inorg. Chem. 2014, 53, 903−911911

─ 176 ─



Direct Oxidative Transformation of Glycerol into Acrylic Acid
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The addition of phosphoric acid to WNbO catalyst active
for glycerol transformation to acrolein and to WVNbO
catalyst active for direct transformation of glycerol to acrylic
acid appreciably improved their catalytic performance. The
phosphoric acid-added WNbO catalyst gave acrolein yield of
81.8%, and the phosphoric acid-added WVNbO catalyst gave
acrylic acid yield of 59.2% in the direct glycerol transformation.
The improvement of the catalytic performance seems due to the
increases of the acid amount and the Brønsted acidity.

Glycerol is a main by-product in biodiesel production by
transesterification of plant oils or animal fat with methanol and
has been produced heavily at a relatively low price.1 Because of
this situation, transformation of glycerol into other desirable
chemicals by various catalytic reactions has been attempted by
many researchers.2 Dehydration of glycerol to acrolein is one of
the most valuable reactions, since acrolein is an important
intermediate for chemical and agricultural industries. Various
solid acid catalysts have been reported for the dehydration of
glycerol.3 We have reported that layer-structured WNbO
catalysts synthesized via hydrothermal method gave acrolein in
high yield (75%) in gas-phase glycerol dehydration.4 Direct
oxidative transformation of glycerol to acrylic acid is also a very
important reaction.5 Achievement of this reaction is, however,
challenging because not only improvement of selectivity for
both dehydration of glycerol and selective oxidation of acrolein
but also tuning of optimum catalytic functions for each reaction
are required to achieve higher acrylic acid yield. Nevertheless,
we have recently found that modification of the WNbO
catalyst with vanadium turned out to be an efficient catalyst for
the direct transformation of glycerol to acrylic acid6 but the yield
of acrylic acid was as low as 45%.

Very recently we found that the addition of phosphoric acid
to the WNbO catalyst and the WVNbO catalysts had
pronounced effects on the transformation of glycerol to acrolein
and the direct transformation to acrylic acid, respectively. The
achieved single pass yield of acrylic acid was about 60% and is
currently the highest amongst the reported results. This paper
reports the effects of phosphoric acid addition to the WNbO
catalyst and the WVNbO catalysts on the selectivity in the
glycerol transformation.

The complex metal oxide catalysts of W, V, and Nb (WV
NbO) were prepared by hydrothermal synthesis. (NH4)6-
[H2W12O40]¢nH2O (W: 2.7mmol), VOSO4¢nH2O (V: 0.6mmol),
and Nb2O5¢nH2O (Nb: 2.0mmol) were added to 45mL of ion-
exchanged water under stirring. This mixed suspension was put
in a stainless steel autoclave with a Teflon liner and heated at
448K for 72 h. The formed solid was filtered, washed with ion-
exchanged water, dried at 353K, and then calcined at 673K for
4 h in air. WNbO (W/Nb = 1.35) was similarly prepared.

Phosphoric acid-added catalysts were prepared by impreg-
nation of uncalcined WNbO or WVNbO with an aqueous
solution of phosphoric acid, followed by calcination at 673K in
air. Phosphoric acid-added WNbO and WVNbO were
denoted as H3PO4/WNb and H3PO4/WVNb, respectively. The
content of P was set to be 2.5wt% of the supports after
optimization of P content. XRD analysis confirmed that the
layered structure of the WNbO and WVNbO catalysts was
maintained after the phosphoric acid treatment (Figure S1).7

Surface area of the catalysts was estimated by BET method
where nitrogen physisorption amount was measured at 77K with
a BELSORP max (BEL Japan Inc.). Prior to the measurement,
the samples were evacuated at 473K for 2 h. Powder X-ray
diffraction (XRD) pattern of the catalysts was recorded on a
RINT2200 (Rigaku) with CuKα radiation (tube voltage: 40 kV,
tube current: 20mA). The acid amount of catalysts was
measured with NH3-TPD with a TPD apparatus (BEL Japan
Inc.). Prior to the measurement, the samples were pretreated
under He flow at 673K for 2 h. NH3 was adsorbed on the
catalysts at 473K. Acidity of catalysts was measured by FT-IR
spectroscopy (PARAGON 1000, Perkin-Elmer) of adsorbed
pyridine with an evacuable furnace cell with CaF2 windows,
containing a self-supporting disk of sample. Pyridine was
adsorbed at 373K, and after evacuation at 523K for 1 h the
adsorption spectrum was recorded. The spectrum of adsorbed
pyridine on sample in the presence of water vapor (4.6 Torr) was
also recorded.

Transformation of glycerol was carried out in a vertical
fixed-bed reactor. The molar percent composition of reaction gas
was glycerol/O2/N2/H2O = 5/14/56/25 (mol%). Reaction
products and unconverted glycerol in both gas and liquid phases
were collected hourly and analyzed with GC. Oxidation of
acrolein was carried out in the same reactor as the transformation
of glycerol.

The catalytic performance of the WNbO and H3PO4/
WNb catalysts in the glycerol transformation was first examined,
and the results are shown in Table 1. Both the glycerol
conversion and the acrolein yield were clearly increased by
the phosphoric acid addition, and the H3PO4/WNb catalyst
gave the acrolein in yield of 81.8% at W/F = 2.5 © 10¹3

gcat minmL¹1. The improvement can be explained by changes
in the surface acidity because of the following results. As shown
in Table 2, the number of acid sites per gram largely increased
by the addition of phosphoric acid. At the same time, the
addition increased the ratio of Brønsted to Lewis acidity.
Moreover, it was observed in the FT-IR study that water
substantially 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
Brønsted acid sites. This result indicates that Lewis acid sites are
hydrated and change into Brønsted acid sites in the presence of
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water. This change more clearly occurs over H3PO4/WNb, and
in fact Lewis acidity was hardly observed on H3PO4/WNb in the
presence of water vapor. The same effect of the phosphoric acid
addition was observed in the case of WVNbO as shown in
Table 2. As a consequence, such high Brønsted acidity of
H3PO4/WNb and H3PO4/WVNb should be beneficial for the
catalytic reaction, since it is considered that Brønsted acid sites
are responsible for the glycerol transformation to acrolein. The
observed clear effect of water on the surface acid properties in
the case of H3PO4/WNb is interesting, but the actual function of
surface H3PO4 is under investigation.

Next, the catalytic performance of the WVNbO and
H3PO4/WVNb catalysts in the direct glycerol transformation to
acrylic acid was examined, and the results are also shown in
Table 1. Like acrolein formation, addition effect of H3PO4 is
also prominent. The attained maximum yield of acrylic acid was
59.2% at W/F = 1.0 © 10¹2 gcat minmL¹1. The performance of
this catalyst was the highest of the catalysts reported for the
direct transformation of glycerol to acrylic acid.5 Of additional
importance is that the yield of acrylic acid was kept almost
constant during 5 h of the reaction; that is, no deactivation occurs
within this reaction period, while appreciable deactivation
occurs in the transformation of glycerol to acrolein.

Figure 1 illustrates the yield of acrolein and acrylic acid in
the glycerol transformation at various contact times over the
WVNbO and H3PO4/WVNb catalysts. Acrylic acid yield
increased with decreasing acrolein yield over both WVNbO
and H3PO4/WVNb, indicating that acrolein formed on acid sites
was consecutively oxidized to acrylic acid on V sites. Over the

WVNbO catalyst, acrylic acid yield reached the maximum
value (46.2%) when acrolein was mostly consumed at W/F =
6.7 © 10¹3 gcat minmL¹1. At a contact time above W/F =
6.7 © 10¹3 gcat minmL¹1, the acrylic acid yield decreased
because the sequential oxidation to COx started. Over H3PO4/
WVNb, on the other hand, 15.3% yield of acrolein was still
sustained at W/F = 6.7 © 10¹3 gcat minmL¹1, and a further
increase of the contact time increased the acrylic acid yield.
Then the yield of acrylic acid reached 59.2% at W/F =
1.0 © 10¹2 gcat minmL¹1.

The results shown in Figure 1 evidently indicate the
sequential reactions from glycerol to acrylic acid via acrolein
and ultimately to COx. In order to elucidate the role of
phosphoric acid in this course of the transformation, we
separately conducted acrolein oxidation over WVNbO and
H3PO4/WVNb. Figure 2 shows the conversion of acrolein and
the yield of acrylic acid and COx in the oxidation of acrolein.
The difference of acrolein conversion was little observed
between WVNbO and H3PO4/WVNb, while the maximum
acrylic acid yield was improved from 64.4% (581K) over WV
NbO to 71.7% (577K) over H3PO4/WVNb. This indicates that

Table 1. Effect of phosphoric acid addition on catalytic performance of WNbO and WVNbO

Catalyst
(W/F)

/gcat minmL¹1
GLRa conv.b

/%
O2 conv.

/%

Yieldc/%

ACRL AA ACAL PRAL HACT ACA COx others

WNbO 6.3 © 10¹4 64.3 1.4 32.4 0.1 0.5 0.3 2.5 0.1 0.8 27.6
2.5 © 10¹3 98.9 6.5 74.5 0.1 2.9 1.0 0.4 0.7 3.8 15.5

H3PO4/WNb 6.3 © 10¹4 72.3 2.6 43.2 0.1 0.4 0.2 2.6 0.1 0.6 25.1
2.5 © 10¹3 100 5.6 81.8 0.3 2.1 0.6 0.5 0.3 2.7 11.7

WVNbO 6.7 © 10¹3 100 48.6 3.5 46.2 1.4 <0.1 <0.1 12.7 33.8 2.4
H3PO4/WVNb 1.0 © 10¹2 100 45.3 0.5 59.2 0.3 <0.1 <0.1 8.2 22.3 9.5
aGLR: glycerol. bReaction conditions: set temperature of the furnace, 558K; composition of reactant gas, glycerol/O2/N2/H2O = 5/
14/56/25 (mol%). cACRL: acrolein, AA: acrylic acid, ACAL: acetaldehyde, PRAL: propanal, HACT: hydroxyacetone, ACA: acetic
acid.

Table 2. Surface area and acid properties of the WNbO and
H3PO4/WNb catalysts

Catalyst
Surface area
/m2g¹1

Acid amount
/¯mol g¹1

B/La

® +H2Ob

WNbO 118 136 0.4 3.6
H3PO4/WNb 91 244 1.5 23.4
WVNbO 120 129 0.4 3.2
H3PO4/WVNb 97 250 1.7 25.6
aRatio of the integral absorbance (peak area) of the peak at
1540 cm¹1 (Brønsted) to 1450 cm¹1 (Lewis). bB/L in the
presence of water (4.6 Torr).

Figure 1. Effect of contact time on the yields of acrolein and
acrylic acid in the glycerol transformation over WVNbO
(acrolein, ; acrylic acid, ) and H3PO4/WVNb (acrolein, ;
acrylic acid, ). Reaction conditions: set temperature of the
furnace, 558K; composition of reactant gas, glycerol/O2/N2/
H2O = 5/14/56/25 (mol%).
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phosphoric acid enhances not only the selectivity to acrolein in
the glycerol transformation but also the selectivity to acrylic acid
in the acrolein oxidation. It should be noted in Figure 2 that over
WVNbO acrylic acid yield decreased drastically at a reaction
temperature above 581K but that this decrease was retarded
appreciably over H3PO4/WVNb. It is clear that the phosphoric
acid can suppress the sequential overoxidation of acrylic acid to
COx which would inevitably occur on V site of the catalysts.

In summary, the addition of phosphoric acid increased the
acid amount and the Brønsted acidity of the WNbO catalyst.
In addition to the improvement of the acidity, 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 transformation increased significantly. The H3PO4/
WVNb catalyst gave acrylic acid in yield of 59.2% directly from
glycerol (W/F = 1.0 © 10¹2 gcat minmL¹1, reaction temperature
594K).
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Figure 2. Conversion of acrolein, yield of acrylic acid and
COx in the acrolein oxidation over WVNbO (acrolein, ;
acrylic acid, ; COx, ) and H3PO4/WVNb (acrolein, ; acrylic
acid, ; COx, ). Reaction conditions: catalyst weight, 0.2 g;
flow rate, 77mLmin¹1; composition of reactant gas, acrolein/
O2/N2/H2O = 1/15/58/26 (mol%).
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a b s t r a c t

A number of orthorhombic Mo3VOx oxide catalysts with different external surface areas measured by
N2 adsorption and with the same micropore volumes measured by ethane adsorption were synthesized
hydrothermally by adding sodium dodecyl sulphonate (SDS, C12H25SO3Na) and by changing synthesis
temperature. The synthesized catalysts were then tested for the selective oxidations of ethane accessible
to the micropore and of 2-propanol inaccessible to the micropore in order to investigate the role of the
micropore in the gas-phase oxidation of ethane. It was found that the conversion of ethane was almost
similar for all the catalysts irrespective of their largely different external surface areas. On the other hand,
the oxidation of 2-propanol to acetone clearly depended on the external surface area of the catalysts. Since
other catalytically affective properties such as crystal structure, elemental compositions, and oxidation
states of Mo and V were comparable for all the catalysts, it was concluded that the heptagonal channel
micropore of the orthorhombic Mo3VOx oxide catalyst was responsible for the catalytic activity for the
ethane selective oxidation and that the catalytic oxidation of ethane could take place inside the micropore.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Crystalline Mo–V–M–O (M = Nb, Te, Sb, etc.) complex oxides
have been received much attention because of their characteristic
crystal structures and high catalytic activity for the selective oxi-
dation of light alkanes [1–13]. The structure is orthorhombic and a
layer-type with a slab comprising hexagonal and heptagonal chan-
nels of corner-sharing octahedra and pentagonal {(Mo)Mo5} units
(Fig. 1). We have reported that Mo and V are essential elements to
form the orthorhombic structure [4–8,11]. The additional element
M (=Te and Sb) locates in the hexagonal and heptagonal channels
[5–8]. We have recently reported that the heptagonal channel of the
orthorhombic Mo3VOx catalysts works as a micropore adsorbing
small molecules like CO2, CH4, and C2H6 [14,15] because the hep-
tagonal channel is enough large in diameter to accept these small
molecules and is empty. In addition, the orthorhombic Mo3VOx cat-
alysts showed extremely high catalytic activity for the selective
oxidation of ethane, compared to other orthorhombic Mo–V–M–O
catalysts where the heptagonal channel micropore was partly occu-
pied by the additional element M (=Te and Sb) [16]. The big
difference of the orthorhombic Mo3VOx and the other Mo–V–M–O
complex oxide catalysts is whether the heptagonal channels are

∗ Corresponding authors. Tel.: +81 11 762 9164; fax: +81 11 762 9163.
E-mail address: ueda@cat.hokudai.ac.jp (W. Ueda).

empty or partly occupied. We, therefore, speculate that ethane
oxidation can take place not only in the mouth of the heptagonal
channel but also in the whole part of the channel.

To verify our speculation, we tried to synthesize the orthorhom-
bic Mo3VOx catalysts with the same microporous property and
different external surface area. We employed crystal engineer-
ing methods for this purpose. Crystal engineering is a new
area of research encompassing various domains of chemistry,
physics, biology, materials science, engineering, and pharmaceuti-
cals [17,18]. In the area of solid-state chemistry, crystal engineering
is well recognized and widely used for the design of crystalline
solids with controllable structure and tunable physicochemical
properties [19]. The area of solid-state catalysts, for example zeolite
[20,21] and nano crystals [19], crystal engineering is also important
because crystal size and shape generically affect catalytic activity.
There are various methods of controlling crystal size and shape of
catalysts. Since the orthorhombic Mo3VOx material has been syn-
thesized by hydrothermal reaction, bottom-up approaches through
controlled nucleation and crystal growth process can be used to
synthesize crystals with different sizes.

In crystallization, crystal size is determined by the ratio between
rate of nucleation and rate of growth. Both rates increase with
supersaturation, but the nucleation rate rises more sharply than the
growth rate [22]. As a consequence, smaller crystals are observed at
high supersaturation. Liu et al. have reported that sodium dodecyl
sulphonate (SDS, C12H25SO3Na), an anionic surfactant, increases

0926-860X/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.apcata.2013.07.050
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Fig. 1. Structure of the orthorhombic Mo3VOx oxide catalyst (Mo, cyan; V, gray; O,
red). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)

the supersaturation and decreases the interface energy of the
nucleus, which induces easier formation of crystal nuclei [23–26].
Besides, the synthesis parameters like as concentration of the pre-
cursor solution, synthesis temperature, and synthesis time are
known to affect the size of the produced crystals [27,28].

In this paper, the orthorhombic Mo3VOx oxide catalysts in vari-
ous crystal sizes with different external surface areas and the same
micropore volumes were synthesized hydrothermally by adding
sodium dodecyl sulphonate (SDS, C12H25SO3Na) to preparation
solution and by changing synthesis temperature. Then, the size-
controlled catalysts were tested for the selective oxidations of
ethane and 2-propanol in order to clarify the role of the micropore
for oxidation catalysis.

2. Experiments

2.1. Catalyst preparation

The orthorhombic Mo3VOx oxides catalysts were synthesized
by hydrothermal method. 8.83 g of (NH4)6Mo7O24·4H2O (Mo:
50 mmol, Wako) was dissolved in 120 mL of distilled water. Sep-
arately, an aqueous solution of VOSO4 was prepared by dissolving
3.29 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. Then, an appropriate amount of
sodium dodecyl sulphonate (SDS, C12H25SO3Na, Wako) was added
and stirred for another 10 min. The amount of SDS added was x = 0,
0.15, 0.30, and 0.60, where x corresponds to the molar ratio of
SDS/(Mo + V). At this stage, the pH value of the solution was 3.1.
Then, the obtained mixed solution was introduced into an autoclave
with a 300 mL-Teflon inner vessel and 4000 cm2 of Teflon thin sheet
to occupy about half of Teflon inner vessel space. This sheet is indis-
pensable to get well-crystalized samples. After the introduction, N2
was fed into the solution in the vessel in order to remove residual
oxygen. The hydrothermal reaction was started at 175 ◦C for 48 h
under static conditions in an electric oven. Gray solids formed on
the Teflon sheet was separated by filtration, washed with 1000 mL
of distilled water, and dried at 80 ◦C over night. Obtained solid con-
tained amorphous type of materials as an impurity phase, so that
the dried samples were treated with oxalic acid for purification. 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 distil water after filtration. When SDS was
added, materials were washed with 500 mL of distil water, followed

by washing with 300 mL of ethanol to remove SDS and drying at
80 ◦C over night. FT-IR (Fig. S1) and CHN elemental analysis con-
firmed that SDS was completely removed by ethanol washing.

Hydrothermal synthesis was also conducted at 230 ◦C
using 250 mL-Teflon inner vessel. In this case, the amount of
(NH4)6Mo7O24·4H2O, hydrated VOSO4, and SDS were set to be
half with the same concentration. Hydrothermal reaction at this
temperature was carried out for 20 h without the Teflon sheet.
Under this condition the sheet was unnecessary because highly
crystallized materials were formed. The other procedure was
the same as described above. The general abbreviation for the
synthesized samples is MoVO-SDSx-y, where x corresponds to the
molar ratio of SDS/(Mo + V) and y corresponds to the synthetic
temperature.

2.2. Characterization of synthesized materials

The catalysts used for the ethane oxidation were characterized
by the following techniques. Powder XRD patterns were recorded
with a diffractometer (RINT Ultima+, Rigaku) using Cu-K� radiation
(tube voltage: 40 kV, tube current: 20 mA). For XRD measurements,
as-synthesized samples were briefly ground and the used samples
were mixed with Si. The samples were put on a horizontal sam-
ple holder made of glass. Diffractions were recorded in the range
of 4–60◦ with 1◦/min. FT-IR spectra were obtained using a spec-
trometer (Paragon 1000, Perkin Elmer) at room temperature in the
range of 500–2000 cm−1. SEM images were taken using an elec-
tron microscope (JSM-7400F, JEOL). Elemental compositions in the
balk were determined by ICP-AES (ICPE-9000, Shimadzu). XPS (JPC-
9010MC, JEOL) with a non-monochromatic Mg-K� radiation was
used for measuring binding energy values of Mo and V. Au was
deposited for reference (Au 4f7/2 (84.0 eV)) by using an auto fine
coater (JFC-1600, JEOL). N2 adsorption isotherms at liq. N2 temper-
ature were obtained using an auto-adsorption system (BELSORP
MAX, Nippon BELL). External surface area was determined using a
t-plot. Prior to N2 adsorption, the catalysts were evacuated under
vacuum at 300 ◦C for 2 h. Ethane adsorption isotherms at 25 ◦C were
also obtained using the same apparatus. TPD of ammonia was car-
ried out on a BELSORP apparatus. 50 mg of as-synthesized samples
were set between two layers of quartz wool. Desorption profile was
recorded with a mass spectrometer from 40 ◦C to 600 ◦C under He
flow.

2.3. 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. As-synthesized catalysts
were ground with an agate mortar for 5 min, followed by heat-
treatment under N2 atmosphere at 400 ◦C for 2 h with a fixed bed
Pyrex tubular furnace. Then, the treated catalysts were diluted with
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 350 ◦C under nitrogen flow (40 mL min−1 from the
top of the reactor). The temperature was measured with a ther-
mocouple inserted in the middle of the catalyst zone. When the
temperature reached 350 ◦C, a reactant gas with the composition
of C2H6/O2/N2 = 10/10/80 (mol%) was fed in with total flow rate of
50 mL min−1 and the catalysts were kept at this temperature for
2 h under the reactant gas flow in order to attain stable catalytic
activity. Then, the temperature was decreased to 300 ◦C and the
catalytic test started at this temperature. Reaction conditions were
as follows: catalyst weight; 0.1–0.7 g, reactant gas composition;
C2H6/O2/N2 = 10/10/80 (mol%), total flow rate; 20–50 mL min−1,
reaction temperature; 300 ◦C. Reactants and products were ana-
lyzed with three online gas chromatographs (molecular sieve 13×
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Table 1
Structural characteristics of MoVO-SDSx-y catalysts.

Catalyst Mo/V/SDSa Rod-shaped crystal Aspect ratioc Lattice parameter (nm) Int(1 2 0)/Int(0 01 )

Average diameterb (�m) Average lengthb (�m) a b c

MoVO-SDS0-175 50/12.5/0 0.40 (0.42) 1.8 4.5 2.109 2.658 0.3997 0.27
MoVO-SDS0.15-175 50/12.5/9.4 0.44 (0.53) 2.0 4.5 2.111 2.663 0.3996 0.26
MoVO-SDS0.30-175 50/12.5/18.8 0.45 (0.45) 1.5 3.3 2.110 2.660 0.3996 0.30
MoVO-SDS0.60-175 50/12.5/37.5 0.21 (0.22) 0.7 3.5 2.109 2.654 0.3996 0.17
MoVO-SDS0-230 25/6.3/0 0.76 (0.84) 3.7 4.9 2.105 2.653 0.4000 0.31
MoVO-SDS0.15-230 25/6.3/4.7 1.04 (1.10) 4.8 4.6 2.109 2.661 0.3998 0.37
MoVO-SDS0.30-230 25/6.3/9.4 0.99 (0.97) 3.4 3.4 2.104 2.653 0.3998 0.33
MoVO-SDS0.60-230 25/6.3/18.8 0.95 (0.97) 3.5 3.7 2.104 2.653 0.3998 0.32

a Preparative composition (mmol).
b Average of 100 crystallites in SEM images. Average diameter of as-synthesized crystals is shown in parentheses.
c Aspect ratio = length/diameter.

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 experimental
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. After the catalytic oxidation, the catalysts were cooled down
to room temperature under N2 flow and subjected to the various
characterizations as described above.

The oxidation of 2-propanol to acetone was also carried out
at atmospheric pressure in the same conventional vertical flow
system with a fixed bed Pyrex tubular reactor. Typical reac-
tion conditions for the selective oxidation of 2-propanol were
as follows: catalyst weight; 0.2 g, reactant gas composition;
(CH3)2CHOH/O2/N2 = 4/6/90 (mol%), total flow rate; 50 mL min−1,
reaction temperature; 150 ◦C. Blank runs showed that no reaction
took place without catalysts under the experimental conditions
used in this study.

3. Results and discussion

3.1. Structural characteristics of MoVO-SDSx-y catalysts

Fig. 2 shows SEM images of the as-synthesized catalysts. In all
cases the crystals were rod-shaped regardless of the SDS addition
and the synthetic temperature, while the diameter of the rod-
shaped crystals was found appreciably different depending on the
synthetic conditions. In the case of the y = 175 condition, only faint
SDS addition effects on crystal size were observed in x = 0.15, 0.30,
probably because the amount of SDS was not enough to change
the crystal size. Nevertheless, further addition of SDS to x = 0.60
caused clear decrease in the diameter of the rods. As expected,
SDS tended to form smaller size of rods in diameter in the case of
MoVO-SDSx-175 synthesis, implying that SDS facilitates the nucle-
ation more than the crystal growth at 175 ◦C. In the case of y = 230
on the other hand, the average diameters of the rods of x = 0, 0.15,
0.30, and 0.60 were determined to be 0.76, 1.04, 0.99, and 0.95 �m,
respectively, which were apparently larger compared to 0.40 �m
of MoVO-SDS0-175. SDS seems not accelerate the nucleation in the
case of y = 230 and even facilitate the uniform crystal growth. State
of SDS and its behavior seem different depending on the hydrother-
mal temperature [29]. This observation was clearly supported by
XRD analysis of the as-synthesized samples as shown in Fig. S2(A).
All of the MoVO-SDSx-y samples showed characteristic XRD peaks
(Cu-K�) at 2� = 6.6◦, 7.8◦, 9.0◦, 22.2◦, and 45.3◦, which were derived
from the orthorhombic structure. No XRD peaks other than those
of the orthorhombic structure were observed in the as-synthesized
MoVO-SDSx-y. Furthermore, most of the as-synthesized samples
gave intense peaks at 2� = 6.6◦, 7.8◦, and 9.0◦ ascribable to (0 0 2),
(1 2 0), and (2 1 0) planes compared to those at 2� = 22.2◦ and 45.3◦

ascribable to (0 0 1) and (0 0 2) planes. The prominent example was
MoVO-SDS0.60-230 with very high peak intensities ratios of (1 2 0)
and (0 0 1), Int(1 2 0)/Int(0 0 1), whereas the poor example in term
of Int(1 2 0)/Int(0 0 1) was MoVO-SDS0.60-175. This result indicates
that crystallization to a–b direction was prominently enhanced
by temperature with an additional effect of SDS, since the higher
Int(1 2 0)/Int(0 0 1) is, the higher the crystallization to a–b direction is.

Fig. S2 also shows XRD patterns of the catalysts used for the
ethane oxidation and Table 1 summarizes the lattice parameters
and the peak intensities ratios Int(1 2 0)/Int(0 0 1) of the catalysts after
the catalytic test. Again, all of the MoVO-SDSx-y samples showed
the characteristic XRD peaks derived from the orthorhombic struc-
ture with no other XRD peaks even after the use for the oxidation,
revealing high structural stability of the catalysts under the cat-
alytic reaction conditions. However, slight changes were observed
in the lattice parameters compared to those of the as-synthesized
samples (MoVO-SDS0-175: a = 2.105 nm, b = 2.647, c = 0.3996). This
is due to the change in oxidation state of the catalysts, as we have
reported that the lattice parameters of the orthorhombic Mo3VOx

depend on its oxidation state [15]. In other words, the lattice param-
eter reflects the oxidation state of the catalysts. On the basis of
this relationship, one can confirm that all the catalysts after the
use assumed almost the same oxidation state, as listed in Table 1
which shows very faint differences in the lattice parameters among
the used catalysts.

Large changes in the peak intensities ratios of Int(1 2 0)/Int(0 0 1)
were observed as can be seen in Fig. S2(B). This is simply because
of the grinding effect before use as catalysts. Important is that the
peak intensities ratios (Table 1) are not largely different among the
used catalysts except MoVO-SDS0.60-175 of which crystal size is
too small compared to the others. All of the rod-shaped crystals
are easily broken by grinding to shorter rod crystals because of
the crystal habit [16]. In fact, it was observed in the SEM images
shown in Fig. 2 that the diameter of the rod-shaped crystals was
kept in the used catalysts but the length was diminished largely.
The histograms of the diameter and length of the ground catalysts
after the catalytic test are shown in Fig. 3 and the average diameter
of the rods, average length of the crystalline, and aspect ratio are
summarized in Table 1. Although there observed distributions of
the diameter and the length to some extents in all the samples,
it is notable that the lengths increased as the diameters increased
in average. This result is concomitant with the observed similar
XRD peak intensities ratio shown in Table 1. Thus, the aspect ratios
of the ground catalysts after the catalytic test were found almost
comparable. The catalysts synthesized here are still mixtures of the
similarly shaped crystalline with different sizes but it appears that
the crystalline size was effectively controlled by using SDS and by
changing the temperature under the hydrothermal condition.

Chemical compositions for the ground catalysts after the cat-
alytic test are listed in Table 2. The bulk compositions of the
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Fig. 2. SEM images of as-synthesized catalysts and used catalysts. (a), (a�) MoVO-SDS0-175; (b), (b�) MoVO-SDS0.15-175; (c), (c�) MoVO-SDS0.30-175; (d), (d�) MoVO-SDS0.60-
175; (e), (e�) MoVO-SDS0-230; (f), (f�) MoVO-SDS0.15-230; (g), (g�) MoVO-SDS0.30-230; and (h), (h�) MoVO-SDS0.60-230. Apostrophe represents used catalysts.

catalysts were found to be almost the same and the ratios of V/Mo
were in the range of 0.36–0.39. The ratios indicate that the unit cells
of synthesized orthorhombic structure are comprised by ca. 29 of
Mo, ca. 11 of V, and 112 of O, respectively, and the values were
consistent with the previously reported data [11,16]. It was also
confirmed by XPS that the surface compositions as well as binding
energies (Table 2) of Mo and V were almost the same for all the cat-
alysts, indicating that the catalysts are in the same oxidation state,
in accordance with the results of XRD analysis as described above.

3.2. Surface area and microporous property of MoVO-SDSx-y
catalysts

N2 adsorption isotherms are illustrated in Fig. S3. All of the
ground catalysts after the catalytic test adsorbed N2 appreciably
at a relative pressure of P/P0 lower than 1.0 × 10−5, which reveals

Table 2
Elemental composition and binding energy of Mo and V of MoVO-SDSx-y catalysts.

Catalyst Composition Binding energy (eV)

Bulk V/Mo Mo–V–O atomic
ratio

Mo3d5/2 V2p3/2

MoVO-SDS0-175 0.38 Mo29.0V11.0O112 232.0 516.0
MoVO-SDS0.15-175 0.38 Mo29.0V11.0O112 232.0 515.8
MoVO-SDS0.30-175 0.39 Mo28.8V11.2O112 231.8 515.7
MoVO-SDS0.60-175 0.36 Mo29.4V10.6O112 231.9 515.9
MoVO-SDS0-230 0.39 Mo28.8V11.2O112 231.9 515.9
MoVO-SDS0.15-230 0.39 Mo28.8V11.2O112 231.8 515.6
MoVO-SDS0.30-230 0.39 Mo28.8V11.2O112 231.9 515.9
MoVO-SDS0.60-230 0.37 Mo29.2V10.8O112 232.0 515.8

microporosity, and N2 adsorption on the external surface contin-
ued at higher region of the relative pressure of P/P0. From these
data we calculated external surface area by t-plot method in order
to obtain conformity between the crystalline size and the external
surface area. The results are listed in Table 3. When compared both
of them, one can easily see that the external surface area decreased
in order of the crystalline size increase. This reasonable conformity
may allow us to eliminate a considerable contribution of possible
voids that might exist in the crystal to the external surface area. The
side area and the section area are also listed, which were calculated
based on the measured external surface area by using the values
of the average diameter and the average length of the rod-shaped
crystals (Table 1). The side area and the section area decreased with
the increase of the average diameters of the rod-shaped crystals.

Different from the substantial changes in the external surface
area along with the crystalline size, the catalysts showed unam-
biguous constancy in microporous property as follows. We have
already reported that the orthorhombic Mo3VOx possessed the
empty heptagonal channel with 0.39 nm in diameter, which can
act as a micropore and was proposed as catalytic active sites for
ethane selective oxidation [14–16]. Here again, ethane adsorption
experiments at room temperature were carried out for the used
catalysts with various crystalline sizes. Fig. 4 and Table 3 show
the ethane adsorption isotherms and the micropore volume esti-
mated by DA method using the ethane adsorption isotherms. The
micropore volume was in the range of 16.1–18.8 × 10−3 cm3 g−1

and apparently unaffected by the crystalline size. The theoretical
micropore volume of the orthorhombic Mo3VOx crystal was cal-
culated to be 22.4 × 10−3 cm3 g−1 [14]. The calculated value was
obviously higher than those of the observed. The fact suggests
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Fig. 3. Diameter (red bar) and length (blue bar) of used catalysts. (a�) MoVO-SDS0-175, (b�) MoVO-SDS0.15-175, (c�) MoVO-SDS0.30-175, (d�) MoVO-SDS0.60-175, (e�) MoVO-
SDS0-230, (f�) MoVO-SDS0.15-230, (g�) MoVO-SDS0.30-230, and (h�) MoVO-SDS0.60-230. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)

that the heptagonal channels in the some parts of the crystalline
cannot be utilized for the ethane adsorption probably due to struc-
ture faults during the crystal formation. Nevertheless, the ethane
adsorption results evidently confirm the existence of the hep-
tagonal channel micropore where ethane molecules can freely
access.

The existing of the heptagonal channel micropore in all of the
catalysts was also elucidated by ammonia TPD analysis. If ammonia
is assumed to exist only on the external surface, in MoVO-SDS0.15-
230 with 1.2 m2 g−1 external surface area for example, the amount
of ammonia was calculated to be 25.4 �mol g−1. On the other hand,
if ammonia is assumed to be confined as ammonium cation in the
heptagonal channel only (note that the hexagonal channel is too

small to confine the ammonia), the amount of ammonia in the
orthorhombic Mo3VOx was calculated to be 745 �mol g−1 which
should be independent of the external surface area [30]. In the
ammonia TPD results, the amounts of ammonia desorbed from the
as-synthesized catalysts were in the range of 520–786 �mol g−1

(Table 3), which are closer to the calculated value when ammo-
nia was assumed to be confined in the heptagonal channel rather
than those on the external surface only. The results strongly sup-
port that the heptagonal channel in the whole crystalline particles
provides place where ammonia cations can locate to neutralize
the charge of the Mo–V–O structure matrix and migrate to out-
side particles under TPD conditions leaving empty heptagonal
channels.

Table 3
Surface properties and micropore volume of MoVO-SDSx-y catalysts.

Catalyst Surface area (m2 g−1) Micropore volumea (10−3 cm3 g−1) Amount of ammonia
desorptionb (�mol g−1)

External surface area Side area Section area

MoVO-SDS0-175 7.2 6.5 0.7 17.7 771
MoVO-SDS0.15-175 7.2 6.5 0.7 16.6 671
MoVO-SDS0.30-175 7.3 6.3 1.0 18.8 621
MoVO-SDS0.60-175 14.0 12.1 1.9 17.3 520
MoVO-SDS0-230 5.3 4.8 0.5 16.7 786
MoVO-SDS0.15-230 1.2 1.1 0.1 16.6 762
MoVO-SDS0.30-230 3.9 3.4 0.5 18.5 721
MoVO-SDS0.60-230 5.5 4.8 0.7 16.1 591

a Measured by ethane adsorption at room temperature and determined by the DA method.
b Desorbed amount ammonia from as-synthesized catalysts analyzed by TPD.
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Fig. 4. Ethane adsorption isotherms at room temperature for used catalysts. MoVO-
SDS0-175 (closed triangle), MoVO-SDS0.15-175 (closed circle), MoVO-SDS0.30-175
(closed square), MoVO-SDS0.60-175 (closed lozenge), MoVO-SDS0-230 (open
triangle), MoVO-SDS0.15-230 (open circle), MoVO-SDS0.30-230 (open square),
MoVO-SDS0.60-230 (open lozenge).

3.3. Selective oxidation of ethane and 2-propanol

As demonstrated above we successfully prepared a number of
the orthorhombic Mo3VOx catalysts with different crystalline sizes,
so that by using these catalysts we are now allowed to evaluate
the contributions of external surface as well as micropore to oxi-
dation catalysis. Here, the selective oxidative dehydrogenation of
ethane that accessible to the micropore and that of 2-propanol that
inaccessible to the micropore were conducted over the synthesized
catalysts. The catalytic results are shown in Fig. 5 and summarized
in Table 4. All of the catalysts showed ca. 30% of conversion for
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Fig. 5. Conversion changes as a function of external surface area in the selective
oxidation of ethane (circle) and 2-propanol (square) over MoVO-SDSx-y catalysts.
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Fig. 6. Change of ethane conversion over MoVO-SDS0-175 (triangle), MoVO-
SDS0.60-175 (lozenge), and MoVO-SDS0.15-230 (circle) catalysts as a function of
contact time. Contact time was controlled by changing the reaction gas feed (open
symbol) or by changing the catalyst amount (closed symbol).

ethane and ca. 90% of selectivity to ethene at 300 ◦C at the contact
time of 0.010 gcat min mL−1. It is rather surprising to see from Fig. 5
that the catalysts revealed almost the same catalytic activity for the
selective oxidation of ethane in spite of that the external surface
of the catalysts are largely different each other. This fact strongly
implies that the external surface area had almost no contribution
to the catalytic activity for ethane oxidation and even suggests that
ethane molecules are activated in the micropore under the catalytic
oxidation conditions. This suggestion seems reasonable by taking
into account the fact that ethane can freely enter the heptagonal
channel micropore.

To obtain more supports to the suggestion, we conducted three
more catalytic tests; (1) under different contact time by changing
either catalyst amount or reactant flow rate, (2) over the catalyst
without grinding, and (3) over the catalyst with more uniform crys-
talline size distribution. The results for the first are illustrated in
Fig. 6. The tested catalysts were MoVO-SDS0-175, MoVO-SDS0.60-
175, and MoVO-SDS0.15-230, of which crystal sizes were 0.40 �m,
1.04 �m, and 0.22 �m, respectively. Here again, these three cat-
alysts showed almost the same catalytic activity for the ethane
oxidation even under the different contact times and also no effect
of the way of changing the contact time on the conversion of ethane
was observed. The latter result reveals no diffusion effects on the
selective oxidation of ethane over the catalysts.

For the second, the following experiment was conducted. The
treatment of grinding before the catalytic tests is important for
the orthorhombic Mo3VOx, because the section part possessing the
heptagonal channel micropore as catalytic active sites for selec-
tive oxidations of light alkanes can be easily exposed by grinding
because of the rod-shaped crystals [16]. In fact, the grind treat-
ment has been reported to give a significant increase in the catalytic
activity for the selective oxidation of propane [2]. However, in the
case of the selective oxidation of ethane, no change by grinding
should be observed if our speculation in the above-mentioned is
correct. Thus, MoVO-SDS0-175 catalysts with or without the grind
treatment were tested. The catalyst without grinding is abbreviated
as MoVO-SDS0-175-non. Fig. S5 showed SEM images of MoVO-
SDS0-175 and MoVO-SDS0-175-non. The length of the rod-shaped
crystal of MoVO-SDS0-175-non was absolutely longer than that
of MoVO-SDS0-175. We hardly measured the aspect ratio of the
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Table 4
Selective oxidation of ethane over MoVO-SDSx-y catalysts.a

Catalyst Reaction
temperature (◦C)

Conversion (%) Selectivity (%)

C2H6 O2 C2H4 COx CH3COOH

MoVO-SDS0-175 302 27.5 24.5 92.4 5.3 2.7
MoVO-SDS0-175-non 298 26.2 21.3 86.9 11.0 1.3
MoVO-SDS0.15-175 299 29.0 20.6 89.4 7.1 2.9
MoVO-SDS0.30-175 300 28.4 20.1 89.4 7.0 2.7
MoVO-SDS0.60-175 298 30.0 20.9 89.6 5.6 2.3
MoVO-SDS0-230 297 29.2 20.4 89.5 8.0 2.1
MoVO-SDS0-230-oxa 301 31.5 22.8 90.3 6.9 2.5
MoVO-SDS0.15-230 298 32.1 23.0 90.4 7.4 2.1
MoVO-SDS0.30-230 301 31.8 23.6 88.9 8.0 2.1
MoVO-SDS0.60-230 300 28.1 17.4 89.6 8.2 2.2

a Reaction condition for ethane oxidation: catalyst weight, 0.5 g; reaction temperature, 300 ◦C; reaction gas feed, C2H6/O2/N2 = 5/5/40 mL min−1.

rod-shaped crystals of MoVO-SDS0-175-non because the length
was too long (roughly 100 �m). Therefore, the exposed section
area of MoVO-SDS0-175-non should be much smaller than that of
MoVO-SDS0-175. However, surprisingly both MoVO-SDS0-175 and
MoVO-SDS0-175-non showed almost the same ethane conversion
as can be seen in Table 4. This astonishing result may imply either
that the micropore in the whole particle involves in the reaction
or that the side surface only contributes to the oxidation activity,
because both the factors, the micropore volume and the external
side surface area are the same for the two catalysts. The latter
possibility is, however, easily excluded by the experimental facts
that the catalysts having different side areas showed almost the
same catalytic activity as already shown in Tables 3 and 4. At the
same time, it can be confirmed that the contribution of the section

surface to the oxidation activity is negligible, since the section sur-
face area is expected extremely low for the unground sample.

For the third, the following experiment was conducted. Prior
to the reaction tests, the grinding treatment was made for all of
the catalysts. In this process, crystalline fragments might form and
possibly posses a significant catalytic activity in the ethane oxi-
dation. To exclude this possibility, the ground MoVO-SDS0-230
sample, which had clearly some small crystalline fragments as can
be seen in the SEM images (Fig. 2(e�)), was treated with oxalic acid
to remove the fragments and then tested for the ethane selec-
tive oxidation. The oxalic acid treatment was carried out for the
sample which was ground for 5 min by an agate mortar. To 25 mL
aqueous solution (0.4 mol L−1, 60 ◦C) of oxalic acid, 1 g of the sam-
ple was added and stirred for 30 min at this solution temperature,

Fig. 7. Top (top) and side (bottom) perspective views showing the ethane/orthorhombic Mo3VOx catalysts analyzed by Monte Carlo method. (a) ethane is located in the
heptagonal channel (�E = 12.1 kcal mol−1) and (b) ethane is located on the surface of the heptagonal channel (�E = 9.7 kcal mol−1).
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then washed with 500 mL of distil water, followed by the heat-
treatment under N2 flow at 400 ◦C for 2 h. The obtained sample
is abbreviated as MoVO-SDS0-230-oxa. Although little fragments
were still observed in MoVO-SDS0-230-oxa in SEM image (Fig. S4),
the oxalic acid treatment substantially removed the fragments.
MoVO-SDS0-230 and MoVO-SDS0-230-oxa were compared for the
ethane selective oxidation to investigate the effects of the frag-
ments to the reaction. Even after the oxalic acid treatment, no
catalytic activity changes were found (Table 4). The results directly
support that the oxidation activity of the catalysts was not affected
by the crystalline size and oxidation activity per weight is indepen-
dent of the crystalline size.

In order to further demonstrate the role of the micropore we
tested the catalysts for the oxidation of 2-propanol. 2-Propanol is
much larger molecule (0.47 nm in diameter of the smallest by d-
Mol calculation) than ethane (0.40 nm in diameter), so that catalytic
function of only external surface will be evaluated. The results are
also illustrated in Fig. 5. As expected, the conversions of 2-propanol
to acetone increased monotonously with the increase of the exter-
nal surface area of the catalysts. The conversion became nearly zero
when MoVO-SDS0.15-230 with the lowest external surface area
was used. The molecular size of 2-propanol is too large to enter
the heptagonal channel. Therefore, the strong dependency on the
external surface area was observed in the oxidation of 2-propanol.
However, at present it is hard to speculate where 2-propanol oxi-
dation can take place, either or both of the heptagonal channel sites
on the section surface and the side surface.

3.4. Monte Carlo simulation

Monte Carlo simulation for orthorhombic Mo3VOx was carried
out to calculate the adsorption energies of ethane in the heptagonal
channel micropore. Two representative configurations of ethane
adsorption with low ethane adsorption energies are shown in Fig. 7
(view of the crystal side of the orthorhombic Mo3VOx). In each
configuration ethane molecule locates in or near the heptagonal
channel. The highest ethane adsorption energy (12.1 kcal mol−1)
was obtained when ethane molecule is confined inside the hep-
tagonal channel in horizontal arrangement. Compared to this
configuration, lower ethane adsorption energies (9.7 kcal mol−1)
were calculated when ethane adsorbed on the surface of the hep-
tagonal channel. This simulation result is also a strong support of
our assumption that ethane favorably goes into the micropore to
be reacted.

4. Conclusion

Based on all the above results we conclude that ethane molecule
enter the heptagonal channel micropore and go through with-
out diffusion barrier under the condition of the ethane selective
oxidation. During ethane going through the heptagonal channel
micropore, ethane oxidation takes place. Ethane could be acti-
vated and converted to ethene by oxidative dehydrogenation with

lattice oxygen of the heptagonal channel. This is the reason why the
present orthorhombic Mo3VOx catalyst with empty micropore is
superior to the same type of the catalyst with occupied micropore.
There are tremendous numbers of scientific researches on clarifying
the role of pores in zeolite catalysts. However, effects of micropore
on gas-phase oxidation of organic compounds over complex metal
oxide catalysts have been merely studied since micropore is simply
thought responsible for deep oxidation to form CO2. The presented
work here successfully demonstrates the role of micropore in the
selective oxidation of ethane for the first time and will pave a way
for developing evolutional oxidation catalysts based on complex
metal oxides with high-dimensional crystal structures.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.apcata.
2013.07.050.
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� Morphology and surface chemical
state of Ag powders affected the ORR
activity.

� Defective and oxidized surface en-
hanced Ag active surface area during
the ORR.

� Ag particles with defective and
angular surfaces exhibited higher
specific activity.
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a b s t r a c t

The oxygen reduction reaction (ORR) in an alkaline solution was carried out using Ag powders having
various particle morphologies and surface chemical states (Size: ca. 40e110 nm in crystalline size. Shape:
spherical, worm like, and angular. Surface: smooth with easily reduced AgOx, defective with AgOx, and
Ag2CO3 surface layer). The various Ag powders were well characterized by X-ray diffraction, X-ray
photoelectron spectroscopy, N2 adsorption, scanning electron microscopy, Raman spectroscopy, cyclic
voltammetry, and stripping voltammetry of underpotential-deposited lead. Defective and oxidized sur-
faces enhanced the Ag active surface area during the ORR. The ORR activity was affected by the
morphology and surface chemical state: Ag particles with defective and angular surfaces showed smaller
electron exchange number between three and four but showed higher specific activity compared to Ag
particles with smooth surfaces.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Alkaline anion exchange membrane fuel cells (AAEMFCs) have
attracted considerable attention owing to their potential for the
application of non-Pt metals as electrode catalysts due to the less
corrosive environment for the catalysts than proton exchange mem-
brane fuel cells (PEMFCs) [1e7]. To achieve high oxygen reduction
reaction (ORR)activity, comparable toPt catalysts,variousmetals such
asAg [8e16], Au [3,13,17], Pd [12,18,19],Ni [20], andmanganeseoxides
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[16,21e24] have been studied. One effective strategy to enhance cat-
alytic activity for the ORR is controlling the size of metal particles. For
example,Chenetal. clearlypresentedthesize-dependentORRactivity
of Pd supported on carbon (Pd/C) by evaluation of the ORR activity
normalized to the Pd active surface area andmass [12]. In their study,
the highest ORR activity was observed on Pd particles (ca. 5 nm in
diameter) supported on carbon when the size of Pd nanoparticles
decreased from16.7 to3nm. ForAucatalysts, it hasbeen reported that
Aunanoclusterswith a diameter less than2nmrepresentedhighORR
activity deviating frombulk Aubehavior [17]. Li et al. represented that
large Ag particles (174 nm in diameter) showed a four-electron
reduction of oxygen, and fine Ag nanoparticles (4.1 nm in diameter)
showed a large two-electron pathway contribution, which indicates
that larger Ag particles reduce oxygen more efficiently [11]. On the
other hand, a 2.3 electron ORR pathway on 20wt% Ag/C with 47.7 nm
of Ag particles and a 3.6 electron ORR pathway on 20 wt% Ag/C with
15nmofAgparticles havebeen also reported [9,25]. Thus, it is evident
that the effect of size on the ORR activity is still not well understood.
This would be due to other factors related to the ORR, such as loading
amount, morphology, and surface chemical state [8,10,16,21,26,27].

Among the non-Pt metals described above, Ag is regarded as the
most promisingmetal to replace Pt owing to its abundance, relatively
low cost, and high activity [3,6,8,10,28]. Interestingly, considering Ag
catalysts for the ORR in a previous study, it was proposed that the
redox property of the Ag catalyst is a controlling factor of the ORR
catalytic activity [10,29]. It is assumed that the structure and surface
chemical state of Ag affect the redox property and the ORR activity
[29,30]. For other metal catalysts, the surface chemical state as well
as the structure has an effect on the ORR activity [16,19,21,31e34].
However, few studies have investigated the effect of the surface
chemical state of Ag on the ORR activity [30,35,36].

We investigated the effect of Agmorphology and surface chemical
state on the ORR activity in alkaline solutions using various Ag par-
ticles well characterized by X-ray diffraction (XRD), N2 adsorption,
scanning electron microscopy (SEM), X-ray photoelectron spectros-
copy (XPS), Raman spectroscopy, cyclic voltammetry (CV), and
stripping voltammetry of underpotential-deposited lead (Pbupd).

2. Experimental

2.1. Catalysts

Ag metal powders used in this study were purchased from
Aldrich (Ag-A), Kojundo Chemical Lab. Co., Ltd. (Ag-K), and Kishida
Chemical Co., Ltd. (Ag-KC). As a reference, a Ag/C catalyst with
60 wt% loading on a carbon black (CB) was purchased from E-Tek
Co. (Ag/C-E). For electrochemical measurements, the Ag powders
were physically mixed with Vulcan XC-72R CB (Cabot Corp.) to
prepare Ag catalysts (Ag loadings: 60 wt% for Ag-A and Ag-K, 90 wt
% for Ag-KC).

2.2. Characterization

XRD patterns of samples were recorded on a Rigaku MiniFlex II/
AP diffractometer with Cu Ka radiation. The crystallite size of the Ag
powder was evaluated from the half-width of the Ag(111) line using
the Scherrer equation after correcting for instrumental peak
broadening using the half-width of Si(111) of silicon powder pur-
chased from Kishida Chemical Co., Ltd. The Scherrer constant was
assumed to be 0.9. The morphology of Ag particles was observed
using a JEOL JSM-7500FA scanning electron microscope. XPS were
acquired on a JPS-9000MC system (JEOL Ltd.) using Al Ka radiation.
BrunauereEmmetteTeller (BET) specific surface area of Ag pow-
ders was measured by N2 adsorption at 77 K on a BELSORP 28SA

(Bel Japan, Inc.) instrument. Prior to measurements, each sample
was outgassed at room temperature for 2 h.

Raman spectra were measured on a JASCO RMP-330 spectro-
photometer equipped with a 532 nm green semiconductor laser as
an excitation source. The samples were filled in an in situ diffuse
reflectance cell having a quartz window (15 mm) and an internal
heating system connected to a gas flow system [37]. A 20� objec-
tive optical lens was used to focus the depolarized laser beam on
the sample surface and to collect the backscattered light. The
backscattered light was dispersed by a single-stage spectrometer
with 1800-groove mm�1 grating and acquired by an air-cooled
1024 � 256 pixel charge-coupled device. The Raman scattering
was collected in the spectral region of 89.28e1324.29 cm�1 with a
resolution of 1 cm�1. The exposure time was 120 s for Ag-A, 5 s for
Ag-K, and 60 s for Ag-KC, and five scans were accumulated for each
spectrum. As references, the spectra of Ag2O and Ag2CO3 were
purchased from Kishida Chemical Co., Ltd. and Mitsuwa Chemical
Co., Ltd., respectively. The sample was filled in the cell and
measured at room temperature. The in situ Raman spectra were
collected under 20 mL min�1 H2 flow at a given temperature.

2.3. Cyclic voltammetry, Pbupd stripping voltammetry, and the ORR
measurement

Cyclic voltammograms (CVs), Pbupd stripping voltammograms,
and linear sweep voltammograms for the ORR were obtained using
the rotating disk electrode (RDE) setup with a potentiostat (HZ-
5000 (HAG-3001), Hokuto Denko Corp.).

Catalyst ink was prepared by ultrasonic mixing of a suspension
of 10e20 mg of catalysts in a mixed solution of 1 mL of 1-hexanol
and 21.7 mL of an ionomer solution (AS-4 solution (5 wt% in 1-
propanol, Tokuyama Corp.)). The catalyst ink was dropped on the
glassy carbon substrate of the RDE (HR2-D1-GC-5, 5 mm in diam-
eter, 0.196 cm2, Hokuto Denko Corp.) in 2.5e5 mL. After the ink was
dried on the substrate, 7 mL of a diluted ionomer solution (0.05 wt%
in 1-propanol) was dropped on the disk.

The ORR was carried out in an O2-purged 0.1 M NaOH aqueous
solutionusing a three-electrode cellwith a Ptwire counter electrode
and aHg/HgO/0.1MNaOH (Hg/HgO/OH�) reference electrode. After
the NaOH solutionwas saturated with O2 gas by purging for at least
0.5 h, the ORR was recorded by sweeping the potential from 0.2
to �0.8 V vs Hg/HgO/OH� at 20 mV s�1 at 293 K. CV and Pbupd
stripping voltammetry were performed in a N2-purged 0.1 M NaOH
solution and the solution containing 125 mMPb(NO3)2, respectively,
(10 mV s�1, 293 K). The Pbupd strip voltammogram was obtained
after Pb deposition at �0.7 V vs Hg/HgO/OH� for 300 s.

3. Results and discussion

3.1. Physical characterization

Table 1 lists the crystallite size evaluated by XRD (Fig. S1) and
the BET surface area (SABET) of Ag-A, Ag-K, and Ag-KC. The order of
crystallite sizewas Ag-A (38 nm)< Ag-K (62 nm)< Ag-KC (113 nm).
Ag powders with smaller crystallite size exhibited larger BET sur-
face area values. Fig. 1 shows typical SEM images of Ag powders
used in this study. Ag-A exhibited spherical and relatively mono-
dispersed particles ca. 50 nm in diameter (Fig. 1(a)). Ag-K was
composed of variously sized (ca. 10 nme1 mm) particles having a
worm-like shape (Fig. 1(b)). Ag-KC particles had angular shape and
various sizes (ca. 50 nm to 2 mm) (Fig. 1(c)). The particle size of Ag-A
observed by SEM (ca. 50 nm) was comparable to the crystallite size
evaluated by XRD (38 nm); however, those of Ag-K and Ag-KC were
different from the corresponding crystallite sizes. It is likely that the

J. Ohyama et al. / Journal of Power Sources 245 (2014) 998e1004 999

─ 189 ─



Ag-K and Ag-KC particles were composed of 62 and 113 nm Ag
crystallites, respectively, as evaluated by XRD.

Fig. 2 shows Ag 3d XPS of the Ag powders. The Ag 3d5/2 XPS peak
binding energy of Ag-A was 368.2 eV, which is consistent with the
previously reported peak energy of Ag metal [38,39]. On the other
hand, the Ag 3d5/2 peak energies of Ag-K and Ag-KC were lower
than Ag-A (367.6 and 368.0 eV, respectively). It has been reported
that Ag oxides (and Ag2CO3) present peaks at lower binding energy
[38,39]. Thus, the XPS analysis indicated that Ag-K and Ag-KC were
in a more oxidized state than Ag-A.

Fig. 3 shows the Raman spectra of Ag powders used in this study.
Ag2O and Ag2CO3 are used as references. The Raman spectrum of
Ag-K exhibited an intense band around 661 cm�1 and small bands
around 485, 758, and 960 cm�1 (Fig. 3(b)). We assigned the band at
661 cm�1 to subsurface oxygen species in the vicinity of defects and
the other small bands around 485, 758, and 960 cm�1 to dissolved
atomic oxygen in the silver lattice, AgIII]O species, and adsorbed

Fig. 1. Typical SEM images of (a) Ag-A, (b) Ag-K, and (c) Ag-KC.

Table 1
Results of physical and electrochemical characterization of Ag powders used in this study.

Ag powder Crystallite
size (nm)a

SABET

(m2 g�1)b
Particle morphology and surface
chemical statec

ESA (m2 g�1)d ESA/SABET (%)e

Ag-A 38 4.7 Spherical particle with easily reduced
AgOx species on smooth surface

4.2 90

Ag-K 62 2.5 Worm-like particle with subsurface
oxygen at surface defect

3.5 142

Ag-KC 113 0.5 Angular particle with surface Ag2CO3

layer and defect
0.6 122

a Evaluated from XRD line width of Ag(111) using Scherrer equation.
b BET surface area.
c Analyzed by CV, SEM observation, and Raman spectroscopy.
d Electrochemically active surface area determined by Pbupd stripping voltammetry.
e The ratio of ESA to SABET.

Fig. 2. Ag 3d XPS of (a) Ag-A, (b) Ag-K, and (c) Ag-KC.
Fig. 3. Raman spectra of (a) Ag-A, (b) AgeK, and (c) Ag-KC, together with (d) Ag2CO3

and (e) Ag2O as references.
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O2
� species, respectively, although the bands appeared at a

different Raman shift from those of previous reports [40e44]. This
difference is possibly due to the difference in morphology (size and
shape) between Ag-K and previously reported Agmetal. The Raman
spectrum of Ag-A powder exhibited a relatively intense band
around 940 cm�1, which is attributable to adsorbed O2

� and small
bands around 645 and 758 cm�1, which are attributable to sub-
surface oxygen species and AgIII]O species, respectively (Fig. 3(a)).
The Raman bands of Ag-A were much weaker than those of Ag-K
(Fig. S2). In particular, the band around 661 cm�1 of Ag-K was
(ca. 25 times larger than that around 645 cm�1 of Ag-A). It has been
reported that an intense band derived from subsurface oxygen
species in the vicinity of defects was observed on a Ag catalyst
having a highly defected structure and not on that with smooth
structures. Thus, the much higher intensity of the band around
661 cm�1 of Ag-K than that of Ag-A indicates a highly defected
structure and a large amount of subsurface oxygen species for Ag-K
compared to Ag-A, although accurate results are not possible owing
to the limitations of surface-enhanced Raman spectroscopy [40].
Transmission electron microscopy analysis also showed the
defective worm-like structure of Ag-K and the spherical smooth
surface of Ag-A (Fig. S3). Compared to Ag-A, the AgOx species on
Ag-K were stable to heat under H2 flow (Fig. 4). In other words,
oxygen species in the boundary of the Ag particle or a defected
structure are more stable than those in a Ag particle with a smooth
surface [40]. For Ag-KC, the Raman spectrum contained bands at
approximately the same Raman shifts as those of Ag2CO3 (Fig. 3(c)
and (d)); comparable bands were also observed on the spectrum of
as purchased Ag2O (Fig. 3(e)). The Raman spectrum of treated Ag2O
is shown in Fig. S4. Ag-KC might have a Ag2O layer adsorbing CO2,

although the resulting Ag2CO3 layer was not detected by XRD
(Fig. S1). Table 1 summarizes the results of physical characteriza-
tion of the Ag powders.

3.2. Electrochemical characterization

Fig. 5 shows the CVs of Ag catalysts in a N2 saturated 0.1MNaOH
aqueous solution. All Ag catalysts exhibited three anodic peaks and
a cathodic peak. The feature of CVs, particularly of the anodic curve,
was different from each other. The anodic curve had three peaks
derived from silver dissolution and the formation of a surface
monolayer of Ag2O films at ca. 0.23 V (denoted as A1), the formation
of AgOH at ca. 0.30 V (A2), and the formation of Ag2O at ca. 0.38 V
(A3) (Table S1). The Ag-A anodic curvewas well consistent with that
of previously reported Ag spherical nanoparticles [10,30] which
agree with the result of physical characterization by SEM and
Raman spectroscopy. Ag-K presented smaller peak current ratios of
A1/A3 and A2/A3 than Ag-A (Table S1), and the anodic curve was
similar to that of polycrystalline Ag reported elsewhere. Thus, in the
case of Ag-K, the CV analysis results supported the physical char-
acterization that Ag-K had defected structures and angular shapes.
The CV of Ag-KC was similar to that of Ag-K. It is suggested that Ag-
KC with angular shapes and Ag2CO3 on the surface has defective
structures. On the basis of these results, it is reasonable to conclude
that the surfaces of Ag-K and Ag-KC are more defective than Ag-A.

Fig. 6 shows Pbupd stripping voltammograms for the series of Ag
catalysts [45]. The Pbupd stripping and deposition reaction on Ag in
alkaline solutions can be represented as follows.

Pbupd þ 3OH�%HPbO2
� þH2Oþ 2e�

It should be noted that the CVs of Ag catalysts (Fig. 5) do not
exhibit redox peaks in the potential range of Pbupd stripping vol-
tammograms (Fig. 6). Thus, the anodic and cathodic peaks shown in
Fig. 6 are derived from the stripping and deposition of Pb, respec-
tively. The Pbupd stripping curves (anodic curves) of the Ag catalysts
show two representative peaks at ca. �0.50 (denoted as S1)
and�0.55 V (S2) vs Hg/HgO/OH�. The feature of the voltammogram
was similar to that of Ag nanoparticles in 0.1 M KOH aqueous so-
lutions, as reported previously [35]. The three catalysts exhibited
different ratios of S1 to S2 peak current of the anodic curves. More
specifically, Ag-A exhibited the highest peak current ratio, and Ag-K
showed the lowest. It is possible that S1 and S2 are derived from
smooth and defective surfaces, respectively.

Fig. 4. In situ Raman spectra obtained on (a) Ag-A and (b) Ag-K under H2 flow at
various temperatures.

Fig. 5. Cyclic voltammograms of Ag-A (solid), Ag-K (dotted), and Ag-KC (dashed) in N2

saturated 0.1 M NaOH aqueous solution. Scan rate: 10 mV s�1. The amount of Ag metal
on a disk electrode of Ag-A: 30 mg; Ag-K: 15 mg; Ag-KC: 90 mg.
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The electrochemically accessible surface area (ESA) of Ag cata-
lysts was determined from underpotential-deposited lead (Pbupd)
because Ag is inactive for the deposition and stripping of CO and
Hupd which is a standard technique for surface area determination
of a Pt catalyst. The ESAs of the Ag catalysts were evaluated from
the anodic peak area, i.e., the stripping charge of Pbupd using
260 mC cm�2 of charge density (Fig. S5) [8,35,46,47]. The calculated
ESAs are listed in Table 1. The ESA of Ag-Awas slightly smaller than
the corresponding SABET. However, it is interesting to note that for
Ag-K and Ag-KC, the ESAs were larger than the SABET. In fact, the
ratio of ESA to SABET (ESA/SABET) decreased in the order of Ag-
K> Ag-KC> Ag-A, and ESA/SABET of Ag-K and Ag-KCwasmore than
100%. The physical characterization described above indicates that
Ag-K and Ag-KC have surface oxygen species in the defected
structure and the Ag2CO3 surface layer, respectively. However, Ag-A
has a smooth surface and easily reduced AgOx species (Table 1).
These oxidized Ag species would be reduced in the ORR measure-
ment according to the Pourbaix diagrams [48]. Thus, Ag species
with an oxidized surface and/or defect increases the ESA during the
electrochemical measurement. It is suggested that such Ag surfaces
induce a roughened surface and/or decomposition into small Ag
particles. These results indicate that the ESA is accurate for the Ag

surface area during the ORR; however, BET is not. Therefore, we
used the ESA in the following evaluation of the ORR activity.

3.3. ORR measurement

TheORRmeasurementswereperformedusing theAgpowders in
an oxygen saturated 0.1 M NaOH aqueous solution. Fig. 7(a) shows
the oxygen reduction polarization curves obtained on Ag-A, Ag-K,
andAg-KC physicallymixedwith CB. TheAg loading of Ag-A andAg-
Kwas 60wt%. However, the Ag loading of Ag-KCwas 90wt%because
its low Ag surface area increases catalyst thickness on a disk elec-
trode, which prevents proper evaluation of catalytic activity for the
ORR [46]. The amounts of Ag catalysts on a RDE were optimized
according to a recent report by Markovic et al. (Fig. S6) [46].

We calculated the mass activity (jM) of the Ag catalysts by
normalizationof thecurrentat�0.2VvsHg/HgO/OH� (i�0.2 V)withAg
weightonadiskelectrode. Asa reference, theORRwasalso conducted
using commercial Ag/C with 60 wt% Ag loading (E-Tek), which is
denoted as Ag/C-E (Fig. S7: the ORR curve. Fig. S8: Pbupd strip vol-
tammogram; 1.5m2 g�1 of ESA. Fig. S1: XRD; 79 nm of crystallite size.
Fig. S9: SEM image.), and jMwas calculated [3]. The jMvalue decreased
in the order of Ag-K (19.7mAmgAg�1)�Ag-A (12.3mAmgAg�1)>Ag/C-E
(7.7 mA mgAg�1) > Ag-KC (3.3 mA mgAg�1), which was consistent with
crystallite size. It is noteworthy that Ag-A and Ag-K physically mixed
with CB showed higher jM than commercially available Ag/C-E cata-
lysts (1.6 and 2.6 times, respectively).

The catalytic activity per Ag surface area was evaluated from the
potential at �25 mA cmAg

�2 of ESA-normalized current density, as
shown in Fig. 7(b) [7]. Here we did not use SABET to calculate the
specific activity because, as described above, the metal surface area
would change under the ORR measurement. As a result, the po-
tential decreased in the order of Ag-K z Ag-KC > Ag-A. The result
indicates that the catalytic activity per Ag surface area decreased in
the order of Ag-K z Ag-KC > Ag-A. For further inspection of the
catalytic activity, mass-transfer independent kinetics for the ORR
on the three well-characterized Ag catalysts were calculated using
the KouteckyeLevich (KeL) equation:

1
j
¼ 1

jk
þ 1
jd

¼ 1
nFkc0

þ 1
0:62nFD2=3v�1=6c0u1=2

where jk and jd are the kinetic and diffusion limited current den-
sities, n is the exchange electron number, k is the kinetic constant, F
is the Faraday constant, D is the O2 diffusion coefficient in 0.1 M

Fig. 7. (a) Oxygen reductionpolarization curvesobtained onAg-A (solid), Ag-K (dotted), andAg-KC (dashed) inO2 saturated 0.1MNaOHaqueous solution. Rotation rate: 2500 rpm. Scan
rate: 20mV s�1. The amount of Agmetal on adisk electrode of Ag-A: 30 mg; Ag-K: 15mg; Ag-KC: 90 mg. The current density (j)was calculatedusing the geometric surface areaof a rotating
disk electrode. (b) ESA-normalized current density (js) of Ag-A (solid), Ag-K (dotted), and Ag-KC (dashed). The potentials at �25 mA cmAg

�2 is a benchmark for comparison [7].

Fig. 6. Strip voltammograms of Pbupd on Ag-A (solid), Ag-K (dotted), and Ag-KC (dashed)
in N2 saturated 0.1 M NaOH þ 125 mM Pb(NO3)2 solution. Scan rate: 10 mV s�1. The
amount of Ag metal on a disk electrode of Ag-A: 30 mg; Ag-K: 15 mg; Ag-KC: 90 mg.
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NaOH (1.93 � 10�5 cm2 s�1), n is the kinematic viscosity
(1.09 � 10�2 cm2 s�1), c0 is the O2 concentration in electrolyte
(1.26� 10�6 mol cm�3), and u is the rotation rate in the radian [49].
The jk value was calculated from the intercept of the line fitted to
the KeL plot for j at �0.2 V vs Hg/HgO/OH� (Fig. S10). The specific
activity (jk:ESA) was obtained using the ESA (jk:ESA ¼ ik/ESA ¼ jkA/
ESA, where A is the area of the disk electrode), as shown in Table 2.
The jk:ESA value decreased in the order of Ag-K � Ag-KC > Ag-A,
which is consistent with the order of the potential at �25 mV cmAg

�2

(Fig. 7(b)). It should be noted that the jk:ESA value does not depend
on Ag particle size. The Ag size investigated in this study (>10 nm)
has an insignificant effect on the specific activity, although much
smaller Ag particles (<3 nm) might show unique size-dependent
activity due to the large fraction of coordinatively unsaturated Ag
atoms and quantum size effect. From the KeL plot for j at �0.5 V vs
Hg/HgO/OH� (j�0.5 V), the electron exchange numbers (n) for Ag-A,
Ag-K, and Ag-KC were determined to be 3.8, 3.6, and 3.5, respec-
tively (Table 2). The reason for the difference in the jk:ESA and n
values between the Ag catalysts is discussed below.

The exchange electron numbers for all Ag catalysts were close to
but slightly less than four. The n values were comparable to those
previously reported by Buttry et al., who showed slightly less than a
four-electron pathway using Ag nanoparticles and polycrystalline
Ag [8]. In the present study, the n value decreased in the order of
Ag-A > Ag-K � Ag-KC. In other words, the fraction of the two-
electron pathway on Ag-K and Ag-KC is larger compared to that
on Ag-A. The physical and electrochemical characterization in-
dicates that Ag-K with subsurface oxygen species and Ag-KC with
Ag2CO3 have defective surfaces. Therefore, the defective and
oxidized surfaces of Ag-A and Ag-KC cause the two-electron
pathway. It has been reported that strongly adsorbed OHad on a
defective surface decreases the neighboring Ag sites to adsorb O2

with both O, which results in an increase in the fraction of the two-
electron pathway [8].

As described above, the jk:ESA value decreased in the order of Ag-
K � Ag-KC > Ag-A (Table 2). This was due to higher affinity with O2

for Ag-K and Ag-KC than for Ag-A. Previously, Blizanac et al. showed
that the activation energy for the ORR is surface structure sensitive
[36]. Buttry et al. showed a higher rate constant on polycrystalline
Ag with a defective surface than Ag nanoparticles with a smooth
surface [8]. On the basis of these results, we propose that the
defective and oxidized surface of Ag-K and Ag-KC canmore strongly
adsorb O2 and can conduct the first charge-transfer with lower
activation energy than Ag-A with a smooth surface.

4. Conclusions

The effect of the Ag particle morphology and surface chemical
state on the ORR was investigated using various well-characterized
Ag powders.

Ag catalysts having AgOx on a defective surface and Ag2CO3
surface layer demonstrated more than 100% of ESA/SABET, which
was higher than that having easily reduced AgOx on a smooth

surface. It is assumed that the defective surface and the oxidized
species induce a roughened surface and/or decompose into small
Ag particles during the ORR, thereby causing an increase of ESA.

All Ag powders physically mixed with CB exhibited close to a
four-electron pathway for the ORR. However, the Ag particles with
defective and angular surfaces showed smaller n values than those
with smooth surfaces. It is strongly suggested that the defective and
oxidized (AgOx or Ag2CO3) surface decreases the number of Ag
neighboring sites required for a four-electron pathway. On the
other hand, due to high affinity for O2, Ag particles with defective
and oxidized surfaces represented higher specific activity than
those with smooth surfaces.
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Total Synthesis of the Antibiotic Kendomycin: A Macrocyclization
Using the Tsuji–Trost Etherification**
Tetsuya Sengoku, Shu Xu, Kenji Ogura, Yoshinori Emori, Kenji Kitada, Daisuke Uemura, and
Hirokazu Arimoto*

Abstract: A highly stereocontrolled, convergent total synthesis
of kendomycin [(�)-TAN2162], an ansa-macrocyclic anti-
biotic, is reported. The key of the strategy is an unprecedented
Tsuji–Trost macrocyclic etherification, followed by a trans-
annular Claisen rearrangement to construct the 18-membered
carbocyclic framework. The oxa-six- and five-membered rings
were also stereoselectively constructed respectively by a cascade
oxidative cyclization at an unfunctionalized benzylic position
and using a one-pot epoxidation/5-exo-tet epoxide opening.

Kendomycin [(�)-TAN2162; 1; for structure see Scheme 1]
is an ansa-macrocyclic polyketide comprising a quinone
methide chromophore, and was originally isolated as an
antagonist for the endothelin receptor,[1] and as an antiosteo-
porotic agent.[2] Zeeck and Bode reported that 1 exhibited not
only cytotoxic effects against a number of human tumor cell
lines but also a strong antibacterial activity against both
Gram-positive and Gram-negative bacteria, notably methi-
cillin-resistant Staphylococcus aureus (MRSA) and vancomy-
cin intermediate S. aureus (VISA) Mu50 strain.[3] The
architectural structure and multiple biological activities of
1 have attracted significant interest in the past decade from
biological,[4] biosynthetic,[5] and chemically synthetic[6] per-
spectives.

The macrocyclic carbon framework of 1 represents
a major challenge for an efficient chemical synthesis.
Among all the achieved total syntheses and formal total
syntheses, several macrocyclization strategies, including C-
glycosydation,[7a] ring-closing metathesis (RCM),[7b,c,e,f, 8] the
Barbier reaction,[7d] photo-Fries rearrangement,[7e,f] Dçtz
benzannulation,[7g] and Prins reaction[7h] have been reported,

albeit in modest yields. We have attempted an RCM strategy
for the macrocyclization at the C13�C14 double bond of 1.[8]

Unfortunately, the unnatural Z diastereomer was the pre-
dominant product. However, in our studies the Claisen
rearrangement was found to work as a powerful tool for the
introduction of a carbon substituent at the highly hindered
C20a position.[8a] We finally found that the macrocyclic
etherification/Claisen rearrangement combination could be
used for the construction of kendomycin�s carbon framework.

The retrosynthetic analysis of 1 is outlined in Scheme 1. It
could be derived from 2 through aromatic oxidation and
oxidative removal of the terminal hydroxymethyl group. The
five-membered ring of 2 could possibly be constructed
selectively by a 5-exo cyclization of the phenol and the
neighboring olefin of 3. The macro-carbocycle of 3 was
envisioned to be derived from the transannular Claisen
rearrangement of the allyl aryl ether 4, which comes from
hydroquinone 5 using a selective macrocyclization at the less
hindered hydroxy group by means of Tsuji–Trost etherifica-

Scheme 1. Retrosynthetic analysis. TBS= tert-butyldimethylsilyl.
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tion. The macrocyclization precursor 5 would be prepared
convergently from the aldehyde 6, alkylmagnesium 7, and
iodide 8. The tetrahydropyran ring could be cyclized diaste-
reoselectively at the unfunctionalized C5-position by a Ag2O-
triggered cascade reaction, as we have previously reported.[8a]

We have previously reported on the preparation of the
C1–C13 segment of 1,[8a] and herein, we present a modified
scalable synthetic route (Scheme 2). The modified route

commenced with the commercially available benzoic acid 9,
which was easily converted into the aryl bromide 10 with
a two-step procedure.[9] Evans asymmetric alkylation[10] and
reduction furnished the S-alcohol 12 with more than 99% ee,
which was determined using the modified Mosher�s
method.[11] Swern oxidation and Roush crotylation[12]

afforded a single diastereomer containing the three desired
contiguous stereogenic centers, which was further trans-
formed to aldehyde 6. Nucleophilic addition of the Grignard

compound 7[13] to 6 gave a 15:1 diastereomer mixture of the
secondary alcohol 13, favoring the expected Felkin–Anh-type
product. This selectivity is higher than our previous result
(5.5:1) which was obtained using a similar alkyllithium
nucleophile.[8a] After introduction of a phenolic hydroxy
group to the aromatic ring, 14was stereoselectively cyclized at
the unfunctionalized benzylic position under phenol oxida-
tion conditions (Ag2O

[14]) and quantitatively afforded the
tetrahydropyran 16 as a single diastereomer. The excellent
selectivity was thought to be due to the chair-form oxa-
Michael-addition transition-state 15 or 15’ with the bulky
quinone methide in an equatorial position. This result also
proposed another possibility for the unclear biosynthetic
mechanism of kendomycin�s pyran ring formation.[5] With this
modified route, 16 was obtained on a 3 gram scale.

The conversion of phenol 16 into 5 is shown in Scheme 3.
After a manipulation of the protecting groups, Swern
oxidation and Corey–Fuchs protocol furnished the alkyne
17. Hydrozirconation with the Schwartz reagent[15] and
subsequent iodination proceeded with high regioselectivity
(9:1) along with removal of a MOM ether. The regioisomers
18 and 18’ were not easily separable from each other, and

Scheme 2. Synthesis of C1–C13 segment 16 : a) 11, NaHMDS, THF,
�60 8C; b) LiAlH4, THF, �78 8C to 0 8C, 82% (2 steps); c) (COCl)2,
DMSO, Et3N, CH2Cl2, �78 8C to 0 8C; d) (R,R)-[(E)-2-butenyl]diisopropyl
tartrate boronate, 4� M.S., PhMe, �78 8C, 77% (2 steps); e) TBSOTf,
2,6-lutidine, CH2Cl2, 0 8C, quant.; f) OsO4 (cat.), NMO, acetone/H2O
(4:1), RT; g) NaIO4, EtOH/H2O (1:1), RT, 93% (2 steps); h) 7, �78 8C,
THF, quant. (d.r. 15:1); i) H2, Pd(OH)2/C, EtOAc, RT; j) TBSCl, DMAP,
Et3N, CH2Cl2, RT, 85% (2 steps); k) HBr3·Py, K2CO3, Py, 0 8C to RT;
l) ethyl vinyl ether, PPTS, RT, quant. (2 steps); m) nBuLi, B(OMe)3,
THF, �78 8C to RT, then 30% H2O2 aq., Na2CO3, RT, 90%; n) PPTS,
nPrOH, RT, 99%. DMAP=4-(N,N-dimethylamino)pyridine, DMSO=

dimethylsulfoxide, HMDS=hexamethyldisilazide, M.S.=molecular
sieves, NMO=N-methylmorpholine N-oxide, PPTS=pyridinium
p-toluenesulfonate, Py=pyridine, Tf= trifluoromethanesulfonyl,
THF= tetrahydrofuran.

Scheme 3. Synthesis of the macrocyclization precursor 5 : a) MOMCl,
NaH, THF, RT; b) PPTS, THF/MeOH (1:1), RT, 92% (2 steps);
c) (COCl)2·DMSO, Et3N, CH2Cl2, �78 8C; d) CBr4, PPh3, Et3N, CH2Cl2,
�78 8C, 72% (2 steps); e) nBuLi, MeI, THF, �78 8C to RT, 98%;
f) [HZrCp2Cl], PhH, RT, then I2; g) 8 (2 equiv), tBuLi, Et2O, �78 8C,
then MeO-9-BBN, THF, �78 8C to RT, then 18+18’, [Pd-
(dppf)2Cl2]·CH2Cl2 (20 mol%), 3mK3PO4 aq., DMF, RT, 87% (2 steps);
h) MOMCl, NaH, THF, RT, 95%; i) PPTS, THF/MeOH (1:1), RT, 73%;
j) ClCO2Et, Py, RT, 94%; k) (NH4)2Ce(NO3)6, MeCN/H2O (2:1), RT;
l) Na2S2O4, MeCN/H2O (1:1), 0 8C, quant. (2 steps). BBN=bora-
bicyclo[3.3.1]nonane, Cp=cyclopentadienyl, DMF=N,N-dimethylform-
amide, dppf=1,1’-bis(diphenylphosphino)ferrocene, MOM=methoxy-
methyl.
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were thus used as a mixture for the Suzuki–Miyaura cross-
coupling reaction[16] with boranate 19. The boranate was
prepared by lithiation and transmetalation of 8.[17] The desired
coupling product 20 was isolated in 87% yield (two steps).
Protection of 20 with MOMCl, selective removal of the
terminal TBS group, carbonate formation, and exposure of
the two hydroxy groups of the p-hydroquinone yielded the
Tsuji–Trost cyclization precursor 5.

The examination of the key palladium-catalyzed Tsuji–
Trost cyclization is shown in Table 1. Although the Tsuji–
Trost reaction is a well-established synthetic protocol,[18] to
the best of our knowledge, the macroetherification with this
reaction has not been reported in total synthesis studies of
natural products. More challenging is that our substrate, 5, is
actually a hydroquinone which contains two hydroxy nucle-
ophiles, and is sensitive to oxidation, which may render the
reaction more complicated. However, to avoid the tedious
and poorly selective protecting strategy for the hindered C4-
OH group, we decided to perform the cyclization with both
free hydroxy groups. Eventually, it was found that the desired
macrocyclic ether 4was obtained with [Pd2(dba)3] and dppb at
room temperature in THF,[19] though the regioisomer 4’ was
the major product (entry 1). Solvent effects were later found
to have great influence on the regioselectivity, with CH2Cl2
giving the best result (4/4’= 10:1, entries 5 and 6). Notably,
when the concentration of 5 was higher than 10 mm,
intermolecular coupling became significant. Other palladium
catalysts such as [Pd(PPh3)4] or Pd(OAc)2 gave either no
reaction or decomposed byproducts.[20] Although the solvent
has been shown to play a key role in the ion-pairing in the
Tsuji–Trost reaction,[21] the specific reason for the selectivity
in this study is still not clear.

After obtaining the 18-membered macrocyclic ether, we
next attempted a ring contraction through a Claisen rear-
rangement[22] (Scheme 4). We have reported this transforma-

tion with an acyclic substrate in refluxing Me2NPh.[8a] This
time, after TBS protection of the phenol 4 and heating at
205 8C in Et2NPh (a more stable solvent), 21 was smoothly
converted into the desired carbocyclic 3 in 99% yield.[23] Next,
several strategies (iodoetherification, oxymercuration, etc.)
were attempted to cyclize the five-membered ring of kendo-
mycin. Eventually, epoxidation and subsequent intramolecu-
lar epoxide opening proved to be most efficient. Thus, after
alkene epoxidation with mCPBA in CH2Cl2, the 5-exo-tet
cyclization proceeded smoothly by just adding a protic
solvent, MeOH, and furnished predominately one diastereo-
mer of 22. Since the upper trisubstituted alkene was also
epoxidized during the process, a subsequent deoxygena-
tion[7b,c,24] afforded the compound 2 in 82% yield (two steps)
as a single diastereomer. Next a hypervalent-iodine-promoted
b-fragmentation of the alkoxyl radical removed the terminal
hydroxymethyl group, and presumably provided an unstable
intermediate tert-iodide, which was gradually eliminated to
give the benzofuran 23. This elimination process was accel-
erated by the addition of a small amount of water. The
compound 23 has the same skeleton as intermediates
obtained by the groups of Lee[7a] and Mulzer.[7e,f] Finally, the
selective removal of the phenolic TBS group, oxidation, and
acidic rearrangement of the resulting o-quinone, with the
simultaneous TBS removal, accomplished the total synthesis
of kendomycin.

In summary, we have achieved the total synthesis of the
antibiotic kendomycin (1) by using a highly stereocontrolled
convergent strategy. The key step of this synthetic route is the

Table 1: Regioselective macrocyclization using Tsuji–Trost etherifica-
tion.[a]

Entry [Pd2(dba)3]
(equiv)

dppb
(equiv)

Solvent T [8C] 4/4’[b] Yield
4 [%][c]

1 0.15 0.4 THF RT 1:3[d] –
2 0.5 2 toluene RT 1:1 –
3 1.1 20 DMF 60 3:5 –
4 0.2 1.6 (ClCH2)2 70 –[e] –
5 0.4 10 CH2Cl2 50 10:1 80
6 0.14 0.86 CH2Cl2 70 10:1 71

[a] The reaction was performed with 1–5 mm of 5 in the dark in a sealed
tube. [b] Determined by 1H NMR analysis of the crude reaction mixture.
[c] Yield of the isolated product. [d] Approximately 20% of the starting
material remained. [e] Only starting material recovered. dba=dibenzyl-
ideneacetone, dppb=1,4-bis(diphenylphosphino)butane.

Scheme 4. Complete total synthesis of 1. mCPBA=m-chloroperoxyben-
zoic acid, TBAF= tetra-n-butylammonium fluoride.
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palladium-catalyzed regioselective Tsuji–Trost macroetheri-
fication/transannular Claisen rearrangement sequence to
construct the macrocyclic framework. Other synthetic fea-
tures include the tetrahydropyran installation by stereoselec-
tive nucleophilic addition to an aldehyde and a Ag2O-
triggered stereoselective cyclization and the establishment
of a five-membered ring by one-pot epoxidation/5-exo-tet
cyclization process.

Received: January 11, 2014
Published online: March 13, 2014

.Keywords: antibiotics · macrocycles · natural products ·
palladium · total synthesis

[1] a) Y. Funahashi, T. Ishimaru, N. Kawamura, JP Patent 08231551,
1996 ; b) Y. Funahashi, N. Kawamura, T. Ishimaru, JP Patent
08231552, 1996.

[2] M. H. Su, M. I. Hosken, B. J. Hotovec, T. L. Johnston, US Patent
5728727, 1998.

[3] H. B. Bode, A. Zeeck, J. Chem. Soc. Perkin Trans. 1 2000, 323 –
328.

[4] a) Y. A. Elnakady, M. Rohde, F. Sasse, C. Backes, A. Keller, H.-
P. Lenhof, K. J. Weissman, R. M�ller, ChemBioChem 2007, 8,
1261 – 1272; b) C. O. Janssen et al., Bioorg. Med. Chem. Lett.
2008, 18, 5771 – 5773 (see the Supporting Information for all
authors).

[5] a) H. B. Bode, A. Zeeck, J. Chem. Soc. Perkin Trans. 1 2000,
2665 – 2670; b) S. C. Wenzel, H. B. Bode, I. Kochems, R. M�ller,
ChemBioChem 2008, 9, 2711 – 2721.

[6] For reviews, see: a) H. J. Martin, T. Magauer, J. Mulzer, Angew.
Chem. 2010, 122, 5746 – 5758; Angew. Chem. Int. Ed. 2010, 49,
5614 – 5626; b) D. Bicchielli, Y. Borguet, L. Delaude, A. Demon-
ceau, I. Dragutan, V. Dragutan, M. Hans, C. Jossifov, F. Nicks, Q.
Willem, Curr. Org. Synth. 2012, 9, 397 – 405; c) M. Shan, L.
Wang, Q. Zhang, G. A. O�Dooherty, Chemtracts 2009, 22, 1 – 17.

[7] For total syntheses, see: a) Y. Yu, H. Men, C. Lee, J. Am. Chem.
Soc. 2004, 126, 14720 – 14721; b) A. B. Smith III, E. F. Mesaros,
E. A. Meyer, J. Am. Chem. Soc. 2005, 127, 6948 – 6949; c) A. B.
Smith III, E. F. Mesaros, E. A. Meyer, J. Am. Chem. Soc. 2006,
128, 5292 – 5299; d) J. T. Lowe, J. S. Panek, Org. Lett. 2008, 10,
3813 – 3816; e) T. Magauer, H. J. Martin, J. Mulzer, Angew.
Chem. 2009, 121, 6148 – 6152; Angew. Chem. Int. Ed. 2009, 48,
6032 – 6036; f) T. Magauer, H. J. Martin, J. Mulzer, Chem. Eur. J.
2010, 16, 507 – 519; g) K. Tanaka, M. Watanabe, K. Ishibashi, H.
Matsuyama, Y. Saikawa, M. Nakata, Org. Lett. 2010, 12, 1700 –
1703; For formal total syntheses, see: h) K. B. Bahnck, S. D.
Rychnovsky, J. Am. Chem. Soc. 2008, 130, 13177 – 13181; i) K. B.
Bahnck, S. D. Rychnovsky, Chem. Commun. 2006, 2388 – 2390.

[8] a) T. Sengoku, H. Arimoto, D. Uemura, Chem. Commun. 2004,
1220 – 1221; b) T. Sengoku, D. Uemura, H. Arimoto, Chem. Lett.
2007, 36, 726 – 727.

[9] S. R. Kasibhatla, K. D. Hong, M. F. Boehm, M. A. Biamonte, L.
Zhang, US Patent 20050113340A1, 2005.

[10] D. A. Evans, M. D. Ennis, D. J. Mathre, J. Am. Chem. Soc. 1982,
104, 1737 – 1739.

[11] J. M. Seco, E. Quinoa, R. Riguera, Chem. Rev. 2004, 104, 17 –
118.

[12] W. R. Roush, A. D. Palkowitz, K. Ando, J. Am. Chem. Soc. 1990,
112, 6348 – 6359.

[13] The bromide precursor of the alkylmagnesium 7 was prepared
one step from the corresponding alcohol. For a three-step
synthesis of the alcohol from commercially available starting
materials, see: a) T. J. Donohoe, T. J. C. O�Riordan, M. Peifer,
C. R. Jones, T. J. Miles, Org. Lett. 2012, 14, 5460 – 5463; b) A. W.
van Zijl, F. L�pez, A. J. Minnaard, B. L. Feringa, J. Org. Chem.
2007, 72, 2558 – 2563.

[14] S. R. Angle, K. D. Turnbull, J. Am. Chem. Soc. 1989, 111, 1136 –
1138.

[15] D. W. Hart, T. F. Blackburn, J. Schwartz, J. Am. Chem. Soc. 1975,
97, 679 – 680.

[16] a) N. Miyaura, A. Suzuki, Chem. Rev. 1995, 95, 2457 – 2483;
b) J. A. Marshall, B. A. Johns, J. Org. Chem. 1998, 63, 7885 –
7892.

[17] For the synthesis of 8, see the Supporting Information.
[18] B. M. Trost, M. L. Crawley, Chem. Rev. 2003, 103, 2921 – 2943.
[19] a) C. Damez, J.-R. Labrosse, P. Lhoste, D. Sinou, Synthesis 2001,

1456 – 1458; b) G. Wang, D. Niu, T.-L. Qiu, L. T. Phan, Z. Chen,
A. Polemeropoulos, Y. S. Or,Org. Lett. 2004, 6, 4455 – 4458; c) C.
Goux, P. Lhoste, D. Sinou, Synlett 1992, 725 – 727.

[20] Among the byproducts, the quinone A and methylenedioxy
arene B were structurally determined. A was speculated to
derive from oxidation of the hydroquinone 5 by high-valence
palladium intermediates. B might be generated from A by
a light-triggered transformation. For similar examples, see: C.
Thommen, C. K. Jana, M. Neuburger, K. Gademann, Org. Lett.
2013, 15, 1390 – 1393, and references therein.

[21] L. A. Evans, N. Fey, J. N. Harvey, D. Hose, G. C. Lloyd-Jones, P.
Murray, A. G. Orpen, R. Osborne, G. J. J. Owen-Smith, M.
Purdie, J. Am. Chem. Soc. 2008, 130, 14471 – 14473.

[22] E. A. Ilardi, C. E. Stivala, A. Zakarian,Chem. Soc. Rev. 2009, 38,
3133 – 3148.

[23] In a recent total synthesis of kendomycin (Ref. [7g]), Nakata�s
group applied a set of reaction conditions, similar to our
previously reported method, on a substrate which was more
acidic than 21. In their case, Ac2O had to be used for the in situ
trap of the Claisen product to avoid further decomposition. In
our substrate case, no decomposition was observed.

[24] K. B. Sharpless, M. A. Umbreit, M. T. Nieh, T. C. Flood, J. Am.
Chem. Soc. 1972, 94, 6538 – 6540.

.Angewandte
Communications

4216 www.angewandte.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 4213 –4216

─ 198 ─



Design, synthesis, and evaluation, derivatives of the
fat-accumulation inhibitor ternatin: toward ternatin
molecular probes

Yoshinori Kawazoe a,⇑, Yoko Tanaka b, Sachikazu Omura a, Daisuke Uemura a,b,⇑
aResearch Institute of Natural Drug-Leads, Kanagawa University, 2946 Tsuchiya, Hiratsuka, Kanagawa 259-1293, Japan
bDepartment of Chemistry, Faculty of Science, Kanagawa University, 2946 Tsuchiya, Hiratsuka, Kanagawa 259-1293, Japan

a r t i c l e i n f o

Article history:
Received 9 April 2014
Revised 4 June 2014
Accepted 9 June 2014
Available online 14 June 2014

Keywords:
Ternatin
Cyclic peptide
Fat accumulation
Molecular probe
3T3-L1 cell

a b s t r a c t

Ternatin, a cyclic heptapeptide derived from mushroom, strongly inhibits fat accumulation in 3T3-L1
adipocytes. However, its mechanism of action remains unclear. In this Letter, we designed, synthesized,
and evaluated its derivatives for use as molecular probes to isolate its target protein. Finally, we
successfully established a pair of ternatin molecular probes.

� 2014 Elsevier Ltd. All rights reserved.

Obesity is one of the most common problems societies face
worldwide and is a strong risk factor for several lifestyle-related
diseases, such as hypertension, hyperlipidemia, and diabetes.
Although a few medicines for treating obesity have been approved
and brought to the market, no fundamental treatment for obesity
has yet been established.1

Ternatin (1, see Fig. 1), an unusual amino acid-containing cyclic
heptapeptide, was isolated from the mushroom Coriolus versicolor
as a strong fat-accumulation inhibitor.2 The natural product blocks
lipid accumulation in 3T3-L1 adipocytes with an EC50 value of
0.14 lg/mL. In addition, compound 1 decreased the blood sugar
level in KK-A(y) mice, which is an animal model of type 2 diabe-
tes.3 These results suggest that ternatin may be a potent drug for
treating obesity or diabetes. However, a developmental study has
not yet been initiated because the mechanism of action of ternatin
remains unclear. Thus, it is important to determine how this com-
pound works within cells. To this end, researchers usually try to
identify a binding protein or the intracellular localization of the
bioactive molecule by using its derivatives as molecular probes.
In this letter, we describe the design and synthesis of ternatin
derivatives for use as molecular probes. Furthermore, we evaluated

their activities. As a result, we successfully created chemical probes
for ternatin.

If we wish to use bioactive molecules as molecular probes, they
should contain a free reactive group such as an amino or a carboxyl
group to introduce functional molecules, including fluorescent
reagents or biotin. We decided to conjugate ternatin analogues to
functional molecules via N-hydroxysuccinimide. Thus, ternatin
molecular probes must contain a free amino group. To introduce
a free amino group to ternatin, we checked previous structure–
activity relationship studies. Ternatin was expected to have a rigid
structure due to three intramolecular hydrogen bonds: between
the carbonyl group of D-allo-Ile1 and the hydroxyl group of

http://dx.doi.org/10.1016/j.tetlet.2014.06.036
0040-4039/� 2014 Elsevier Ltd. All rights reserved.
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b-OH-D-Leu7, between the carbonyl group of b-OH-D-Leu7 and the
amino group of L-Leu4, and between the carbonyl group of L-Leu4,
and the amino group of b-OH-D-Leu.7 Analogues that could not
form these hydrogen bonds such as [NMe-L-Leu4]ternatin showed
much lower activity than that of ternatin.4 In addition, the hydro-
xyl group in b-OH-D-Leu7 was shown to be important for activity.5

On the other hand, NMe-D-Ala6 could be replaced by other amino
acids.6 These results suggest that position 6 is suitable for the
introduction of an amino group-containing linker. Based on this
idea, we designed two kinds of ternatin derivatives. The first type
incorporates an amino acid, lysine, at position 6 because it contains
a free amino group in its side chain. However, we were afraid that a
methylation reaction of the amino group might simultaneously
methylate the side-chain amino group. To account for this possibil-
ity, we used another approach that involved the reduction of azido
derivatives to give free amino group-containing analogues.

Stereoisomers in which D-allo-Ile1, NMe-L-Ala5, and NMe-D-Ala6

were replaced by D-Ile1, NMe-D-Ala5, and NMe-L-Ala6, respectively,

did not inhibit fat accumulation at all.7 Thus, the stereoisomer of
the molecular probe can be used as a negative control. Finally,
we designed four ternatin derivatives: an amine (2) and one with
NMe-D-Lys6 (4) as positive controls and a stereoisomeric amine
(3) and a stereoisomeric one with NMe-L-Lys6 (5) as negative
controls (Fig. 2).

The synthesis of ternatin has been established,8 and we fol-
lowed this previous study to synthesize our molecular probes.
Detailed procedure is given in Supplementary material. Briefly,
building blocks are condensed to afford a right fragment and a left
fragment, which are then coupled, cyclized, and deprotected to
give molecular probes (Scheme 1 only shows positive controls.
For the negative controls, we used stereoisomers). All of the
peptide synthesis was performed in a liquid phase.

For the amine derivatives (2 and 3), we used D- or L-homoserine
(Hse: 6 for D-isomer) as a starting material. The hydroxyl group in
the side chain of Hse was replaced by an azido group by NaN3

(Scheme 2). The resulting azido derivatives were used for peptide
synthesis. Resulting azido-containing ternatin derivatives (7 and
8) were subjected to Staudinger reduction to give free amino
group-containing molecules9 2 and 3, which were obtained in
respective yields of 2.3% and 2.3%, in a total of 14 steps.

For the lysine derivatives, we used Boc-D-Lys(Cbz)-OH (9) or
Boc-L-Lys(Cbz)-OH as a starting material. We expected that the ter-
minal Boc-protected amino groups were preferentially methylated
because of higher acidity. However, Cbz-protected side-chain
amino groups were also simultaneously converted to give Boc-
NMe-D-Lys(NMe)(Cbz)-OH or Boc-NMe-L-Lys(NMe)(Cbz)-OH,
respectively (Scheme 3 shows D-isomer, positive control.), in all
of the conditions we tested. At this moment, we decided to change
synthetic target molecules 4 and 5 to N-methylated-Lys side chain-
containing derivatives, 10 and 11. Although the side chain was
converted to a secondary amino group, it could be coupled with
NHS-functional molecules. After cyclization, catalytic hydrogena-
tion with Pd/C was performed to remove a Cbz group, however,
the reaction would not take place. Next, we applied catalytic trans-
fer hydrogenation with HCO2NH4. The reaction proceeded, albeit
slowly and in low yield (13% and 13% for the positive and negative
controls, respectively). We prepared the lysine-derived ternatin
molecular probes 10 and 11 in respective yields of 0.74% and
0.79%, respectively, in a total of 10 steps.

Finally, we evaluated the fat-accumulation inhibitory effects of
our molecular probes. 3T3-L1 cells were induced to undergo adi-
pose differentiation by insulin in the presence of various concen-
trations of compounds 1, 2, 3, 10, and 11. After one week of
induction of adipogenesis,10 cellular triglyceride levels were mea-
sured using a LabAssay™ Triglyceride kit (WAKO) according to
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the manufacture’s instructions. Consistent with a previous study,
ternatin (1) strongly inhibited fat accumulation with an EC50 value
of 0.16 lg/mL, which was nearly the same as the value of natural
product (0.14 lg/mL).2 Positive controls 2 and 10 had a moderate
effect (EC50 = 5.57 and 2.40 lg/mL, respectively). As expected, the
negative controls showed no activity (EC50 >10 lg/mL) (Fig. 3).

Positive control 10 showed slightly better activity than positive
control 2. This might be explained by the results of our previous
structure–activity relationship study, which suggested that a
longer side chain at position 6 was associated with better activity.
For example, the activity of [NMe-D-Aoc6]ternatin was 1.7 times
greater than that of original ternatin. If we compare positive con-
trols 2 and 10, compound 10 has a side chain at position 6 that
is two carbon atoms longer than that on 2. Furthermore, when
we consider the terminal methyl group on amine, it seems that 3
carbon atoms are elongated in compound 10. The side chain length

is almost same as that in the highly active derivative, [NMe-D-
Aoc6]ternatin. In addition, compound 2 should be much more reac-
tive than compound 10 because of the free amino group in the side
chain at position 6. The reactivity of molecules usually affects their
kinetics, including binding to serum proteins, cell permeability,
and intracellular distribution. Among these, penetration of the cell
membrane is highly associated with free polar functional groups.
Thus, the combination of length and polarity of the side chain at
position 6 may have resulted in the difference in activity between
compounds 2 and 10.

Although both positive controls 2 and 10 were each 15–30-fold
less active than the original natural product 1, there was a big
difference in activity between the positive controls and negative
controls (Fig. 3). This difference encouraged us to use them as
molecular probes for ternatin. We have since been able to
introduce a fluorescein isothiocyanate molecule to the probes.
Furthermore, we conjugated the probes to resin. Experiments to
demonstrate the intracellular localization of ternatin and to
identify a ternatin-binding protein are now in progress.
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a b s t r a c t

Three novel compounds, yoshinones A, B1, and B2, were isolated from the marine cyanobacterium
Leptolyngbya sp., and their structures were elucidated by NMR spectral analysis. Yoshinone A, but not
yoshinone B1 or B2, inhibited the differentiation of 3T3-L1 cells into adipocytes. In addition, yoshinone
A did not exhibit cytotoxicity, suggesting that yoshinone A may be useful in studies on the treatment
of obesity.

� 2014 Elsevier Ltd. All rights reserved.

Obesity is a growing health problem in modern society because
it is a risk factor for many lifestyle-related diseases including dia-
betes and cardiovascular disorders.1–3 Studies on anti-obesity con-
tribute to the prevention and treatment of various diseases. It is
important that we understand the functions and mechanisms of
adipocytes to in turn better understand obesity. Therefore, useful
tools such as organic compounds that regulate adipocytes are
needed. Our studies in this field identified (�)-ternatin, an inhibi-
tor of fat accumulation in 3T3-L1 adipocytes,4 and its derivatives
have been studied to elucidate its mechanism of action.5–8

Against backgrounds, we sought to identify the novel com-
pounds that could affect the adipogenic differentiation of 3T3-L1
cells from cyanobacteria. Cyanobacteria are widely distributed
prokaryotes that produce a variety of secondary metabolites, and
marine cyanobacteria are known to be rich sources of biologically
or physiologically active compounds.9 As a result, we found three
novel compounds, yoshinones10 A (1), B1 (2), and B2 (3) (Fig. 1).

These three yoshinones were composed of c-pyrone and a linear
side chain. Tests on the abilities of these three yoshinones to inhi-
bit differentiation in 3T3-L1 cells revealed that conjugation
between c-pyrone and olefin in the side chain reduced their activ-
ities. Details of the isolation, structural analyses, and biological
effects of yoshinones are described below.

The cyanobacterium Leptolyngbya sp., (600 g) collected at Ish-
igaki island, Okinawa, Japan, was crushed in aqueous methanol
by a blender, and the residue was removed from the aqueous
methanol extract by filtration. The aqueous methanol extract was
partitioned between water and ethyl acetate, and the ethyl acetate
layer was partitioned between hexane and 80% aqueous methanol.
The aqueous methanol layer was separated by reverse-phase chro-
matography with aqueous methanol (20–100%) and reverse-phase
HPLC (Develosil ODS HG-5) with an acetonitrile/water eluent. As a
result of continuous HPLC purifications, three compounds, yoshi-
nones A (1) (1.0 mg), B1 (2) (0.1 mg), and B2 (3) (0.1 mg), were
isolated.

Based on the HRESIMS analysis, the molecular formula of yoshi-
none A (1)11 was found to be C21H32O5 (m/z 387.2163 for [M+Na]+,
calcd 387.2147). The 1H NMR spectrum showed the presence of 1
doublet methyl (dH 1.13), 4 olefin methyls (dH 1.48, 1.48, 2.01,
and 2.13), 2 methoxy groups (dH 3.03 and 3.23), and 2 olefin

http://dx.doi.org/10.1016/j.tetlet.2014.10.032
0040-4039/� 2014 Elsevier Ltd. All rights reserved.
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protons (dH 5.16 and 5.36). A 2D-HMQC spectral analysis revealed
that other proton signals in the 1H NMR spectrum could be consid-
ered to be 1 methylene proton (dH 2.86), 4 methylene protons (dH
1.58, 1.79, 2.03, and 2.10), and 2 oxymethine protons (dH 3.29 and
4.38). The 13C NMR spectrum revealed that yoshinone A (1) con-
tained 5 methyl carbons (dC 7.1, 10.0, 10.5, 15.9, and 23.8), 3 meth-
ylene carbons (dC 32.1, 32.3, and 35.9), 2 methoxy carbons (dC 51.8
and 52.8), 2 methine carbons (dC 64.0 and 86.4), 6 olefin carbons
(dC 118.0, 134.0, 135.0, 138.2, 156.7, and 161.7), and 1 ketone car-
bon (dC 179.9). However, signals of 2 carbons in yoshinone A (1)
were not observed in the 13C NMR spectrum.

COSY correlations revealed three partial structures, C6–C7,
C9–C11, and C13–C15 (Fig. 2). Three HMBC correlations, H19–C7,
H19–C8, and H19–C9, connected C7 and C9, and three other corre-
lations, H21–C11, H21–C12, and H13–C21, connected C11 and C13.
HMBC correlation H20–C11 indicated that a methoxy group was
present at C11. On the other hand, HMBC correlations from H17
(H17–C1, H17–C2, and H17–C3) and H18 (H18–C3, H18–C4, and
H18–C5) revealed the C1–C5 carbon-chain sequence, including 2
carbons, C2 (dC 100.1) and C4 (dC 119.9), which were not observed
in 13C NMR spectrum. The H16–C1 correlation showed the pres-
ence of a methoxy group at C1 and the correlations of H6–C4
and H6–C5 were shown to connect C5 and C6. Based on the chem-
ical shifts of C1 (dC 161.7) and C5 (dC 156.7) and the molecular for-
mula, the C1–C5 portion was considered to be c-pyrone, and a
hydroxyl group was present at oxymethine C14. The geometries
of 2 olefins in side chain were determined to be all E by NOE cor-
relations, H7–H9 and H11–H13. Based on these results, yoshinone

A (1) was determined to have a planar structure as shown in
Figure 2.

Both yoshinones B1 (2)12 and B2 (3)13 were estimated to have
the same chemical formula C21H32O6 based on HRESIMS data (2:
m/z 403.2085 for [M+Na]+, calcd 403.2096. 3: m/z 403.2067 for
[M+Na]+, calcd 403.2096). The 1H NMR spectra of yoshinones B1
(2) and B2 (3) resembled each other. One singlet methyl proton
(2: dH 1.21. 3: dH 1.17), 1 doublet methyl proton (2: dH 1.09. 3:
dH 1.10), 3 olefin methyl protons (2: dH 1.44, 2.10 and 2.14. 3: dH
1.47, 2.11, and 2.14), 2 methoxy protons (2: dH 2.99 and 3.16. 3:
dH 3.00 and 3.14), 4 methylene or methane protons (2: dH 1.53,
1.58, 1.70 and 1.80. 3: dH 1.52, 1.63, 1.71, and 1.76), 2 oxymethine
protons (2: dH 3.27 and 4.32. 3: dH 3.29 and 4.34), and 3 olefin pro-
tons (2: dH 5.35, 6.24, and 6.66. 3: dH 5.38, 6.25, and 6.62) were
observed. The 1H NMR signals of yoshinones B1 (2) and B2 (3)
appeared to be similar to those of yoshinone A (1) (Table 1), and
therefore yoshinones B1 (2) and B2 (3) were predicted to be
analogs of yoshinone A (1). The presence of a-methoxy-b, b’-
dimethyl-c-pyrone in yoshinones B1 (2) and B2 (3) was estimated
based on comparisons of the 1H NMR chemical shifts with respect
to the protons at H16, H17, and H18 with yoshinone A (1). This
estimation was supported by a comparison of the NMR data with
those of actinopyrones14 and kalkipyrone.15 In the linear side
chain, the C9–C15 portion of yoshinones B1 (2) and B2 (3) was also
the same as that of yoshinone A (1) based on the 1H NMR spectrum
and COSY correlations (Fig. 3). With regard to the C6–C8 moiety,
since the proton chemical shifts of olefin protons were 6.24 and
6.66 ppm for yoshinone B1 (2) and 6.25 and 6.62 ppm for
yoshinone B2 (3) these olefins were deduced to be conjugated with
c-pyrone. Based on the coupling constant between H6 and H7
(15.8 Hz for yoshinone B1 (2) and H6 of yoshinone B2 (3) or
15.2 Hz for H7 of yoshinone B2 (3)), the geometry of C6–C7 olefins
was estimated to be E. Additionally, based on the chemical for-
mula, hydroxyl groups presented at C8, and yoshinones B1 (2)
and B2 (3) were estimated to have same planar structures as
shown in Figure 3. They were diastereomers, but it was not clear
that which positions were different from each other.

The effects of these three yoshinones on the adipogenic differ-
entiation of 3T3-L1 cells were then observed. The cells were
induced to undergo differentiation by insulin16 in the absence or
presence of various concentrations of the yoshinones.

After 7 days of induction, the cellular triglyceride level was
measured as an indicator of differentiation (Fig. 4). The concentra-
tion of yoshinone A (1) required to achieve a 50% inhibition of dif-
ferentiation (EC50) was 420 nM. On the other hand, the inhibition
rates with yoshinones B1 (2) or B2 (3) were less than 50% even
at a concentration of 5 lM. The structures of yoshinones A (1)
and B (2 and 3) differ with respect to the number of hydroxyl
groups and the position of one olefin in the side chain. In particular,
yoshinones B1 (2) and B2 (3) have an olefin conjugated with
c-pyrone, while olefins in the side chain of yoshinone A (1) are
not conjugated. To clarify which is more important for the inhibi-
tory activity, we conducted a structure–activity relationship study
with kalkipyrone and aureothin (Fig. S11A). These c-pyrone-con-
taining compounds have different side chains. Conjugation of the
pyrone ring and one olefin in side chain is seen only in yoshinones
B1 and B2. The result showed that kalkipyrone inhibited differen-
tiation with an EC50 value of 67.5 nM and that of aureothin was
54.2 nM (Fig. S11B), suggesting that a c-pyrone and an olefin
should not be conjugated with each other for the inhibition of adi-
pogenic differentiation. Yoshinone A (1) did not have cytotoxic
effects on 3T3-L1 or HeLa cells at a concentration of 50 lM.

In conclusion, we isolated three novel compounds, yoshinones
A (1), B1 (2), and B2 (3), from the cyanobacterium Leptolyngbya
sp., and determined their structures by NMR spectral analyses.
Yoshinone A (1) was not cytotoxic and inhibited the adipose
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Figure 1. Structures of yoshinones A (1), B1 (2), and B2 (3). Yoshinones B1 and B2
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differentiation of 3T3-L1cells. According to our results, while kal-
kipyrone and aureothin are stronger at inhibiting differentiation
than yoshinones, they also are highly cytotoxic (IC50=120 nM and

110 nM for kalkipyrone and aureothin, respectively against HeLa
cells). Therefore, yoshinone A may be a novel lead compound for
the treatment of obesity. We tried to determine the configuration
of side-chain regions of yoshinones by a modified Mosher’s
method, but failed because of the limited availability of samples.
We are currently preparing all possible stereoisomers to determine
the stereochemistry and to perform studies on the structure–
activity relationships of yoshinones.
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ABSTRACT: Four possible diastereomers of the C1−C13 fragment of symbiodinolide, which were proposed by the
stereostructural analysis of the degraded product, were synthesized in a stereodivergent and stereoselective manner. The key
transformations were aldol reaction of methyl acetoacetate with the aldehyde, diastereoselective reduction of the resulting β-
hydroxy ketone, and the stereoinversion at the C6 position. Comparison of the 1H NMR data between the four synthetic
products and the degraded product revealed the relative stereostructure of the C1−C13 fragment of symbiodinolide.

■ INTRODUCTION

Integrated use of a spectroscopic method and chemical
synthesis is well recognized as a reliable approach to the
structural elucidation of natural products.1 In particular, if the
target molecule has a huge molecular size or a number of
functional groups, the chemical synthesis is often required for
the unambiguous configurational assignment.2

Symbiodinolide (1, Figure 1), a 62-membered polyol
macrolide marine natural product, was isolated from the 80%
aqueous ethanol extract of the cultured dinoflagellate
Symbiodinium sp. by one of the authors (D.U.).3 This natural
product exhibits voltage-dependent N-type Ca2+ channel-
opening activity at 7 nM and COX-1 inhibition effect at 2
μM (65% inhibition). The planar structure of symbiodinolide
(1) was assigned by the detailed 2D NMR spectroscopic
techniques. However, the stereostructure of 1 has not been
elucidated yet because of its complicated molecular structure
characterized by 61 stereocenters and molecular weight of
2860. Therefore, we are now examining the degradation of
natural symbiodinolide (1)3,4 and chemical synthesis of each
fragment including the stereoisomers5 toward the complete
stereochemical establishment of 1. Previously, as a degradation
of symbiodinolide (1), we carried out the methanolysis and
subsequent oxidative cleavage with Grubbs II catalyst/NaClO

to yield the C1−C13 fragment 2 (Scheme 1).4a,c Herein, as a
part of our efforts toward the complete configurational
determination of symbiodinolide (1), we describe the stereo-
structural analysis of the degraded product 2, and stereo-
divergent and stereoselective synthesis of all four possible
diastereomers of the C1−C13 fragment 2,6 which has
established the relative stereostructure of this fragment.

■ RESULTS AND DISCUSSION
Stereochemical Analysis of the Degraded Product 2.

Prior to starting the synthesis of the C1−C13 fragment, we first
analyzed the stereostructure of the degraded product 2 to
reduce the number of the possible diastereomers of this
fragment. As shown in Figure 2a, the chemical shifts of the H-5
and H-7 in the 1H NMR spectrum were the same value (3.97
ppm in D2O); in addition, the two coupling constants were also
the same (3J5,6 and

3J6,7 = 4.5 Hz). Comparison of these results
with universal NMR databases for 1,2,3-triols reported by Kishi
and co-workers7 indicates that the relative stereochemical
relationships at the C5 and C7 positions to the C6 position are
the same, that is, syn/syn or anti/anti. Thus, the possible
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diastereomers of the C1−C13 fragment were narrowed down
from the eight potential diastereomers and found to be four,
which are described as 2a−2d in Figure 2b. We next examined
the synthesis of all four of these possible diastereomers 2a−2d
in the unified strategy.8

Stereodivergent Synthetic Plan of 2a−2b. The unified
and stereodivergent synthetic plan of 2a−2d is depicted in

Scheme 2. Aldol reaction of methyl acetoacetate (3) with
aldehyde 4 would provide the coupling product 5 with the
desired oxymethine stereochemistry at the C5 position. The
substrate-controlled diastereoselective reduction of β-hydroxy
ketone 5 by utilizing the resulting C5 stereochemistry with the
appropriate reducing reagent could afford syn-diol 6 and anti-
diol 7, respectively. The syn-diol 6 could be transformed to the
tetraol 2a through the deprotection and oxidation of the allylic
alcohol. The tetraol 2b would be also synthesized via the
stereoinversion at the C6 position from 6. In the similar way,
the tetraols 2c and 2d could be stereoselectively supplied,
respectively, by using the anti-diol 7 as the common synthetic
intermediate.

Stereoselective Synthesis of 2a. We investigated the
stereoselective synthesis of the first target molecule 2a. Parikh−
Doering oxidation9 of the known alcohol 8, which was prepared
from 2-deoxy-D-ribose in four steps,10 followed by two-carbon
elongation with (EtO)2P(O)CH2CO2Et and DIBAL-H reduc-
tion, provided allylic alcohol 9 in 77% yield in three steps
(Scheme 3). The alcohol 9 was protected as the TBDPS ether,
and the regioselective reductive cleavage of the p-methox-
ybenzylidene acetal moiety with DIBAL-H afforded primary
alcohol 10. The alcohol 10 was oxidized to the corresponding
aldehyde with SO3·pry/Et3N/DMSO.9 Stereoselective aldol
addition of methyl acetoacetate (3) to the resulting α,β-bis-
alkoxy aldehyde by using NaH and n-BuLi as bases produced β-
hydroxy ketone 11 possessing the desired C5 configuration in
94% yield as the inseparable 6:1 diastereomeric mixture.11,12

We next tried the derivatization of 11 for the stereochemical
confirmation at the C5 position. Thus, removal of the TBDPS
protective group with HF·pyr and subsequent oxidation of the
allylic alcohol with TEMPO/PhI(OAc)2

13 gave unsaturated
aldehyde 12. Treatment of the alcohol 12 with DDQ provided
p-methoxybenzylidene acetal 13.14 The observed NOEs of Ha/
Hb, Ha/Hc, and Hb/Hc in 13, as shown by arrows, indicated
that they were in syn relationships. Thereby, the absolute
stereochemistry at the C5 position of 11 was unambiguously
confirmed. Next, we introduced the C3 oxymethine stereo-
chemistry. Thus, diastereoselective reduction of 11 was carried
out with Et2BOMe/NaBH4

15 to afford syn-diol 14 in 98% yield
as a single product (Scheme 4). For the stereochemical
confirmation at the C3 position, the diol 14 was protected with
p-MeOC6H4CH(OMe)2/CSA to give p-methoxybenzylidene
acetal 15. The NOE correlations of Ha/Hb, Ha/Hc, and Hb/
Hc in 15 suggested that all of them were oriented in axial
positions, respectively. Thus, the absolute configuration at the
C3 position of 14 was elucidated.
Next, we examined the transformation of the diol 14 to the

tetraol 2a. Protection of 14 with Me2C(OMe)2/p-TsOH·H2O
gave acetonide 16 (Scheme 5). The TBDPS moiety of 16 was
selectively removed with TBAF/AcOH16 to provide allylic
alcohol 17 in 68% yield. TEMPO oxidation13 of 17 and
removal of the PMB group with DDQ afforded unsaturated
aldehyde 18 in 94% yield in two steps. The acetonide moiety of
18 was removed with TiCl4

17 in CH2Cl2 at −30 °C to afford
triol 19 in 98% yield. Finally, treatment of the TBS ether 19
with HF·pyr at 0 °C to room temperature produced the tetraol
2a. Although we could obtain the first target molecule 2a, the
conversion of 19 to 2a was quite slow and the starting material
19 was recovered in 52% yield. When the reaction time was
prolonged, we observed the formation of several byproducts;
furthermore, this transformation was irreproducible. Since this
deprotection would be problematic in the subsequent synthesis

Figure 1. Structure of symbiodinolide (1).

Scheme 1. Degradation of Symbiodinolide (1)

Figure 2. (a) 1H NMR analysis of the degraded product 2. (b) Four
possible diastereomers of the C1−C13 fragment.
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of 2b−2d, a change from the TBS protective group to a less-
hindered and more easily removed group in the final step was
needed.
Removal of the TBS moiety of 17 was carried out with

TBAF/AcOH in MeCN at 60 °C to give diol 20 in 86% yield
(Scheme 6).18 Treatment of 20 with TESOTf/2,6-lutidine,
followed by selective removal of the primary TES moiety,
provided secondary TES ether 21. TEMPO oxidation13 of the
allylic alcohol 21 and subsequent removal of the PMB group
afforded unsaturated aldehyde 22 in 76% yield in two steps.
Finally, when 22 was treated with TiCl4

17 at −30 °C to room
temperature, the acetonide deprotection and subsequent
removal of the TES moiety proceeded in one-pot to produce
the tetraol 2a in 74% yield.

Stereoselective Synthesis of 2b. We next examined the
stereoselective synthesis of the second target molecule 2b,
which is the C6-epimer of 2a. We envisioned the stereo-
inversion at the C6 position by the oxidation−reduction
process. Thus, selective protection of the primary hydroxy
group of the diol 20 with TESCl/imidazole yielded the
secondary alcohol, which was subjected to the TPAP
oxidation19 to afford ketone 23 (Scheme 7). Diastereoselective
reduction of 23 with NaBH4 proceeded successfully to provide
the desired alcohol 24 in 98% yield as the sole diastereomer.
This stereochemical outcome is in line with a Felkin−Anh
model, which is doubly effected by the C5 and C7 stereogenic
centers. The 1H NMR spectrum of 24 was clearly different
from that of the secondary alcohol obtained in the first step

Scheme 2. Stereodivergent Synthetic Plan of 2a−2d

Scheme 3. Synthesis of 11 and Its Stereochemical Confirmation at the C5 Position
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from 20, which resulted in the configurational confirmation at
the C6 stereogenic center of 24. TES protection of the resulting
secondary hydroxy moiety of 24, followed by selective removal
of the primary TES group, yielded alcohol 25. Oxidation of 25
with TEMPO/PhI(OAc)2

13 and subsequent removal of the
PMB group gave unsaturated aldehyde 26 in 82% yield in two
steps. Stepwise deprotection of 26, that is, removal of the
acetonide moiety by TiCl4

17 and the TES group by HF·pyr,
furnished the second target molecule 2b.
Stereoselective Synthesis of 2c and 2d. Having

completed the stereoselective and stereodivergent synthesis of
the first and second target molecules 2a and 2b bearing the syn
relationships at the C3 and C5 positions, we next commenced
the synthesis of the third and fourth target molecules 2c and 2d
with the C3/C5 anti correlations. The stereoselective synthesis
of 2c is illustrated in Scheme 8. Treatment of the β-hydroxy
ketone 11 with NaBH(OAc)3

20 furnished the desired anti-diol
27 in 95% yield as a single diastereomer, as judged by its 1H
NMR spectrum, which was clearly different from that of the
syn-diol 14. Further transformation of 27 toward 2c was similar
to that used in the synthesis of 2a. Protection of the resulting
diol moiety of 27 and desilylation afforded diol 28. The diol 28
was transformed to unsaturated aldehyde 29 by the following
four-step sequence: (1) bis-silylation, (2) selective desilylation
of the primary TES moiety, (3) TEMPO oxidation13 of the
allylic alcohol, and (4) removal of the PMB group.
Simultaneous removal of the acetonide and TES moieties was
performed with TiCl4

17 to provide the third target molecule 2c
in 44% yield.
The stereocontrolled synthesis of 2d, whose synthetic route

was analogous to that of 2b, is shown in Scheme 9. The alcohol
28, which was the key synthetic intermediate toward 2c, was
converted to ketone 30 through the selective silylation of the
primary alcohol and TPAP oxidation19 of the secondary
alcohol. The ketone 30 was reduced with NaBH4 to give
alcohol 31 as the sole diastereomer. The resulting stereo-
chemistry at the C6 position of 31 was confirmed by comparing
the 1H NMR spectra between 31 and the secondary alcohol
synthesized in the first transformation from 28. Acetonide 32,
which was synthesized from the alcohol 31 in 54% overall yield

in four steps, was deprotected with TiCl4
17 to provide the

fourth target molecule 2d in 47% yield.
Relative Stereostructure of the C1−C13 Fragment.

With all four possible diastereomers 2a−2d in hand, we next
compared these 1H NMR data with those of the degraded
product 2. As described in Table 1, the 1H NMR chemical
shifts of the synthetic 2b were found to be in full agreement
with those of the degraded product 2.21 On the other hand, the
1H NMR chemical shifts of the synthetic 2a, 2c, and 2d were
clearly different from those of the degraded product 2,
respectively. Especially, the chemical shifts of two geminal
protons at the C4 position of 2a, 2c, and 2d were different to
each other, respectively, whereas the chemical shifts of these
protons of 2 and 2b were found to be the same. Therefore, the
relative stereostructure of the C1−C13 fragment of symbiodi-
nolide (1) was elucidated to be that described in 2b.

■ CONCLUSION
First, we have analyzed the 1H NMR chemical shifts and
coupling constants of the degraded product 2 obtained from
natural symbiodinolide (1) and proposed its four possible

Scheme 4. Synthesis of 14 and Its Stereochemical
Confirmation at the C3 Position

Scheme 5. Synthesis of 2a
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diastereomers 2a−2d by comparing with the universal NMR
databases reported by Kishi’s research group. Next, we have
examined the stereodivergent synthesis of 2a−2d in the unified
manner. Thus, the β-hydroxy ketone 11, which would be the
key common synthetic intermediate of 2a−2d, was synthesized
by aldol reaction between methyl acetoacetate (3) and the
aldehyde derived from 10. Diastereoselective reduction of 11
provided the syn-diol 14 (by Et2BOMe/NaBH4) and the anti-
diol 27 (by NaBH(OAc)3), respectively. Deprotection and
oxidation of the allylic alcohol moiety of 14 produced the first
target molecule 2a. The second target molecule 2b was
synthesized via the stereoinversion at the C6 position by
diastereoselective reduction of the ketone 23. In the similar
synthetic route, the third and fourth target molecules 2c and 2d
were yielded from the anti-diol 27, respectively and stereo-
selectively. Comparison of the 1H NMR data of the synthetic
2a−2d with those of the degraded product 2 determined the
relative stereochemistry of the C1−C13 fragment of
symbiodinolide (1) to be depicted in 2b.

■ EXPERIMENTAL SECTION
Allylic Alcohol 9. To a solution of allylic alcohol 8 (5.04 g, 12.8

mmol) in CH2Cl2 (51 mL) and DMSO (13 mL) were added Et3N
(7.8 mL, 56.3 mmol) and SO3·pyr (4.07 g, 25.6 mmol) at 0 °C. The
mixture was stirred at room temperature for 2 h. The mixture was
diluted with EtOAc, washed with saturated aqueous NH4Cl, H2O, and
brine, and then dried over Na2SO4. Concentration and column

chromatography (hexane/EtOAc = 10:1) gave the corresponding α,β-
unsaturated aldehyde (4.53 g), which was used for the next reaction
without further purification.

To a suspension of NaH (60% dispersion in oil, 1.11 g, 27.8 mmol,
washed with hexane in advance) in benzene (15 mL) was added
(EtO)2P(O)CH2CO2Et (6.0 mL, 30.2 mmol) at 0 °C. After the
mixture was stirred at room temperature for 15 min, the aldehyde
obtained above (4.53 g) in benzene (10 mL + 6.0 mL + 4.0 mL) was
added at room temperature. After the mixture was stirred at room
temperature for 2 h, the reaction was quenched with H2O at 0 °C. The
mixture was diluted with EtOAc, washed with H2O and brine, and
then dried over Na2SO4. Concentration and column chromatography
(hexane/EtOAc = 20:1) gave the corresponding α,β-unsaturated ester
(4.85 g), which was used for the next reaction without further
purification.

To a solution of the ester obtained above (4.85 g) in CH2Cl2 (50
mL) was added DIBAL-H (1.04 M solution in hexane, 20 mL, 20.8
mmol) at −78 °C. After the mixture was stirred at −78 °C for 30 min,
the reaction was quenched with MeOH. The mixture was filtered
through a Celite pad and washed with EtOAc. Concentration and

Scheme 6. Improved Synthesis of 2a Scheme 7. Synthesis of 2b
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column chromatography (hexane/EtOAc = 4:1) gave allylic alcohol 9
(4.11 g, 77% in three steps) as a colorless oil: Rf = 0.19 (hexane/
EtOAc = 4:1); [α]D

25 −60.6 (c 0.92, CHCl3); IR (neat) 3427, 2929,
2856, 1615 cm−1; 1H NMR (400 MHz, CDCl3) δ 7.39 (d, J = 8.5 Hz,
2 H), 6.88 (d, J = 8.5 Hz, 2 H), 6.28−6.11 (m, 2 H), 5.85 (dt, J = 15.0,
6.6 Hz, 1 H), 5.75 (dt, J = 15.0, 6.6 Hz, 1 H), 5.43 (s, 1 H), 4.19−4.16
(m, 3 H), 3.80 (s, 3 H), 3.60−3.57 (m, 3 H), 2.64 (dd, J = 14.4, 6.6
Hz, 1 H), 2.36 (dd, J = 14.4, 6.6 Hz, 1 H), 1.30−1.25 (m, 1 H), 0.91
(s, 9 H), 0.11 (s, 3 H), 0.09 (s, 3 H); 13C NMR (100 MHz, CDCl3) δ
159.8, 131.7, 130.5, 130.4, 130.0, 127.6, 127.3, 113.5, 100.7, 81.9, 71.7,
66.2, 63.5, 55.3, 34.8, 25.8, 18.0, −4.0, −4.6; HRMS (ESI−TOF) calcd
for C23H36O5SiNa [M + Na]+ 443.2230, found 443.2236.
Alcohol 10. To a solution of alcohol 9 (234 mg, 0.558 mmol) in

CH2Cl2 (5.0 mL) were added DMAP (107 mg, 0.873 mmol),
imidazole (59.6 mg, 0.873 mmol), and TBDPSCl (0.17 mL, 0.670
mmol) at 0 °C. After the mixture was stirred at room temperature for
20 min, the reaction was quenched with saturated aqueous NH4Cl.
The mixture was diluted with EtOAc, washed with H2O and brine, and
then dried over Na2SO4. Concentration and column chromatography
(hexane/EtOAc = 50:1, 10:1) gave the corresponding TBDPS ether
(400 mg, quant) as a colorless oil: Rf = 0.76 (hexane/EtOAc = 2:1);
[α]D

24 −33.7 (c 0.95, CHCl3); IR (neat) 2930, 2844, 1615 cm−1; 1H
NMR (400 MHz, CDCl3) δ 7.72−7.69 (m, 4 H), 7.45−7.37 (m, 8 H),
6.91 (dd, J = 8.6, 1.8 Hz, 2 H), 6.32−6.14 (m, 2 H), 5.87 (dt, J = 14.9,
7.8 Hz, 1 H), 5.71 (dt, J = 14.9, 4.9 Hz, 1 H), 5.47 (s, 1 H), 4.26 (d, J
= 4.9 Hz, 2 H), 4.19 (dt, J = 8.6, 2.0 Hz, 1 H), 3.82 (s, 3 H), 3.64−3.56
(m, 3 H), 2.67 (dd, J = 14.9, 6.9 Hz, 1 H), 2.42−2.39 (m, 1 H), 1.10
(s, 9 H), 0.94 (s, 9 H), 0.14 (s, 3 H), 0.12 (s, 3 H); 13C NMR (100

Scheme 8. Synthesis of 2c Scheme 9. Synthesis of 2d

Table 1. 1H NMR Chemical Shifts of the Degraded Product
2 and the Synthetic Products 2a−2da

position 2b 2ac 2bc 2cc 2dc

1-CO2Me 3.67 3.67 3.67 3.67 3.67
2 2.56 2.56 2.56 2.49 2.48

2.44 2.44 2.44 2.49 2.48
3 4.21 4.31 4.22 4.31 4.27
4 1.75 1.85 1.75 1.78 1.70

1.75 1.70 1.75 1.60 1.59
5 3.88 3.84 3.89 3.91 3.93
6 3.33 3.39 3.32 3.39 3.23
7 3.81 3.72 3.80 3.73 3.82
8 2.52 2.61 2.52 2.62 2.52

2.48 2.40 2.47 2.42 2.48
9 6.47 6.48 6.47 6.50 6.49
10 6.47 6.48 6.47 6.50 6.49
11 7.29 7.29 7.29 7.30 7.29
12 6.09 6.08 6.09 6.08 6.09
13-CHO 9.49 9.49 9.49 9.49 9.49

aChemical shifts are reported in ppm with reference to the solvent
signal (CD3OD, 3.30 ppm).

bRecorded at 800 MHz. cRecorded at 600
MHz.
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MHz, CDCl3) δ 159.8, 135.5, 135.5, 135.4, 133.7, 132.1, 130.4, 129.9,
129.5, 129.3, 127.6, 127.6, 127.3, 113.5, 100.7, 82.0, 71.7, 66.2, 64.2,
55.3, 34.9, 26.9, 25.8, 19.3, 18.0, −4.0, −4.6; HRMS (ESI−TOF) calcd
for C39H54O5Si2Na [M + Na]+ 681.3408, found 681.3398.
To a solution of the corresponding p-methoxybenzylidene acetal

(610 mg, 0.926 mmol) in toluene (19 mL) was added DIBAL-H (1.04
M solution in hexane, 5.4 mL, 5.55 mmol) at −50 °C. After the
mixture was gradually warmed up to −10 °C for 2 h, the reaction was
quenched with MeOH. The mixture was filtered through a Celite pad
and washed with EtOAc. Concentration and column chromatography
(hexane/EtOAc = 10:1, 7:1, 4:1) gave alcohol 10 (447 mg, 73%) as a
colorless oil and the acetal (70.0 mg, 12% recovery). Alcohol 10: Rf =
0.73 (hexane/EtOAc = 2:1); [α]D

23 −14.1 (c 1.00, CHCl3); IR (neat)
3476, 2930, 2864 cm−1; 1H NMR (400 MHz, CDCl3) δ 7.71−7.68 (m,
4 H), 7.45−7.26 (m, 8 H), 6.89 (d, J = 8.6 Hz, 2 H), 6.27 (dd, J = 15.0,
10.6 Hz, 1 H), 6.14 (dd, J = 15.0, 10.6 Hz, 1 H), 5.73−5.68 (m, 2 H),
4.55 (s, 2 H), 4.26 (d, J = 4.2 Hz, 2 H), 3.79 (s, 3 H), 3.79−3.55 (m, 4
H), 2.52−2.46 (m, 1 H), 2.39−2.33 (m, 1 H), 2.21 (brs, 1 H), 1.08 (s,
9 H), 0.93 (s, 9 H), 0.12 (s, 3 H), 0.11 (s, 3 H); 13C NMR (100 MHz,
CDCl3) δ 159.2, 135.4, 133.7, 132.3, 130.4, 130.3, 129.9, 129.7, 129.5,
127.6, 113.8, 80.4, 74.0, 72.5, 64.2, 55.3, 34.5, 26.9, 25.9, 19.3, 18.1,
−4.3, −4.5; HRMS (ESI−TOF) calcd for C39H56O5Si2Na [M + Na]+

683.3564, found 683.3555.
β-Hydroxy Ketone 11. To a solution of alcohol 10 (79.3 mg,

0.148 mmol) in CH2Cl2 (1.0 mL) and DMSO (0.3 mL) were added
Et3N (0.10 mL, 0.740 mmol) and SO3·pyr (94.2 mg, 0.592 mmol) at 0
°C. The mixture was stirred at room temperature for 2 h. The mixture
was diluted with EtOAc, washed with H2O and brine, and then dried
over Na2SO4. Concentration and column chromatography (hexane/
EtOAc = 20:1) gave the corresponding aldehyde (75.4 mg, 95%) as a
colorless oil: Rf = 0.70 (hexane/EtOAc = 2:1) [α]D

21 −14.1 (c 1.06,
CHCl3); IR (neat) 2931, 2858, 1739 cm−1; 1H NMR (400 MHz,
CDCl3) δ 9.60 (s, 1 H), 7.73−7.68 (m, 4 H), 7.44−7.36 (m, 6 H),
7.25 (d, J = 8.3 Hz, 2 H), 6.87 (d, J = 8.3 Hz, 2 H), 6.27−6.10 (m, 2
H), 5.70 (dt, J = 14.4, 4.6 Hz, 1 H), 5.55 (dt, J = 14.4, 6.8 Hz, 1 H),
4.58−4.49 (m, 2 H), 4.25 (d, J = 4.6 Hz, 2 H), 4.14−4.12 (m, 1 H),
3.80 (s, 3 H), 3.73−3.69 (m, 1 H), 2.43 (t, J = 6.8 Hz, 2 H), 1.08 (s, 9
H), 1.00 (s, 9 H), 0.10 (s, 3 H), 0.09 (s, 3 H); 13C NMR (100 MHz,
CDCl3) δ 203.2, 159.1, 135.4, 133.6, 133.2, 131.0, 130.0, 129.5, 129.4,
128.6, 127.6, 113.7, 80.8, 79.0, 71.9, 64.2, 55.3, 33.9, 26.9, 25.8, 19.3,
18.3, −4.6, −4.7; HRMS (ESI−TOF) calcd for C39H54O5Si2Na [M +
Na]+ 681.3408, found 681.3410.
To a suspension of NaH (60% dispersion in oil, 19.7 mg, 0.493

μmol, washed with hexane in advance) in THF (1.0 mL) was added
methyl acetoacetate (3) (29.5 μL, 0.247 mmol) at 0 °C. After the
mixture was stirred at 0 °C for 20 min, n-BuLi (1.57 M solution in
hexane, 0.19 mL, 0.301 mmol) was added at 0 °C. After the mixture
was stirred at 0 °C for 10 min, the corresponding aldehyde (90.3 mg,
0.137 mmol) in THF (0.3 mL + 0.2 mL) was added at −78 °C. After
the mixture was stirred at −78 °C for 15 min, the reaction was
quenched with saturated aqueous NH4Cl. The mixture was diluted
with EtOAc, washed with H2O and brine, and then dried over Na2SO4.
Concentration and column chromatography (hexane/EtOAc = 6:1)
gave β-hydroxy ketone 11 (100 mg, 94%, dr = 6:1) as a colorless oil: Rf
= 0.21 (hexane/EtOAc = 4:1); [α]D

22 +2.2 (c 1.00, CHCl3); IR (neat)
3517, 2930, 2856, 1748, 1715 cm−1; 1H NMR (400 MHz, C6D6) δ
7.80−7.78 (m, 4 H), 7.23−7.22 (m, 8 H), 6.83 (d, J = 8.5 Hz, 2 H),
6.42 (dd, J = 15.0, 10.6 Hz, 1 H), 6.22 (dd, J = 15.0, 10.6 Hz, 1 H),
5.84 (dt, J = 15.0, 7.4 Hz, 1 H), 5.69 (dt, J = 15.0, 5.1 Hz, 1 H), 4.41
(d, J = 4.6 Hz, 2 H), 4.32−4.28 (m, 1 H), 4.24 (d, J = 4.6 Hz, 2 H),
3.87 (t, J = 4.6 Hz, 1 H), 3.62−3.58 (m, 1 H), 3.32 (s, 3 H), 3.26 (s, 3
H), 3.03 (s, 2 H), 2.80−2.78 (m, 1 H), 2.74 (d, J = 2.8 Hz, 1 H),
2.69−2.61 (m, 1 H), 2.50−2.45 (m, 2 H), 1.19 (s, 9 H), 1.01 (s, 9 H),
0.19 (s, 3 H), 0.18 (s, 3 H); 13C NMR (100 MHz, C6D6) δ 203.3,
159.8, 135.9, 134.2, 132.6, 130.9, 130.8, 130.5, 129.9, 114.1, 79.9, 77.1,
72.1, 69.0, 64.7, 54.9, 51.8, 49.8, 45.6, 34.0, 27.2, 26.5, 19.6, 18.7, −3.9,
−4.0; HRMS (ESI−TOF) calcd for C44H62O8Si2Na [M + Na]+

797.3881, found 797.3875.
Unsaturated Aldehyde 12. To a solution of TBDPS ether 11

(27.9 mg, 36.0 μmol) in THF (3.6 mL) was added HF·pyr (100 μL) at

0 °C. The mixture was stirred at 0 °C for 1 h. After the mixture was
stirred at room temperature for 6 h, HF·pyr (100 μL) was added at 0
°C. The mixture was stirred at 0 °C for 1 h. After the mixture was
stirred at room temperature for 2 h, the reaction was quenched with
saturated aqueous NaHCO3. The mixture was diluted with EtOAc,
washed with saturated aqueous NaHCO3, H2O, and brine, and then
dried over Na2SO4. Concentration and column chromatography
(hexane/EtOAc = 10:1, 2:1) gave the corresponding alcohol (15.4
mg), which was used for the next reaction without further purification.

To a solution of the alcohol obtained above (15.4 mg) in CH2Cl2
(3.0 mL) were added PhI(OAc)2 (25.0 mg, 77.8 μmol) and TEMPO
(0.48 mg, 3.10 μmol) at 0 °C. After the mixture was stirred at 0 °C for
6 h, the reaction was quenched with saturated aqueous Na2S2O3. The
mixture was diluted with EtOAc, washed with H2O and brine, and
then dried over Na2SO4. Concentration and column chromatography
(hexane/EtOAc = 4:1) gave unsaturated aldehyde 12 (11.6 mg, 60% in
two steps) as a colorless oil: Rf = 0.43 (hexane/EtOAc = 1:1); [α]D

25

−1.8 (c 0.10, CHCl3); IR (neat) 3483, 2927, 2855, 1747, 1682, 1638
cm−1; 1H NMR (400 MHz, CDCl3) δ 9.54 (d, J = 7.8 Hz, 1 H), 7.21
(d, J = 8.3 Hz, 2 H), 7.03 (dd, J = 15.2, 10.2 Hz, 1 H), 6.86 (d, J = 8.3
Hz, 2 H), 6.38−6.32 (m, 1 H), 6.28−6.20 (m, 1 H), 6.12−6.04 (m, 1
H), 4.52 (d, J = 11.5 Hz, 1 H), 4.42 (d, J = 11.5 Hz, 1 H), 4.17−4.11
(m, 1 H), 3.80 (s, 3 H), 3.74 (s, 3 H), 3.44 (s, 2 H), 2.91−2.85 (m, 1
H), 2.74−2.67 (m, 1 H), 2.50 (t, J = 6.2 Hz, 2 H), 0.91 (s, 9 H), 0.10
(s, 6 H); 13C NMR (100 MHz, CDCl3) δ 203.5, 193.6, 167.1, 159.3,
152.1, 143.3, 130.5, 130.3, 129.6, 113.8, 78.9, 76.0, 71.9, 68.6, 55.3,
52.4, 49.7, 45.8, 34.0, 26.1, 18.3, −4.0, −4.4; HRMS (ESI−TOF) calcd
for C28H42O8SiNa [M + Na]+ 557.2546, found 557.2552.

p-Methoxybenzylidene Acetal 13. To a suspension of alcohol
12 (5.9 mg, 11.0 μmol) and MS4 Å (10.0 mg) in CH2Cl2 (0.5 mL)
was added DDQ (3.7 mg, 16.5 μmol) at 0 °C. After the mixture was
stirred at 0 °C for 1 h, the mixture was filtered through a Celite pad
and washed with EtOAc. The mixture was washed with saturated
aqueous NaHCO3 and brine, and then dried over Na2SO4.
Concentration and column chromatography (hexane/EtOAc = 5:1)
gave p-methoxybenzylidene acetal 13 (2.4 mg, 41%) as a colorless oil:
Rf = 0.47 (hexane/EtOAc = 2:1); [α]D

25 −27.6 (c 0.09, CHCl3); IR
(neat) 2925, 2854, 1732, 1682, 1642 cm−1; 1H NMR (400 MHz,
C6D6) δ 9.38 (d, J = 7.8 Hz, 1 H), 7.41 (d, J = 8.8 Hz, 2 H), 6.78 (d, J
= 8.8 Hz, 2 H), 6.44−6.37 (m, 1 H), 6.05−6.01 (m, 2 H), 5.92 (dd, J =
15.4, 7.8 Hz, 1 H), 5.28 (s, 1 H), 3.86−3.80 (m, 1 H), 3.50−3.45 (m, 2
H), 3.34−3.20 (m, 4 H), 3.31 (s, 3 H), 3.18 (s, 3 H), 2.61−2.58 (m, 1
H), 2.29−2.22 (m, 1 H), 1.00 (s, 9 H), 0.09 (s, 3 H), 0.02 (s, 3 H);
13C NMR (100 MHz, C6D6) δ 192.2, 164.4, 160.8, 159.9, 150.3, 140.1,
131.4, 130.3, 130.0, 114.0, 109.0, 100.9, 81.0, 79.1, 71.6, 54.9, 52.1,
35.8, 31.7, 26.1, 26.0, 18.4, −3.2, −3.4; HRMS (ESI−TOF) calcd for
C28H40O8SiNa [M + Na]+ 555.2390, found 555.2383.

Diol 14. To a solution of β-hydroxy ketone 11 (311 mg, 0.401
mmol) in THF (8.6 mL) and MeOH (2.1 mL) was added Et2BOMe
(0.48 mL, 0.481 mmol) at −78 °C. After the mixture was stirred at
−78 °C for 15 min, NaBH4 (18.2 mg, 0.481 mmol) was added. After
the mixture was stirred at −78 °C for 1 h, the reaction was quenched
with AcOH. The mixture was diluted with EtOAc, washed with
saturated aqueous NaHCO3 and brine, and then dried over Na2SO4.
Addition of MeOH (10 mL) to the mixture and concentration (five
times repetition), and column chromatography (hexane/EtOAc = 5:1)
gave diol 14 (304 mg, 98%) as a colorless oil: Rf = 0.45 (hexane/
EtOAc = 2:1); [α]D

25 −2.5 (c 1.00, CHCl3); IR (neat) 3464, 2930,
2857, 1739, 1613 cm−1; 1H NMR (400 MHz, C6D6) δ 7.80−7.79 (m,
4 H), 7.25−7.22 (m, 8 H), 6.81 (d, J = 8.5 Hz, 2 H), 6.43 (dd, J = 15.1,
10.5 Hz, 1 H), 6.28 (dd, J = 15.1, 10.5 Hz, 1 H), 5.94 (dt, J = 15.1, 7.1
Hz, 1 H), 5.74 (dt, J = 15.1, 5.1 Hz, 1 H), 4.45 (d, J = 4.2 Hz, 2 H),
4.24 (d, J = 4.2 Hz, 2 H), 4.07−3.98 (m, 1 H), 3.88−3.75 (m, 2 H),
3.65−3.54 (m, 1 H), 3.31 (s, 3 H), 3.25 (s, 3 H), 2.63−2.60 (m, 2 H),
2.44 (t, J = 5.1 Hz, 1 H), 2.25 (dd, J = 16.3, 8.5 Hz, 1 H), 2.12 (dd, J =
16.3, 3.6 Hz, 1 H), 1.78−1.59 (m, 2 H), 1.20 (s, 9 H), 1.03 (s, 9 H),
0.26 (s, 3 H), 0.20 (s, 3 H); 13C NMR (100 MHz, C6D6) δ 172.6,
159.7, 135.9, 134.2, 132.9, 132.4, 131.4, 131.1, 130.7, 130.5, 130.2,
129.9, 114.0, 79.9, 77.7, 73.6, 72.1, 69.6, 64.7, 54.8, 51.2, 41.8, 38.6,
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33.9, 27.2, 26.6, 19.6, 18.8, −3.7, −3.9; HRMS (ESI−TOF) calcd for
C44H64O8Si2Na [M + Na]+ 799.4037, found 799.4037.
p-Methoxybenzylidene Acetal 15. To a suspension of diol 14

(5.3 mg, 6.82 μmol) and MS4 Å (5.0 mg) in CH2Cl2 (0.5 mL) were
added p-MeOC6H4CH(OMe)2 (1.7 μL, 10.2 μmol) and CSA (1.0 mg,
4.30 μmol) at 0 °C. The mixture was stirred at room temperature for 4
h. To the mixture were added p-MeOC6H4CH(OMe)2 (1.7 μL, 10.2
μmol) and CSA (1.0 mg, 4.30 μmol) at 0 °C. After the mixture was
stirred at room temperature for a further 12 h, the reaction was
quenched with Et3N. The mixture was filtered through a Celite pad
and washed with EtOAc. Concentration and column chromatography
(hexane/EtOAc = 10:1) gave p-methoxybenzylidene acetal 15 (4.0
mg, 66%) as a colorless oil: Rf = 0.44 (hexane/EtOAc = 4:1); [α]D

25

−16.3 (c 0.09, CHCl3); IR (neat) 2928, 2855, 1741, 1614 cm−1; 1H
NMR (400 MHz, C5D5N) δ 7.85−7.83 (m, 5 H), 7.65 (d, J = 8.5 Hz,
2 H), 7.47−7.44 (m, 6 H), 7.04−7.01 (m, 5 H), 6.55 (dd, J = 15.1,
10.4 Hz, 1 H), 6.38 (dd, J = 15.1, 10.4 Hz, 1 H), 6.00 (dt, J = 15.1, 7.3
Hz, 1 H), 5.86 (dt, J = 15.1, 4.8 Hz, 1 H), 5.73 (s, 1 H), 4.62 (s, 2 H),
4.54−4.47 (m, 1 H), 4.36 (d, J = 4.8 Hz, 2 H), 4.29−4.24 (m, 1 H),
4.17 (t, J = 4.8 Hz, 1 H), 3.88−3.84 (m, 1 H), 3.68 (s, 3 H), 3.64 (s, 3
H), 3.63 (s, 3 H), 2.89 (dd, J = 15.1, 7.3 Hz, 1 H), 2.76−2.64 (m, 2
H), 1.93−1.80 (m, 2 H), 1.25−1.23 (m, 1 H), 1.13 (s, 9 H), 1.01 (s, 9
H), 0.24 (s, 6 H); 13C NMR (100 MHz, C5D5N) δ 171.1, 160.3, 159.7,
135.9, 135.0, 134.2, 132.4, 131.9, 131.5, 131.2, 130.8, 130.7, 130.2,
128.3, 128.2, 123.0, 114.2, 113.9, 101.2, 79.1, 77.5, 76.5, 73.8, 71.7,
64.8, 55.3, 51.6, 41.5, 33.5, 32.5, 27.1, 26.5, 19.6, 18.8, −3.7, −3.9;
HRMS (ESI−TOF) calcd for C52H70O9Si2Na [M + Na]+ 917.4456,
found 917.4457.
Acetonide 16. To a solution of diol 14 (202 mg, 0.260 mmol) in

THF (2.6 mL) were added Me2C(OMe)2 (0.32 mL, 2.26 mmol) and
p-TsOH·H2O (4.9 mg, 26.0 μmol) at room temperature. After the
mixture was stirred at room temperature for 30 min, the reaction was
quenched with saturated aqueous NaHCO3. The mixture was diluted
with EtOAc, washed with H2O and brine, and then dried over Na2SO4.
Concentration and column chromatography (hexane/EtOAc = 7:1)
gave acetonide 16 (212 mg, quant) as a colorless oil: Rf = 0.62
(hexane/EtOAc = 2:1); [α]D

22 −8.2 (c 1.25, CHCl3); IR (neat) 2929,
2858, 1741 cm−1; 1H NMR (400 MHz, CDCl3) δ 7.69 (dd, J = 7.6, 1.4
Hz, 4 H), 7.44−7.36 (m, 6 H), 7.25 (d, J = 8.6 Hz, 2 H), 6.86 (d, J =
8.6 Hz, 2 H), 6.25 (dd, J = 15.1, 10.5 Hz, 1 H), 6.11 (dd, J = 15.1, 10.5
Hz, 1 H), 5.76−5.65 (m, 2 H), 4.47 (s, 2 H), 4.25−4.24 (m, 3 H), 3.97
(ddd, J = 7.3, 4.9, 2.4 Hz, 1 H), 3.79 (s, 3 H), 3.70−3.68 (m, 1 H),
3.68 (s, 3 H), 3.52−3.48 (m, 1 H), 2.54 (dd, J = 15.1, 7.3 Hz, 1 H),
2.42−2.33 (m, 3 H), 1.48−1.35 (m, 2 H), 1.41 (s, 3 H), 1.37 (s, 3 H),
1.08 (s, 9 H), 0.90 (s, 9 H), 0.10 (s, 3 H), 0.08 (s, 3 H); 13C NMR
(100 MHz, CDCl3) δ 171.2, 159.1, 135.5, 133.7, 131.7, 130.7, 130.1,
130.0, 129.6, 129.5, 129.3, 127.6, 113.6, 98.7, 78.8, 76.4, 71.6, 69.3,
66.0, 64.3, 55.3, 51.6, 41.6, 33.5, 31.7, 29.9, 26.9, 26.2, 19.8, 19.3, 18.5,
−4.0, −4.3; HRMS (ESI−TOF) calcd for C47H68O8Si2Na [M + Na]+

839.4351, found 839.4358.
Allylic Alcohol 17. To a solution of TBDPS ether 16 (174 mg,

0.213 mmol) in MeCN (2.2 mL) was added a mixed solution of TBAF
(1.0 M solution in THF, 0.26 mL, 0.260 mmol) and AcOH (15 μL,
0.256 mmol) at room temperature. After the mixture was stirred at
room temperature for 5 h, the reaction was quenched with saturated
aqueous NH4Cl. The mixture was diluted with EtOAc, washed with
H2O and brine, and then dried over Na2SO4. Concentration and
column chromatography (hexane/EtOAc = 10:1, 2:1) gave allylic
alcohol 17 (84.8 mg, 68%) as a colorless oil: Rf = 0.33 (hexane/EtOAc
= 2:1); [α]D

23 −5.5 (c 0.98, CHCl3); IR (neat) 3459, 2952, 2858, 1740,
1612 cm−1; 1H NMR (400 MHz, CDCl3) δ 7.23 (d, J = 8.8 Hz, 2 H),
6.86 (d, J = 8.8 Hz, 2 H), 6.20 (dd, J = 15.3, 10.6 Hz, 1 H), 6.08 (dd, J
= 15.3, 10.6 Hz, 1 H), 5.76−5.70 (m, 2 H), 4.45 (s, 2 H), 4.24−4.16
(m, 4 H), 3.94 (ddd, J = 12.6, 4.9, 2.4 Hz, 1 H), 3.80 (s, 3 H), 3.68 (s,
3 H), 3.48 (dt, J = 7.1, 4.4 Hz, 1 H), 2.53 (dd, J = 15.3, 7.1 Hz, 1 H),
2.38−2.33 (m, 3 H), 1.47 (dt, J = 12.6, 2.4 Hz, 1 H), 1.40 (s, 3 H),
1.36 (s, 3 H), 1.28−1.24 (m, 1 H), 0.89 (s, 9 H), 0.09 (s, 3 H), 0.07 (s,
3 H); 13C NMR (100 MHz, CDCl3) δ 171.2, 159.0, 131.9, 131.7,
131.3, 130.6, 129.8, 129.6, 113.6, 98.7, 78.7, 76.3, 71.6, 69.3, 65.9, 63.5,
55.3, 51.6, 41.6, 33.4, 31.7, 29.9, 26.2, 19.8, 18.5, −4.0, −4.3; HRMS

(ESI−TOF) calcd for C31H50O8SiNa [M + Na]+ 601.3173, found
601.3169.

Alcohol 18. To a solution of alcohol 17 (102 mg, 0.176 mmol) in
CH2Cl2 (2.0 mL) were added PhI(OAc)2 (146 mg, 0.440 mmol) and
TEMPO (5.5 mg, 35.2 μmol) at 0 °C. After the mixture was stirred at
room temperature for 1 h, the reaction was quenched with saturated
aqueous Na2S2O3. The mixture was diluted with EtOAc, washed with
H2O and brine, and then dried over Na2SO4. Concentration and
column chromatography (hexane/EtOAc = 6:1) gave the correspond-
ing unsaturated aldehyde (102 mg), which was used for the next
reaction without further purification.

To a solution of the PMB ether obtained above (102 mg) in
CH2Cl2 (4.0 mL) and phosphate pH standard solution (0.2 mL) was
added DDQ (47.9 mg, 0.211 mmol) at 0 °C. After the mixture was
stirred at room temperature for 1 h, the reaction was quenched with
saturated aqueous NaHCO3. The mixture was diluted with EtOAc,
washed with H2O and brine, and then dried over Na2SO4.
Concentration and column chromatography (hexane/EtOAc = 3:1)
gave alcohol 18 (76.0 mg, 94% in two steps) as a colorless oil: Rf =
0.52 (hexane/EtOAc = 1:1); [α]D

23 −14.4 (c 0.97, CHCl3); IR (neat)
3490, 2953, 2858, 1739, 1681, 1639 cm−1; 1H NMR (400 MHz,
CDCl3) δ 9.54 (d, J = 7.8 Hz, 1 H), 7.09 (dd, J = 15.3, 9.9 Hz, 1 H),
6.43−6.31 (m, 2 H), 6.10 (dd, J = 15.3, 7.8 Hz, 1 H), 4.34−4.27 (m, 1
H), 4.03 (ddd, J = 8.0, 5.4, 2.4 Hz, 1 H), 3.81−3.76 (m, 1 H), 3.68 (s,
3 H), 3.53 (t, J = 5.4 Hz, 1 H), 2.56 (dd, J = 15.3, 7.0 Hz, 1 H), 2.55−
2.49 (m, 1 H), 2.42−2.31 (m, 3 H), 1.70 (dt, J = 12.7, 2.4 Hz, 1 H),
1.45 (s, 3 H), 1.36 (s, 3 H), 0.90 (s, 9 H), 0.12 (s, 3 H), 0.10 (s, 3 H);
13C NMR (100 MHz, CDCl3) δ 193.6, 171.1, 151.9, 143.0, 130.8,
130.6, 98.8, 77.2, 72.7, 69.7, 65.9, 51.7, 41.5, 36.5, 32.7, 29.9, 26.0,
19.8, 18.3, −3.8, −4.2; HRMS (ESI−TOF) calcd for C23H40O7SiNa
[M + Na]+ 479.2441, found 479.2440.

Triol 19. To a solution of acetonide 18 (4.8 mg, 10.5 μmol) in
CH2Cl2 (0.8 mL) was added TiCl4 (1.7 μL, 15.7 μmol) at −30 °C.
After the mixture was stirred at −30 °C for 5 min, the reaction was
quenched with saturated aqueous NaHCO3. The mixture was diluted
with EtOAc and washed with H2O and brine. The aqueous phase was
washed with EtOAc three times. The combined organic layer was
dried over Na2SO4. Concentration and column chromatography
(hexane/EtOAc = 4:1, 1:1) gave triol 19 (4.3 mg, 98%) as a colorless
oil: Rf = 0.09 (hexane/EtOAc = 1:1); [α]D

27 −5.1 (c 0.73, CHCl3); IR
(neat) 3449, 2928, 2856, 1737, 1681, 1639 cm−1; 1H NMR (400 MHz,
CDCl3) δ 9.54 (d, J = 8.0 Hz, 1 H), 7.09 (dd, J = 15.3, 9.8 Hz, 1 H),
6.41−6.33 (m, 2 H), 6.10 (dd, J = 15.3, 8.0 Hz, 1 H), 4.33−4.27 (m, 1
H), 3.97 (ddd, J = 10.4, 5.6, 2.0 Hz, 1 H), 3.89−3.85 (m, 1 H), 3.73 (s,
3 H), 3.55 (t, J = 5.2 Hz, 1 H), 2.63−2.57 (m, 1 H), 2.53−2.51 (m, 2
H), 2.43−2.35 (m, 2 H), 1.86 (dt, J = 14.4, 2.4 Hz, 1 H), 1.67−1.55
(m, 3 H), 0.91 (s, 9 H), 0.13 (s, 3 H), 0.12 (s, 3 H); 13C NMR (100
MHz, CDCl3) δ 193.7, 172.8, 152.0, 143.2, 130.8, 130.5, 77.9, 73.7,
72.6, 69.2, 51.9, 41.4, 38.4, 36.7, 26.1, 18.3, −4.0; HRMS (ESI−TOF)
calcd for C20H36O7SiNa [M + Na]+ 439.2128, found 439.2126.

Tetraol 2a from 19. To a solution of TBS ether 19 (12.4 mg, 29.8
μmol) in THF (1.5 mL) was added HF·pyr (60 μL) at 0 °C. The
mixture was stirred at 0 °C for 2 h. After the mixture was stirred at
room temperature for 2 h, HF·pyr (70 μL) was added at 0 °C. The
mixture was stirred at 0 °C for 30 min. After the mixture was stirred at
room temperature for 6 h, the reaction was quenched with saturated
aqueous NaHCO3. The mixture was diluted with EtOAc and washed
with saturated aqueous NaHCO3, H2O, and brine. The aqueous phase
was washed with EtOAc three times. The combined organic layer was
dried over Na2SO4. Concentration and column chromatography
(CH2Cl2/MeOH = 20:1) gave tetraol 2a (1.6 mg, 18%) as a colorless
oil and TBS ether 19 (6.4 mg, 52% recovery). Tetraol 2a: Rf = 0.33
(CH2Cl2/MeOH = 10:1); [α]D

22 +13.2 (c 0.12, CHCl3); IR (neat)
3417, 2925, 1731, 1679, 1636 cm−1; 1H NMR (600 MHz, CD3OD) δ
9.49 (d, J = 7.8 Hz, 1 H), 7.33−7.27 (m, 1 H), 6.50−6.46 (m, 2 H),
6.08 (dd, J = 15.0, 7.8 Hz, 1 H), 4.33−4.27 (m, 1 H), 3.85−3.81 (m, 1
H), 3.73−3.69 (m, 1 H), 3.67 (s, 3 H), 3.39 (t, J = 6.3 Hz, 1 H), 2.66−
2.54 (m, 2 H), 2.46−2.37 (m, 2 H), 1.85 (ddd, J = 14.4, 5.4, 2.4 Hz, 1
H), 1.73−1.67 (m, 1 H); 13C NMR (100 MHz, CD3OD) δ 196.0,
173.8, 155.0, 145.7, 131.9, 131.0, 77.8, 73.0, 72.6, 68.3, 52.0, 43.0, 39.9,
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37.9; HRMS (ESI−TOF) calcd for C14H22O7Na [M + Na]+ 325.1263,
found 325.1271.
Diol 20. To a solution of TBS ether 17 (160 mg, 0.277 mmol) in

MeCN (2.8 mL) was added a mixed solution of TBAF (1.0 M solution
in THF, 2.8 mL, 2.80 mmol) and AcOH (0.16 mL, 2.77 mmol) at
room temperature. After the mixture was stirred at 60 °C for 6 days,
the reaction was quenched with saturated aqueous NH4Cl. The
mixture was diluted with EtOAc and washed with H2O and brine. The
aqueous phase was washed with EtOAc three times. The combined
organic layer was dried over Na2SO4. Concentration and column
chromatography (hexane/EtOAc = 2:1, EtOAc) gave diol 20 (111 mg,
86%) as a colorless oil: Rf = 0.09 (hexane/EtOAc = 1:1); [α]D

22 +10.5
(c 0.71, CHCl3); IR (neat) 3420, 2928, 2858, 1738, 1613 cm−1; 1H
NMR (400 MHz, C6D6) δ 7.17 (d, J = 8.6 Hz, 2 H), 6.80 (d, J = 8.6
Hz, 2 H), 6.26−6.16 (m, 2 H), 5.91−5.86 (m, 1 H), 5.62 (dt, J = 14.0,
5.6 Hz, 1 H), 4.51−4.47 (m, 1 H), 4.43 (d, J = 11.2 Hz, 1 H), 4.33−
4.29 (m, 1 H), 4.22 (d, J = 11.2 Hz, 1 H), 4.11−4.06 (m, 1 H), 3.92−
3.84 (m, 3 H), 3.60−3.56 (m, 1 H), 3.33 (s, 3 H), 3.31 (s, 3 H), 2.62−
2.48 (m, 3 H), 2.18 (dd, J = 15.6, 5.2 Hz, 1 H), 1.46−1.40 (m, 2 H),
1.39 (s, 3 H), 1.29 (s, 3 H), 0.92 (t, J = 7.2 Hz, 1 H); 13C NMR (100
MHz, C6D6) δ 170.9, 159.9, 132.7, 131.2, 130.9, 130.7, 130.0, 114.2,
99.0, 77.6, 73.8, 71.2, 69.7, 66.3, 63.3, 54.9, 51.2, 41.6, 32.9, 31.4, 30.3,
19.9; HRMS (ESI−TOF) calcd for C25H36O8Na [M + Na]+ 487.2308,
found 487.2306.
Allylic Alcohol 21. To a solution of diol 20 (94.4 mg, 0.163

mmol) in CH2Cl2 (1.6 mL) were added 2,6-lutidine (67 μL, 0.456
mmol) and TESOTf (88 μL, 0.391 mmol) at 0 °C. After the mixture
was stirred at room temperature for 40 min, the reaction was
quenched with saturated aqueous NH4Cl. The mixture was diluted
with EtOAc, washed with H2O and brine, and then dried over Na2SO4.
Concentration and column chromatography (hexane/EtOAc = 20:1,
10:1) gave the corresponding bis-TES ether (111 mg, 98%) as a
colorless oil: Rf = 0.71 (hexane/EtOAc = 2:1); [α]D

26 +4.2 (c 0.49,
CHCl3); IR (neat) 2953, 2871, 1742, 1612 cm−1; 1H NMR (400 MHz,
C6D6) δ 7.24 (d, J = 8.6 Hz, 2 H), 6.84 (d, J = 8.6 Hz, 2 H), 6.41 (dd, J
= 15.0, 10.6 Hz, 1 H), 6.30 (dd, J = 15.0, 10.6 Hz, 1 H), 5.95−5.87 (m,
1 H), 5.73 (dt, J = 15.0, 5.3 Hz, 1 H), 4.48 (d, J = 11.2 Hz, 1 H), 4.35
(d, J = 11.2 Hz, 1 H), 4.35−4.27 (m, 1 H), 4.15 (d, J = 5.3 Hz, 2 H),
4.12−4.07 (m, 1 H), 3.95 (t, J = 5.0 Hz, 1 H), 3.61 (q, J = 5.4 Hz, 1
H), 3.35 (s, 3 H), 3.33 (s, 3 H), 2.60−2.53 (m, 3 H), 2.22 (dd, J =
15.4, 5.4 Hz, 1 H), 1.50−1.44 (m, 2 H), 1.46 (s, 3 H), 1.33 (s, 3 H),
1.09 (t, J = 8.2 Hz, 9 H), 1.02 (t, J = 7.4 Hz, 9 H), 0.80 (q, J = 8.2 Hz,
6 H), 0.62 (q, J = 7.4 Hz, 6 H); 13C NMR (100 MHz, C6D6) δ 170.8,
159.8, 132.5, 131.3, 131.1, 131.0, 130.4, 130.0, 114.1, 99.0, 78.8, 76.9,
71.9, 69.8, 66.4, 63.5, 54.9, 51.1, 41.8, 33.7, 31.8, 30.2, 19.9, 7.5, 7.2,
5.9, 5.2; HRMS (ESI−TOF) calcd for C37H64O8Si2Na [M + Na]+

715.4037, found 715.4031.
To a solution of the corresponding TES ether (99.7 mg, 0.144

mmol) in CH2Cl2 (7.0 mL) and MeOH (0.7 mL) was added PPTS
(11.0 mg, 43.0 μmol) at 0 °C. After the mixture was stirred at room
temperature for 1 h, the reaction was quenched with Et3N. The
mixture was diluted with EtOAc, washed with H2O and brine, and
then dried over Na2SO4. Concentration and column chromatography
(hexane/EtOAc = 10:1, 2:1) gave allylic alcohol 21 (75.1 mg, 90%) as
a colorless oil: Rf = 0.53 (hexane/EtOAc = 1:1); [α]D

21 +2.5 (c 1.53,
CHCl3); IR (neat) 3460, 2952, 2875, 1739, 1612 cm−1; 1H NMR (400
MHz, C6D6) δ 7.23 (d, J = 8.0 Hz, 2 H), 6.83 (d, J = 8.0 Hz, 2 H),
6.26−6.16 (m, 2 H), 5.90−5.83 (m, 1 H), 5.64−5.57 (m, 1 H), 4.48
(d, J = 11.5 Hz, 1 H), 4.36 (d, J = 11.5 Hz, 1 H), 4.32−4.31 (m, 1 H),
4.11−4.07 (m, 1 H), 3.96−3.93 (m, 1 H), 3.90 (brs, 2 H), 3.62−3.58
(m, 1 H), 3.34 (s, 3 H), 3.33 (s, 3 H), 2.59−2.54 (m, 3 H), 2.24 (dd, J
= 15.5, 5.1 Hz, 1 H), 1.49−1.46 (m, 2 H), 1.46 (s, 3 H), 1.33 (s, 3 H),
1.08 (t, J = 7.9 Hz, 9 H), 0.79 (q, J = 7.9 Hz, 6 H); 13C NMR (100
MHz, C6D6) δ 170.9, 159.8, 132.4, 131.3, 131.2, 131.1, 131.0, 130.0,
114.1, 99.0, 78.7, 76.8, 71.8, 69.8, 66.4, 63.2, 54.9, 51.2, 41.8, 33.7,
31.7, 30.2, 19.9, 7.5, 5.9; HRMS (ESI−TOF) calcd for C31H50O8SiNa
[M + Na]+ 601.3173, found 601.3171.
Alcohol 22. To a solution of alcohol 21 (45.6 mg, 78.8 μmol) in

CH2Cl2 (1.6 mL) were added PhI(OAc)2 (65.0 mg, 0.197 mmol) and
TEMPO (2.5 mg, 15.8 μmol) at 0 °C. After the mixture was stirred at

room temperature for 5 h, the reaction was quenched with saturated
aqueous Na2S2O3. The mixture was diluted with EtOAc, washed with
H2O and brine, and then dried over Na2SO4. Concentration and
column chromatography (hexane/EtOAc = 5:1) gave the correspond-
ing unsaturated aldehyde (44.5 mg), which was used for the next
reaction without further purification.

To a solution of the PMB ether obtained above (44.5 mg) in
CH2Cl2 (1.7 mL) and phosphate pH standard solution (0.1 mL) was
added DDQ (26.0 mg, 0.116 mmol) at 0 °C. After the mixture was
stirred at room temperature for 3 h, the reaction was quenched with
saturated aqueous NaHCO3. The mixture was diluted with EtOAc,
washed with H2O and brine, and then dried over Na2SO4.
Concentration and column chromatography (hexane/EtOAc = 2:1)
gave alcohol 22 (27.5 mg, 76% in two steps) as a colorless oil: Rf =
0.23 (hexane/EtOAc = 2:1); [α]D

23 −15.2 (c 1.00, CHCl3); IR (neat)
3479, 2953, 2876, 1739, 1682, 1639 cm−1; 1H NMR (400 MHz,
CDCl3) δ 9.54 (d, J = 7.8 Hz, 1 H), 7.09 (dd, J = 15.4, 10.0 Hz, 1 H),
6.44−6.30 (m, 2 H), 6.10 (dd, J = 15.4, 7.8 Hz, 1 H), 4.35−4.28 (m, 1
H), 4.05−4.01 (m, 1 H), 3.78−3.75 (m, 1 H), 3.68 (s, 3 H), 3.54 (d, J
= 5.5 Hz, 1 H), 2.60−2.51 (m, 2 H), 2.43−2.32 (m, 2 H), 1.72−1.64
(m, 2 H), 1.46 (s, 3 H), 1.36 (s, 3 H), 0.97 (t, J = 8.0 Hz, 9 H), 0.65
(q, J = 8.0 Hz, 6 H); 13C NMR (100 MHz, CDCl3) δ 193.6, 171.1,
151.9, 143.0, 130.8, 130.6, 98.8, 72.8, 70.0, 65.9, 51.7, 41.5, 36.6, 32.5,
29.9, 19.8, 7.0, 5.3; HRMS (ESI−TOF) calcd for C23H40O7SiNa [M +
Na]+ 479.2441, found 479.2446.

Tetraol 2a from 22. To a solution of acetonide 22 (4.1 mg, 8.99
μmol) in CH2Cl2 (0.5 mL) was added TiCl4 (2.0 μL, 18.2 μmol) at
−30 °C. The mixture was gradually warmed up to room temperature
for 1 h. After the mixture was stirred at room temperature for 27 h, the
reaction was quenched with saturated aqueous NaHCO3. The mixture
was diluted with EtOAc and washed with H2O and brine. The aqueous
phase was washed with EtOAc four times. The combined organic layer
was dried over Na2SO4. Concentration and column chromatography
(CH2Cl2/MeOH = 10:1) gave tetraol 2a (2.0 mg, 74%).

Ketone 23. To a solution of diol 20 (59.5 mg, 0.128 mmol) in
CH2Cl2 (1.2 mL) were added imidazole (12.2 mg, 0.179 mmol) and
TESCl (26 μL, 0.154 mmol) at −30 °C. After the mixture was
gradually warmed up to −10 °C for 30 min, the reaction was quenched
with saturated aqueous NH4Cl. The mixture was diluted with EtOAc,
washed with H2O and brine, and then dried over Na2SO4.
Concentration and column chromatography (hexane/EtOAc = 5:1)
gave the corresponding mono-TES ether (60.8 mg), which was used
for the next reaction without further purification.

To a suspension of the alcohol obtained above (60.8 mg) and MS4
Å (50.0 mg) in CH2Cl2 (1.3 mL) were added NMO (64.0 mg, 0.546
mmol) and TPAP (1.8 mg, 5.30 μmol) at room temperature. After the
mixture was stirred at room temperature for 8 h, the mixture was
filtered through a Celite pad and washed with EtOAc. Concentration
and column chromatography (hexane/EtOAc = 4:1) gave ketone 23
(54.8 mg, 74% in two steps) as a colorless oil: Rf = 0.56 (hexane/
EtOAc = 2:1); [α]D

22 +15.6 (c 0.50, CHCl3); IR (neat) 2953, 2871,
1738, 1613 cm−1; 1H NMR (400 MHz, C6D6) δ 7.31 (d, J = 8.5 Hz, 2
H), 6.80 (d, J = 8.5 Hz, 2 H), 6.31 (dd, J = 14.0, 10.6 Hz, 1 H), 6.17
(dd, J = 15.0, 10.6 Hz, 1 H), 5.86 (dt, J = 15.0, 7.6 Hz, 1 H), 5.72 (dt, J
= 14.0, 5.0 Hz, 1 H), 4.59−4.51 (m, 2 H), 4.37−4.16 (m, 3 H), 4.10
(d, J = 4.7 Hz, 2 H), 3.30 (s, 3 H), 3.29 (s, 3 H), 2.66−2.55 (m, 2 H),
2.43 (dd, J = 15.8, 7.6 Hz, 1 H), 2.09 (dd, J = 15.8, 5.0 Hz, 1 H), 1.65
(dt, J = 12.9, 2.7 Hz, 1 H), 1.42−1.35 (m, 1 H), 1.40 (s, 3 H), 1.20 (s,
3 H), 1.00 (t, J = 7.9 Hz, 9 H), 0.60 (q, J = 7.9 Hz, 6 H); 13C NMR
(100 MHz, C6D6) δ 206.8, 170.5, 159.8, 132.9, 132.1, 130.6, 130.0,
129.7, 129.1, 114.1, 99.4, 80.4, 73.4, 72.3, 66.1, 63.4, 54.8, 51.2, 41.2,
35.7, 32.2, 30.1, 19.3, 7.2, 5.1; HRMS (ESI−TOF) calcd for
C31H48O8SiNa [M + Na]+ 599.3016, found 599.3012.

Alcohol 24. To a solution of ketone 23 (8.5 mg, 14.7 μmol) in
MeOH (0.5 mL) was added NaBH4 (1.0 mg, 26.4 μmol) at −78 °C.
After the mixture was gradually warmed up to 0 °C for 20 min, the
reaction was quenched with saturated aqueous NH4Cl. The mixture
was diluted with EtOAc, washed with H2O and brine, and then dried
over Na2SO4. Concentration and column chromatography (hexane/
EtOAc = 3:1) gave alcohol 24 (8.3 mg, 98%) as a colorless oil: Rf =
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0.30 (hexane/EtOAc = 2:1); [α]D
22 +20.8 (c 0.44, CHCl3); IR (neat)

3518, 2953, 2885, 1740, 1612 cm−1; 1H NMR (400 MHz, C6D6) δ
7.20 (d, J = 8.5 Hz, 2 H), 6.80 (d, J = 8.5 Hz, 2 H), 6.40 (dd, J = 15.1,
10.5 Hz, 1 H), 6.25 (dd, J = 15.1, 10.5 Hz, 1 H), 5.80−5.69 (m, 2 H),
4.49 (d, J = 11.2 Hz, 1 H), 4.28−4.24 (m, 2 H), 4.15 (d, J = 4.9 Hz, 2
H), 4.00−3.97 (m, 1 H), 3.52 (t, J = 4.7 Hz, 2 H), 3.33 (s, 3 H), 3.32
(s, 3 H), 2.68−2.63 (m, 2 H), 2.50−2.44 (m, 2 H), 2.12 (dd, J = 15.6,
4.9 Hz, 1 H), 1.41 (s, 3 H), 1.41−1.34 (m, 1 H), 1.30 (s, 3 H), 1.02 (t,
J = 7.9 Hz, 9 H), 0.62 (q, J = 7.9 Hz, 6 H); 13C NMR (100 MHz,
C6D6) δ 170.8, 159.8, 132.8, 131.6, 131.1, 130.2, 130.2, 129.9, 114.1,
99.1, 78.4, 74.7, 71.7, 70.0, 66.2, 63.4, 54.9, 51.1, 41.4, 34.2, 32.4, 30.3,
19.8, 7.2, 5.1; HRMS (ESI−TOF) calcd for C31H50O8SiNa [M + Na]+

601.3173, found 601.3183.
Allylic Alcohol 25. To a solution of alcohol 24 (8.3 mg, 14.4

μmol) in CH2Cl2 (0.5 mL) were added 2,6-lutidine (17 μL, 0.113
mmol) and TESOTf (24 μL, 0.107 mmol) at 0 °C. After the mixture
was stirred at room temperature for 4 h, the reaction was quenched
with saturated aqueous NH4Cl. The mixture was diluted with EtOAc,
washed with H2O and brine, and then dried over Na2SO4.
Concentration and column chromatography (hexane/EtOAc = 10:1)
gave the corresponding bis-TES ether (10.1 mg), which was used for
the next reaction without further purification.
To a solution of the TES ether obtained above (10.1 mg) in CH2Cl2

(0.5 mL) and MeOH (0.1 mL) was added PPTS (1.8 mg, 7.30 μmol)
at 0 °C. After the mixture was stirred at 0 °C for 2 h, the reaction was
quenched with Et3N. Concentration and column chromatography
(hexane/EtOAc = 3:1) gave allylic alcohol 25 (8.5 mg, quant in two
steps) as a colorless oil: Rf = 0.22 (hexane/EtOAc = 2:1); [α]D

21 +11.2
(c 1.15, CHCl3); IR (neat) 3463, 2952, 2871, 1739, 1612 cm−1; 1H
NMR (400 MHz, C6D6) δ 7.22 (d, J = 8.6 Hz, 2 H), 6.80 (d, J = 8.6
Hz, 2 H), 6.25−6.21 (m, 2 H), 5.81−5.74 (m, 1 H), 5.64−5.57 (m, 1
H), 4.53 (d, J = 11.5 Hz, 1 H), 4.35 (d, J = 11.5 Hz, 1 H), 4.33−4.30
(m, 1 H), 4.16−4.10 (m, 1 H), 3.89 (d, J = 2.9 Hz, 2 H), 3.73 (dd, J =
7.1, 3.2 Hz, 1 H), 3.54−3.49 (m, 1 H), 3.32 (s, 3 H), 3.31 (s, 3 H),
2.75−2.68 (m, 1 H), 2.57−2.48 (m, 2 H), 2.16 (dd, J = 15.6, 4.9 Hz, 1
H), 1.48 (s, 3 H), 1.48−1.42 (m, 2 H), 1.41 (s, 3 H), 1.10 (t, J = 7.8
Hz, 9 H), 0.76 (q, J = 7.8 Hz, 6 H); 13C NMR (100 MHz, C6D6) δ
170.9, 159.8, 132.4, 131.5, 131.2, 130.9, 129.8, 129.6, 114.1, 99.1, 79.6,
76.4, 71.4, 66.1, 63.2, 54.9, 51.2, 41.6, 33.5, 32.9, 30.4, 19.8, 7.6, 5.9;
HRMS (ESI−TOF) calcd for C31H50O8SiNa [M + Na]+ 601.3173,
found 601.3170.
Alcohol 26. To a solution of alcohol 25 (8.5 mg, 14.6 μmol) in

CH2Cl2 (0.5 mL) were added PhI(OAc)2 (12.1 mg, 36.5 μmol) and
TEMPO (1.0 mg, 6.40 μmol) at 0 °C. After the mixture was stirred at
room temperature for 3 h, the reaction was quenched with saturated
aqueous Na2S2O3. The mixture was diluted with EtOAc, washed with
H2O and brine, and then dried over Na2SO4. Concentration and
column chromatography (hexane/EtOAc = 5:1) gave the correspond-
ing unsaturated aldehyde (7.6 mg), which was used for the next
reaction without further purification.
To a solution of the PMB ether obtained above (7.6 mg) in CH2Cl2

(0.4 mL) and phosphate pH standard solution (40 μL) was added
DDQ (3.6 mg, 16.0 μmol) at 0 °C. After the mixture was stirred at
room temperature for 2 h, the reaction was quenched with saturated
aqueous NaHCO3. The mixture was diluted with EtOAc, washed with
saturated aqueous NaHCO3, H2O, and brine, and then dried over
Na2SO4. Concentration and column chromatography (hexane/EtOAc
= 2:1) gave alcohol 26 (5.5 mg, 82% in two steps) as a colorless oil: Rf
= 0.16 (hexane/EtOAc = 2:1); [α]D

21 −35.7 (c 0.47, CHCl3); IR (neat)
3490, 2954, 2871, 1739, 1682, 1641 cm−1; 1H NMR (400 MHz,
CDCl3) δ 9.55 (d, J = 8.1 Hz, 1 H), 7.08 (dd, J = 15.2, 10.4 Hz, 1 H),
6.42−6.26 (m, 2 H), 6.09 (dd, J = 15.2, 7.8 Hz, 1 H), 4.32−4.26 (m, 1
H), 3.98−3.94 (m, 1 H), 3.71−3.69 (m, 1 H), 3.69 (s, 3 H), 3.45 (d, J
= 6.6 Hz, 1 H), 2.57−2.30 (m, 4 H), 1.65−1.60 (m, 1 H), 1.45 (s, 3
H), 1.38 (s, 3 H), 1.26−1.17 (m, 1 H), 0.97 (t, J = 7.9 Hz, 9 H), 0.69−
0.61 (m, 6 H); 13C NMR (100 MHz, CDCl3) δ 193.6, 171.0, 151.9,
142.6, 130.7, 130.6, 98.9, 77.1, 71.0, 69.3, 65.5, 51.7, 41.4, 39.2, 31.9,
29.9, 19.6, 7.1, 5.3; HRMS (ESI−TOF) calcd for C23H40O7SiNa [M +
Na]+ 479.2441, found 479.2442.

Tetraol 2b. To a solution of acetonide 26 (4.1 mg, 8.98 μmol) in
CH2Cl2 (0.4 mL) was added TiCl4 (1.2 μL, 10.8 μmol) at −30 °C.
After the mixture was stirred at −30 °C for 5 min, the reaction was
quenched with saturated aqueous NaHCO3. The mixture was diluted
with EtOAc and washed with saturated aqueous NaHCO3, H2O, and
brine. The aqueous phase was washed with EtOAc three times. The
combined organic layer was dried over Na2SO4. Concentration and
column chromatography (hexane/EtOAc = 1:1) gave the correspond-
ing triol (3.0 mg, 80%) as a colorless oil: Rf = 0.09 (hexane/EtOAc =
1:1); [α]D

24 −14.1 (c 0.42, CHCl3); IR (neat) 3451, 2954, 2871, 1737,
1681, 1639 cm−1; 1H NMR (400 MHz, CDCl3) δ 9.54 (d, J = 7.8 Hz,
1 H), 7.09 (dd, J = 15.2, 10.1 Hz, 1 H), 6.44−6.29 (m, 2 H), 6.09 (dd,
J = 15.2, 7.8 Hz, 1 H), 4.27−4.21 (m, 1 H), 3.96−3.92 (m, 1 H), 3.87
(brs, 1 H), 3.72 (s, 3 H), 3.59−3.57 (m, 1 H), 2.52 (d, J = 5.9 Hz, 2
H), 2.43 (t, J = 6.3 Hz, 2 H), 1.71 (d, J = 5.9 Hz, 2 H), 0.99 (t, J = 7.9
Hz, 9 H), 0.67 (q, J = 7.9 Hz, 6 H); 13C NMR (100 MHz, CDCl3) δ
193.7, 172.9, 152.0, 142.8, 130.7, 130.6, 75.9, 73.3, 69.7, 69.1, 51.9,
41.4, 39.0, 37.7, 7.0, 5.3; HRMS (ESI−TOF) calcd for C20H36O7SiNa
[M + Na]+ 439.2128, found 439.2131.

To a solution of the corresponding TES ether (9.6 mg, 23.0 μmol)
in THF (1.0 mL) was added HF·pyr (50 μL) at 0 °C. After the
mixture was stirred at 0 °C for 3 h, the reaction was quenched with
saturated aqueous NaHCO3. The mixture was diluted with EtOAc and
washed with saturated aqueous NaHCO3, H2O, and brine. The
aqueous phase was washed with EtOAc three times. The combined
organic layer was dried over Na2SO4. Concentration and column
chromatography (CH2Cl2/MeOH = 30:1) gave tetraol 2b (5.5 mg,
79%) as a colorless oil: Rf = 0.35 (CH2Cl2/MeOH = 10:1); [α]D

21 −6.1
(c 0.10, CHCl3); IR (neat) 3367, 2924, 2858, 1727, 1675, 1635 cm−1;
1H NMR (600 MHz, CD3OD) δ 9.49 (d, J = 7.8 Hz, 1 H), 7.29 (dd, J
= 15.6, 9.9 Hz, 1 H), 6.51−6.41 (m, 2 H), 6.09 (dd, J = 15.6, 7.8 Hz, 1
H), 4.25−4.20 (m, 1 H), 3.90−3.86 (m, 1 H), 3.83−3.79 (m, 1 H),
3.67 (s, 3 H), 3.33−3.31 (m, 1 H), 2.56 (dd, J = 15.0, 4.2 Hz, 1 H),
2.53−2.43 (m, 2 H), 2.44 (dd, J = 15.0, 8.7 Hz, 1 H), 1.76−1.72 (m, 2
H); 13C NMR (100 MHz, CD3OD) δ 196.0, 173.7, 154.8, 145.0,
131.9, 131.2, 76.1, 72.9, 71.7, 67.7, 52.0, 43.1, 41.1, 38.7; HRMS
(ESI−TOF) calcd for C14H22O7Na [M + Na]+ 325.1263, found
325.1266.

Diol 27. To a solution of β-hydroxy ketone 11 (595 mg, 0.767
mmol) in MeCN (9.0 mL) and AcOH (9.0 mL) was added
NaBH(OAc)3 (244 mg, 1.15 mmol) at −20 °C. After the mixture
was stirred at −20 °C for 2 h, NaBH(OAc)3 (81.3 mg, 0.383 mmol)
was added. After the mixture was stirred at −20 °C for a further 1 h,
the reaction was quenched with saturated aqueous NaHCO3. The
mixture was diluted with EtOAc, washed with H2O and brine, and
then dried over Na2SO4. Concentration and column chromatography
(hexane/EtOAc = 5:1) gave diol 27 (565 mg, 95%) as a colorless oil:
Rf = 0.45 (hexane/EtOAc = 2:1); [α]D

24 −9.1 (c 1.00, CHCl3); IR
(neat) 3476, 2930, 2857, 1739, 1613 cm−1; 1H NMR (400 MHz,
C6D6) δ 7.73−7.71 (m, 4 H), 7.25−7.09 (m, 8 H), 6.77 (d, J = 8.8 Hz,
2 H), 6.35 (dd, J = 15.1, 10.5 Hz, 1 H), 6.18 (dd, J = 15.1, 10.5 Hz, 1
H), 5.84 (dt, J = 15.1, 7.6 Hz, 1 H), 5.61 (dt, J = 15.1, 4.9 Hz, 1 H),
4.40 (d, J = 1.9 Hz, 2 H), 4.37−4.30 (m, 1 H), 4.16 (d, J = 4.6 Hz, 2
H), 4.07 (brs, 1 H), 3.84−3.81 (m, 1 H), 3.70−3.67 (m, 1 H), 3.25 (s,
3 H), 3.21 (s, 3 H), 2.52 (t, J = 6.4 Hz, 2 H), 2.34−2.29 (m, 2 H),
2.20−2.15 (m, 1 H), 1.71−1.66 (m, 2 H), 1.12 (s, 9 H), 0.94 (s, 9 H),
0.16 (s, 3 H), 0.12 (s, 3 H); 13C NMR (100 MHz, C6D6) δ 173.1,
159.7, 135.9, 134.2, 132.4, 131.4, 131.1, 130.7, 130.5, 129.9, 114.0,
80.3, 77.7, 72.2, 70.0, 66.3, 64.7, 54.8, 51.3, 41.4, 38.4, 34.2, 27.2, 26.5,
19.6, 18.8, −3.6, −4.1; HRMS (ESI−TOF) calcd for C44H64O8Si2Na
[M + Na]+ 799.4037, found 799.4036.

Diol 28. To a solution of diol 27 (871 mg, 1.12 mmol) in THF (11
mL) were added Me2C(OMe)2 (1.4 mL, 11.2 mmol) and p-TsOH·
H2O (21.0 mg, 0.112 mmol) at room temperature. After the mixture
was stirred at room temperature for 2 h, the reaction was quenched
with saturated aqueous NaHCO3. The mixture was diluted with
EtOAc, washed with H2O and brine, and then dried over Na2SO4.
Concentration and column chromatography (hexane/EtOAc = 7:1)
gave the corresponding acetonide (822 mg, 90%) as a colorless oil: Rf
= 0.62 (hexane/EtOAc = 2:1); [α]D

24 −0.4 (c 0.99, CHCl3); IR (neat)

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.5b00027
J. Org. Chem. 2015, 80, 3111−3123

3120

─ 215 ─



2929, 2856, 1742 cm−1; 1H NMR (400 MHz, CDCl3) δ 7.69 (dd, J =
7.8, 1.5 Hz, 4 H), 7.44−7.36 (m, 6 H), 7.25 (d, J = 8.5 Hz, 2 H), 6.86
(d, J = 8.5 Hz, 2 H), 6.26 (dd, J = 15.0, 10.5 Hz, 1 H), 6.11 (dd, J =
15.0, 10.5 Hz, 1 H), 5.73−5.65 (m, 2 H), 4.47 (s, 2 H), 4.25−4.16 (m,
3 H), 3.99−3.94 (m, 1 H), 3.81−3.78 (m, 1 H), 3.79 (s, 3 H), 3.69 (s,
3 H), 3.42−3.38 (m, 1 H), 2.52 (dd, J = 15.6, 8.3 Hz, 1 H), 2.44−2.33
(m, 3 H), 2.08−2.01 (m, 1 H), 1.59 (brs, 1 H), 1.34 (s, 3 H), 1.31 (s, 3
H), 1.08 (s, 9 H), 0.90 (s, 9 H), 0.10 (s, 3 H), 0.08 (s, 3 H); 13C NMR
(100 MHz, CDCl3) δ 173.1, 159.1, 135.5, 133.7, 131.9, 130.5, 130.2,
130.0, 129.5, 129.3, 127.6, 113.7, 100.6, 79.3, 75.9, 71.8, 66.8, 64.3,
63.8, 55.3, 51.6, 40.7, 33.8, 32.8, 26.9, 26.2, 24.6, 24.5, 19.3, 18.4, −4.0,
−4.3; HRMS (ESI−TOF) calcd for C47H68O8Si2Na [M + Na]+

839.4351, found 839.4348.
To a solution of the corresponding bis-silyl ether (409 mg, 0.501

mmol) in MeCN (5.0 mL) was added a mixed solution of TBAF (1.0
M solution in THF, 2.0 mL, 2.00 mmol) and AcOH (0.10 mL, 2.00
mmol) at room temperature. After the mixture was stirred at reflux for
3 days, the reaction was quenched with saturated aqueous NH4Cl. The
mixture was diluted with EtOAc and washed with H2O and brine. The
aqueous phase was washed with EtOAc twice. The combined organic
layer was dried over Na2SO4. Concentration and column chromatog-
raphy (hexane/EtOAc = 4:1, 1:1) gave diol 28 (154 mg, 66%) as a
colorless oil: Rf = 0.19 (hexane/EtOAc = 1:1); [α]D

20 +43.1 (c 0.68,
CHCl3); IR (neat) 3459, 2925, 1739, 1612 cm−1; 1H NMR (400 MHz,
C6D6) δ 7.19−7.16 (m, 2 H), 6.79 (d, J = 8.6 Hz, 2 H), 6.25−6.15 (m,
2 H), 5.92−5.85 (m, 1 H), 5.63−5.57 (m, 1 H), 4.43 (d, J = 11.5 Hz, 1
H), 4.37−4.30 (m, 1 H), 4.23 (d, J = 11.5 Hz, 1 H), 4.18−4.13 (m, 1
H), 3.96 (d, J = 5.7 Hz, 1 H), 3.89 (d, J = 5.4 Hz, 2 H), 3.54−3.50 (m,
1 H), 3.33 (s, 3 H), 3.33 (s, 3 H), 2.61−2.55 (m, 2 H), 2.48 (dd, J =
15.6, 8.8 Hz, 1 H), 2.23−2.18 (m, 2 H), 2.08−2.01 (m, 1 H), 1.37 (s, 3
H), 1.28 (s, 3 H); 13C NMR (100 MHz, C6D6) δ 170.8, 159.8, 132.8,
131.2, 131.2, 130.9, 130.6, 129.8, 114.2, 100.8, 77.8, 73.8, 71.3, 67.1,
64.2, 63.3, 54.9, 51.1, 40.9, 32.9, 32.5, 25.1, 25.0; HRMS (ESI−TOF)
calcd for C25H36O8Na [M + Na]+ 487.2308, found 487.2302.
Alcohol 29. To a solution of diol 28 (22.4 mg, 48.2 μmol) in

CH2Cl2 (1.0 mL) were added 2,6-lutidine (40 μL, 0.270 mmol) and
TESOTf (52 μL, 0.232 mmol) at 0 °C. After the mixture was stirred at
room temperature for 2 h, the reaction was quenched with saturated
aqueous NH4Cl. The mixture was diluted with EtOAc, washed with
H2O and brine, and then dried over Na2SO4. Concentration and
column chromatography (hexane/EtOAc = 10:1, 4:1) gave the
corresponding bis-TES ether (34.1 mg, quant) as a colorless oil: Rf
= 0.50 (hexane/EtOAc = 4:1); [α]D

25 +16.4 (c 0.23, CHCl3); IR (neat)
2953, 2871, 1743, 1612 cm−1; 1H NMR (400 MHz, C6D6) δ 7.23 (d, J
= 8.8 Hz, 2 H), 6.82 (d, J = 8.8 Hz, 2 H), 6.46−6.35 (m, 1 H), 6.34−
6.24 (m, 1 H), 5.95−5.86 (m, 1 H), 5.73 (dt, J = 15.1, 5.4 Hz, 1 H),
4.47 (d, J = 11.2 Hz, 1 H), 4.46−4.38 (m, 1 H), 4.34 (d, J = 11.2 Hz, 1
H), 4.22−4.13 (m, 3 H), 4.05 (dd, J = 5.9, 4.1 Hz, 1 H), 3.50 (q, J =
5.3 Hz, 1 H), 3.34 (s, 3 H), 3.33 (s, 3 H), 2.62−2.45 (m, 3 H), 2.25
(dd, J = 15.5, 5.1 Hz, 1 H), 2.21−2.12 (m, 1 H), 1.44 (s, 3 H), 1.43−
1.34 (m, 1 H), 1.32 (s, 3 H), 1.10 (t, J = 7.9 Hz, 9 H), 1.02 (t, J = 7.9
Hz, 9 H), 0.84−0.76 (q, J = 7.9 Hz, 6 H), 0.62 (q, J = 7.9 Hz, 6 H);
13C NMR (100 MHz, C6D6) δ 170.8, 159.8, 132.6, 131.3, 130.7, 130.4,
129.9, 114.1, 100.9, 79.2, 76.4, 71.9, 67.3, 64.2, 63.5, 54.9, 51.1, 41.0,
33.9, 32.9, 24.9, 24.8, 7.5, 7.2, 5.9, 5.2; HRMS (ESI−TOF) calcd for
C37H64O8Si2Na [M + Na]+ 715.4037, found 715.4037.
To a solution of the corresponding TES ether (15.0 mg, 21.6 μmol)

in CH2Cl2 (0.7 mL) and MeOH (70 μL) was added PPTS (1.6 mg,
6.32 μmol) at 0 °C. The mixture was stirred at 0 °C for 2 h. After the
mixture was stirred at room temperature for 30 min, the reaction was
quenched with Et3N. The mixture was diluted with EtOAc, washed
with H2O and brine, and then dried over Na2SO4. Concentration and
column chromatography (hexane/EtOAc = 7:1, 2:1) gave the
corresponding allylic alcohol (10.7 mg, 88%) as a colorless oil: Rf =
0.66 (hexane/EtOAc = 1:1); [α]D

23 +12.8 (c 0.74, CHCl3); IR (neat)
3462, 2952, 2875, 1742, 1612 cm−1; 1H NMR (400 MHz, C6D6) δ
7.23 (d, J = 8.6 Hz, 2 H), 6.81 (d, J = 8.6 Hz, 2 H), 6.24−6.15 (m, 2
H), 5.88−5.81 (m, 1 H), 5.63−5.57 (m, 1 H), 4.47 (d, J = 11.5 Hz, 1
H), 4.44−4.39 (m, 1 H), 4.35 (d, J = 11.5 Hz, 1 H), 4.20−4.15 (m, 1
H), 4.04 (t, J = 4.9 Hz, 1 H), 3.89 (d, J = 5.4 Hz, 2 H), 3.51−3.47 (m,

1 H), 3.33 (s, 3 H), 3.33 (s, 3 H), 2.59−2.49 (m, 4 H), 2.25 (dd, J =
15.5, 4.9 Hz, 1 H), 2.19−2.12 (m, 1 H), 1.44 (s, 3 H), 1.40−1.30 (m, 1
H), 1.32 (s, 3 H), 1.10 (t, J = 8.0 Hz, 9 H), 0.79 (q, J = 8.0 Hz, 6 H);
13C NMR (100 MHz, C6D6) δ 170.8, 159.8, 132.5, 131.2, 131.1, 131.0,
129.9, 114.1, 100.9, 79.1, 76.3, 71.9, 67.3, 64.2, 63.2, 54.9, 51.1, 41.0,
33.8, 32.8, 24.9, 24.8, 7.5, 5.9; HRMS (ESI−TOF) calcd for
C31H50O8SiNa [M + Na]+ 601.3173, found 601.3168.

To a solution of the corresponding allylic alcohol (52.8 mg, 91.3
μmol) in CH2Cl2 (1.8 mL) were added PhI(OAc)2 (76.0 mg, 0.228
mmol) and TEMPO (2.9 mg, 18.3 μmol) at 0 °C. After the mixture
was stirred at room temperature for 4 h, the reaction was quenched
with saturated aqueous Na2S2O3. The mixture was diluted with EtOAc,
washed with H2O and brine, and then dried over Na2SO4.
Concentration and column chromatography (hexane/EtOAc = 5:1)
gave the corresponding unsaturated aldehyde (48.8 mg), which was
used for the next reaction without further purification.

To a solution of the PMB ether obtained above (48.8 mg) in
CH2Cl2 (1.7 mL) and phosphate pH standard solution (0.1 mL) was
added DDQ (26.0 mg, 0.115 mmol) at 0 °C. After the mixture was
stirred at room temperature for 2 h, the reaction was quenched with
saturated aqueous NaHCO3. The mixture was diluted with EtOAc,
washed with H2O and brine, and then dried over Na2SO4.
Concentration and column chromatography (hexane/EtOAc = 2:1)
gave alcohol 29 (29.9 mg, 72% in two steps) as a colorless oil: Rf =
0.61 (hexane/EtOAc = 1:1); [α]D

23 +5.8 (c 0.88, CHCl3); IR (neat)
3472, 2953, 2876, 1741, 1682, 1639 cm−1; 1H NMR (400 MHz,
CDCl3) δ 9.54 (d, J = 7.8 Hz, 1 H), 7.09 (dd, J = 15.2, 10.2 Hz, 1 H),
6.44−6.29 (m, 2 H), 6.10 (dd, J = 15.2, 7.8 Hz, 1 H), 4.26−4.19 (m, 1
H), 4.00−3.95 (m, 1 H), 3.68 (s, 3 H), 3.67−3.63 (m, 2 H), 2.59−2.51
(m, 2 H), 2.46 (dd, J = 15.6, 5.2 Hz, 1 H), 2.39−2.31 (m, 2 H), 2.07−
2.00 (m, 1 H), 1.63−1.56 (m, 1 H), 1.35 (s, 3 H), 1.34 (s, 3 H), 0.97
(t, J = 7.8 Hz, 9 H), 0.65 (q, J = 7.8 Hz, 6 H); 13C NMR (100 MHz,
CDCl3) δ 193.6, 171.2, 151.8, 142.9, 131.0, 130.7, 100.8, 72.8, 67.3,
63.7, 51.7, 40.7, 36.8, 33.5, 24.6, 24.5, 7.0, 5.4; HRMS (ESI−TOF)
calcd for C23H40O7SiNa [M + Na]+ 479.2441, found 479.2446.

Tetraol 2c. To a solution of acetonide 29 (20.7 mg, 45.4 μmol) in
CH2Cl2 (2.3 mL) was added TiCl4 (10 μL, 90.8 μmol) at −30 °C. The
mixture was gradually warmed up to room temperature for 2 h. After
the mixture was stirred at room temperature for 3 h, the reaction was
quenched with saturated aqueous NaHCO3. The mixture was diluted
with EtOAc and washed with H2O and brine. The aqueous phase was
washed with EtOAc four times. The combined organic layer was dried
over Na2SO4. Concentration and column chromatography (CH2Cl2/
MeOH = 10:1) gave tetraol 2c (6.1 mg, 44%) as a colorless oil: Rf =
0.35 (CH2Cl2/MeOH = 10:1); [α]D

24 −8.9 (c 0.10, CHCl3); IR (neat)
3388, 2925, 2853, 1730, 1674, 1636 cm−1; 1H NMR (600 MHz,
CD3OD) δ 9.49 (d, J = 7.8 Hz, 1 H), 7.33−7.28 (m, 1 H), 6.50−6.47
(m, 2 H), 6.08 (dd, J = 15.0, 7.8 Hz, 1 H), 4.32−4.27 (m, 1 H), 3.93−
3.89 (m, 1 H), 3.75−3.71 (m, 1 H), 3.67 (s, 3 H), 3.39 (t, J = 6.6 Hz, 1
H), 2.65−2.61 (m, 1 H), 2.54−2.47 (m, 2 H), 2.43−2.37 (m, 1 H),
1.78 (ddd, J = 14.4, 9.6, 2.4 Hz, 1 H), 1.60 (ddd, J = 14.4, 9.6, 2.4 Hz,
1 H); 13C NMR (100 MHz, CD3OD) δ 196.0, 173.8, 155.5, 145.8,
131.8, 131.0, 78.1, 73.1, 70.6, 66.4, 52.0, 43.9, 40.3, 37.8; HRMS
(ESI−TOF) calcd for C14H22O7Na [M + Na]+ 325.1263, found
325.1271.

Ketone 30. To a solution of diol 28 (10.8 mg, 23.4 μmol) in
CH2Cl2 (0.3 mL) were added imidazole (2.2 mg, 32.8 μmol) and
TESCl (4.7 μL, 28.1 μmol) at −30 °C. After the mixture was stirred at
−30 °C for 30 min, the reaction was quenched with saturated aqueous
NH4Cl. The mixture was diluted with EtOAc, washed with H2O and
brine, and then dried over Na2SO4. Concentration and column
chromatography (hexane/EtOAc = 4:1) gave the corresponding
mono-TES ether (12.9 mg), which was used for the next reaction
without further purification.

To a suspension of the alcohol obtained above (12.9 mg) and MS4
Å (15.0 mg) in CH2Cl2 (0.3 mL) were added NMO (13.4 mg, 0.115
mmol) and TPAP (1.0 mg, 2.85 μmol) at room temperature. After the
mixture was stirred at room temperature for 8 h, the mixture was
filtered through a Celite pad and washed with EtOAc. Concentration
and column chromatography (hexane/EtOAc = 4:1) gave ketone 30
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(10.3 mg, 76% in two steps) as a colorless oil: Rf = 0.56 (hexane/
EtOAc = 2:1); [α]D

22 +28.7 (c 0.53, CHCl3); IR (neat) 2953, 2871,
1739, 1613 cm−1; 1H NMR (400 MHz, C6D6) δ 7.28 (d, J = 8.5 Hz, 2
H), 6.80 (d, J = 8.5 Hz, 2 H), 6.34 (dd, J = 13.7, 10.2 Hz, 1 H), 6.15
(dt, J = 15.1, 10.2 Hz, 1 H), 5.83−5.76 (m, 1 H), 5.72−5.64 (m, 1 H),
4.56 (dd, J = 10.8, 3.3 Hz, 1 H), 4.47 (t, J = 5.9 Hz, 1 H), 4.34−4.27
(m, 3 H), 4.10 (t, J = 4.6 Hz, 2 H), 3.31 (s, 6 H), 2.64−2.58 (m, 2 H),
2.38 (dd, J = 16.0, 8.4 Hz, 1 H), 2.13−2.04 (m, 2 H), 1.60−1.53 (m, 1
H), 1.36 (s, 3 H), 1.25 (s, 3 H), 1.00 (t, J = 8.0 Hz, 9 H), 0.60 (q, J =
8.0 Hz, 6 H); 13C NMR (100 MHz, C6D6) δ 207.5, 170.4, 159.9,
133.0, 132.1, 130.6, 129.9, 128.8, 114.1, 101.3, 81.2, 72.2, 70.5, 63.8,
63.4, 54.9, 51.2, 40.4, 35.8, 33.1, 25.1, 24.5, 7.2, 5.1; HRMS (ESI−
TOF) calcd for C31H48O8SiNa [M + Na]+ 599.3016, found 599.3013.
Alcohol 31. To a solution of ketone 30 (5.2 mg, 9.02 μmol) in

MeOH (0.4 mL) was added NaBH4 (1.0 mg, 26.4 μmol) at −78 °C.
After the mixture was stirred at −78 °C for 20 min, the reaction was
quenched with saturated aqueous NH4Cl. The mixture was diluted
with EtOAc, washed with H2O and brine, and then dried over Na2SO4.
Concentration and column chromatography (hexane/EtOAc = 3:1)
gave alcohol 31 (5.4 mg, quant) as a colorless oil: Rf = 0.33 (hexane/
EtOAc = 2:1); [α]D

22 +32.0 (c 1.11, CHCl3); IR (neat) 3518, 2953,
2871, 1739, 1613 cm−1; 1H NMR (400 MHz, C6D6) δ 7.19 (d, J = 7.6
Hz, 2 H), 6.79 (d, J = 7.6 Hz, 2 H), 6.39 (dd, J = 15.0, 10.5 Hz, 1 H),
6.24 (dd, J = 15.0, 10.5 Hz, 1 H), 5.78−5.67 (m, 2 H), 4.47 (d, J =
11.2 Hz, 1 H), 4.34−4.25 (m, 1 H), 4.26 (d, J = 11.2 Hz, 1 H), 4.14
(d, J = 4.9 Hz, 2 H), 4.04−3.98 (m, 1 H), 3.54−3.48 (m, 2 H), 3.32 (s,
3 H), 3.32 (s, 3 H), 2.69−2.62 (m, 1 H), 2.53−2.38 (m, 2 H), 2.12
(dd, J = 11.2, 4.4 Hz, 1 H), 1.80−1.73 (m, 1 H), 1.38 (s, 3 H), 1.27 (s,
3 H), 1.22−1.15 (m, 1 H), 1.01 (t, J = 7.8 Hz, 9 H), 0.61 (q, J = 7.8
Hz, 6 H); 13C NMR (100 MHz, C6D6) δ 170.7, 159.8, 132.9, 131.6,
130.1, 130.1, 129.9, 129.8, 114.1, 100.9, 78.3, 74.4, 71.7, 67.7, 63.9,
63.4, 54.9, 51.1, 40.7, 34.1, 33.8, 24.9, 7.2, 5.1; HRMS (ESI−TOF)
calcd for C31H50O8SiNa [M + Na]+ 601.3173, found 601.3165.
Alcohol 32. To a solution of alcohol 31 (23.2 mg, 40.0 μmol) in

CH2Cl2 (0.4 mL) were added 2,6-lutidine (17 μL, 0.113 mmol) and
TESOTf (24 μL, 0.107 mmol) at 0 °C. After the mixture was stirred at
room temperature for 30 min, the reaction was quenched with
saturated aqueous NH4Cl. The mixture was diluted with EtOAc,
washed with H2O and brine, and then dried over Na2SO4.
Concentration and column chromatography (hexane/EtOAc = 10:1)
gave the corresponding bis-TES ether (28.1 mg), which was used for
the next reaction without further purification.
To a solution of the TES ether obtained above (28.1 mg) in CH2Cl2

(1.4 mL) and MeOH (0.2 mL) was added PPTS (3.1 mg, 12.5 μmol)
at 0 °C. The mixture was stirred at 0 °C for 2 h. After the mixture was
stirred at room temperature for 20 min, the reaction was quenched
with Et3N. The mixture was diluted with EtOAc, washed with H2O
and brine, and then dried over Na2SO4. Concentration and column
chromatography (hexane/EtOAc = 7:1, 1:1) gave the corresponding
allylic alcohol (16.9 mg, 72% in two steps) as a colorless oil: Rf = 0.44
(hexane/EtOAc = 1:1); [α]D

22 +27.5 (c 0.65, CHCl3); IR (neat) 3465,
2952, 2885, 1739, 1612 cm−1; 1H NMR (400 MHz, C6D6) δ 7.24 (d, J
= 8.8 Hz, 2 H), 6.80 (d, J = 8.8 Hz, 2 H), 6.27−6.11 (m, 2 H), 5.83−
5.74 (m, 1 H), 5.65−5.54 (m, 1 H), 4.53 (d, J = 11.5 Hz, 1 H), 4.42
(d, J = 11.5 Hz, 1 H), 4.40−4.32 (m, 1 H), 4.17−4.08 (m, 1 H), 3.88
(d, J = 4.9 Hz, 2 H), 3.78 (dd, J = 10.8, 3.7 Hz, 1 H), 3.57−3.48 (m, 1
H), 3.33 (s, 6 H), 2.74−2.65 (m, 1 H), 2.59−2.44 (m, 3 H), 2.20 (dd,
J = 15.8, 5.0 Hz, 1 H), 1.92−1.83 (m, 1 H), 1.44 (s, 3 H), 1.42 (s, 3
H), 1.09 (t, J = 7.9 Hz, 9 H), 0.80−0.69 (m, 6 H); 13C NMR (100
MHz, C6D6) δ 170.8, 159.8, 132.3, 131.5, 131.4, 131.2, 131.0, 129.7,
114.1, 100.9, 80.1, 75.6, 71.7, 68.3, 63.9, 63.2, 54.9, 51.1, 40.9, 34.6,
33.8, 25.2, 24.6, 7.5, 5.9; HRMS (ESI−TOF) calcd for C31H50O8SiNa
[M + Na]+ 601.3173, found 601.3170.
To a solution of the corresponding allylic alcohol (16.9 mg, 29.2

μmol) in CH2Cl2 (0.7 mL) were added PhI(OAc)2 (24.2 mg, 73.0
μmol) and TEMPO (1.0 mg, 6.40 μmol) at 0 °C. After the mixture
was stirred at room temperature for 3 h, the reaction was quenched
with saturated aqueous Na2S2O3. The mixture was diluted with EtOAc,
washed with H2O and brine, and then dried over Na2SO4.
Concentration and column chromatography (hexane/EtOAc = 5:1)

gave the corresponding unsaturated aldehyde (13.5 mg), which was
used for the next reaction without further purification.

To a solution of the PMB ether obtained above (13.5 mg) in
CH2Cl2 (0.5 mL) and phosphate pH standard solution (25 μL) was
added DDQ (6.3 mg, 28.0 μmol) at 0 °C. The mixture was stirred at 0
°C for 1 h. After the mixture was stirred at room temperature for 4 h,
the reaction was quenched with saturated aqueous NaHCO3. The
mixture was diluted with EtOAc, washed with H2O and brine, and
then dried over Na2SO4. Concentration and column chromatography
(hexane/EtOAc = 4:1, 2:1) gave alcohol 32 (10.0 mg, 75% in two
steps) as a colorless oil: Rf = 0.23 (hexane/EtOAc = 2:1); [α]D

24 −5.8
(c 1.16, CHCl3); IR (neat) 3490, 2952, 2871, 1739, 1681, 1640 cm−1;
1H NMR (400 MHz, CDCl3) δ 9.54 (d, J = 7.8 Hz, 1 H), 7.08 (dd, J =
15.0, 10.0 Hz, 1 H), 6.42−6.26 (m, 2 H), 6.09 (dd, J = 15.0, 7.8 Hz, 1
H), 4.27−4.19 (m, 1 H), 3.93−3.87 (m, 1 H), 3.68 (s, 3 H), 3.68−3.65
(m, 1 H), 3.47 (dd, J = 17.1, 7.6 Hz, 1 H), 2.59−2.30 (m, 5 H), 1.76−
1.69 (m, 1 H), 1.65−1.57 (m, 1 H), 1.35 (s, 3 H), 1.33 (s, 3 H), 0.97
(t, J = 7.8 Hz, 9 H), 0.69−0.61 (m, 6 H); 13C NMR (100 MHz,
CDCl3) δ 193.6, 171.2, 151.8, 142.5, 130.7, 130.7, 100.9, 69.3, 67.9,
63.3, 51.7, 40.5, 39.4, 34.0, 24.8, 24.3, 7.1, 5.4; HRMS (ESI−TOF)
calcd for C23H40O7SiNa [M + Na]+ 479.2441, found 479.2438.

Tetraol 2d. To a solution of acetonide 32 (18.2 mg, 39.9 μmol) in
CH2Cl2 (2.0 mL) was added TiCl4 (8.8 μL, 80.3 μmol) at −30 °C.
After the mixture was gradually warmed up to 0 °C for 30 min, the
reaction was quenched with saturated aqueous NaHCO3. The mixture
was diluted with EtOAc and washed with H2O and brine. The aqueous
phase was washed with EtOAc four times. The combined organic layer
was dried over Na2SO4. Concentration and column chromatography
(CH2Cl2/MeOH = 10:1) gave tetraol 2d (5.7 mg, 47%) as a colorless
oil: Rf = 0.25 (CH2Cl2/MeOH = 10:1); [α]D

26 −19.1 (c 0.03, CHCl3);
IR (neat) 3390, 2921, 2852, 1730, 1677, 1637 cm−1; 1H NMR (600
MHz, CD3OD) δ 9.49 (d, J = 7.8 Hz, 1 H), 7.29 (dd, J = 15.6, 10.4 Hz,
1 H), 6.51−6.41 (m, 2 H), 6.09 (dd, J = 15.6, 7.8 Hz, 1 H), 4.29−4.24
(m, 1 H), 3.95−3.91 (m, 1 H), 3.82−3.79 (m, 1 H), 3.67 (s, 3 H), 3.23
(t, J = 3.9 Hz, 1 H), 2.56−2.43 (m, 4 H), 1.70 (ddd, J = 14.4, 10.2, 3.0
Hz, 1 H), 1.59 (ddd, J = 14.4, 10.2, 3.0 Hz, 1 H); 13C NMR (100
MHz, CD3OD) δ 196.0, 173.7, 154.8, 145.0, 131.9, 131.2, 77.1, 72.8,
70.1, 66.4, 52.0, 43.8, 41.9, 38.7; HRMS (ESI−TOF) calcd for
C14H22O7Na [M + Na]+ 325.1263, found 325.1270.
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Mercury pollution poses a severe threat to human health. To remove Hg2+ from contaminated water, 
we synthesized Hg2+-trapping beads that include oligo-thymidine functionalities that can form thymine–
Hg(II)–thymine base pairs on the solid support. The beads can selectively trap Hg2+ even in the presence of 
other metal cations. More interestingly, Hg2+-trapping efficiency was higher in the presence of the co-existing 
cations. Thus, the developed Hg2+-trapping beads can capture Hg2+ without affecting the mineral balance of 
water so much. The Hg2+-trapping beads presented here show promise for removing Hg2+ from environmen-
tal water.

Key words mercury removal; thymine; thymine–Hg(II)–thymine base pair; DNA–metal interaction; oligo-
nucleotide

Mercury is a reputable highly toxic element.1–3) Notably, 
World Health Organization (WHO), Environmental Protec-
tion Agency (EPA), and U.S. Food and Drug Administration 
(FDA) reported that certain kinds of fishes accumulate high 
level of mercury which is harmful enough to fetuses, babies 
and children.3,4) Such an accumulation of mercury in fishes 
occurred through a food chain.2,5) Based on these facts, the 
provisional tolerable weekly intake (PTWI) for methylmer-
cury and the reference dose (RfD) for mercuric chloride have 
been set at 1.6 µg/kg/week and 0.3 µg/kg/d, respectively.3) In 
any case, mercury originates from natural sources (such as 
volcanoes) and human activities (such as industrial wastes). 
To reduce mercury contamination in the environment, it is 
necessary to reduce and remove mercury from environments 
(oceans, rivers, and lakes).

For this purpose, various techniques have been reported. 
These include bioremediation,5,6) precipitation,7) non-spe-
cific adsorption (using activated carbon,8,9) aerogels,10) and 
chitosan8,11) as sorbents), and metal chelations (using imidaz-
oles,12) thiols,13) and DNA/nucleobases14–19)). However, these 
techniques generally trap several kinds of metals, resulting 
in the loss of mineral balance in the treated water. It is thus 
indispensable to develop methods for the selective removal of 
mercury.

For this purpose, thymine–Hg(II)–thymine (T–Hg(II)–T) 
base pairing system which was used in a DNA-based Hg2+-
specific sensor by the Ono and Togashi20) gave us a hint, since 
thymine is a highly Hg(II)-specific ligand. The key structural 
element of the T–Hg(II)–T base pair was originally proposed 
by Katz,21) based on pre-existing studies on Hg2+–DNA inter-

actions.22–25) New insights were recently reported by Ono and 
colleagues.20,26,27) Although extensive structural and theoreti-
cal studies on the structure of this base pair in a DNA oligo-
mer have been performed,28–41) the experimental structure of 
the T–Hg(II)–T base pair from NMR and Raman spectroscopy 
was recently reported27,42) (see the chemical structure of the 
T–Hg(II)–T base pair for that shown within Fig. 1b). Thermal 
denaturation experiments43) showed that the T–Hg(II)–T base 
pair is as stable as the Watson–Crick A–T base pairs. More 
importantly, it was demonstrated that a T–T mismatch can 
specifically bind to Hg2+ without binding to other divalent 
metal cations.26) Thus, such Hg2+-specificity of thymine base 
is suitable to develop an Hg2+-specific trapping system. We 
thus prepared Hg2+-trapping beads based on this concept (Fig. 
1), and examined their trapping efficiency.

The Hg2+-trapping beads consist of oligo-thymidine (T20) 
attached onto the polystyrene (PS) beads (solid support), as 
shown in Fig. 1a. Following capture of the Hg2+ ions by T20, 
the Hg2+-trapped PS beads can be easily separated from the 
solution by filtration (Fig. 1b). To give mobility to T20, poly-
ethylene glycol 400 (PEG 400) was used as a linker to attach 
T20 onto the PS beads, since PEG 400 is long enough to give 
attached molecules their mobility on the polymer surface.44) 
The detailed preparation is given in Chart S1 and Supplemen-
tal Methods in Supplemental Information.

Inductively coupled plasma atomic emission spectroscopy 
(ICP-AES) was used to assess the performance of the pre-
pared Hg2+-trapping beads. This technique is suitable for the 
quantification of low levels of Hg2+ as well as the simultane-
ous determination of co-existing metal cations in solution.

Prior to conducting the Hg2+-trapping experiments, we 
confirmed the linearity between the Hg2+-concentration 
and the ICP-AES peak intensities, measured at the 253 nm 
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and 194 nm mercury emissions (Hg2+ concentration range: 
0.5–10 µM=0.1–2.0 ppm) (Fig. S1).

Based on the obtained linear range and signal to noise 
ratio, the Hg2+-trapping experiments were conducted at 50 µM 
(10 ppm) Hg2+, and the supernatant solutions after Hg2+ re-
moval were diluted 10 times (maximum 5.0 µM Hg2+) for Hg2+ 
quantitation. The residual Hg2+ ratios (%), monitored at the 
253 and 194 nm emissions, as calculated by Eq. 1 in Supple-
mental Methods in Supplemental Information, are presented in 
Fig. 2. A ca. 50% reduction in the residual Hg2+-concentration 
was observed for the Hg2+-trapping beads (white bars in Fig. 
2). It should be also mentioned that capture of Hg2+ was negli-
gible in the absence of the oligo-thymidine moieties (PS beads 
and PS beads+ linker samples in Fig. 2 and Table S1). Thus, 
the Hg2+-trapping capabilities of the beads are exclusively re-
liant on the presence of oligo-thymidine moieties.

The Hg2+-selective trapping was initially examined in the 

presence of Mg2+ to simulate the natural conditions of seawa-
ter that contains minerals such as Na+, Mg2+, and Ca2+. Be-
cause the actual concentration of Na+ (481 mM) and possibly 
Mg2+ (54 mM) in seawater exceeds the upper limit of the ICP-
AES measurements, the present experiments were conducted 
under a 5.0 mM Mg2+ solution. Unexpectedly, in the presence 
of Mg2+, the residual Hg2+ concentration decreased from ca. 
50 to ca. 20% (Fig. 2, Table S1). The same trend was observed 
for both 253 nm and 194 nm mercury emissions (Fig. 2, Tables 
S1 and S2). Therefore, for the subsequent studies, only the 
results from the 253 nm emission spectra are presented as the 
253 nm emission generated stronger signals.

As seawater includes several kinds of divalent metal cat-
ions, we investigated the performance of the beads to selec-
tively trap Hg2+ over other divalent metal cations (Ca2+, Ba2+, 
Ni2+, Cu2+, Cd2+) in the presence of Mg2+ (Fig. 3, Fig. S2). 
The Hg2+-trapping efficiency of the beads, examined in the 
presence of co-existing metal cations (Ca2+, Ba2+, Ni2+, Cu2+, 
Cd2+), was similar or greater than that obtained in the pres-
ence of Mg2+ only (absence of the co-existing cations) (Fig. 3, 
Table S1). For the Hg2+-trapping efficiencies in the absence of 

Fig. 1. Hg2+-Trapping Concept
a) Structure of the Hg2+-trapping beads. b) Procedure of Hg2+ removal from Hg2+-contaminated water by the Hg2+-trapping beads.

Fig. 2. Mercury Removal Ratios by the PS Beads, PS Beads+Linker, 
and Hg2+-Trapping Beads

The experiments were performed in 50 µM HgCl2, and either in the absence of 
Mg2+ (−Mg2+) or the presence of 5.0 mM MgCl2 (+Mg2+). Residual ratios deter-
mined at a) 253 nm and b) 194 nm mercury emission. No obvious spectroscopic 
interferences between mercury and magnesium was observed, since emission 
intensities for “PS beads” and “PS beads + linker” were not change significantly 
irrespective of whether Mg2+ is present or absent.

Fig. 3. Mercury Removal Ratios by Hg2+-Trapping Beads in the Pres-
ence of Mg2+ Only (Mg2+*), and Mg2+ and Co-existing Metal Cations

The experiments were performed in 50 µM HgCl2, 5.0 mM MgCl2, and 0 or 0.5 mM 
of the respective co-existing metal cations. Residual ratios were determined from 
the 253 nm mercury emission.
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Mg2+, see Fig. S2.
The non-specific binding of the co-existing metal cations by 

the Hg2+-trapping beads was then examined (Fig. 4, Figs. S3, 
S4, Tables S3, S4). The residual ratios (%) of the co-existing 
cations after Hg2+-trapping are shown in Fig. 4 and Table S3. 
As observed, the remaining percentages of all the co-existing 
metal cations in the corresponding supernatant solutions, after 
Hg2+-trapping, were very high.

The DNA-based Hg2+-trapping beads effectively removed 
mercury in both the presence of Mg2+ only, and several co-
existing metal cations that included Mg2+ (Fig. 3). In contrast 
to this effective Hg2+-trapping, non-specific trapping of co-
existing cations did not occur so much (Fig. 4). The results 
are consistent with our previous study that showed the specific 
binding of Hg2+ by thymine bases.26) Thus the herein devel-
oped Hg2+-trapping beads are suitable for use in natural con-
ditions that involve a variety of mineral ingredients.

The enhanced performance of the Hg2+-trapping beads in 
the presence of co-existing metal cations is explained as fol-
lows. The formation of T–Hg(II)–T base pairs implies the for-
mation of a DNA duplex. For the latter to form, electrostatic 
repulsion between the negatively-charged phosphates in the 
respective DNA strands needs to be suppressed. The Mg2+ 
and other co-existing cations thus suppress the electrostatic 
repulsion between the phosphate groups by neutralizing the 
negative charges (Fig. S5). Hence, in the absence of a charge 
compensation effect of the co-existing cations, formation 
of T–Hg(II)–T base pair and the resulting DNA duplex for-
mation cannot occur efficiently. In addition, the competition 
between Mg2+ and Hg2+ during their phosphate-binding steps 
may assist preferential Hg2+-binding to thymine bases. This 
phenomenon was evident in the presence of Mg2+, as indicated 
by the considerable increase in the Hg2+-trapping efficiency 
(Figs. S2, S5c, d). A slight increase in the trapping efficiency 
was observed in the presence of the co-existing cations under 
Mg2+-depleted conditions (Figs. S2, S5e). These findings and 
some foregoing studies45,46) support our hypothesis that co-ex-
isting cations stabilize the formation of a DNA duplex follow-
ing formation of T–Hg(II)–T base pair. The measured residual 
ratio of the co-existing metal cations after Hg2+-trapping (Fig. 
S3) further supported our hypothesis that co-existing cations 
served as counter ions for DNA, as explained: in the ab-

sence of Mg2+, the other co-existing cations were captured 
by the Hg2+-trapping beads, possibly as counter ions for the 
phosphate groups (Fig. S5e), hence other co-existing cations 
rarely remained in solution in the absence of Mg2+ (Fig. S3). 
The present experimental data indicate that the Hg2+-trapping 
beads show potential for their usage under natural environ-
mental conditions, particularly in seawater with a high salt 
concentration.

The present findings were compared to those obtained by 
other reported methods (bioremediation,5,6) precipitation,7) 
non-specific adsorbents,8–10) and some metal chelators12,13)). 
In these studies, the Hg2+-specificity was not indicated nor 
was it expected on the basis of metal-specificities of the li-
gands.5–10,12,13) Only Hg2+-trapping beads, containing thymine 
moieties,14–19) showed good Hg2+-selectivity and these data 
are consistent with our previous results.26) As an exception, 
chitosan-based Hg2+-trapping beads showed Hg2+ selectiv-
ity,11) however, the origin of the Hg2+-specificity is unclear on 
the basis of an intrinsic metal-specificity of chitosan.

In conclusion, the prepared Hg2+-trapping beads can ex-
clusively capture Hg2+ even in the presence of co-existing 
cations. More interestingly, the Hg2+-trapping efficiency of the 
beads improved in the presence of co-existing cations. The 
Hg2+-trapping beads are suitable for the elimination of Hg2+ 
from environmental water, especially seawater. As a practical 
usage of the Hg2+-trapping beads, the Hg2+-decontamination 
from industrial wastes would be possible.
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Abstract: Metal-mediated base pairs formed by the coordina-
tion of metal ions to natural or artificial bases impart unique
chemical and physical properties to nucleic acids and have
attracted considerable interest in the field of nanodevices. AgI

ions were found to mediate DNA polymerase catalyzed primer
extension through the formation of a C–AgI–T base pair, as
well as the previously reported C–AgI–A base pair. The
comparative susceptibility of dNTPs to AgI-mediated enzy-
matic incorporation into the site opposite cytosine in the
template was shown to be dATP>dTTP@dCTP. Further-
more, two kinds of metal ions, AgI and HgII, selectively mediate
the incorporation of thymidine 5’-triphosphate into sites
opposite cytosine and thymine in the template, respectively.
In other words, the regulated incorporation of different metal
ions into programmed sites in the duplex by DNA polymerase
was successfully achieved.

Metal-mediated base pairs formed by the coordination of
metal ions to natural or artificial bases impart unique
chemical and physical properties to nucleic acids. For
example, an increase in duplex and triplex stability[1–3] and
the assembly of programmable arrays of one or several kinds
of metal ions into a duplex have been reported.[4] Metal-
mediated base pairs have thus attracted considerable interest
in the field of nanodevices, for example, in the context of
electronic wires,[5] magnetic devices,[6] and DNA-based logic
gates.[7]

Recently, it was reported that HgII and AgI ions coor-
dinate to natural mismatched base pairs in oligodeoxynucle-
otide (ODN) duplexes and stabilize the base pairs through the
formation of metal-mediated base pairs, such as T–HgII–T

(Figure 1), U–HgII–U, and C–AgI–C.[8–10] Hence, we focused
on the biological relevance of metal-mediated base pairs and
discovered that in the presence of HgII ions, DNA poly-
merases incorporate 2’-deoxythymidine 5’-triphosphate
(dTTP) into the sites opposite thymine (T) in the template
strand to synthesize the full-length product through the
formation of a T–HgII–T base pair.[11] A metal-mediated base
pair consisting of an artificial base was reported to be
recognized by DNA polymerase as well.[12] Furthermore, we
found that AgI ions promoted the enzymatic incorporation of
2’-deoxyadenosine 5’-triphosphate (dATP) into the sites
opposite cytosine (C) in the template strand through the
formation of a C–AgI–A base pair.[13] This result was quite
unexpected because an AgI ion was reported to selectively
increase the thermodynamic stability of duplexes containing
a C–C mismatched base pair.[10] We found that AgI ions also
increase the thermodynamic stability of duplexes containing
a C–T mismatched base pair, probably through the formation
of a C–AgI–T base pair (Figure 1).[14]

Herein, we report on a primer extension reaction in which
DNA polymerase catalyzes the formation of a C–AgI–T base
pair within the DNA duplex to synthesize full-length product.
The reaction involving the incorporation of dTTP into the
sites opposite C in the template was highly specific for AgI

ions. From the comparative study of the AgI-mediated
incorporation of dNTPs into the site opposite C in the
template, the strictly preferential incorporation of dATP and
dTTP over dCTP was observed. In combination with the
previously reported enzymatic formation of a T–HgII–T base
pair within the DNA duplex, the formation of a C–AgI–T base
pair enabled the accurately regulated enzymatic incorpora-
tion of dTTP into the sites opposite T and C in the template
through the addition of HgII and AgI ions, respectively. The
two different kinds of metal ions (AgI and HgII ions) were
successfully incorporated into the programmed sites in the
same duplex as metal-ion-mediated mismatched base pairs by
DNA polymerase.

Figure 1. Structures of the T–HgII–T and C–AgI–T base pairs.
dR=deoxyribose.
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To elucidate the compatibility of the C–AgI–T base pair
with DNA polymerases, a primer extension reaction was
carried out with 3’!5’-exonuclease-deficient Klenow frag-
ment (KF exo�). In the absence of AgI ions, KF exo� stalled at
the 19-mer site, however, the enzyme incorporated dTTP or
dCTP into the site opposite C in the template to elongated the
stalled product to yield the full-length product at increasing
concentrations of AgI ions (Figure 2a). The reversed reaction,

AgI-mediated dTTP or dCTP incorporation into the site
opposite T, also proceeded in the presence of AgI ions
(Figure 2b). To confirm the kind of dNTP incorporated by KF
exo� , single-nucleotide insertions were carried out with the
primed templates shown in Figure 3. For the AgI-independent
incorporation of dNTP into the site opposite C in the
template, dGTP was incorporated by the enzyme to yield
the 20-mer (n+ 1) product through the formation of a canon-
ical Watson—Crick (G–C) base pair, regardless of the
presence or absence of AgI ions (Figure 3a, lanes 3 and 4).
For AgI-dependent reactions, KF exo� incorporated dATP
into the site opposite C in the template through the formation
of a C–AgI–A base pair in the presence of AgI ions (Figure 3a,
lane 1) as reported.[12] Furthermore, the enzyme incorporated
dTTP into the site opposite C in the template in the presence
of AgI ions to yield the 20-mer (n+ 1) product (Figure 3a,
lane 7). Unexpectedly, no incorporation of dCTP into the site
opposite C was observed under these conditions (Figure 3a,
lane 5), although AgI ions show stronger stabilizing effects for
duplexes containing a C–C mismatch than for those contain-
ing a C–T mismatch.[10] The reverse reaction, the AgI-

mediated incorporation of dCTP into the site opposite T in
the template also proceeded in the presence of AgI ions
(Figure 3b, lane 5). The compositions of the full-length
products of the AgI-promoted reactions in Figure 2 were
confirmed by MALDI-TOF mass spectrometry (see Fig-
ure S1 in the Supporting Information).

To investigate the effects of other metal ions, we
performed the primer extension reactions in the presence of
MnII, FeII, FeIII, CoII, NiII, CuII, ZnII, CdII, AuIII, HgII, TlI, or
PbII (Figure 4). The reactions proceeded to yield a full-length
product only in the presence of AgI and HgII ions. AgI ions
promoted both the extension reactions to yield the full-length
products (24-mer; Figure 4a and b). By contrast, only the
incorporation of dTTP or dCTP into the site opposite T, and
not the incorporation of dTTP or dCTP opposite C, pro-
ceeded in the presence of HgII ions (Figure 4b). We then
confirmed that dTTP was selectively incorporated into the
site opposite T in the template by the HgII-mediated reaction
(see Figure S2 in the Supporting Information) as reported.[11]

These results indicate that the incorporation of dTTP into the
site opposite C in the template is highly specific to AgI ions.

In addition to the previously reported C–AgI–A base pair,
we demonstrated the AgI-mediated formation of a C–AgI–T
base pair within the DNA duplex by DNA polymerase. The
formation of a C–AgI–C base pair was not observed in this
work (Figure 3a) or in previous work,[12] despite the fact that
AgI ions have been reported to selectively stabilize the C–C
mismatched base pair among 16 kinds of matched and
mismatched base pairs.[10] Therefore, we compared the
enzymatic incorporation of dATP, dTTP and dCTP into the
site opposite C in the template by using various templates

Figure 2. PAGE analysis showing the effect of AgI ion concentration on
the primer extension reaction catalyzed by KF exo� . The reaction
mixtures contained 20 mm dNTPs and 0.4 units of KF exo� in the
presence or absence of various concentrations of AgNO3. M indicates
markers for the primer, 19-mer, and 24-mer. FAM=6-carboxyfluores-
cein.

Figure 3. “PAGE analysis of single-nucleotide insertions into the sites
opposite C (a) and T (b) in the template strands catalyzed by KF exo� .
The reaction mixtures contained 10 mm dNTPs and 0.2 units of KF
exo� in the presence or absence of 15 mm AgNO3. M indicates markers
for the 15-mer, primer, and 24-mer.

.Angewandte
Communications

2 www.angewandte.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 1 – 5
��
These are not the final page numbers!

─ 224 ─



possessing different sequences in the upstream region of the
incorporation site (see Figure S3 in the Supporting Informa-
tion). In the presence of AgI ions, dATP was incorporated into
almost all of the primed templates except for Duplexes 4
and 10, which may form a hairpin structure between the C-
rich upstream and G-rich downstream regions of the incor-
poration site. The incorporation of dTTP was somewhat
dependent on the upstream sequence of the incorporation
site. However, dCTP was not incorporated into any of the
primed templates under these assay conditions. Indeed,
a lower efficiency for the incorporation of dCTP into the
site opposite C in the template was recently reported.[15] The
use of larger amounts (0.8 units) of the enzyme and a higher
concentration of dCTP (20 mm) allowed the incorporation of
dCTP into some primed templates to form a C–AgI–C base
pair (see Figure S4 in the Supporting Information). These
results indicate that dTTP is a much better substrate for this
reaction than dCTP. HgII ions deprotonate the imino protons
of two thymine residues to form a neutral T–HgII–T base pair,
whereas AgI ions should deprotonate one imino proton to
form neutral base pairs such as C–AgI–T. The positively

charged C–AgI–C base pair may thus not easily be recognized
as a “correct” substrate by DNA polymerases. This may
suggest that the absence of a positive charge on a metal-
mediated base pair is important for its polymerase-catalyzed
integration into the duplex.

We have demonstrated that the incorporation of dTTP
into the site opposite C in the template through the formation
of a C–AgI–T base pair is strictly specific to AgI ions
(Figure 3a and Figure 4a). In combination with the enzymatic
formation of a T–HgII–T base pair within the DNA duplex,
this reaction could make the regulated extension of primers
and the regulated incorporation of different metal ions into
the same duplex possible because an AgI ion mediates the
incorporation of dTTP only opposite C and not opposite T in
the template (Figure 3). We thus designed a novel metal-ion-
triggered primer extension system, which enables the regu-
lated incorporation of two different metal ions (AgI and HgII

ions) into programmed sites in a duplex (Scheme 1). The
results are shown in Figure 5. In the absence of HgII ions, KF
exo� did not catalyze the extension reaction at the site
opposite T in the template to yield the 19-mer product,
regardless of the presence or absence of AgI ions (lanes 2 and
3). However, by adding HgII ions, a T–HgII–T base pair was
formed and the enzyme went through the site opposite T and
subsequently stalled at the site opposite C to yield the 24-mer
product (lane 4). The addition of both AgI and HgII ions
promoted extension at the sites opposite T and C in the
template to yield the full-length 31-mer product (Lane 5). The
compositions of these stalled and full-length products were

Figure 4. PAGE analysis showing the effect of various metal ions on
the primer extension reaction. The reaction mixtures contained 20 mm
dTTP and dCTP, 0.4 units of KF exo� , and 15 mm various metal ions.
M indicates markers for the primer, 19-mer, and 24-mer.

Scheme 1. A schematic illustration of the regulated incorporation of AgI and HgII ions into programmed sites in the duplex.

Figure 5. PAGE analysis of the regulated incorporation of AgI and HgII

ions into the programmed sites by KF exo� . The reaction mixtures
contained 30 mm dNTPs and 0.4 units of KF exo� in the presence of
2 mm AgNO3 and/or Hg(ClO4)2. M indicates markers for the primer,
19-mer, 24-mer, and 31-mer.
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confirmed by MALDI-TOF mass spectrometry (see Fig-
ure S5 in the Supporting Information). Furthermore, the
metal-ion-triggered extension reaction with a primed tem-
plate in which the C and T sites were exchanged with each
other proceeded in a similar manner (Figure S6 in the
Supporting Information). For both template configurations,
the two different kinds of metal-mediated base pairs (T–HgII–
Tand C–AgI–T) were successfully formed at the programmed
sites in the newly synthesized double-stranded DNA.

In conclusion, we demonstrated that AgI ions mediate
DNA polymerase catalyzed primer extension through the
formation of a C–AgI–T base pair, as well as the previously
reported C–AgI–A base pair. The comparative susceptibility
of dNTPs to AgI-mediated enzymatic incorporation into the
site opposite C in the template was shown to be dATP>

dTTP@ dCTP. In combination with T–HgII–T formation, C–
AgI–T formation was used in a novel metal-ion-triggered
primer extension system. The specific formation of two
different kinds of metal-mediated base pairs was thus
achieved at programmed sites in duplex DNA. To our
knowledge, this is the first report of the successful regulated
enzymatic incorporation of different metal ions into pro-
grammed sites in duplex DNA. Our findings open up the
possibility of regulating a multistep replicating system with
metal ions. Moreover, this enzymatic approachmay overcome
the difficulties in the preparation of large double-strand DNA
molecules base-paired through selective interstrand coordi-
nation with different kinds of metal ions.[16]
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1 Introduction Green engineering and materials have 
been studied for use in sustainable developments. Photo-
catalysts are promising technologies for use in the field of 
solar energy [1]. TiO2 is one of the more typical photo-
catalytic materials [2–6] and it has a number of poly-
morphs. The natural occurrence phases are rutile, anatase, 
and brookite. The metastable phases, TiO2(B), TiO2(H), and 
TiO2(R) have been synthesized [7–9]. In addition to these, 
there are several TiO2 high-pressure phases, the α-PbO2-
type (TiO2-II/columbite-type), baddeleyite-type, orthorhom-
bic-I-type, fluorite-type, cotunnite-type, and Fe2P-type 
phases [10–15]. In general, the high-pressure phases often 
transform into an ambient pressure phase or amorphous in 
the decompression process, and thus, there is a limited 
number of high-pressure phase applications. 

Among the TiO2 high-pressure phases, α-PbO2-type 
TiO2 can be recovered to ambient pressure [10]. The natu-
ral α-PbO2-type TiO2 is sometimes found in a meteorite 
impact crater [16]. It was also reported that α-PbO2-type 
TiO2 thin films and nanoparticles can be synthesized at 
ambient pressure [17–20]. While α-PbO2-type TiO2 was 
found in the 1960’s [10], its photocatalytic properties were 
unrevealed. It was interesting that samples which partially 

contain α-PbO2-type TiO2 have good photocatalytic acti-
vity [21, 22]. Therefore, it is essentially to investigate the 
photocatalytic property of α-PbO2-type TiO2. Theoretical 
approaches have been attempted on the high-pressure pha-
ses of TiO2, but were limited to discussing only the basic 
properties, such as the band gaps [23]. 

We synthesized α-PbO2-type TiO2 samples under high-
pressure and high-temperature (HPHT) conditions and 
found that they had much higher photocatalytic activity as 
compared to (reagent-grade) rutile and anatase under UV 
irradiation. We propose that α-PbO2-type TiO2 is a promis-
ing material for use as a photocatalytic matrix. 

 
2 Procedures 
2.1 Sample preparation Samples were prepared 

under high-pressure and high-temperature (HPHT) condi-
tions using the belt-type HPHT apparatus, FB30H. The 
starting materials were rutile-type TiO2 (4N, particle size 
of about 400 nm, Rare-metallic, Co. Ltd.), pre-calcined at 
1000 °C for 12 h. These materials were sealed into a Pt 
capsule and it was put into a high-pressure cell. Details of 
the high-pressure experiments are presented in the Support-
ing Information. The HPHT treatments were performed at 

The α-PbO2-type TiO2 is synthesized under high-pressure and
high-temperature environment and it shows higher photo-
catalytic activity as compared to rutile and anatase under UV
irradiation. The reduction in α-PbO2-type TiO2 induces visible-
light photocatalytic activity. These results indicate that α-PbO2-
type TiO2 is an important candidate material for use in a photo-
catalytic matrix. 
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7.7 GPa and 1100 °C for 1 h. The samples were quenched 
to room temperature and slowly depressurize to ambient 
pressure after these treatments. The recovered samples  
were ground with an alumina mortar and some of them 
were annealed at 300 °C for 12 h. 

The reference samples for characterization and photo-
catalytic activity measurements were rutile-type TiO2 (4N, 
grain size of about 400 nm, Rare-metallic, Co. Ltd.) pre-
heated at 1000 °C for 12 h and anatase-type TiO2 (99.6%, 
grain size of about 300 nm, Rare-metallic, Co. Ltd.). 

 
2.2 Characterization The samples were characteriz-

ed by using XRD, DTA, SEM, UV-VIS, and XPS. The 
XRD patterns of the samples were collected using a Ri-
gaku RINT-2200V/PC with Cu Kα radiation and a graphite 
counter monochromator. The thermal analyses were car-
ried out using a Rigaku Thermo-plus Evo TG-8120 in  
air. The rate of temperature increase was set to 10 °C/min. 
The SEM observations were carried out by using a JEOL 
JSM-5410 with a LaB6 cathode. The accelerated voltage 
was set to 20 kV. The UV-VIS spectra were measured by 
using a JASCO V570 with an integrating sphere. The XPS 
was measured using a PHI Quantera SXM with mono-
chromatic Al Kα. The binding energy was calibrated using 
an adventitious C-1s peak to 284.60 eV. 

 
2.3 Photocatalytic activity The photocatalytic ac-

tivity of TiO2 polymorphs was evaluated with H2 evolution 

in the closed circulatory system using the same weight of 
TiO2. The essence of the closed circulatory system was de-
scribed in the Supporting Information. Preparation and 
measurements were performed in the same manner as 
described elsewhere [24]. For each measurement, it was 
used that 50 mg of the samples, 10 ml of water and 558 mg 
of EDTA-2Na, which acted as the sacrificial reagent. The 
light source was a 500 W Xe lamp with three types of cut-
off filters (λ > 320, 380, and 420 nm). TCD detector and 
Ar-carrier gas were used in the gas-chromatography (Shi-
madzu GC-8A) to evaluate the output gas. 

 
2.4 First-principles calculation The electronic and 

atomistic structures were calculated by using the projector 
augmented wave (PAW) method [25] implemented in the 
Vienna ab-initio simulation package (VASP) code [26, 27]. 
The HSE06 hybrid functional [28–30] was adapted as an 
exchange-correlational functional with the mixing of the 
Hartree–Fock term to be 20% [31]. The details concerning 
the computational conditions are presented in the Support-
ing Information. 

 
3 Results and discussion HPHT syntheses of α-PbO2-

type TiO2 were performed at 7.7 GPa and 1100 °C. The as-
recovered samples exhibited a gray color, as shown in 
Fig. 1a, and they changed to white after annealing at 
300 °C for 12 h in air. These are similar to that for reduced 
rutile, which exhibit a blue color [32, 33]. Indeed, the sam- 

 

 
Figure 1 (a) Photograph and SEM images of (b) as-recovered and (c) annealed samples. (d) Typical XRD patterns of sample recov-
ered from HPHT condition and reference data. (e) DTA of as-recovered sample in air. (f) XRD patterns of as-recovered sample cal-
cined in air at different temperatures for 12 h. The “r” indicates the peaks assigned to the rutile phase. The other peaks are assigned to 
α-PbO2-type TiO2. 
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Figure 2 (a) Diffuse reflectance UV-VIS spectra. The vertical dashed lines were the cut-off wavelengths of the filters used in the 
photocatalytic activity measurements (Fig. 3). (b) Calculated band structure of α-PbO2-type TiO2 and (c) XPS valence band spectra. 
The arrows indicated the VBM. (d) Schematic band structure of TiO2 polymorphs. The VBM of rutile is set to 0 eV. 
 
ples  recovered  from  5.5 GPa  and  1100 °C  were  blue-
reduced rutile. This indicated that our HPHT experiments 
were somehow carried out in a reduction atmosphere.  
Therefore, our as-recovered samples were partially reduced 
and then exhibited a gray color. 

Our SEM observations found that the grain sizes of  
our α-PbO2-type TiO2 samples were around 2 μm (Fig. 1b 
and 1c). These are larger than the grain size of the start- 
ing material, which was 400 nm, and indicated that grain 
growth occurred under the HPHT condition. The annealing 
at 300 °C did not affect the grain size. Figure 1d shows the 
powder X-ray diffraction (XRD) patterns of the samples. 
The majority of peaks can be assigned to the α-PbO2-type 
TiO2 (ICDD-01-084-1750). It was confirmed that α-PbO2-
type TiO2 was recovered to ambient pressure. A small 
amount of residual rutile, which was less than 5%, was  
also observed and determined by using the standard addi-
tion method. These behaviors were similar to that in previ-
ous reports [12, 14, 34]. 

We also evaluated the thermal stability of α-PbO2-type 
TiO2 by conducting a differential thermal analysis (DTA) 
on it, as shown in Fig. 1e. The DTA showed an exothermal 
reaction starting from 500 °C. This exothermal reaction  

is similar to the anatase–rutile transition [35]. Annealing 
experiments were also carried out in air. Figure 1f shows 
the XRD patterns of a sample annealed in air for 12 h at 
different temperatures. The phase transition was barely ob-
served below 400 °C. Above 500 °C, the α-PbO2-type TiO2 
was transformed to the rutile phase, but a part of α-PbO2 
phases slightly remained after annealing at 700 °C for 12 h, 
which is indicated by the arrows. This means that the tran-
sition to the rutile phase was slow.  

We next studied the optical nature of α-PbO2-type TiO2. 
Figure 2a shows the diffuse-reflectance ultraviolet-visible 
light (UV-VIS) spectra of α-PbO2-type TiO2, rutile and  
anatase. Both α-PbO2-type TiO2 samples had a large absorp-
tion rate around 390 nm. This was attributed to the band-
edge absorption. The band gap of α-PbO2-type TiO2 is 
roughly estimated to be 3.2 eV, although the optical band 
gap might be underestimated because these measurements 
were carried out at room temperature [36, 37]. The as-
recovered samples experienced additional absorption in the 
visible-light region, as shown by the arrow in Fig. 2a. 

The first principles calculations were carried out using 
a hybrid-functional in order to discuss the band gap of 
TiO2 polymorphs. The band structure of α-PbO2-type TiO2  
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Figure 3 H2 evolution of α-PbO2-type TiO2 under UV and visible light irradiations. (a) Comparison between TiO2 polymorphs under 
UV irradiation (λ > 320 nm) and (b) wavelength dependence of as-recovered sample. 

 
is shown in Fig. 2b. The calculated valence band maximum 
(VBM) was at the Γ-point. On the other hand, the conduc-
tion band minimum (CBM) was at the Z-point, whose  
energy was 0.05 eV smaller than at the Γ-point. Then  
α-PbO2-type TiO2 was found to have an indirect band gap 
of 3.84 eV. Except for the value of the band gap, the  
results matched the standard DFT results [23]. The ex-
perimental and calculated band gaps of TiO2 polymorphs 
are summarized in Table 1. 

The positions of the CBM and VBM were considered 
to be important for the photocatalytic activity. Figure 2c 
shows the X-ray photoelectron spectra (XPS) of the va-
lence band of TiO2 polymorphs and the values of the VBM 
are listed in Table 1. The band positions of rutile and  
anatase have been discussed on. Our results show the same 
tendency as the traditional description [38]. The VBM of 
the recovered samples had the largest binding energy while 
that of the annealed samples had the smallest one. Such a 
discrepancy was often observed in defective or doped TiO2 
[39, 40]. This was probably caused by intrinsic defects and 
dopants. A schematic band structure of TiO2 polymorphs 
was summarized in Fig. 2d by using the calculated band 
gap and experimental VBM. This shows that the CBMs of 
α-PbO2-type TiO2 were similar or higher than that of ana-
tase. 

Then, the photocatalytic activity of the TiO2 poly-
morphs with respect to the H2 evolution were compared 
 

Table 1 Band gaps and valence band maxima of TiO2 poly-
morphs. 

band gap (eV) phase 

expt. calc. 

binding energy 
of VBM (eV) 

as-recovered 2.3 α-PbO2 
annealed 

(3.2) 3.84 
(indirect) 2.7 

rutile 3.03a) 3.06 
(direct) 

2.6 

anatase 3.2b) 3.39 
(indirect) 

2.2 

a) Ref. [36]; b) Ref. [38]. 

under UV light irradiation (λ > 320 nm). It should be noted 
that the XRD patterns of the samples did not change after 
the photocatalytic activity measurements. Since the activity 
may be dependent on the grain size, we used reagent-grade 
rutile and anatase for comparison, whose grain sizes are 
400 and 300 nm. The grain size of our α-PbO2-type TiO2 
samples was 2 μm. 

Luttrel et al. classified the factors that help to deter-
mine the photocatalytic activity into four types, i.e., the  
energy level of the light-induced carriers (positions of the 
VBM and CBM), the lifetime of the exciton, the charge 
mobility, and the surface properties [41]. As shown in 
Fig. 2, our α-PbO2-type TiO2 samples have similar VBM 
and CBM positions to anatase. It also has an indirect band 
gap, which should be related to a long exciton lifetime. 
These results suggest that α-PbO2-type TiO2 has a similar 
activity to that of anatase as a rule of thumb. In fact, our  
α-PbO2-type TiO2 samples exhibited much higher activity 
than that of the reagent-grade rutile and anatase, as can be 
seen in Fig. 3a. It may be fair to mention that the activity 
of our sample is still 50% that of a commercial TiO2-
photocatalyst, Aeroxide® TiO2 P 25 (Evonik industries 
AG), which was examined under the same conditions. Yet, 
the α-PbO2-type TiO2 seems to be an important candidate 
material for use in a photocatalytic matrix. 

Annealed samples had higher photocatalytic activity 
than as-recovered samples. The reduction of the TiO2 
forms defects, such as Ti3+ and oxygen vacancies, which 
behave as the recombination center of the light-induced 
carriers and decrease in the photocatalytic activity [40, 42]. 
This can be the reason why the photocatalytic activity of 
the as-recovered samples was slightly lower.  

Generally, the visible light absorption does not always 
contribute to the photocatalytic activity [42, 43]. Since the 
as-recovered samples show there was visible light absorp-
tion as mentioned above, we also evaluated its photocataly-
tic activity under visible light irradiation. Figure 3b shows 
the H2 evolution by using α-PbO2-type TiO2 under UV and 
visible light irradiation. The as-recovered samples clearly 
showed there was photocatalytic activity in both of UV and 
visible light regions. This means that the visible light ab-
sorption of the present samples contributes to the photoca-
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talytic activity. This visible light absorption should be de-
rived from the reduction in TiO2. 

In summary, α-PbO2-type TiO2 was synthesized under 
the HPHT conditions and its electronic structure and 
photocatalytic properties were evaluated. We prepared two 
types of α-PbO2-type TiO2 samples, as-recovered (gray) 
and annealed (white), whose difference was caused by the 
reduction. The α-PbO2-type TiO2 samples showed much 
higher photocatalytic activity as compared to the rutile and 
anatase under UV irradiation. The reduction in α-PbO2-
type TiO2 had negative and positive effects on the photo-
catalytic activity. It forms a recombination center of light-
induced carriers, and thus, the photocatalytic activity de-
creased. On the other hand, it induced visible light absorp-
tion and visible-light photocatalytic activity was observed. 
These results indicate that α-PbO2-type TiO2 is an impor-
tant candidate material for use in a photocatalytic matrix. 
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a b s t r a c t

The homogeneous epoxidation of cis-cyclooctene with H2O2, catalyzed by various Zr/Hf-containing
Keggin sandwich polyoxometalates (POMs), i.e., the 1:2 complexes [M(�-PW11O39)2]10− (M = Zr, 1 and
M = Hf, 2), the 4:2 complexes [[{M(H2O)}2{M(H2O)2}2(�-OH)3(�-OH)2](�-1,2-PW10O37)2]7− (M = Zr, 3
and M = Hf, 4), the 2:2 complexes [{M(�-OH)(H2O)}2(�-PW11O39)2]8− (M = Zr, 5 and M = Hf, 6), and the 3:2
complex [Zr3(�2-OH)3(A-�-PW9O34)2]9− (7), was examined. At least two different reaction types exist:
(1) one brought about by the highly catalytically active Venturello complex [PO4{WO(O2)2}4]3−, which
was generated by reactions of the Zr/Hf-containing POMs with hydrogen peroxide, and (2) the reaction
with active species formed on Zr/Hf clusters in the POMs. In the first type, the original sandwich structures
are not maintained during the reactions (as shown in 1, 2, 3, and 4), but in the second type, the sandwich
structures are maintained (as seen in 5 and 6). 7 was inactive. The reaction, (5 + cis-cyclooctene) + H2O2,
was explicitly influenced by changing the reaction time of 5 and olefin, before addition of H2O2, indicat-
ing a significant interaction between 5 and olefin, such as coordination of olefin to the POM. Thus, for
homogeneous olefin epoxidation by hydrogen peroxide catalyzed by di-Zr/Hf clusters, a new mechanism
is proposed through olefin-coordinated species to di-Zr/Hf centers.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

In academic and industrial fields, the selective catalytic epoxida-
tion of alkenes with an environmentally friendly oxidant, aqueous
hydrogen peroxide, is an interesting objective [1–5]. Transition-
metal-substituted polyoxometalates (POMs) have attracted con-
siderable attention as oxidation catalysts because they are resistant
to oxidative degradation. Furthermore, the “active sites” of their
transition metals and countercations can undergo extensive syn-
thetic modifications. The most commonly studied types of reaction
are H2O2-based epoxidation and sulfoxidation catalyzed by metal-
substituted POMs [6–18].

Several H2O2-based oxidation reactions catalyzed by
titanium(IV)-substituted POMs have been extensively investigated
[19], e.g., the monomeric Keggin monotitanium(IV)-substituted

∗ Corresponding author at: Department of Chemistry, Faculty of Science, Kana-
gawa University, Hiratsuka, Kanagawa 259-1293, Japan. Tel.: +81 463 59 4111;
fax: +81 463 58 9684.

E-mail address: nomiya@kanagawa-u.ac.jp (K. Nomiya).

POM [�-PW11TiO40]5− [20–23] and its conjugated acid [�-
P(TiOH)W11O39]4− [21,23]; the dimeric Keggin monotitanium(IV)-
substituted POM [(�-PTiW11O39)2O]8− [23], and the monomeric
Keggin 1,5-dititanium(IV)-substituted POM [�-1,5-PW10Ti2O40]7−

[22,24,25].
With regard to the catalytic activities of the dimeric mono-,

di-, and tri-titanium(IV)-substituted �-Keggin polyoxotungstates
[(�-PTiW11O39)2O]8− (Ti1), [(�-1,2-PW10Ti2O38)2O2]10− (Ti2), and
[(�-1,2,3-PTi3W9O37)2O3]12− (Ti3) in alkene epoxidation with
H2O2, it has been reported that the structure around the tita-
nium centers has a strong influence on the catalytic activities [26].
The formation of catalytically active peroxo- and hydroperoxo-
titanium(IV) species has been confirmed [26–29]. Previous
studies of H2O2-based oxidation catalyzed by Ti-substituted
POMs have also indicated that the protons in countercations
and/or reaction solutions are crucial for the catalytic activi-
ties and the formation of active hydroperoxo–titanium and/or
protonated peroxo species [23,26,30–35]. In alkene epoxidation
with H2O2 catalyzed by Ti-substituted POMs, homolytic O O
cleavage of the Ti–hydroperoxo species, followed by oxygen
transfer to the alkene [radical mechanism], has been proposed

http://dx.doi.org/10.1016/j.molcata.2014.07.020
1381-1169/© 2014 Elsevier B.V. All rights reserved.
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[33]. For example, it is generally accepted that in oxida-
tion catalyzed by dititanium-containing 19-tungstodiarsenate(III),
[Ti2(OH)2As2W19O67(H2O)]8−, the Ti–hydroperoxo groups are the
active oxygen-donating intermediates for alkene epoxidation [32].

In contrast, only a few examples of H2O2-based oxidation
catalyzed by Zr-containing POMs have been reported, by Khold-
eeva’s group, e.g., oxidation catalyzed by 2:2 complexes of Zr in
dimeric Keggin POMs such as (Bu4N)7H[{PW11O39Zr(�-OH)}2],
(Bu4N)8[{PW11O39Zr(�-OH)}2], and (Bu4N)9[{PW11O39Zr}2(�-
OH)(�-O)] [36]. Kholdeeva’s group proposed that the active
species for cyclohexene oxidation was an unstable Zr–peroxo
species (31P NMR at ı −12.3 ppm) generated by ligand exchange
of the coordinating water ligands of the monomeric POM,
(Bu4N)3+n[PW11O39Zr(OH)n(H2O)3(2)-n] (n = 0 and 1), with the per-
oxo (H2O2) ligand. They also suggested that the acid proton
is crucial for catalysis by Zr-containing POMs. With respect to
catalysis by Zr-containing POMs, Kortz’s group reported the stoi-
chiometric oxidation of l-methionine by the side-on peroxo species
(i.e., �-�2-peroxo-containing Zr2 species) of the dimeric Keggin
POM K12[Zr2(O2)2(�-SiW11O39)2]·25H2O [37].

In this work, we focused on epoxidation of cis-cyclooctene
with aqueous hydrogen peroxide catalyzed by various struc-
turally characterized Zr/Hf-containing Keggin sandwich
POMs, i.e., [M(�-PW11O39)2]10− (M = Zr, 1 and M = Hf, 2),
[[{M(H2O)}2{M(H2O)2}2(�-OH)3(�-OH)2](�-1,2-PW10O37)2]7−

(M = Zr, 3 and M = Hf, 4), [{M(�-OH)(H2O)}2(�-PW11O39)2]8−

(M = Zr, 5 and M = Hf, 6), and [Zr3(�2-OH)3(A-�-PW9O34)2]9− (7).
In the reactions with 5 and 6, the original sandwich structures were
kept after the reactions and the active species were formed on the
Zr/Hf centers, whereas in the reactions with 1–4, the reaction was
brought about by the highly active Venturello complex [38–46],
which was generated during the reaction. No catalytic activity was
observed for 7 and the side-on peroxo species with heteroatom
P [{Zr(�-�2-O2)}2(�-PW11O39)2]10− (8), the latter of which was
synthesized from a reaction between 5 and aqueous H2O2 [see
Supporting Information].

In this paper, we report full details of homogeneous cis-
cyclooctene epoxidation with hydrogen peroxide catalyzed by
Zr/Hf-containing Keggin sandwich POMs (1–8), and propose that
a significant interaction between olefin and POMs (5 and 6), i.e.,
an olefin coordination process is present before attack of hydrogen
peroxide.

2. Experimental

2.1. Materials

The following reactants were used as received: 30% aque-
ous H2O2 (Wako), Bu4NCl (TCI), and CD3CN and D2O (Isotec).
H3[PW12O40]·3H2O was prepared by a traditional method and
identified using FTIR spectroscopy, thermogravimetry (TG) and
differential thermal analysis (DTA), and 31P NMR spectroscopy.

Venturello complex (Bu4N)3[PO4{WO(O2)2}4] was synthesized
using a modified version of the reported method [38] and char-
acterized by elemental analysis, 31P and 183W NMR spectroscopy
(see Supporting Information). (Et2NH2)8[{�-PW11O39Zr(�-
OH)(H2O)2}2]·6H2O (EtN-5) and the lithium salt (Li-5) were
prepared using a modified version of the reported method [47],
and identified by CHN analysis, FTIR spectroscopy, TG/DTA, and
31P NMR spectroscopy. The side-on peroxo dinulcear Zr complex
(Et2NH2)10[{Zr(�-�2-O2)}2(�-PW11O39)2]·11H2O (EtN-8) was
synthesized by a reaction of EtN-5 with 30% aqueous H2O2 using
a modified version of the reported method [37], and characterized
by elemental analysis, TG/DTA, FTIR, 31P NMR and x-ray crystallog-
raphy (also see Supporting Information). Other precatalysts were
prepared according to the reported methods or modified versions
of these [47–52], and identified by elemental analysis, FTIR spec-
troscopy, TG/DTA, and 31P NMR spectroscopy. The precatalysts and
their abbreviations are shown in Table 1. The abbreviation consists
of a combination of the countercation and polyoxoanion (EtN-
and BuN- represent Et2NH2 and Bu4N countercations, respec-
tively). The polyoxoanion moieties are denoted as complexes,
by a combination of the number of metal centers and the two
lacunary POMs, i.e., 1:2 complexes of one metal center (Zr/Hf) and
two monolacunary POMs (EtN-1 and EtN-2) [49], 4:2 complexes
of four metal centers (Zr/Hf) and two dilacunary POMs (BuN-3
and BuN-4) [51,52], 3:2 complexes of three Zr centers and two
trilacunary POMs (BuN-7) [50], and several types of 2:2 complexes
such as (i) 2:2 complexes consisting of two hydrated metal centers
(Zr/Hf) and two monolacunary POMs with a P heteroatom (BuN-5,
BuN-6, and Li-5) [47], and (ii) 2:2 complexes consisting of a Zr2
center with two side-on peroxo groups and two monolacunary
POMs with a P heteroatom (EtN-8). Instrumentation/analytical
procedures are described in Supporting Information.

2.2. Catalytic reactions

Homogeneous reactions of cis-cyclooctene, catalyzed by several
POMs as Et2NH2, Bu4N, or Li salts (Table 1), were carried out in
round-bottomed flasks. cis-Cyclooctene (1.0 mL, 7.70 mmol), 30%
aqueous H2O2 (1.0 mL, 12.72 mmol), and a POM (0.01–0.02 mmol)
in a mixed solvent (30 mL) consisting of CH3CN and CH2Cl2 (15/15
v/v), a mixed solvent (31 mL) consisting of CH3CN and water (30/1
v/v), or a mixed solvent (33 mL) consisting of CH3CN and water
(30/3 v/v) were mixed at 25 ◦C under air. The reaction solution was
sampled after 0.0, 0.5, 0.75, 1.0, 1.5, 2.0, 2.25, 2.5, 3.0, 4.0, 5.0, 6.0,
and 24 h and analyzed using Shimadzu GC-17AAT and Shimadzu
GC-2010 Plus gas chromatographs (TCD) and a DB-FFAP capillary
column (0.53 mm × 15 m). The catalytic activities of POMs 1–8,
evaluated as turnover numbers (TON) and/or turnover frequen-
cies per second (TOF), were compared with those of the Venturello
complex and several previously reported Ti-containing Keggin
POMs.

Table 1
Compositions, formulas, and abbreviations of precatalysts.

M: lacunary POM ratio Formula Abbreviation Ref.

1:2 complex (Et2NH2)10[Zr(�-PW11O39)2]·7H2O EtN-1 [49]
(Et2NH2)10[Hf(�-PW11O39)2]·8H2O EtN-2 [49]

4:2 complex (Bu4N)7[[{Zr(H2O)}2{Zr(H2O)2}2(�-OH)3(�3-OH)2](�-1,2-PW10O37)2]·3H2O BuN-3 [51,52]
(Bu4N)7[[{Hf(H2O)}2{Hf(H2O)2}2(�-OH)3(�3-OH)2](�-1,2-PW10O37)2]·2H2O BuN-4 [51,52]

2:2 complex (Bu4N)7H[{Zr(�-OH)(H2O)}2(�-PW11O39)2]·3H2O BuN-5 [47]
(Bu4N)7H[{Hf(�-OH)(H2O)}2(�-PW11O39)2]·3H2O BuN-6 [47]
Li8[{Zr(�-OH)(H2O)}2(�-PW11O39)2]·20H2O Li-5 [47]
(Et2NH2)8[{Zr(�-OH)(H2O)}2(�-PW11O39)2]·6H2O EtN-5 [47]
(Et2NH2)10[{Zr(�-�2-O2)}2(�-PW11O39)2]·11H2O EtN-8 This work

3:2 complex (Bu4N)6.5H2.5[Zr3(�-OH)3(A-�-PW9O34)2] BuN-7 [50]
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Fig. 1. TON–time curve of cis-cyclooctene epoxidation with 30% aqueous H2O2

catalyzed by POMs (EtN-1 and EtN-2). Reaction conditions: catalysts 0.02 mmol,
substrate 7.70 mmol, 30% H2O2 aq. 12.72 mmol, under air at 25 ◦C.

3. Results and discussion

3.1. Zr/Hf-containing POMs as precatalysts for cis-cyclooctene
epoxidation by H2O2: Catalysis by 1–4 and Venturello complex

Homogeneous epoxidation of cis-cyclooctene with hydrogen
peroxide catalyzed by various Zr/Hf-containing POMs was exam-
ined under the conditions of POM (0.02 mmol), cis-cyclooctene
(7.70 mmol) and 30% aqueous H2O2 (12.72 mmol) in a mixed sol-
vent (30 mL) consisting of CH3CN:CH2Cl2 (15/15 v/v), at 25 ◦C in air.
The POMs used were 1:2 complexes (EtN-1 and EtN-2), 4:2 com-
plexes (BuN-3 and BuN-4), and the freshly prepared Venturello
complex, (Bu4N)3[PO4{WO(O2)2}4]. The time course versus TON
plots of epoxide formation are shown in Figs. 1 and 2.

Fig. 2. TON–time curve of cis-cyclooctene epoxidation with 30% aqueous H2O2 cat-
alyzed by POMs (freshly prepared Venturello complex, BuN-3, and BuN-4). Reaction
conditions: catalysts 0.02 mmol, substrate 7.70 mmol, 30% H2O2 aq. 12.72 mmol,
under air at 25 ◦C.

Fig. 3. TON–time curve of cis-cyclooctene epoxidation with 30% aqueous H2O2

catalyzed by POMs (Li-5, BuN-5, BuN-6, BuN-7, and EtN-8). Reaction conditions:
catalysts 0.02 mmol, substrate 7.70 mmol, 30% H2O2 aq. 12.72 mmol, under air at
25 ◦C.

The conversions of cis-cyclooctene after 24 h-reactions were
more than 83–95% for both EtN-1 and EtN-2, and more than 77–95%
for both BuN-3 and BuN-4. BuN-4 shows a rapid increase in activity
after an induction period of more than 6 h and the final TON was
almost the same as that of BuN-3 after 24 h-reaction. The TONs after
24 h-reactions for EtN-1 and EtN-2 (Fig. 1) and those for BuN-3 and
BuN-4 (Fig. 2) reached more than 300.

The reactions by EtN-1, EtN-2, BuN-3 and BuN-4 (Figs. 1 and 2)
are quite different from those by BuN-5 and BuN-6 (Fig. 3). In
the solutions of the 24 h-reactions of EtN-1 and EtN-2 (6.35
and 6.27 �mol, respectively) and H2O2 (0.636 mmol), formation of
the Venturello complex was confirmed by 31P NMR as signals at
3.57 ppm (from EtN-1) and 3.54 ppm (from EtN-2). In fact, the
highly active reaction by the Venturello complex has been well
known [38–46]. In Figs. 1 and 2, it should be noted that the TONs
after 6 h-reactions for EtN-1, EtN-2, and BuN-3 were about two
times of the TON after 6 h-reaction for the separately prepared,
fresh Venturello complex, indicating that the POMs (EtN-1, EtN-2,
and BuN-3) generate 2 mol of the Venturello complex during the
reactions.

Thus, the catalysis by EtN-1, EtN-2, BuN-3, and BuN-4 was actu-
ally due to the Venturello complex, which was derived by direct
reaction with hydrogen peroxide.

3.2. Homogeneous epoxidation of cis-cyclooctene with hydrogen
peroxide catalyzed by POMs 5–8

The 2:2 complexes BuN-5 and BuN-6, and the 3:2 complex
BuN-7 (POMs 0.02 mmol) were used in a mixed solvent (30 mL)
consisting of CH3CN/CH2Cl2 (15/15 v/v) as homogeneous catalysts
for epoxidation of cis-cyclooctene. The 2:2 complex of Zr as a Li salt
(Li-5, 0.01 mmol) and the separately prepared, side-on peroxo–Zr2
species EtN-8 (0.02 mmol), both of which were water soluble, but
insoluble in organic solvents, were also used as homogeneous cat-
alysts in a mixed solvent (31 mL) consisting of CH3CN/water (30/1
v/v). The TON–time course curves are shown in Fig. 3.

In the reactions by 5 and 6 in the presence of 30% aqueous
H2O2, a color change was not observed, i.e., the original colorless,
clear, homogeneous solution was maintained during the course
of the reaction. This is in contrast to the oxidation reactions with
30% aqueous H2O2 catalyzed by mono-, di-, and tri-titanium(IV)-
substituted Keggin POMs (Ti1, Ti2, and Ti3 as Bu4N salts), in
which the colors of all the POMs changed from colorless to yel-
low or orange as a result of formation of peroxotitanium(IV)
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Table 2
Epoxidation of olefins (cis-cyclooctene, cyclohexene, 1-octene, and styrene) with 30% aqueous H2O2 catalyzed by BuN-5 and Li-5.

Precatalyst Substrate Epoxide TONc Selectivity (%)c Other products

BuN-5a cis-cyclooctene cyclooctene oxide 166 99 –
cyclohexene trans-cyclohexane-1,2-diol 101 37 2-hydroxycyclohexanone
1-octene 1,2-epoxyoctane 23 – heptanal
styrene styrene oxide 7 – benzaldehyde

Li-5b cis-cyclooctene cyclooctene oxide 132 99 –
cyclohexene trans-cyclohexane-1,2-diol 38 62 2-hydroxycyclohexanone
1-octene 1,2-epoxyoctane 23 – heptanal

a Solvent 15:15 (v/v) CH2Cl2/CH3CN, 30 mL.
b Solvent 30:1 (v/v) CH3CN/H2O, 31 mL.
c After 24 h.

Reaction conditions: catalyst 0.02 mmol, substrate cis-cyclooctene 7.70 mmol, cyclohexene 9.86 mmol, 1-octene 6.37 mmol, or styrene 8.70 mmol, 30% H2O2 aq. 12.72 mmol,
under air, at 25 ◦C.

Table 3
Epoxidation of mixed olefins (cis-cyclooctene and cyclohexene) with 30% aqueous H2O2 catalyzed by BuN-5 and Li-5.

Precatalysts Mixed substrate (mmol) Total conversion (%)c Products (mmol)c TONc Selectivity (%)c

BuN-5a cis-cyclooctene (1.54) 92 cyclooctene oxide (1.4) 71 99
cyclohexene (4.62) 68 trans-cyclohexane-1,2-diol (1.2) 58 37
cis-cyclooctene (4.62) 61 cyclooctene oxide (2.8) 138 97
cyclohexene (1.54) 58 trans-cyclohexane-1,2-diol (0.2) 11 25

Li-5b cis-cyclooctene (1.54) 53 cyclooctene oxide (0.8) 41 99
cyclohexene (4.62) 23 trans-cyclohexane-1,2-diol (0.5) 31 58
cis-cyclooctene (4.62) 51 cyclooctene oxide (2.4) 118 99
cyclohexene (1.54) 23 trans-cyclohexane-1,2-diol (0.2) 9 51

Reaction conditions: catalyst 0.02 mmol, mixed substrate cis-cyclooctene and cyclohexene, 30% H2O2 aq. 12.72 mmol, under air, at 25 ◦C.
a Solvent 15:15 (v/v) CH2Cl2/CH3CN, 30 mL.
b Solvent 30:1 (v/v) CH3CN/H2O, 31 mL.
c After 24 h.

and/or hydroperoxotitanium(IV) intermediates [26,27]. The cat-
alytic activities of BuN-5 and BuN-6 at 25 ◦C were monitored by
GC during 24 h-reactions. Cyclooctene oxide was the major prod-
uct (selectivity > 99%), and no induction period was observed for
these reactions. The ratio of the activity with BuN-5 to that of the
Venturello complex was about 38% after 6 h and 49% after 24 h.
Also, the ratio of the activity with BuN-6 to that of the Venturello
complex was about 29% after 6 h and 45% after 24 h.

In comparing Li-5 and BuN-5 as precatalysts for cyclooctene
epoxidation, it should be noted that the catalytic activity was
BuN-5 > Li-5 (see Tables 2 and 3, Section 3.5. (4)), whereas the cat-
alytic stability was Li-5 > BuN-5. Powder samples of BuN-5 and
BuN-6, recovered after 24 h-reactions by evaporating the reac-
tion solutions and reprecipitating with excess diethyl ether, were
characterized using FTIR and 31P NMR spectroscopies. The orig-
inal sandwich structures were maintained during and after the
reactions. However, the recovered sample of the Bu4N salt was
contaminated with saturated Keggin POM species [PW12O40]3−

as minor species, which was confirmed by 31P NMR signal at -
14.40 ppm in CD3CN, whereas that of the Li salt was not. Repeated
reuse of the Bu4N salt resulted in increased amounts of the
saturated Keggin [PW12O40]3− species. Thus, with regard to cat-
alyst stability, it appears that the Li salt is superior to the
Bu4N salt.

BuN-7 was inactive for epoxidation of cis-cyclooctene. The
side-on coordinated peroxo–Zr2 species (EtN-8) did not show any
activity (Fig. 3); the TON after 24 h was 0.8 without addition of tri-
fluoromethanesulfonic acid (TFSA) and 17.3/19.0 with addition of
TFSA 1:2/1:4, respectively. Kortz et al. reported that the side-on per-
oxo species of a dimeric Zr complex with Si heteroatom was active
in the stoichiometric oxidation of l-methionine, but the reaction
was not catalytic [37]. In the POM with P heteroatom, the side-
on peroxo species (EtN-8) is probably formed during the course
of reaction from the active, end-on hydroperoxo species Zr–OOH,
which will be formed at the early stage of the reaction of POM 5
with aqueous H2O2 (Fig. S3).

3.3. Homogeneous epoxidation of olefins with hydrogen peroxide
catalyzed by BuN-5 and Li-5: selection of cis-cyclooctene as a test
substrate

The epoxidations of olefins (cis-cyclooctene, cyclohexene, 1-
octene, and styrene) with 30% aqueous H2O2 catalyzed by BuN-5
and Li-5 were examined at 25 ◦C under air in a mixed solvent
(30 mL) consisting of CH3CN and CH2Cl2 (15/15 v/v) and a mixed
solvent (31 mL) consisting of CH3CN and water (30/1 v/v), respec-
tively.

Cyclohexene has been known as a useful test substrate that
allows one to distinguish between homolytic and heterolytic
oxidation mechanism [35]. It has been said that formation of
allylic oxidation products, 2-cyclohexene-1-ol, 2-cyclohexene-1-
one, cyclohexene oxide is an indication of a homolytic oxidation
by hydrogen peroxide (radical mechanism), whereas the selec-
tive formation of trans-cyclohexane-1,2-diol (major product) and
cyclohexene oxide (minor product) suggests a heterolytic mecha-
nism (ionic mechanism) [35]; distribution of products containing
cyclohexene oxide depends on the reaction mechanism. Our results
of cyclohexene oxidation suggest the ionic mechanism, i.e., het-
erolytic mechanism (Table 2), in which 2-hydroxycyclohexanone
as other products is derived by further oxidation of trans-
cyclohexane-1,2-diol.

In this work, we selected cis-cyclooctene as a test substrate for
further studying the reaction in detail rather than cyclohexene,
because cis-cyclooctene gave the best results in the viewpoints of
the sole product of oxidation, i.e., highest selectivity for the epoxide,
and the highest TON of the epoxide (Table 2).

3.4. Results from changing reaction times between Li-5 and
cis-cyclooctene before addition of H2O2 and between Li-5 and
H2O2 before addition of cis-cyclooctene (Control experiments #1)

Control experiments (Fig. 4) consisting of the reac-
tions (I) (Li-5 + cis-cyclooctene) + H2O2 (Entries 1–3) and (II)
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Fig. 4. Results of control experiments consisting of two types of reaction: (I) (Li-5 + olefin) + H2O2 and (II) (Li-5 + H2O2) + olefin, which were examined by changing the
addition times of the second additive (olefin or H2O2) to Li-5. Reaction conditions for (I) and (II): catalysts 0.02 mmol, substrate 7.70 mmol, 30% H2O2 aq. 12.72 mmol, under
air at 25 ◦C. Reaction product in (I) and (II): cyclooctene oxide.

(Li-5 + H2O2) + cis-cyclooctene (Entries 4–6) were carefully car-
ried out by changing the reaction times of the second additive
(cis-cyclooctene in (I) or H2O2 in (II)) to Li-5. GC analysis was
performed during 24 h-reactions after addition of H2O2 in (I) or
cis-cyclooctene in (II). In the reaction (I), the highest activity (TON
205.8) was observed for Entry 3, in which hydrogen peroxide
was added on 10 min after Li-5 and cis-cyclooctene were mixed,
and the final solution was analyzed after 24 h-reaction. As the
reaction time of Li-5 and cis-cyclooctene increased, the activity
decreased (Entries 1 and 2). This indicates that there is a significant
interaction between the POM and cis-cyclooctene before addition
of H2O2. An olefin coordination as such an interaction is proposed.
Based on theoretical and experimental studies containing x-ray
crystallography, several ZrIV ion (d0)–olefin bonding complexes
have been reported in the literature [53–57]. The longest reaction
time (one week) between Li-5 and cis-cyclooctene resulted in
the lowest activity (Entry 1). The reason may be attributable to
polymerization such as ring-opening metathesis of cis-cyclooctene
coordinated to Li-5 [58]. The coordinated olefin can undergo the
nucleophilic attack of free and/or coordinated hydrogen peroxide.
Thus, the reaction (I) is due to the ionic oxidation mechanism by
hydrogen peroxide rather than the radical oxidation mechanism.

In contrast, the similar control experiments were also carried
out using a dimeric trititanium(IV)-substituted Keggin POM (Ti3)
that has been known as epoxidation catalysis via radical mech-
anism [26]. The reaction times between Ti3 and cis-cyclooctene
were changed (1 h and one week), followed by adding H2O2, and
analysing the products after 24 h-reactions. The TONs of epoxide
produced during different reaction times (1 h and one week) were
almost unchanged (∼150). These results are quite different from
the results using Li-5.

On the other hand, in (II), the reaction times between Li-5 and
H2O2 were changed. TONs (130.7 and 121.3) of epoxide produced

on 24 h-reactions after addition of cis-cyclooctene (Entries 5 and
6, respectively) were much higher than that (TON 11.9) of Entry 4.
TONs by changing reaction times of catalyst + H2O2, i.e., 24 h and
10 min indicate that decomposition of H2O2 does not occur. Entry
4 also shows that the lowest activity results from the formation of
side-on peroxo species (POM 8) during the prolonged mixing time
(see Fig. S3). Entries 5 and 6 are probably due to the active, end-
on coordinated hydroperoxo species, which are alive at the early
stage.

Since the activities in (I) are higher than those in (II), in
the case of that Li-5, olefin and H2O2 are simultaneously coex-
istent, the process based on (I), i.e., olefin coordination and
subsequent nucleophilic attack of free and/or coordinated hydro-
gen peroxide, will be proposed as plausible reaction scheme
(Fig. 5).

3.5. Catalytic epoxidation of mixed substrates by Li-5 and BuN-5
(Control experiments #2)

Epoxidations of mixed substrates (cis-cyclooctene and cyclo-
hexene in molar ratios of 1:3 and 3:1) with aqueous H2O2 catalyzed
by BuN-5 and Li-5 were examined for 24 h. The results are shown
in Table 3.

(1) In cyclohexene oxidation, the products were cyclohexene epox-
ide as the minor product and trans-cyclohexane-1,2-diol as the
major product. trans-Cyclohexane-1,2-diol was derived from
cyclohexene epoxide in an acidic environment, based on disso-
ciation of the coordinated water molecules in the Zr centers.
The selectivity for cyclohexene epoxide is therefore actually
the same as that for trans-cyclohexane-1,2-diol. The selectivity
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Fig. 5. Proposed reaction scheme.

after 24 h-reaction for trans-cyclohexane-1,2-diol was evalu-
ated as

[trans − cyclohexane − 1, 2 − diol]/([cyclohexene]t=0

− [cyclohexene]t=24).

(2) Despite the different starting molar ratios of the mixed sub-
strates, cis-cyclooctene was oxidized more than cyclohexene
by either BuN-5 or Li-5, showing strong substrate depend-
ence of these precatalysts. This fact suggests that coordination
ability of cis-cyclooctene to Zr centers is higher than that of
cyclohexene. The coordination of cyclohexene and subsequent
epoxidation will begin after the cis-cyclooctene has been almost
consumed.

(3) The selectivity for trans-cyclohexane-1,2-diol in oxidation with
BuN-5 is lower than that with Li-5. The present reaction
is significantly influenced by the solvent system. BuN-5 in
CH3CN/CH2Cl2 (15/15 v/v, 30 mL) is much more active than Li-
5 in CH3CN/H2O (30/1 v/v, 31 mL). Thus, in catalysis by BuN-5,
further oxidation products of trans-cyclohexane-1,2-diol such
as 2-hydroxycyclohexanone can be also formed, resulting in
lower selectivity.

(4) Difference between catalytic activities of BuN-5 and Li-5:
although the order of the catalyst stability is Li-5 > BuN-5,
that of the catalytic activity is BuN-5 > Li-5. Both reactions
proceed in homogeneous systems. The solubilities of BuN-5
and Li-5 are different in the constituent solvents: Li-5 is sol-
uble in H2O, but insoluble in CH3CN, whereas BuN-5 is soluble
in CH3CN, but insoluble in CH2Cl2. The substrates are solu-
ble in both CH3CN and CH2Cl2. Since the present reaction is
significantly influenced by the solvent systems, the different
activities are attributable to the different reaction systems;
the system consisting of Li-5 in H2O and CH3CN becomes a

“homogeneous biphasic” system, whereas that consisting
of BuN-5 in CH3CN and CH2Cl2 becomes a “homogeneous
monophasic” system.

3.6. 31P NMR spectra of POM 5 in the presence of mixed or single
substrate (cis-cyclooctene and/or cyclohexene) and aqueous H2O2

Solution 31P NMR spectra of 5 are strongly dependent on sol-
vents and countercations; BuN-5 in CD3CN shows a signal at
−2.00 ppm, EtN-5 in D2O at −3.59 ppm, Li-5 in D2O at −3.53 ppm
together with minor peaks at −4.47 and −4.58 ppm, and Li-5 in
CD3CN at −2.07 ppm (Table S2). The 31P NMR spectrum of Li-5
in CD3CN in the presence of aqueous H2O2 showed a signal at
−2.80 ppm as a broad peak after 1 h-mixing and at −2.57 ppm after
216 h-mixing. The latter signal was in good agreement with that
of the separately prepared, side-on peroxo species EtN-8 in CD3CN
(−2.55 ppm). Thus, the broad signal at −2.80 ppm is attributable
to the end-on hydroperoxo species. The 31P NMR spectrum of
Li-5 in CD3CN on 1 h after excess cis-cyclooctene or cyclohexene
was added showed signals at −2.11 ppm or −2.14 ppm, respec-
tively; the signals on 168 h after the addition were observed at
−2.14 ppm for cis-cyclooctene and at −2.16 (main) and −2.60 ppm
(minor) for cyclohexene. The signals at −2.11 ppm and −2.14 ppm
are assignable to the olefin-coordinated species of cis-cyclooctene
and cyclohexene, respectively. The 31P NMR signal at −2.08 ppm
for L-5 (2 mmol) in CD3CN solution containing olefin mixtures of
cis-cyclooctene (154 mmol) and cyclohexene (462 mmol) was the
same as the signal for olefins mixed in a different ratio, i.e., cis-
cyclooctene (462 mmol) and cyclohexene (154 mmol), even after
1 h and/or longer (Table S2). These facts are consistent with that
the coordination ability of cis-cyclooctene is higher than that of
cyclohexene. Thus, it is suggested that under the co-existence of cis-
cyclooctene, neither cyclohexene coordinated species nor mixed
coordinated species are formed. These results are also consistent
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with those for epoxidation of mixed substrates with different molar
ratios (see Section 3.5).

3.7. Comparison of present work with catalysis by Ti-containing
POMs and Zr-containing POMs reported in the literature

(1) The 2:2 complexes (5 and 6) and the 1:2 complexes
[M(PW11O39)2]10− (M = Zr 1 and Hf 2) underwent mutual inter-
conversion under appropriate pH conditions [47], suggesting
that these complexes are not rigid, but flexible. However, they
showed quite different catalytic behaviors in the epoxida-
tion of cis-cyclooctene with H2O2; the 2:2 complexes formed
active species on dinuclear Zr/Hf centers in sandwich struc-
tures, whereas the 1:2 complexes generated the highly active
Venturello complex.

(2) The active species formed by 5 and 6 are substantially differ-
ent from those formed by Ti-substituted POMs. In the latter
case, homolytic O O cleavage of the Ti–hydroperoxo species,
followed by oxygen transfer to the alkene, has been considered
[33]. It is generally accepted that Ti–hydroperoxo groups are
the active oxygen-donating intermediates for the epoxidation
of alkenes, but the alkene-coordinating species have never been
considered.

(3) The active species formed by 5 and 6 are also different from that
derived from the Zr2-containing POMs reported by Kholdeeva’s
group [36], which has been proposed as an unstable Zr–peroxo
species (31P NMR, ı −2.3 ppm) formed by a ligand exchange of
the monomeric species (Bu4N)3+n[PW11O39Zr(OH)n(H2O)3(2)-n]
(n = 0 and 1) with a peroxo (H2O2) ligand.

4. Conclusion

Two different types of cis-cyclooctene epoxidation with
hydrogen peroxide were found in catalysis by Zr/Hf-based
sandwich-structured POMs 1–8. The reactions with 1–4, which
gave very high activities, were brought about by the Venturello
complex [PO4{WO(O2)2}4]3− [38–46], which was generated by
reactions with hydrogen peroxide, whereas the reactions with 5
and 6, which gave moderate activities (about 45% those of 1–4),
proceeded via active species formed on dimeric Zr/Hf clusters in
the sandwich structure. The 2:2 complex containing side-on per-
oxo species on the Zr2 centers (8) and the 3:2 complex (7) showed
almost no activities. Two control experiments (#1 and #2) sug-
gest that the reactive species of 5 is formed as the dimeric species
containing cis-cyclooctene coordinated to Zr atom. Thus, for homo-
geneous olefin epoxidation by hydrogen peroxide catalyzed by
di-Zr/Hf clusters, a new mechanism is proposed through olefin-
coordinated species to di-Zr/Hf centers. The epoxidation of olefin
with H2O2 catalyzed by 5 probably proceeds via nucleophilic attack
of free and/or coordinated hydrogen peroxide to the coordinated
olefin (the ionic mechanism), which is contrasted to the catalysis
by the Ti-substituted POMs via radical mechanism.
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Abstract: Novel phosphanegold(I) cluster cations combined with polyoxometalate (POM) 
anions, i.e., intercluster compounds, [(Au{P(m-FPh)3})4(μ4-O)]2[{(Au{P(m-FPh)3})2 

(μ-OH)}2][α-PMo12O40]2·EtOH (1), [(Au{P(m-FPh)3})4(μ4-O)]2[α-SiMo12O40]·4H2O (2), 
[(Au{P(m-MePh)3})4(μ4-O)]2[α-SiM12O40] (M = W (3), Mo (4)) and [{(Au 
{P(p-MePh)3})4(μ4-O)}{(Au{P(p-MePh)3})3(μ3-O)}][α-PW12O40] (5) were synthesized by  
POM-mediated clusterization, and unequivocally characterized by elemental analysis, TG/DTA, 
FT-IR, X-ray crystallography, solid-state CPMAS 31P NMR and solution (1H, 31P{1H}) NMR. 
Formation of the these gold(I) cluster cations was strongly dependent upon the charge density 
and acidity of the POMs, and the substituents and substituted positions on the aryl group of 
triarylphosphane ligands. These gold(I) cluster cations contained various bridged-oxygen 
atoms such as μ4-O, μ3-O and μ-OH groups. 
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1. 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 [1–6]. The preparation of 
POM-based materials is therefore an active field of research. One of the intriguing aspects of POMs  
is that their combination with cluster cations or macrocations has resulted in the formation of various 
intercluster compounds that are interesting from the viewpoints of conducting research on ionic crystals, 
crystal engineering, structure, sorption properties and so on. In many compounds, POMs have been combined 
with the independently prepared metal cluster cations [7,8]. 

Recently, we unexpectedly found the clusterization of monomeric phosphanegold(I) units [Au(PR3)]+ 
during the course of carboxylate elimination of a monomeric phosphanegold(I) carboxylate  
[Au(RS-pyrrld)(PPh3)] (RS-Hpyrrld = RS-2-pyrrolidone-5-carboxylic acid. The previous representation 
of H2pyrrld was changed to Hpyrrld; thus, the formulation of [Au(RS-Hpyrrld)(PPh3)] used so far was 
also changed to [Au(RS-pyrrld)(PPh3)]) [9] in the presence of the free-acid form of the Keggin POM 
H3[α-PW12O40]·7H2O [10]. This reaction resulted in the formation of a tetrakis{triphenylphosphanegold(I)} 
oxonium cation [{Au(PPh3)}4(μ4-O)]2+ as a counterion of the POM. In addition, we also found that the 
reaction of [Au(RS-pyrrld)(PPh3)] with the sodium salt of the Keggin POM Na3[α-PW12O40]·9H2O gave 
a heptakis{triphenylphosphanegold(I)}dioxonium cation [{{Au(PPh3)}4(μ4-O)}{{Au(PPh3)}3(μ3-O)}]3+ 
as a counterion of the POM [11]. Also, the novel intercluster compounds [{(Au{P(p-RPh)3})2(μ-OH)}2]3 

[α-PM12O40]2·nEtOH (R = Me, M = W; R = Me, M = Mo; R = F, M = Mo) have been recently synthesized 
using the POM-mediated clusterization of monomeric para-substituted triarylphosphanegold(I) 
carboxylate [Au(RS-pyrrld){P(p-RPh)3}] (R = Me, F) [12]. The formation of such phosphanegold(I) cluster 
cations was strongly dependent upon the bulkiness, acidity and charge density of the POMs, and 
substituents on the aryl group of phosphane ligands. The POMs appeared to act as a template in the 
clusterization of monomeric phosphanegold(I) units generated from the elimination of the carboxylate 
ligands [13,14]. 

The field of element-centered gold clusters [E(AuL)n]m+ (E = group 13–17 elements) has been 
extensively studied by the groups of Schmidbaur [15,16] and Laguna [17]. The trigold(I) oxonium cluster 
cations [{Au(PR3)}3(μ3-O)]+ have been reported to exhibit different forms of structural dimerization 
depending upon the bulkiness of phosphane ligands, i.e., trigold(I) units are aggregated through crossed 
edges (R = Me) or parallel edges (R = Ph, etc.), resulting in the hexagold(I) dioxonium cluster cation  
as a dimer-of-trinuclear clusters [{{Au(PR3)}3(μ3-O)}2]2+ [18–21]. Dimerization of the gold(I) cluster 
cations also indicates that the aurophilic interaction is the driving force for the oligomerization of  
many phosphanegold(I) cluster cations in the solid state. In our reported dimer-of-dinuclear gold(I) 
cluster cations [{(Au{P(p-RPh)3})2(μ-OH)}2]2+, the two digold(I) units {(Au{P(p-RPh)3})2(μ-OH)}+ 
were dimerized by inter-cationic aurophilic interactions [12]. Also, the heptagold(I) dioxonium cluster 
cation [{{Au(PPh3)}4(μ4-O)}{{Au(PPh3)}3(μ3-O)}]3+ was regarded as an assembly of the tetragold(I) 
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unit {{Au(PPh3)}4(μ4-O)}2+ and the trigold(I) unit {{Au(PPh3)}3(μ3-O)}+ induced by inter-cationic 
aurophilic interactions [11]. 

As continued work, we examined the POM-mediated clusterization of monomeric phosphanegold(I) 
units using the Keggin tungsto- and molybdo-POMs with heteroatoms P and Si, and the gold(I) 
carboxylate precursors with the X-substituted triarylphosphane ligands (X = m-F, m-Me and p-Me), 
[Au(RS-pyrrld){P(XPh)3}]. 

In this paper, we report the syntheses and characterization of several novel intercluster  
compounds, [(Au{P(m-FPh)3})4(μ4-O)]2[{(Au{P(m-FPh)3})2(μ-OH)}2][α-PMo12O40]2·EtOH (1), 
[(Au{P(m-FPh)3})4(μ4-O)]2[α-SiMo12O40]·4H2O (2), [(Au{P(m-MePh)3})4(μ4-O)]2[α-SiW12O40] (3), 
[(Au{P(m-MePh)3})4(μ4-O)]2[α-SiMo12O40] (4) and [{(Au{P(p-MePh)3})4(μ4-O)}{(Au{P(p-MePh)3})3 

(μ3-O)}][α-PW12O40] (5). These compounds were formed by reactions of the Keggin POMs having 
varied charge densities and different acidities with the phosphanegold(I) complexes containing varied 
substituents on the aryl group. 

2. Results and Discussion 

2.1. Synthesis and Compositional Characterization 

The intercluster compounds between the phosphanegold(I) cluster cations and the Keggin POM 
anions were obtained as 1 in 35.9% (0.089 g scale) yield, as 2 in 4.64% (0.014 g scale) yield, as 3 in 
71.4% (0.247 g scale) yield, as 4 in 46.7% (0.137 g scale) yield and as 5 in 26.0% (0.026 g scale) yield. 
These compounds were prepared by reactions between [Au(RS-pyrrld)(PR3)] (R = m-FPh (1, 2), m-MePh 
(3, 4) and p-MePh (5)) in CH2Cl2 and the Keggin POMs in mixed EtOH–H2O solvents, i.e.,  
H3[α-PMo12O40]·14H2O (1), H4[α-SiMo12O40]·12H2O (2, 4), H4[α-SiW12O40]·10H2O (3) and  
Na3[α-PW12O40]·9H2O (5). Their crystallizations were carried out by slow evaporation or liquid-liquid 
diffusion at room temperature. Characterization was performed by X-ray crystallography, CHN elemental 
analysis, thermogravimetric and differential thermal analysis (TG/DTA), Fourier transform infrared  
(FT-IR), solid-state cross-polarization magic-angle-spinning (CPMAS) 31P nuclear magnetic resonance 
(NMR) spectroscopy and solution (1H, 31P{1H}) NMR spectroscopy. The presence of any solvated 
molecules was confirmed by CHN elemental analysis, TG/DTA measurements under atmospheric 
conditions (Figures S1–S5), and 1H NMR for solvated ethanol molecules. 

All gold(I) cluster cations in these intercluster compounds 1–5 contained bridged-oxygen atoms such 
as μ4-O, μ3-O and μ-OH groups, which were originated from water contained in the reaction system 
and/or the hydrated water molecules of the POMs. 

The solid-state FT-IR spectra of 1–5 showed the characteristic vibrational bands on the basis of 
coordinating PR3 ligands (Figures S6–S10). The FT-IR spectra also showed prominent vibrational bands 
owing to the α-Keggin molybdo- and tungsto-POMs [22]. In these spectra, the carbonyl vibrational bands 
of the anionic RS-pyrrld ligand in the [Au(RS-pyrrld)(PR3)] precursors disappeared, showing that the 
carboxylate ligand was eliminated. Elimination of the carboxylate ligand was also confirmed by 1H NMR 
in DMSO-d6. The carboxylate plays a role of only the leaving group. In fact, not only pyrrolidone 
carboxylate, but also other carboxylates such as 5-oxotetrahydrofran-2-carboxylate and acetylglycinate 
can serve as the leaving groups in the formation of the tetragold(I) clusters in the presence of POMs [10]. 
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2.2. Molecular Structures of 1–5 

Crystal data of 1–5 were given in Table 1. Bond lengths (Å) and angles (°) for 1–5 were shown in 
Supplementary Information (Tables S1–S5). 

Single-crystal X-ray analysis revealed that 1 crystallizes in the Triclinic P-1 space group, and is 
composed of two tetragold(I) cluster cations [(Au{P(m-FPh)3})4(μ4-O)]2+ and one dimer-of-dinuclear 
gold(I) cluster cation [{(Au{P(m-FPh)3})2(μ-OH)}2]2+, and two Keggin POM anions [α-PMo12O40]3− as 
counterions (Figure 1a). 

Figure 1. (a) Molecular structure of 1; (b) The partial structure of the tetragold(I) cluster 
cation moiety; (c) The partial structure of the dimer-of-dinuclear gold(I) cluster cation moiety; 
(d) The interactions among the tetragold(I) cluster cations, dimer-of-dinuclear gold(I) cluster 
cation and Keggin polyoxometalate (POM) anions. 

 

The two tetragold(I) cluster cations [(Au{P(m-FPh)3})4(μ4-O)]2+ adopt trigonal-pyramidal structures 
composed of three short edges associated with (Au1, Au2, Au3, Au4) atoms and (Au9, Au10, Au11, 
Au12) atoms, respectively (Au1–Au2: 2.9513 Å, Au1–Au3: 2.8978 Å, Au1–Au4: 2.8582 Å; Au9–Au10: 
2.9293 Å, Au9–Au11: 2.8719 Å, Au9–Au12: 3.0815 Å), and a triangular plane of (Au2, Au3, Au4) 
atoms and (Au10, Au11, Au12) atoms, respectively, with longer edge lengths (Au2–Au3: 3.650 Å,  
Au2–Au4: 3.655 Å, Au3–Au4: 3.536 Å; Au10–Au11: 3.568 Å, Au10–Au12: 3.528 Å, Au11–Au12: 
3.717 Å) (Figure 1b). The bridged-oxygen atoms (μ4-O) were placed within the basal plane composed 
of (Au2, Au3, Au4) atoms and (Au10, Au11, Au12) atoms, respectively (Au2–O1–Au3: 123.6°,  
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Au2–O1–Au4: 120.0°, Au3–O1–Au4: 116.1°; Au10–O2–Au11: 117.4°, Au10–O2–Au12: 116.2°, 
Au11–O2–Au12: 126.4°), resulting in a point group of C3v for the tetragold(I) cluster cations.  
The distorted tetragold(I) cluster cations in 1 are similar to that of the previously reported tetragold(I) 
cluster cation [{Au(PPh3)}4(μ4-O)]2+ as the counterion of the POM [10,13]. 

The dimer-of-dinuclear gold(I) cluster cation in 1 can be regarded as the dimerization of  
digold(I) units {(Au{P(m-FPh)3})2(μ-OH)}+. The digold(I) unit consists of two monomer subunits 
(Au{P(m-FPh)3})+ linked by a μ-OH group and is triangular in shape. Two digold(I) units dimerize to 
form the dimer-of-dinuclear gold(I) cluster cation [{(Au{P(m-FPh)3})2(μ-OH)}2]2+ in a parallel-edge 
arrangement by inter-cationic aurophilic interactions (Au5–Au7: 3.2921 Å, Au6–Au8: 3.3454 Å)  
(Figure 1c). The dimer-of-dinuclear gold(I) cluster cation of a parallel-edge arrangement in 1 is similar 
to that of the previously reported dimer-of-dinuclear gold(I) cluster cation [{(Au{P(p-FPh)3})2(μ-OH)}2]2+ 
with [α-PMo12O40]3− [12]. 

The five gold(I) atoms Au3, Au4, Au10, Au11 and Au12 in the tetragold(I) cluster cation moiety 
interact with the terminal oxygen atoms and OMo2 oxygen atoms of edge-shared MoO6 octahedra of  
the Keggin POMs (Au3–O6: 2.943 Å, Au4–O5: 3.143 Å, Au4–O6: 3.136 Å, Au4–O17: 3.087 Å,  
Au10–O45: 3.179 Å, Au10–O47: 3.143 Å, Au11–O45: 3.112 Å, Au11–O46: 3.023 Å, Au11–O57: 3.047 Å, 
Au12–O47: 3.123 Å). The two gold(I) atoms Au5 and Au8 in the dimer-of-dinuclear gold(I) cluster 
cation moiety interact with the OMo2 oxygen atoms of edge-shared MoO6 octahedra of the Keggin POMs 
(Au5–O37: 2.945 Å, Au8–O75: 2.853 Å), and the short distances between dimer-of-dinuclear gold(I) 
cluster cation and Keggin POMs indicate the existence of a hydrogen bonding (O3–O28: 3.021 Å, O4–O65: 
3.043 Å) (Figure 1d). The meta-substituted triarylphosphane ligand was few influence for the POM-mediated 
clusterization of monomeric phosphanegold(I) units. 

Single-crystal X-ray analysis revealed that 2 crystallizes in the Triclinic P-1 space group, and is 
composed of two tetragold(I) cluster cations [(Au{P(m-FPh)3})4(μ4-O)]2+ and one Keggin POM anion 
[α-SiMo12O40]4− as counterion (Figure S11a). Single-crystal X-ray analysis also revealed that 3 and 4 
crystallize in the Rhombohedral R-3 space group, respectively, and are composed of two tetragold(I) 
cluster cations, [(Au{P(m-MePh)3})4(μ4-O)]2+, and one Keggin POM anion [α-SiW12O40]4− for 3  
(Figure S12) and [α-SiMo12O40]4− for 4 as counterions. 

The tetragold(I) cluster cation [(Au{P(m-FPh)3})4(μ4-O)]2+ of 2 was very similar to that of 1  
(C3v symmetry) (Figure S11b). The three gold(I) atoms Au2, Au3 and Au4 in the tetragold(I) cluster 
cation interact with the OMo2 oxygen atoms of edge-shared MoO6 octahedra and terminal oxygen atoms 
of the Keggin POM (Au2–O4: 3.094 Å, Au2–O9: 3.070 Å, Au3–O3: 3.139 Å, Au3–O8: 3.021 Å,  
Au4–O10: 2.916 Å). The tetragold(I) cluster cations [(Au{P(m-MePh)3})4(μ4-O)]2+ of 3 and 4 adopt 
trigonal-pyramidal structures (C3v symmetry) due to interactions with the Keggin POMs (Au2–O3: 3.178 Å, 
Au2–O7: 2.994 Å for 3; Au2–O2: 3.144 Å, Au2–O4: 2.929 Å for 4). The Keggin POM anion was 
disordered. Compound 4 is isostructural with 3, with the different metal atom (W vs. Mo) in the Keggin 
POM anion. 

Single-crystal X-ray analysis revealed that 5 crystallizes in the Triclinic P-1 space group, and is 
composed of a heptagold(I) cluster cation [{(Au{P(p-MePh)3})4(μ4-O)}{(Au{P(p-MePh)3})3(μ3-O)}]3+ 
and one Keggin POM anion [α-PW12O40]3− as counterion (Figure 2a). However, the crystals of 5 were 
not suitable for X-ray analysis. Although the existence of the heptagold(I) cluster cation was confirmed, 
the quality of the crystal data was poor (Table 1). 
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Figure 2. (a) Molecular structure of 5; (b) The partial structure of the heptagold(I) cluster cation. 

 

The heptagold(I) cluster cation was composed of the tetragold(I) cluster cation and trigold(I) cluster 
cation (Figure 2b). Two gold(I) cluster cations were linked by the one inter-cationic aurophilic interaction 
(Au4–Au5: 3.034 Å). The aurophilic interaction is longer than the Au–Au separation of metallic gold 
(2.88 Å) [23], but shorter than twice the van der Waals radius for gold (3.32 Å) [24]. In comparison with 
the previously reported heptagold(I) cluster cation [{{Au(PPh3)}4(μ4-O)}{{Au(PPh3)}3(μ3-O)}]3+ [11], 
the heptagold(I) cluster cation in 5 has a similar structure, but the number of inter-cationic aurophilic 
interaction was decreased. This different coupled structure is produced by steric effects of the methyl 
groups in the para-substituted triarylphosphane ligands. On the other hand, the bridged-oxygen–oxygen 
distance (O1–O2: 2.830 Å) in the heptagold(I) cluster cation in 5 is shorter than that (3.096 Å) of the 
previously reported heptagold(I) cluster cation. This oxygen–oxygen distance is also shorter than twice 
the van der Waals radius for oxygen (3.04 Å) [24]. The tetragold(I) cluster moiety had a distorted 
tetrahedron structure due to four intra-cationic aurophilic interactions (Au1–Au2: 3.308 Å, Au1–Au3: 
3.112 Å, Au1–Au4: 3.064 Å, Au3–Au4: 3.111 Å). The encapsulated oxygen atom (μ4-O) was placed 
within the distorted tetrahedron (Au2–O1–Au3: 126.9°, Au2–O1–Au4: 129.4°, Au3–O1–Au4: 92.4°; 
total 348.7°). The trigold(I) cluster moiety composed of two intra-cationic aurophilic interactions  
(Au5–Au7: 3.199 Å, Au6–Au7: 3.078 Å) and one long Au–Au edge (Au5–Au6: 3.606 Å) formed  
a triangular plane of the (Au5, Au6, Au7) atoms. The bridged-oxygen atom (μ3-O) was placed out-of-plane 
consisting a triangular plane of the three gold(I) atoms (Au5–O2–Au6: 127.9°, Au5–O2–Au7: 104.0°,  
Au6–O2–Au7: 98.2°; total 330.1°). Probably, the heptagold(I) cluster cation would be formed by the 
clusterization of monomeric triarylphosphanegold(I) units [Au(PR3)]+ with smaller steric effects in the 
presence of the less-acidic POM, i.e., Na3[α-PW12O40]·9H2O [11]. 

2.3. Solid-State CPMAS 31P and Solution 31P{1H} NMR 

The solid-state CPMAS 31P and solution 31P{1H} NMR in DMSO-d6 signals of 1–5 are listed in  
Table 2. The solid-state CPMAS 31P NMR of 1 observed two broad signals at −3.4 and 24.4 ppm.  
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The signal at −3.4 ppm is assignable to the heteroatom phosphorus in the Keggin molybdo-POM anion, 
and the signal at 24.4 ppm is assignable to the overlapped signals of the tetragold(I) cluster cations and 
the dimer-of-dinuclear gold(I) cluster cation. The solid-state CPMAS 31P NMR of 2, 3 and 4 showed 
two broad signals at 19.6 and 24.4 ppm for 2, 18.3 and 28.5 ppm for 3, 17.4 and 27.7 ppm for 4 
originating from the inequivalent phosphane groups. The three signals at 19.6, 18.3 and 17.4 ppm are 
assignable to one apical phosphane group, respectively, and the other three signals at 24.4, 28.5 and  
27.7 ppm are assignable to the three basal phosphane groups in the trigonal-pyramidal structure, 
respectively [10,13]. The solid-state CPMAS 31P NMR of 5 showed two broad signals at −14.6 and  
23.1 ppm due to the Keggin tungsto-POM anion and phosphane groups of the heptagold(I) cluster cation, 
respectively. Although all phosphane groups of the heptagold(I) cluster cation are inequivalent as shown 
in X-ray analysis, their signals were observed as one broad peak at 23.1 ppm. 

Table 2. Solid-state cross-polarization magic-angle-spinning (CPMAS) 31P and solution 
31P{1H} nuclear magnetic resonance (NMR) in DMSO-d6 signals (ppm) of 1–5. 

Compound Solid-State CPMAS 31P Solution 31P{1H} 
1 −3.4, 24.4 −3.23, 26.31 (main), −0.40, 43.57 (minor) 
2 19.6, 24.4 25.67 (main), 43.38 (minor) 
3 18.3, 28.5 insoluble 
4 17.4, 27.7 insoluble 
5 −14.6, 23.1 −14.88, 22.39 

The solution 31P{1H} NMR signals of 1, 2 and 5 in DMSO-d6 were observed as major sharp signals 
at 26.31, 25.67 and 22.39 ppm, respectively. These signals were shifted to a higher field from  
the monomeric phosphanegold(I) precursors (29.20 and 25.35 ppm), respectively. In general, the 
31P{1H} NMR signals of oxygen-centered phosphanegold(I) clusters are observed in the higher field in 
comparison with those of the monomeric phosphanegold(I) precursors [10–12]. The peak at −3.23 ppm 
for 1 and −14.88 ppm for 5 are assignable to the heteroatom phosphorus in the Keggin POMs  
(M = Mo, W). Because Keggin molybdo-POMs are unstable in DMSO, the minor signals at −0.40,  
43.57 ppm of 1 and 43.38 ppm of 2 are assignable to the decomposition species. Because 3 and 4 are 
insoluble in any solvents, the solution 31P{1H} NMR data of 3 and 4 were not obtained. 

3. Experimental Section 

3.1. Materials 

The following reactants were used as received: EtOH, CH2Cl2, Et2O (all from Wako, Osaka, Japan), 
and DMSO-d6 (Isotec, Miamisburg, OH, USA). With respect to the α-Keggin POMs,  
H3[α-PMo12O40]·14H2O, H4[α-SiMo12O40]·12H2O, H4[α-SiW12O40]·10H2O and Na3[α-PW12O40]·9H2O 
were prepared according to the ether extraction method [25] and the literatures [26,27], and identified by 
FT-IR, TG/DTA and solution (29Si, 31P, 183W) NMR spectroscopy. The [Au(RS-pyrrld){P(m-XPh)3}]  
(X = F, Me) and [Au(RS-pyrrld){P(p-MePh)3}] precursor complexes were synthesized according to the 
reported methods using P(m-XPh)3 (X = F, Me) or P(p-MePh)3 [9,12], and characterized by CHN 
elemental analysis, FT-IR, TG/DTA and solution (1H, 13C{1H}, 31P{1H}) NMR spectroscopy. 
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3.2. Instrumentation and Analytical Procedures 

CHN elemental analyses were carried out with a Perkin-Elmer (Waltham, MA, USA) 2400 CHNS 
Elemental Analyzer II (Kanagawa University, Kanagawa, Japan). IR spectra were recorded on a Jasco 
(Tokyo, Japan) 4100 FT-IR spectrometer in KBr disks at room temperature. TG/DTA were acquired 
using a Rigaku (Tokyo, Japan) Thermo Plus 2 series TG 8120 instrument. 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 (Tokyo, Japan) JNM-ECP 500 FT-NMR spectrometer with a JEOL (Tokyo, Japan) 
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 CPMAS 31P NMR (121.00 MHz) spectra were  
recorded in 6-mm-outer-diameter rotors on a JEOL JNM-ECP 300 FT-NMR spectrometer with  
a JEOL ECP-300 NMR data processing system. The spectra were referenced to an external standard of 
(NH4)2HPO4 (δ 1.60). 

3.3. Syntheses 

[(Au{P(m-FPh)3})4(μ4-O)]2[{(Au{P(m-FPh)3})2(μ-OH)}2][α-PMo12O40]2·EtOH (1): A solution of 
[Au(RS-pyrrld){P(m-FPh)3}] (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, Maidstone, UK, No. 5). The resulting yellow clear 
solution was slowly evaporated at room temperature in the dark. After 7 days, the orange yellow rod 
crystals were formed, and 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: 0.089 g (35.9%). The crystalline samples were 
soluble in DMSO, but insoluble in H2O, EtOH and Et2O. Calcd. for C218H152O85F36P14Mo24Au12 or 
[(Au{P(m-FPh)3})4(μ4-O)]2[{(Au{P(m-FPh)3})2(μ-OH)}2][α-PMo12O40]2·EtOH: C, 26.41; H, 1.55%. 
Found: C, 26.35; H, 1.15%. TG/DTA under atmospheric conditions: a weight loss of 1.22% because of 
desorption of EtOH was observed at temperature less than 200.5 °C; calcd. 1.38% for three EtOH 
molecules. IR (KBr) (cm−1): 1601 w, 1581 s, 1522 vw, 1476 m, 1422 m, 1305 vw, 1268 w, 1225 s, 1165 
vw, 1096 w, 1062 m, 1000 vw, 957 s, 876 m, 812 vs, 782 vs, 682 m, 614 vw, 583 w, 522 w, 510 w, 481 
w, 470 w, 409 w. 31P{1H} NMR (25.5 °C, DMSO-d6): δ −3.23, 26.31 (main), −0.40, 43.57 (minor) ppm. 
1H NMR (24.7 °C, DMSO-d6): δ 1.09 (t, J = 7.1 Hz, CH3CH2OH solvate), 3.38 (q, J = 7.0 Hz, 
CH3CH2OH solvate), 7.35–7.57 (m, Aryl) ppm. Solid-state CPMAS 31P NMR (R.T.): δ −3.4, 24.4 ppm. 

[(Au{P(m-FPh)3})4(μ4-O)]2[α-SiMo12O40]·4H2O (2): In the synthesis of 1, H4[α-SiMo12O40]·12H2O 
(0.102 g, 0.050 mmol) was used instead of H3[α-PMo12O40]·14H2O, and [Au(RS-pyrrld){P(m-FPh)3}] 
(0.257 g, 0.400 mmol) was also used. After 10 days, the yellow block crystals were formed. Yield: 0.014 g 
(4.64%). The crystalline samples were soluble in DMSO, but insoluble in H2O, EtOH and Et2O. Calcd. 
for C144H104O46F24Si1P8Mo12Au8 or [(Au{P(m-FPh)3})4(μ4-O)]2[α-SiMo12O40]·4H2O: C, 28.69; H, 1.74%. 
Found: C, 29.10; H, 1.49%. TG/DTA under atmospheric conditions: a weight loss of 1.07% because  
of desorption of H2O was observed at temperature less than 240.4 °C; calcd. 1.19% for four H2O molecules. 
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IR (KBr) (cm−1): 1601 m, 1579 s, 1475 m, 1420 m, 1305 vw, 1268 w, 1225 s, 1163 vw, 1095 w, 999 vw, 
984 vw, 943 m, 900 vs, 870 m, 806 vs, 796 vs, 784 vs, 691 s, 683 s, 628 m, 583 s, 523 s, 511 s, 469 s. 
31P{1H} NMR (26.4 °C, DMSO-d6): δ 25.67 (main), 43.38 (minor) ppm. 1H NMR (25.0 °C, DMSO-d6): 
δ 7.37–7.72 (m, Aryl) ppm. Solid-state CPMAS 31P NMR (R.T.): δ 19.6, 24.4 ppm. 

[(Au{P(m-MePh)3})4(μ4-O)]2[α-SiW12O40] (3): In the synthesis of 2, H4[α-SiW12O40]·10H2O  
(0.153 g, 0.050 mmol) was used instead of H4[α-SiMo12O40]·12H2O, and [Au(RS-pyrrld){P(m-MePh)3}] 
(0.252 g, 0.400 mmol) was also used in place of [Au(RS-pyrrld){P(m-FPh)3}]. After 10 days, the pale-
yellow block crystals were formed. Yield: 0.247 g (71.4%). The crystalline samples were insoluble in 
H2O, EtOH, Et2O and DMSO. Calcd. for C168H168O42Si1P8W12Au8 or [(Au{P(m-MePh)3})4(μ4-O)]2[α-
SiW12O40]: C, 29.17; H, 2.45%. Found: C, 28.68; H, 2.17%. TG/DTA under atmospheric conditions: no 
weight loss was observed at below 214.6 °C. IR (KBr) (cm−1): 1592 w, 1576 w, 1476 m, 1448 m,  
1403 m, 1379 w, 1311 w, 1277 vw, 1221 w, 1174 vw, 1108 m, 1039 vw, 1010 m, 996 w, 970 vs,  
921 vs, 881 s, 805 vs, 691 vs, 569 m, 561 m, 531 s, 491 m, 465 m, 450 s. Solid-state CPMAS 31P NMR 
(R.T.): δ 18.3, 28.5 ppm. 

[(Au{P(m-MePh)3})4(μ4-O)]2[α-SiMo12O40] (4): [Au(RS-pyrrld){P(m-MePh)3}] (0.252 g, 0.400 mmol) 
was dissolved in 25 mL of CH2Cl2. A yellow clear solution of H4[α-SiMo12O40]·12H2O (0.102 g,  
0.050 mmol) dissolved in 15 mL of an EtOH–H2O (5:1, v/v) mixed solvent was slowly added along an 
interior wall of a round-bottomed flask containing a colorless clear solution of the phosphanegold(I) 
complex. The round-bottomed flask containing two layers was sealed and left in the dark at room 
temperature. After 7 days, the yellow block crystals formed around the interface of the two layers, which 
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: 0.137 g (46.7%). The crystalline samples were insoluble 
in H2O, EtOH, Et2O and DMSO. Calcd. for C168H168O42Si1P8Mo12Au8 or [(Au{P(m-MePh)3})4(μ4-
O)]2[α-SiMo12O40]: C, 34.42; H, 2.89%. Found: C, 34.35; H, 2.70%. TG/DTA under atmospheric 
conditions: no weight loss was observed at below 222.4 °C. IR (KBr) (cm−1): 1591 w, 1575 w, 1475 w, 
1446 w, 1403 w, 1310 vw, 1221 vw, 1174 vw, 1107 w, 1040 vw, 995 vw, 983 w, 947 s, 902 vs, 861 m, 
804 vs, 794 vs, 691 m, 681 m, 568 w, 532 w, 491 w, 465 w, 449 m. Solid-state CPMAS 31P NMR (R.T.): 
δ 17.4, 27.7 ppm. 

[{(Au{P(p-MePh)3})4(μ4-O)}{(Au{P(p-MePh)3})3(μ3-O)}][α-PW12O40] (5): A solution of  
[Au(RS-pyrrld){P(p-MePh)3}] (0.189 g, 0.300 mmol) dissolved in 25 mL of CH2Cl2 was slowly added 
to a colorless clear solution of Na3[α-PW12O40]·9H2O (0.155 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 concentrated to 15 mL with a rotary evaporator at 30 °C. A pale-yellow white powder was collected 
on a membrane filter (JV 0.1 μm), washed with H2O (20 mL × 2), EtOH (20 mL × 2) and Et2O (20 mL × 2), 
and dried in vacuo for 2 h. At this stage, the pale-yellow white powder was obtained in a yield of 0.23 g. 

Crystallization. The pale-yellow white powder (0.100 g) was dissolved in 20 mL of a CH2Cl2–EtOH 
(3:1, v/v) mixed solvent and was filtered through a folded filter paper (Whatman No. 5). The pale-yellow 
clear filtrate was slowly evaporated at room temperature in the dark. After 3 days, colorless plate crystals 
were formed and collected on a membrane filter (JV 0.1 μm), washed with EtOH (10 mL × 2) and  
Et2O (10 mL × 2), and dried in vacuo for 2 h. Yield: 0.026 g (26.0%). The crystalline samples were 
soluble in DMSO and sparingly soluble in CH2Cl2, but insoluble in H2O, EtOH and Et2O. Calcd. for 
C147H147O42P8W12Au7 or [{(Au{P(p-MePh)3})4(μ4-O)}{(Au{P(p-MePh)3})3(μ3-O)}][α-PW12O40]:  
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C, 27.51; H, 2.31%. Found: C, 27.51; H, 2.63%. TG/DTA under atmospheric conditions: no weight loss 
was observed at below 203.6 °C. IR (KBr) (cm−1): 1597 w, 1496 w, 1445 w, 1397 w, 1309 vw, 1189 w, 
1103 m, 1079 s, 977 s, 896 m, 821 vs, 802 vs, 706 w, 647 w, 633 w, 619 w, 526 m, 510 m.  
31P{1H} NMR (26.7 °C, DMSO-d6): δ −14.88, 22.39 ppm. 1H NMR (25.6 °C, DMSO-d6): δ 2.25 (s, Me), 
7.10–7.30 (m, Aryl) ppm. Solid-state CPMAS 31P NMR (R.T.): δ −14.6, 23.1 ppm. 

3.4. X-ray Crystallography 

Single crystals with dimensions of 0.30 × 0.08 × 0.07 mm3 for 1, 0.06 × 0.06 × 0.04 mm3 for 2,  
0.23 × 0.13 × 0.07 mm3 for 3, 0.31 × 0.26 × 0.15 mm3 for 4 and 0.08 × 0.07 × 0.02 mm3 for 5 were 
mounted on cryoloops using liquid paraffin and cooled by a stream of cooled N2 gas. Data collection 
was performed on a Bruker (Madison, WI, USA) SMART APEX CCD diffractometer at 100 K for 1, 4 
and 5, and Rigaku (Tokyo, Japan) VariMax with Saturn CCD diffractometer at 120 K for 2 and 3. The 
intensity data were automatically collected for Lorentz and polarization effects during integration. The 
structure was solved by direct methods (program SHELXS-97) followed by subsequent difference Fourier 
calculation and refined by a full-matrix, least-squares procedure on F2 (program SHELXL-97) [28]. 
Absorption correction was performed with SADABS (empirical absorption correction) [29]. The 
compositions and formulae of the POMs containing many solvated molecules were determined by CHN 
elemental analysis, TG/DTA and 1H NMR. Any solvent molecules in the structure were highly 
disordered and impossible to refine by using conventional discrete-atom models. To resolve these issues, 
the contribution of the solvent electron density was removed by using the SQUEEZE routine in PLATON 
for 1 [30]. The details of the crystallographic data for 1–5 are listed in Table 1, and bond lengths (Å) and 
angles (°) for 1–5 are shown in Tables S1–S5. CCDC 1028278 (1), 1028279 (2), 1028280 (3), 1028281 
(4) and 1028282 (5), respectively. Polyhedral representation in Figure 1 was drawn by using the  
VESTA 3 series [31]. 

4. Conclusions 

In this paper, we prepared and characterized various novel intercluster compounds 1–5 by  
POM-mediated clusterization. Formation of these gold(I) cluster cations in 1–5 was strongly dependent 
upon the charge density and acidity of the POMs, and substituted position on the aryl group of 
triarylphosphane ligands as well. The structures of phosphanegold(I) cluster cations were stabilized by 
the intra-cluster and inter-cluster aurophilic interactions, and also interactions between the gold(I) cluster 
cations and POM anions. The two free-acid forms of Keggin POMs with heteroatom Si provided the 
trigonal-pyramidal structures of the tetraphosphanegold(I) cluster cations in the intercluster compounds, i.e., 
[(Au{P(m-FPh)3})4(μ4-O)]2[α-SiMo12O40]·4H2O (2), [(Au{P(m-MePh)3})4(μ4-O)]2[α-SiW12O40] (3) and 
[(Au{P(m-MePh)3})4(μ4-O)]2[α-SiMo12O40] (4). The reaction of the less-acidic Keggin POM, i.e.,  
Na3[α-PW12O40]·9H2O, with the monomeric gold(I) precursor complex containing para-methyl group 
substituted triarylphosphane ligands has formed the intercluster compound of heptaphosphanegold(I) 
cluster cation, i.e., [{(Au{P(p-MePh)3})4(μ4-O)}{(Au{P(p-MePh)3})3(μ3-O)}][α-PW12O40] (5). This work 
suggests the synthetic routes of a variety of oxygen-centered phosphanegold(I) clusters formed by  
a combination of the monomeric phosphanegold(I) carboxylate and the various POMs such as Dawson 
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and Anderson POMs, lacunary species of Keggin and Dawson POMs, and so on. Research in this 
direction is in progress. 
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a b s t r a c t

As the silver(I) complex with solely coordinated by histidine (H2his) ligand, three types of complexes
have been reported as different states in the solid state and in aqueous solution; water-soluble, chiral
neutral complexes 1{[Ag(L-Hhis)]2} (L-1) and 1{[Ag(D-Hhis)]2} (D-1), water-insoluble, chiral helical poly-
mers 1[Ag(L-Hhis)] (L-2) and 1[Ag(D-Hhis)] (D-2), water-insoluble, achiral polymer 1[Ag2(D-Hhis)
(L-Hhis)] (DL-3). These complexes, obtained from neutral, aqueous solutions of Ag2O and H2his, have
shown effective antimicrobial activities against selected bacteria, yeasts and molds. In addition, it should
be noted that these complexes are not toxic to humans. In this work, we report the preparation, charac-
terization via elemental analysis, TG/DTA, FT-IR, ESI-MS, powder X-ray diffraction (PXD), solid state 13C
NMR, solution 1H NMR, X-ray absorption near edge structure (XANES), extended X-ray absorption fine
structure (EXAFS) and antimicrobial activities of the fourth type of silver complex, i.e., sodium salt of
anionic silver(I) complex with dianionic histidine, 1{Na[Ag3(L-his)2]�nH2O} (L-4) (n = 1–5), formed in
the pH 11 solution.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Metallic silver, silver nanoparticles, silver salts, and silver
complexes are known to exhibit antimicrobial activities [1–7]. To
understand the interaction between the silver(I) ion and biomole-
cules a series of silver(I) complexes with amino acid ligands have
been prepared [6–8].

Silver(I) complexes of amino acidswithN andOdonor atoms and
without an S atom have been classified into four types (I–IV) based
on the bonding modes of the silver(I) center [6,9]. Type I contains
only Ag–O bonds, while type II contains alternating two-coordinate
O–Ag–O and N–Ag–N bonding units. Type III contains repeating
two-coordinate N–Ag–O bonding units and type IV contains only
Ag–N bonds. Reactions of Ag2O and histidine (L-, D-, DL-H2his) in
neutral aqueous solutions are known to produce three types (1–3)
of Ag–Nbonding complexes [10,11]. On the other hand, under acidic
conditions the reaction of AgNO3 with H2his produces cationic his-
tidine (H3his+) Ag–O complexes [12]. The first type of Ag–N bonding
complex was found to be a water-soluble silver(I) complex with an
L-histidine monoanion (L-Hhis�) 1{[Ag(L-Hhis)]�0.2EtOH}2} (L-1).

In aqueous solution L-1 existed as a dimer, whereas in the solid-
state it existed as polymer formed through intermolecular hydro-
gen-bonding interactions between the CO2

� group and the Nd1 atoms
of the dimeric [Ag(L-Hhis)]2 cores [10]. Crystallization of L-1 by slow
evaporation and/or vapor diffusion gave water-insoluble crystals of
the second type of Ag–N complex 1[Ag(L-Hhis)] (L-2). The L-1 com-
plex was a polymer formed by intermolecular hydrogen bonding
interactions between dimeric [Ag(Hhis)]2 cores in the solid-state,
while L-2 was a different polymer without a core complex. X-ray
crystallography revealed that L-2was a left-handed helical polymer
consisting of a bent, 2-coordinate silver(I) atom bonded to the Na
atom of one Hhis� ligand and the Nd1 atom of a different Hhis� li-
gand. Notably, Ocarboxyl atoms did not participate in the coordina-
tion. The FT-IR, and the solid-state 13C NMR spectra showed that
the dimeric core of L-1was formed throughAg–Nbonds. Themolec-
ular ion of L-1 was detected by positive-ion electrospray ionization
mass spectrometry (ESI-MS). For L-1, characterization was per-
formed by elemental analysis, TG/DTA, FT-IR, variable-temperature
solid-state 13C NMR and solution molecular weight measurements,
and solution (109Ag, 1H and 13C) NMR spectroscopies. The third type
of silver(I) histidinate complex was of the meso-form (DL-3)
prepared from two neutral aqueous solutions of chiral silver(I)
histidinates, D-1 and L-1, indicating that the ligand exchange of
D-Hhis� and L-Hhis� occurred around Ag+ in water [11]. The crystal
structure of DL-3 showed that the coordination polymer of the

http://dx.doi.org/10.1016/j.poly.2014.03.013
0277-5387/� 2014 Elsevier Ltd. All rights reserved.

q Note: The abbreviation for the neutral histidine molecule should be denoted as
H2his, but not Hhis denoted in the references 10 and 11, because the histidine (2-)
anion is coordinated to a silver(I) atom.
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[Ag2(D-Hhis)(L-Hhis)] cores was constructed by two kinds of
Ag� � �Ag interaction. The core structure of DL-3 corresponded to
the predicted structure of the dimeric [Ag(Hhis)]2 core of L-1. The
structure of DL-3was different from those of the chiral helical poly-
mers (D-2 and L-2).

The silver(I) complexes with Ag–N bonds, especially silver(I)
histidinates showed remarkable antimicrobial activities against se-
lected bacteria, yeasts and a mold [10,11]. Not only did they show
effective antimicrobial activities, but they were also relatively
nontoxic to humans. In fact, the materials containing L-1 as a major
componentwere recentlycommercializedbya Japanesecompanyas
a preservative agent [13]. The antibacterial and antifungal activities
of L-1were remarkable and comparable to those of silver(I)–N-het-
erocycle complexes. The water-insoluble Ag–N bonding complex
DL-3 moderately, inhibited the growth of bacteria and yeasts. Re-
cently, ‘‘silver-resistant’’ bacteria were found, where the coordina-
tion of the histidine residue to AgI played an important role [12].

Histidine is a versatile amino acid with at least three tautomers
that have been extensively studied using solid-state NMR [14].
During the course of our studies on silver amino-acid complexes,
we found the fourth type of Ag–N bonding complex, i.e., the anio-
nic, trinuclear silver(I) complex with dianionic histidine prepared
under basic conditions. In this work, we report the preparation
and antimicrobial activities of this complex as the sodium salt,
1{Na[Ag3(L-his)2]�nH2O} (L-4) (n = 1–5), formed under basic condi-
tions (pH 11) (Chart 1).

2. Experimental

2.1. Materials

The following reagent-grade chemicals were used as received:
Ag2O, Et2O, L-H2his, dimethyl sulfoxide (DMSO), EtOH, CHCl3,
CH2Cl2, MeOH, EtOAc, CH3CN, and acetone (Wako); 4, 4-dimethyl-
4-silapentane-1-sulfonic acid (DSS) (Aldrich); and D2O (99.9 D
atom%, Isotec).

2.2. Measurements

CHN elemental analyses were performed using a Perkin-Elmer
PE2400 series II CHNS/O analyzer. Thermogravimetric (TG) and dif-
ferential thermal analyses (DTA) were performed under air with a
temperature ramp of 4 �C min�1 using a Rigaku Thermo Plus 2 TG
8120 instrument between 30 and 500 �C. Infrared spectra were
recorded on a JASCO FT-IR 4100 spectrometer at room temperature
using KBr disks. ESI-MS spectra in positive and negative-ion modes
were recorded using JEOL JMS-T100LC in the range of m/z 100–
4000. Sodium trifluoroacetate was used as an internal reference.
PXD data were recorded on Rigaku Ultima IV at ambient tempera-
ture. Solid-state 13C NMR spectra were recorded in 6-mm outer
diameter rotors on a JEOL JNM-ECP 300 FT-NMR spectrometer
equipped with a cross-polarization/magic angle spinning
accessory. Carbon chemical shifts were referenced to external
hexamethylbenzene (17.13 ppm). 1H NMR spectra in D2O were
recorded at ambient temperature on a JEOL ECP300 NMR or a JEOL
ECP500 NMR spectrometer with DSS as the internal reference.

X-ray absorption near edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) data were obtained by
the Toray Research Center. The Ag K-edge (25516.5 eV) X-ray
absorption spectra of L-4 were measured at the beamline NW10A
at the Photon Factory of the High Energy Accelerator Research
Organization in Tsukuba, Japan. Viscosity was measured using a
TVC-5 viscometer of TOKI SANGYO Co. Ltd.

The antimicrobial activities of 1{Na[Ag3(L-his)2]�5H2O} (L-4,
n = 5) were estimated by minimum inhibitory concentration
(MIC: lg mL�1) in water, as described elsewhere [15,16].

2.3. Synthesis and characterization of the sodium salt of the 3:2
complex, 1{Na[Ag3(L-his)2]�nH2O} (L-4) (n = 1–5), formed from the pH
11 solution

L-H2his (0.310 g, 2.0 mmol) was added to Ag2O (0.232 g,
1.0 mmol)-suspended in 30 mL water and the solution was stirred
for 2 h. The pH of the pale yellow clear solution (ca. pH 7.0) was ad-
justed to ca. 11.0 using 1 MaqueousNaOHand the solutionwas stir-
red for 1 h. The pale yellow, clear gelatinous solution that formed
was filtered through a folded filter paper (Whatman#5). The filtrate
was added to 300 mL of EtOH. Awhite powder formedwas collected
on a membrane filter (JG 0.2 lm), washed with EtOH (50 mL � 2),
and Et2O (50 mL � 2), and was thoroughly dried in vacuo for 2 h.
The yield was 0.39 g. The hygroscopic, white powder was
soluble in water, but insoluble in other solvents. Anal. Calc. for
C12H18O6N6Na1Ag3 or ‘‘Na[Ag3(L-his)2]�2H2O’’as a monomer unit:
C, 20.92; H, 2.63; N, 12.20. Found: C, 20.93; H, 2.64; N, 12.00%. TG/
DTA data: a weight loss of 7.38% was observed at before 205.4 �C
due to the dehydration of 3 water molecules: calc. 7.65% for 3 H2O
molecules due to the hygroscopic nature of L-4. Decomposition be-
gan at around205.4 �Cwith exothermic peaks at 210.2 and 509.7 �C.
Prominent IR bands in 1800–400 cm�1 region (KBr disk): 1570 vs
1559 vs 1507 m, 1465 s, 1410 s, 1350 m, 1290 w, 1227 w, 1154
vw, 1116 w, 1039 w, 971 vw, 929 vw, 834 w, 787 w, 655 m cm�1.

PXD data showed that isolated powders of L-4 had low crystal-
linity. 1H NMR (D2O, 23.6 �C): d 3.12–3.25 (2H, br, H6), 3.75 (1H, s,
H7), 7.14 (1H, s, H5), 7.86 (1H, s, H2). When the powder was re-dis-
solved in water, highly viscous solution was reformed. Solution 13C
and 109Ag NMR spectra were not obtained because of the viscosity
of the aqueous solution of L-4. Solid-state 13C NMR: 34.92 (Cb),
58.42 (Ca), 126.16 (Cd), 134.38 (Cc), 144.17 (Ce), 179.41 (C0).

ESI-MS in the negative-ion mode: [Ag(L-his)]1� (m/z found
259.95 and 261.96, calcd 259.96 and 261.99), [Ag(L-Hhis)2]1� (m/z
found 415.04 and 417.03, calcd 415.03 and 417.03), [Ag2
(L-Hhis)(L-his)]1� (m/z found 520.91, 522.93 and 524.93, calcd
520.93, 522.93 and 524.93), [Ag3(L-his)2]1� (m/z found 626.82,
628.80, 630.80 and 632.81, calcd 626.82, 628.82, 630.82 and
632.82), [Ag3(L-Hhis)2(L-his)]1� (m/z found 781.88, 783.88, 785.89
and 787.90, calcd 781.89, 783.89, 785.89 and 787.89); ESI-MS in
the positive-ion mode: {[Ag(L-H2his)]}1+ (m/z found 261.99 and
263.99, calcd 261.97 and 263.97), {[Ag(L-H2his)2]}1+ (m/z found
417.07 and 419.08, calcd 417.04 and 419.04), {Na[Ag(L-Hhis)]2}1+

(m/z found 544.98, 546.96 and 548.97, calcd 544.92, 546.92 and
548.92), {[Ag3(L-Hhis)2]}1+ (m/z found 628.90, 630.89, 632.89 and
634.90, calcd 628.84, 630.84, 632.84 and 634.84). HR ESI-MS
positive-ion mode: (m/z) 261.9794 and 263.9741, calcd for
C12H18N6O4Ag or [Ag(L-H2his)2]+ 261.9745 and 263.9742.

3. Results and discussion

3.1. Characterization of L-4

Because histidine has several tautomers and several donor
atoms, there are several coordinationmodes of histidine to silver(I).
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Chart 1. Structure and labelling of L-histidine (L-H2his) and its zwitter ion.
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Fromm and coworkers isolated [{Ag(L-H2his)2NO3}2]2]�H2O, 1
[({Ag(L-H3his)(NO3)2}2)�H2O] and 1[Ag2(D-H3his)(L-H3his)(NO3)4]
from L- or DL-histidine with AgNO3 under neutral or acidic condi-
tions [12]. Under neutral conditions, the N atom of the imidazole
moiety coordinates to silver, while the oxygen atoms of carboxy
group coordinate to the metal ions under acidic conditions.

We isolated water-soluble chiral complexes1{[Ag(L-Hhis)]2} (L-
1), 1{[Ag(D-Hhis)]2} (D-1), water-insoluble, chiral helical polymers

1[Ag(L-Hhis)] (L-2) and 1[Ag(D-Hhis)] (D-2), water-insoluble,
achiral polymer 1[Ag2(D-Hhis)(L-Hhis)] (DL-3) from Ag2O and his-
tidines without controlling the pH [10,11]. During our studies on
the effect of pH by addition of alkali hydroxides, we found that
the viscosity of the solution was dramatically increased at pH
values greater than 12 due to the formation of a novel polymeric
silver(I) histidine complex (Fig. 1). In addition to the sodium salt
of silver(I) histidinate, potassium, rubidium and cesium salts were
also prepared using the corresponding hydroxides. All formulas
were denoted by 1{M[Ag3(his)2]�nH2O} (M = Na, K, Rb and Cs) and
the viscosities of the solutions were in the order of Na < K < Rb
and Cs. The purity of the sodium salt was the highest according to
elemental analysis.

We isolated the complex (L-4) from the solution (pH 11, aque-
ous NaOH) by pouring the reaction mixture into ethanol before the
mixture became highly viscous. The formula of the novel, hygro-
scopic silver(I) complex was determined by ESI-MS and elemental
analysis as 1{Na[Ag3(L-his)2]�nH2O} (n = 1–5). The number of
hydrated water molecules was evaluated by thermal analysis and
elemental analysis. In the IR spectra of L-2 and L-4, the band at
1253 cm�1 based on the imidazole was shifted to 1226 cm�1,
suggesting the deprotonation of the imidazolate ion. The large
difference between the mC@O of (L-1 and L-2 (1630 cm�1)) and L-4
(1570 cm�1) may suggest the presence of a weak interaction
between Na+ and COO�.

Fig. 1. Plot of pH vs. viscosity (mPa s) of Ag2O and L-H2his mixture (1:2 M ratio) in
water.

Fig. 2. (a) Negative-ion ESI-MS of an aqueous solution of 1{Na[Ag3(L-his)2]�nH2O} (n = 1–5) (L-4) in the range of m/z 230–800. The inset shows an enlargement around the
peak m/z 630. (b) Positive-ion ESI-MS of an aqueous solution of 1{Na[Ag3(L-his)2]�nH2O} (n = 1–5) (L-4) in the range of m/z 230–800. The inset also shows an enlargement
around the peak m/z 630.
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ESI-MS in the negative-ion mode in aqueous solution was
measured in the range of m/z 100–4000 (Fig. 2(a)). The natural
abundance of 107Ag and 109Ag is 51.35% and 48.65%, respectively.
The observed signals of silver(I) complexes were compared with
simulated data. In Fig. 2 several peaks were observed due to the
approximate 1:3:3:1 intensity ratio indicative of trinuclear
([Ag3(L-Hhis)2(L-his)]� and [Ag3(L-his)2]�) species, while the
1:2:1 intensity ratio is indicative of dinuclear ([Ag2(L-Hhis)(his)]�

and [Ag2(L-Hhis)3]�) species. The 1:1 intensity ratio is indicative
of mononuclear ([Ag(L-his)]� and [Ag(L-Hhis)2]�) species. These
data were consistent with the CHN elemental analysis data. ESI-
MS in the positive-ion mode also showed that the molecular ion
peak of the trinuclear 3:2 complex, i.e., {H2[Ag3(his)2]}1+ or {[Ag3
(Hhis)2]}1+ (m/z 628.90), consistent with ESI-MS in the negative
mode (Fig. 2(b)). Several fragmentation peaks due to the dinuclear
2:2 complexes such as {Na[Ag(Hhis)]2}1+ (m/z 544.98) and the
mononuclear 1:2 and 1:1 complexes such as {H2[Ag(Hhis)2]}}1+

(m/z 417.04) and {H[Ag(Hhis)]}1+ (m/z 261.99) were also observed.
Powder XRD shows that the trinuclear 3:2 complex had low

crystallinity, suggesting that it was present as an amorphous poly-
mer. Actually, crystallization of L-4 was unsuccessful, because of
the high viscosity of the aqueous solution of L-4 even when the
alkali metal cations were changed to K, Rb and Cs.

Changes in the solid-state 13C NMR spectrum were observed in
the histidine signals of L-4 upon coordination (Fig. 3) compared to
those of L-1 and L-2. As the imidazole rings become anionic, Cc, Ce
and Cd shifted 7–10 ppm down field, compared to those of L-1 and
L-2. However, little variation in the signals was observed for Ca
and Cb. The carbon chemical shifts of the carboxy groups (C0) in L-
1, L-2 and L-4 were almost unchanged, suggesting that the carboxy
oxygen atoms were not coordinated to silver atoms. The carbon
chemical shifts of the imidazole ring (Cc, Ce and Cd) were notably
shifted for L-1 and L-2which contained the monoanion of histidine
as compared to L-4with the dianion of histidine, suggesting that the
N (Ne2 and Nd1) atoms coordinate to the metal ion in L-4. In the
preparation of the silver(I) histidine complexes using AgNO3, under
the acidic conditions the Ag–O bonding complex with H3his+ was
formed ([Ag(L-H3his)(NO3)2]2 and [Ag2(D-H3his)(L-H3his)(NO3)4]n

[12]. On the other hand under neutral conditions, the Ag–O, N bond-
ing complex coordinated to two H2his and NO3

� ([Ag(L-H2his)2
(NO3)]2) was formed [12]. In the preparation of silver(I) histidine
complexes using Ag2O under neutral conditions, the Ag–N bonding
complexes L-1, L-2 and DL-3 were formed [10,11], whereas under
alkaline conditions, the trinuclear Ag–N bonding complex L-4 was
formed. On the other hand, the Ag–N bonding polymer consisting
of silver(I) atom and a monoanion of imidazole, [Ag(imd)]n
(Himd = imidazole) as powder solids, has been prepared by a reac-
tion of Himd and AgNO3 under basic aqueous conditions by NaOH
[16], whereas the cationic silver(I) complex [Ag(Himd)2]NO3 has
been synthesized by a reaction of Himd and AgNO3 under neutral
aqueous conditions [17]. In the former, two nitrogen atoms (Ne2
and Nd1) in the imidazole ring coordinate to silver(I) atom, while
in the latter, only one nitrogen atom (Nd1) coordinates to silver(I)
atom. These Ag–N bonding features and the synthetic conditions
may be indicative to those of the silver(I)–histidine complexes.
Broad signals of amorphous L-1 and L-4 in the solid-state 13C NMR,
compared to those of crystalline helical polymer L-2, may be attrib-
uted to multi-intermolecular interactions of L-1 and L-4.

The radial distribution function of L-4 (Fig. 4) calculated from
K-edge EXAFS data showed peaks at 0.13, 0.17 and 0.27 nm,
indicating the existence of Ag–Ag interactions in L-4 aside from do-
nor-atom coordination [18,19]. Although the molecular and crystal
structures of L-4 could not be determined from X-ray crystallogra-
phy, the L-4 complex is a novel anionic silver(I) complex with
histidine and a polymeric structure with a repeating trinuclear
[Ag3(L-his)2]� core is proposed.

3.2. Antimicrobial activity of L-4

The antimicrobial activities of the silver(I) complexes are listed
in Table 1. The antimicrobial activities of L-4, L-1, L-2 and DL-3 as
well as L-H2his against selected bacteria (Escherichia coli, Bacillus
subtilis, Staphylococcus aureus and Pseudomonas aeruginosa), yeasts
(Candida albicans and Saccharomyces cerevisiae) and molds (Asper-
gillus brasiliensis (Aspergillus niger) and Penicillium citrinum) were
evaluated by minimum inhibitory concentration (MIC) with both

Fig. 3. Solid-state 13C NMR spectra of 1{Na[Ag3(L-his)2]�nH2O} (L-4) (n = 1–5) and related complexes (L-1) and (L-2).
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lg mL�1 and mM (mmol L�1) units, the latter being parenthesized
in Table 1. Although the free ligand (L-H2his) showed no activity,
all of the Ag(I)–N bonding complexes showed a wide spectrum of
effective activities. Water-soluble complexes (L-1 and L-4) showed
higher activities than water-insoluble complexes (L-2 and DL-3).
Anionic complex L-4 inhibited the growth of four bacteria (E. coli,
P. aeruginosa, B. subtilis, and S. aureus), two yeasts (C. albicans and
S. cerevisiae) and a mold (P. citrinum) with similar MIC values as
L-1. Effective antibacterial activities of L-1 and L-4, rather than
antifungal activities, should be noted.

Ligand-exchangeability of relatively weak Ag–N bonding com-
plexes is higher than that of stronger Ag–S and Ag–P bonding
complexes. Such Ag–N complexes can undergo ligand exchange
with biomolecules of microorganisms such as proteins of lipid
membranes [4,6,16]. Thus, we can explain a wide spectrum of
the effective antimicrobial properties of Ag–N complexes. The
solid-state polymer structures of water-soluble L-1 and L-4 will
not maintained in solution. We think that their solution struc-
tures will be based on the repeating core structures, i.e., the di-
meric [Ag(L-Hhis)]2 core for L-1 and the trinuclear [Ag3(L-his)2]�

core for L-4. These structures will be different from the species
in solution of water-insoluble L-2 and L-3. The relation between
the antimicrobial activities and the solution structures of
water-soluble L-1 and L-4 can be discussed based on ligand-
exchangeability.

4. Conclusions

In summary, a coordination polymer based on trinuclear sil-
ver(I) core, 1{Na[Ag3(L-his)2]�nH2O} (L-4) (n = 1–5), was prepared
by mixing silver(I) oxide and histidine in aqueous solution (pH
11) and was characterized by CHN analysis, FT-IR, solid-state 13C
NMR, XANES, EXAFS and ESI-MS in both negative and positive
modes. The antimicrobial activities of L-4 against selected bacteria,
yeasts and molds, as evaluated by MIC, revealed that complex L-4
inhibited the growth of four bacteria (E. coli, P. aeruginosa, B. subtil-
is, and S. aureus), two yeasts (C. albicans and S. cerevisiae) and a
mold (P. citrinum) with similar MIC values as the water-soluble
neutral silver(I) histidine complex, L-1.
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Iron oxygenases mimicking active sites have been con-
structed on the solid support by anchoring a bis(imidazolyl)-
borate ligand to carboxylate-functionalized SBA-15 type
mesoporous silica gels. Initial loading amounts of an organo-
carboxylic acid modifier on the silicates affect the hydrocarbon
oxygenation catalyses with H2O2 due to changing of the
structures of the surface metallocomplex active sites.

The active sites of non-heme iron oxygenases are mixed
ligand-supporting iron complexes composed of imidazolyl [N-
donor of histidine (= His) residue] and carboxylate [O-donor
of aspartic acid (= Asp) or glutamic acid (= Glu) residues]
groups.1 Several O2-activating mononuclear iron(II) enzymes
have a common mixed-ligand set, namely, the “2-His-1-carbox-
ylate” facial triad motif.1,2 Dinuclear iron enzymes such as
methane monooxygenase (=MMO) have active sites composed
of His-involved “carboxylate-rich” ligands sets.1,3 To date,
various synthetic non-heme iron complexes have been inves-
tigated as functional models or/and biomimetic catalysts. These
complexes are utilized for homogeneous liquid-phase oxidation
reactions.2,3b,4,5 However, accidental degradation of the com-
plexes is caused by the leaching of the iron through the shifting
of the coordination equilibrium state in solution. A more critical
reason for the deactivation of the complex is intra- and
intermolecular oxidative ligand transformation induced by an
active oxygen complex.6 In order to avoid the intermolecular
oxidative degradation, immobilization of the complex on solid
supports with appropriate conditions is one of the considerable
approaches.7

We have been developing organoborate ligands, namely,
bis(N-methyl-2-imidazolyl)borates (= [B(ImN-Me)2(X)Me]¹;
LX).8 The ligands LX are composed of a discrete monovalent
borate anion and two imidazolyl groups which provide a
coordination environment for the metal center similar to that
found in non-heme metalloenzymes. The BCimidazolyl linkage in
LX is stable toward hydrolytic decomposition due to the higher
covalency of the BC bonds, which makes it possible to attach
various functional groups X on the boron center. A carboxy-
borate ligand, [B(ImN-Me)2(OC(=O)Me)Me]¹ (LOAc), is formed
by the nucleophilic substitution of X, from Oi-Pr or Cl to OAc.
The boronacetoxy linkage of LOAc survives upon the treatment
of the corresponding nickel complexes with OH¹.9 Therefore,
a boroncarboxylate linkage would be employed as a junction
to organic compounds anchored to inorganic supports. In this
study, LX is anchored on carboxylic acid-functionalized silica
gels through the boroncarboxylate linkage (Figure 1). The
carboxylic acid-functionalized silica gels are utilized as ligating
agents of transition-metal species for the support of catalysts

applied to heterogeneous reactions.1012 An appropriate design
of the surface structure of the support, i.e., controlling the
loadings of carboxylic acid and the immobilization of L, is
expected to architect the iron complexes similar to the carbox-
ylate and imidazolyl-mixed active sites of non-heme enzymes on
the solid support.

Our previously reported L-immobilized silica gels were
prepared by the thiol-ene coupling of an allyl-functionalized
ligand (= [B(ImN-Me)2(allyl)Me]¹; Lallyl) with a thiol group
containing a silanol ester reagent or an organothiol-modified
silica gel.13 In these L-immobilized silica gels, L was loaded up
to ca. 0.2mmol g¹1. The limitation of the loading amounts of
L is probably due to the bulkiness of L. The loading amount
of the organic-functionalized groups on the SBA-15 type silica
gels can be controlled by changing the ratio of the precursors in
the one-pot synthesis.14 The resulting anchored functionalized
groups are randomly dispersed, which is efficient for the
isolation of the catalytic active sites. Moreover, we have
demonstrated that the surface morphology of the silica supports
(relatively flat SBA-15 vs. rugged amorphous silica) influences
the structure of the formed iron complexes with a Schiff base
ligand and their catalytic performances. The activity of the SBA-
15-based catalyst is higher than that of the amorphous silica
catalyst with almost the same ligand loading density.7g In this
context, we designed a mesoporous silica support functionalized
by a organocarboxylate linker with appropriate loading amounts.
The carboxylate-functionalized SBA-15 (= SBACOOH(x); where
x denotes the ratio of carboxy groups: see Table S-1 and
Figure S-1) was prepared by the same procedure for the
synthesis of an organoazide-immobilized SBA-15.11 The con-
densation ratio of carboxyethylsilanetriol sodium salt (CES;

1 (x = 0.5)
2 (x = 1.0)
3 (x = 2.0)

SBACOOH-L(x)SBACOOH(x)

Pluronic P123 (template)

1) H2O / conc.HCl
2) Soxhlet extraction
3) Me3SiCl(100 – x) mol% x mol%
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Figure 1. Preparation of the catalysts.
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xmol%) to tetraethoxysilane (TEOS; (100 ¹ x)mol%) was
selected to be x = 0.5, 1.0, and 2.0.

The reaction of a chlorine-containing bis(imidazolyl)borate
LCl and a lithilated SBACOOH(x), which were obtained by the
treatment of SBACOOH with n-BuLi, yielded the ligand-
immobilized support (= SBACOOH-L(x)). The immobilized
amount of L on SBACOOH-L(x) got up to ca. 0.13mmol g¹1,
and unmodified carboxy groups remained on the support with
x = 2.0. Following reaction with a MeOH solution of Fe(OAc)2
gave catalysts 13 (Figure 1). TEM observation revealed that the
ordered mesoporous structure of the catalysts was maintained,
and the particles of iron oxides and other cluster compounds
were not formed after metalation (Figure 2). The immobilized
amounts of L and iron were determined by elemental analyses
and atomic absorption analyses, respectively. The loading
amount of the carboxy group on the starting mesoporous silica,
SBACOOH(x), influenced the structures of the surface iron
complexes of the resulting catalysts. In the low-carboxylate-
loaded catalysts 1 (x = 0.5) and 2 (1.0), the ratio of the initial
introduced COOH to the immobilized L to the loaded iron was
almost 1:1:1. On the higher COOH-loaded catalyst 3, the iron
centers might be supported by not only the immobilized L but
also the unmodified carboxylates (summarized in Table 1).

The activities of the prepared catalysts toward the oxidation
of cyclohexene with H2O2 were examined (Tables 1 and S-2).
The catalytic activity of an iron(II) complex with a phenyl group
containing ligand, [FeII(LPh)2] (see Supporting Information), was
also tested as a homogeneous control, but only trace amounts of

organic oxidized products were yielded. The color of the
reaction mixture was gradually turned to pale yellow to pale
brown, and unidentified precipitates appeared. We could not
obtain a single ligand-supported complex (= [FeII or III(L¤)n(LPh)]
where L¤ denotes ligands other than LPh) because no hindered
metal-surrounding groups existed on LPh. In contrast to the
inertness of [FeII(LPh)2] in the homogeneous system, the silica-
immobilized iron complexes of the catalysts, namely, the
heterogeneous system, exhibited oxidizing activities. Major
products derived from all heterogeneous catalysts, 13, and non-
L-immobilized catalysts, 4 and 5, were allylic oxidized ketone.
The catalytic activity (= TON per Fe) of 3 was higher than that
of the corresponding non-L-immobilized catalyst 5. Although
the activity of the as-prepared 2 was similar to that of 4, the A/K
ratio of the allylic oxidized products derived from 2 (0.74) was
higher than that from 4 (0.55) as shown in Table S-2. The most
active catalyst was the as-prepared 1. Although the loading ratio
of COOH to L to iron was the same (= 1:1:1), the activity of the
as-prepared 2 was lower than that of 1. An excess carboxylate-
containing catalyst 3 exhibited better activity. The mean
densities of COOH and L on the supports correlated with the
activities of the catalysts.15 Therefore, the formed immobilized
iron complexes might be varied depending on the loading of
COOH and L on the support. The COOH groups were distributed
randomly because SBACOOH(x) was synthesized by the “one-pot
method.”14 In such a situation, various iron complexes would
form on the support. As shown in the control homogeneous
reaction, [Fe(L)2] might not contribute to the catalytic reaction.
On the lower COOH loading catalysts 1 and 2, almost COOH
connect to L and the ratio of iron to the ligand is 1:1. Therefore,
a mononuclear [Fe(L)] and a dinuclear [Fe2(L)2] species would
be the active sites of these catalysts. In contrast, 3 contains
the unmodified (i.e. non-L-connected) carboxy groups that are
ligated to iron. Therefore, a dinuclear iron complex with L and
carboxylates might be formed on 3 (Figure S-3). Although no
leaching of iron from 13 was observed, the activities of the
recovered catalysts 1 and 3 were lower than those of the as-
prepared ones. In contrast, the recovered 2 showed somewhat
higher activity compared to the as-prepared one.

By using 2, we examined various reaction conditions on
the cyclohexene oxidation (Figure 3). When the ratio of the
substrate to H2O2 was 1:1, slow addition of H2O2 (by using a
syringe pump) to the reaction mixture resulted in increasing
the epoxide yield as well as the A/K values of allylic oxidized
compounds at room temperature. At a higher temperature
(333K), the activities were improved in each case. In the
presence of an excess amount of the substrate (cyclohexene:
H2O2 = 5:1), hydroxylation of the allylic position of cyclo-
hexene became a major reaction and concomitant epoxidation
occurred. These observations suggest that some metal-based
oxidants might exist, and the intrinsic activity of the species
formed on the iron complex sites seems to be H abstraction
rather than O-atom transfer.16

As predicted from the allylic oxidizing capability toward
cyclohexene, all catalysts mediated alkane oxygenation at higher
temperatures (Table S-3). Toward cyclohexane oxidation at
333K, the order of the activities was 1 > 3 > 5 µ 2 > 4 and
the A/K values derived from each catalyst were varied. Although
all the catalysts yielded cyclohexanone as a major product, the
yields of cyclohexanol were close to those of cyclohexanone in

Figure 2. TEM images of 2.

Table 1. Catalysts properties and activities on cyclohexene oxidationa

++

OO
H2O2 aq. (2.5 mmol)

Cat. (100 mg) / MeCN (5 mL)

OH

2.5 mmol E A Kr.t., Ar, 90 min

Cat.
Loading on Cat./mmol g¹1

L/Fe

TON per Feb

(E/(A + K))

COOH L Fe As-prepared Reuse

1 0.05 0.05 0.05 1.0
11.4
(0.25)

4.9
(0.24)

2 0.12 0.12 0.13 1.0
4.4

(0.17)
5.5

(0.26)

3 0.18 0.13 0.16 0.81
6.3

(0.23)
5.3

(0.24)

4 0.10 ® 0.10 ®
4.3

(0.25)
not tested

5 0.19 ® 0.17 ®
2.9

(0.15)
not tested

aDetectable amounts of cis- and trans-1,2-cyclohexanediols were
not formed. bTON = (cyclohexene oxide (E) + cyclohexen-1-ol
(A) + cyclohexen-1-one (K) © 2)/iron.
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the initial stage on each reaction system (Figure S-4). Therefore,
the consecutive oxidation of cyclohexanol to cyclohexanone
might occur. On adamantane oxidations, the values of 3°/2°
[= ratio of (1-adamantanol + 1,3-diadamantanol):(2-adaman-
tanol + 2-adamantanone) taking into account the correction for
the number of CH bonds in a group] were almost 2 given by
each catalyst, which suggests the contribution of HO• under high
temperature (353K) conditions.17 The order of the activity of the
catalysts (3 > 2 > 1 > 4 > 5; estimated by total TON after 3 h)
suggested that L provided efficient active sites. However, the
order of the initial TOF (values estimated by TON after 1 h) was
1 (54 h¹1) > 2 (45) > 3 (31) > 4 (27) > 5 (23). The difference
in the orders suggests that the activities and stabilities of the
iron complexes would be varied and that partial changing of the
structures might occur during the reaction.

In summary, iron oxygenases mimicking complex-immobi-
lized catalysts have been developed by anchoring bis(imidazol-
yl)borate to the carboxylate-functionalized mesoporous silica
gels. The initial loading amounts of the organocarboxylic acid
modifier on SBA-15 affect the oxidation catalyses due to
changing the structures of the surface metallocomplex active
sites. The immobilized bis(imidazolyl)borate scaffold provides
efficient active sites, which might be similar to those of the
mono- and dinuclear non-heme iron enzymes. The oxidants
formed on the catalysts through the activation of H2O2 exhibit
the radical character to induce the allylic oxidation of cyclo-
hexene as well as the oxygenation of cycloalkanes.
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Scientific Research (No. 26420788) and a Strategic Develop-
ment of Research Infrastructure for Private Universities from the
Ministry of Education, Culture, Sports, Science and Technology
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a b s t r a c t

Effect of addition of rhenium was investigated during catalysis of TiO2-supported Rh and Ir

metals for aqueous phase reforming of ethanol. By adding Re to Rh/TiO2 and Ir/TiO2 cat-

alysts, the initial rates of H2, CH4, and CO2 formation increased 3e4 times, together with

the extraordinary increase of acetic acid formation. Detailed mechanisms of the reforming

reaction were investigated using various physicochemical techniques. The role of added Re

was the acceleration of the hydration of acetaldehyde to form acetic acid rather than the

decomposition of acetaldehyde to form CH4 and CO on both Rh/TiO2 and Ir/TiO2 catalysts.

Well dispersed bimetallic nano-composites would work as the active sites for ethanol

dehydrogenation and acetaldehyde decomposition, whereas partially oxidized ReOx sites

may work for the hydration of acetaldehyde to form acetic acid.

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

Introduction

The production of hydrogen as a clean energy carrier frombio-

renewable sources is regarded as an extremely promising

means to minimize the global environmental problems that

are associated with fossil fuel combustion [1,2]. Among bio-

renewable liquid feedstock for producing hydrogen, ethanol

is an extremely promising candidate because of its high

hydrogen content, non-toxicity, and facile storage and

handling. Catalytic reforming of ethanol can be categorized

into two methods: steam reforming (SR) and aqueous phase

reforming (APR). During the SR of ethanol many competing

reactions take place and produce undesirable light

hydrocarbons and CO, which requires a lower temperature

water-gas shift process. In addition,most catalysts for ethanol

SR have problems of severe deactivation by material degra-

dation and carbon deposition at higher temperatures. As

compared with a usual SR reaction, the advantages of APR are

the possibility to make more compact and simple reaction

equipment and the obviation of evaporation energy for

aqueous solutions.

Recently, Dumesic et al. reported the APR of methanol,

ethylene glycol and other oxygenates with water over sup-

ported Pt and Ni catalysts [3e5]. The mechanism of H2 pro-

duction from ethylene glycol was described by Shabaker et al.

[6,7]. It involved the cleavage of CeC bonds as well as CeH

bonds to form adsorbed CO followed by the water-gas shift to

* Corresponding author. Tel.: þ81 45 481 5661x3641; fax: þ81 45 413 9770.
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H2 and CO2 formation. Consequently, a good catalyst for APR

process of oxygenated compounds must be active in the

cleavage of CeC bonds and water-gas shift reaction, but must

inhibit the cleavage of CeO bond and methanation reactions.

Actually, Ni shows a good activity for CeC bond scission fol-

lowed by water-gas shift reaction, but it also exhibits high

reaction rates for methanation. The Dumesic research group

reported that addition of Sn to Ni increases selectivity for

hydrogen production by decreasing the selectivity for alkane

formation [5,6,8]. King et al. reported the APR of glycerol for H2

production over carbon supported PteRe catalysts [9].

Several years ago, we investigated the catalytic activity of

various silica-supported precious metal catalysts for the

methanol APR, which revealed that Pt/SiO2 was the most

active, whereas Ir/SiO2 was the most selective catalyst for CO2

formation against CO [10,11]. To improve the catalytic prop-

erties of these metals, we investigated the effect of various

additives such as Mo, W, and Re over Pt/Al2O3 and Pt/TiO2

catalysts [12,13]. We inferred two means of enhancement

depending on the kind of supports and additives as well as the

addition methods (co-impregnation and successive impreg-

nation). In the cases of Mo and W, the formation of low

valence thin oxide layers over Al2O3 and TiO2 were revealed by

XRD, XPS, and XAFS measurements, which realized highly

dispersed stable cationic Pt particles and enhanced methanol

APR. However, for Re addition, the formation of alloy with Pt

was observed, which caused rather poor activity for the

improvement of catalytic activity. On the other hand, in the

case of methanol APR over Ir/SiO2 catalysts the addition of Re

enhanced the activity more than one order of magnitude, and

reached a value comparable to that of PteRu/SiO2 [14]. The

catalytic activity also depended greatly on the kind of support,

and TiO2, ZrO2, and CeO2 supports significantly enhanced the

catalytic activity of IreRe catalysts, which might be attributed

to the interaction between support oxides and Ir species in

addition to the formation of the bimetallic nano-composites

of IreRe.

For Rh/SiO2 catalysts, Tomishige and co-workers reported

that addition of Re, Mo, andW enhanced the catalytic activity

of the glycerol hydrogenolysis using water as a solvent [15,16].

Modification with Re gave the highest conversion and yield of

1,3-propanediol. The optimized RheReOx/SiO2 (Re/Rh ¼ 0.5)

catalyst maintained high selectivity to propane diols and

suppressed CeC bond breaking. Tomishige et al. proposed the

synergetic effect between ReOx and Rh. The reaction might

proceed on the interface between Rh metal surface and

attached ReOx species. In the case of IreRe/SiO2 catalysts,

similar results of direct hydrogenolysis of glycerol into 1,3-

propanediol were reported by the same research group,

through the attack of active hydrogen species on Ir metal to 1-

glyceride species formed on the oxidized Re cluster [17].

However, for ethanol APR, it is difficult to obtainH2 and CO2

selectively as complete reforming products because of its non-

activated methyl group, which is easily transformed into

methane [18e20]. Accordingly, in ordinary cases we will

obtain a 1: 1 ratio of CH4 and CO2 together with acetic acid. In

addition, the formed CO2 is transformed into CH4 through a

methanation reaction, which results in excess CH4 compared

to CO2. Some possibility exists of acetic acid presence in SR as

well APR at lower temperatures [21e26]. Recently, we

investigated the dependence of Ru particle size upon the ac-

tivity and selectivity for APR of ethanol and acetic acid over

Ru/TiO2 at 473 K. In both cases of ethanol and acetic acid over

larger Rumetal catalysts, 1: 1 ratio of CH4 and CO2 was formed

at the initial stage, followed by the hydrogenation of CO2

forming excess CH4. However, in the case of acetic acid APR

over positively charged smaller Ru catalyst, a 2: 1 ratio of H2

and CO2 was formed constantly, indicating the operation of a

complete reforming reaction with water [27].

For the present study, we have investigated the effects of

Re addition on the APR of ethanol over Rh/TiO2 and Ir/TiO2

catalysts. Results show that the activity and selectivity were

enhanced dramatically by adding Re. The intrinsic role of Re

was clarified by application of various surface analysis tech-

niques such as XPS, XRD, and TEM as well as kinetic

investigation.

Experimental method

Preparation of catalysts

TiO2-supported Rh and Ir catalysts (5 wt%) were prepared

using a conventional impregnation method employing

RhCl3$3H2O and H2IrCl6$6H2O as precursors and TiO2 (P-25,

surface area ¼ 50 m2/g) as a support. Re addition was con-

ducted using a successive impregnation method as follows;

NH4ReO4 precursor (Re/Rh or Re/Ir ¼ 0.1e2.0) was initially

impregnated to TiO2, followed by calcination at 773 K. Then

RhCl3$3H2O or H2IrCl6$6H2O precursors were impregnated.

Aqueous phase reforming of ethanol with water

The reaction was conducted in a stainless steel autoclave in a

batch mode (volume: 400 ml) 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 reduction of the catalyst (0.5 g) with H2 at 623 K, 80 ml of

degassed ethanol solution (EtOH: H2O ¼ 1: 10) was introduced

into the reactor under nitrogen atmosphere and reaction ex-

periments were conducted at 473 K under 2 MPa. During the

reaction, the liquid phase content of the autoclave was stirred

using a magnetic stirrer. A small part of the liquid-phase

products was sampled by online sampling tube (1 ml) and

analyzed by FID gas chromatograph (CP PoraBOND Q).

Characterization of catalysts

An X-ray photoelectron spectrometer (JPS-9010, JEOL) with Mg

Ka X-ray source (10 kV, 10mA)was applied for chemical states

of supported catalysts. After reduction with H2, the catalyst

was pressed into a 20 mm diameter disk and pretreated by H2

at 623 K. Then the disk was mounted on the sample holder of

XPS preparation chamber and reduced again by H2 at 623 K

and transferred to the analysis chamber without exposure to

air. A transmission electron microscope (JEM2010, JEOL) with

an acceleration voltage of 200 kV and LaB6 cathode was

applied for the observation of the images of supported cata-

lysts. Samples were prepared by suspending the catalyst

powder ultrasonically in 2-propanol and depositing a drop of
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the suspension on a standard copper grid coveredwith carbon

monolayer film.

The adsorption amount of CO after 623 K reduction was

measured using a static volumetric adsorption apparatus

(Omnisorp 100CX, Beckmann Coulter) at 298 K. Before mea-

surement, the sampleswere reduced at 623 K for 1.5 h in a flow

of hydrogen atmospheric pressure. The dispersion (D(%);

percentage of metal atoms exposed to the surface) of sup-

ported metal was evaluated from the amount of chemisorbed

CO and adsorption stoichiometry (CO/metal atom ¼ 1).

Fourier transform infrared spectroscopy (FTeIR) measure-

ments were conducted using a self-support catalyst disk

mounted in a transmission cell and a FTeIR spectrometer (FT-

IR/6100; Jasco) equipped with a closed gas circulation system.

Results and discussion

Aqueous phase reforming of ethanol over various precious
metal catalysts supported on TiO2

Prior to investigate the effects of Re addition for the

improvement of EtOH APR activity, we estimate catalytic

performance of a series of M/TiO2 whereM¼ Ru, Rh, Ir, and Pt.

Table 1 (entries 1e4) presents the amount of various products

formed after 10 h of the aqueous phase reforming of ethanol

(EtOH) over various 5 wt% TiO2 supported precious metal

catalysts at 473 K. The obtained major products were H2, CH4

and CO2 in the gas phase and acetaldehyde (AcH) and acetic

acid (AcOH) in the liquid phase. The activity order of the

metals for the amounts of H2 formation were as

Rh > Ir > Ru > Pt, whereas, the EtOH conversion was

Ru > Rh > Ir > Pt. No COwas detected during the reaction on all

the catalysts. Therefore, the wateregas shift reaction to form

CO2 is expected to occur rapidly under aqueous phase reaction

conditions.

A plausible reaction scheme occurred in the present

aqueous ethanol reforming system is shown in Scheme 1. The

first step would be the dehydrogenation of EtOH giving AcH.

Then two different reaction pathways proceed as follows: (1)

decomposition of AcH to form CH4 and CO, and subsequent

water-gas shift reaction giving CO2 and H2 (Path-I:

CH3CHO þ H2O / CH4 þ CO, then CO þ H2O / CO2 þ H2) and

(2) hydration of AcH and following dehydrogenation to form

AcOH (Path-II: CH3CHOþH2O/ CH3COOHþH2). If reforming

of AcOHoccurred, ideal reforming of EtOH giving CO2 andH2 is

completed through the reaction Path-II (i.e.,

C2H5OH þ 3H2O / 2CO2 þ 6H2). Over Pt/TiO2 catalyst, the

latter reaction path-II took place more than the former reac-

tion Path-I because the amounts of AcH and AcOH formed in

the liquid phase were 2e4 timesmore than CH4 and CO2 in the

gas phase. Although the yield of AcH derived over Ir/TiO2

catalyst was not so high, higher yield of AcOH compared to

CH4 and CO2 might indicate the AcH hydration activity of Ir/

TiO2 was higher than that of Pt/TiO2. In contrast, the amounts

of CH4 and CO2 were muchmore than AcOH over Rh/TiO2 and

Ru/TiO2, indicating the predominant occurrence of the reac-

tion Path-I over these catalysts. Excess amounts of CH4 for-

mation compared to CO2 (CH4/CO2 ratios: 1.4 for Rh and 4.0 for

Ru) might be explained by the successive methanation reac-

tion of CO2.

Time course of the reaction profiles on M/TiO2 shown in

Fig. 1 (aed) were consistent with the above described natures

of each catalysts. Ir and Pt catalysts exhibited very similar

reaction profiles. The yields of the liquid phase products on Rh

and Ru catalysts were quite low. However, the time-

dependent gas-phase products distributions might suggest

the difference of the nature of the catalysis between Rh and Ru

catalysts. On Rh catalyst, the formation rates of H2, CH4 and

CO2 were almost constant from the initial stage till 10 h. In

contrast, the CH4 formation rate on Ru catalyst increased over

reaction period, concomitant with decreasing the formation

rates of H2 and CO2. These observations clearly indicate that

the activity of Ru catalyst toward the successive methanation

reaction of CO2 with the generated H2 is higher than that of Rh

catalyst.

Re addition effect upon the aqueous phase reforming of
ethanol

Then we explored the Re addition effect onto the above

mentioned catalysts. Entries 6e9 shown in Table 1 indicate

the yields of the products and conversion of EtOH over M-Re/

TiO2 catalysts. The conversion of EtOH and yield of H2 were

increased over all Re added catalysts compared to those

derived from the corresponding prototype M/TiO2 catalysts.

Scheme 1 e Plausible reactions occurred in the aqueous

ethanol reforming system.
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The order of the EtOH conversion on M-Re/TiO2 was where

M ¼ Ru z Rh > Ir > Pt, and the extents of the increasing the

conversion (in comparison with the yields over the corre-

sponding M/TiO2 catalysts) were 2.5 times for the Rh and Ir

catalysts whereas only 1.2e1.3 times for the Ru and Ir cata-

lysts, respectively. The order of the H2 producing activities is

M ¼ Rh > Ir z Ru > Pt of M-Re/TiO2 catalysts, and the yields

increased about twice (1.8 (Pt), 2.1 (Ir), 2.3 (Rh), and 2.5 (Ru)

times) for all catalysts.

Also, changing the yields of other products by adding Re

were different depending on the kind of precious metal (¼M).

For the gas phase products CH4 and CO2, these yields

increased by adding of Re on the Rh catalyst (twice for CH4 and

1.7 times for CO2), while the yields of them were almost

identical or decreasing in the case of other metal catalysts.

The liquid phase product AcOH increased on all the Re-added

catalysts where the order of the extension of the AcOH yields

was Rh >> Ru > Ir > Pt. However, the yields of AcH over M-Re/

TiO2 were identical or decreasing. Therefore, the addition of

Re seems to lead to acceleration of the reaction Path-II in all

catalysts. The acceleration of the reaction Path-II by Re is

consistent with the catalytic behavior of Re/TiO2 (Entry 5 in

Table 1). Although H2 production activity as well as EtOH

conversion of Re/TiO2 catalyst was the lowest in the compared

catalysts, its trend of products distribution (high yield of AcOH

whereas low yields of AcH, CH4 and CO2) might imply that the

intrinsic catalysis of Re/TiO2 is acceleration of reaction Path-II.

The yields of products on the Re-added catalysts were

certainly higher than the sum of those on the independent

catalysts. That is, M-Re/TiO2 catalysts exhibited higher activ-

ity due to synergy effect.

The results showing in Fig. 1 also support the difference of

the catalyses of M and the synergy effect of the added Re as

described above. The reaction profiles of the Re-added Ir and

Pt catalysts ((h) and (i) of Fig. 1) were close as well as these

observed for the correspondingM/TiO2 ((c) and (d)). The effects

of Re addition to the Ru and Rh catalysts were more drastic as

indicated by the comparison of the set of graphs (a) and (f) for

Ru and (b) and (g) for Rh, respectively. On the both M-Re/TiO2

where M ¼ Ru and Rh, initial H2 production rates were

accelerated with increasing the AcOH production rates. In

case of RueRe/TiO2, however, a yield of H2 reached plateau

within 5 h and the yield of CH4 exceeded that of H2 due to the

highmethanation activity of Ru. In contrast, the initial rates of

all gas phase products were accelerated 2.5e3.5 times by the

addition of Re to the Rh catalyst. Accordingly, the role of added

Re on Rh/TiO2 is apparently the acceleration of both Path-I and

II.

As indicated above, the most active catalyst for H2 pro-

duction was RheRe/TiO2 and the second one was IreRe/TiO2.

However, the catalytic behavior of RheRe/TiO2 was rather

different from that of IreRe/TiO2. Therefore, we focused on

clarifying the role of added Re in the case of Rh- and Ir-based

catalysts. The dependencies of the initial production rates of

various compounds upon the ratios of Re/Rh and Re/Ir were

investigated as depicted in Fig. 2. In the case of the Ir-based

catalysts, the initial formation rates of H2 and AcOH

increased with the increase of Re/Ir ratios to 1.0, while slight

decrease of the rates at Re/Ir ¼ 2.0. In the reaction on the Rh-

based catalysts, the trend of the formation rates of H2 and

AcOH with respect to the Re/Rh ratio is similar to that

observed on the Ir-based catalysts. However, the formation

rates of CH4 and CO2 reached to themaximum on Re/Rh ¼ 0.5,

and that would be a strong support for the acceleration of both

Path-I and II on RheRe/TiO2. Two possible active site struc-

tures may be suggested from these results. The first one is the

formation of some nano-composites between Re and Rh or Ir,

which work as the active species for this reaction, although

the structures of the bimetallic nano-composites might be

different from each other. The other one is the operation of

the two kind metals together, but separately, to change the

reaction pathways.

Reaction of acetaldehyde with H2O over Rh and Ir catalysts

The principle role of the added Rewould be acceleration of the

reaction Path-II. However, the catalytic behaviors of the Ir-

based catalysts (Ir/TiO2 and IreRe/TiO2) were quite different

from those of the Rh-based catalysts (Rh/TiO2 and RheRe/

TiO2). Especially, addition of Re on the Rh catalyst seems to

Table 1 e Product distributions and EtOH conversion after 10 h of EtOHþH2O reaction at 473 K over various TiO2 supported
precious metal catalysts.

Entry Catalysts Gas-phase/mmol g�1
cat Liquid-phase/mmol g�1

cat EtOH conv./% (10 h)

H2 CH4 CO2 AcH AcOH AcOEt

1 Ru/TiO2
a 34.5 124.0 30.6 1.2 3.8 0.1 30.1

2 Rh/TiO2
a 61.2 45.3 32.1 0.3 0 0 14.2

3 Ir/TiO2
a 40.9 6.2 4.9 1.4 8.0 0.6 5.9

4 Pt/TiO2
a 29.2 1.6 1.5 4.5 5.2 0.3 4.3

5 Re/TiO2
b 28.9 0.3 0.3 0.8 6.7 0.6 3.3

6 RueRe/TiO2
c 85.2 109.3 33.8 0.3 24.5 e 36.4

7 RheRe/TiO2
c 131.3 89.0 54.6 0.3 23.9 1.5 36.1

8 IreRe/TiO2
c 86.6 5.6 4.1 0.7 30.2 2.4 14.7

9 PteRe/TiO2
c 52.5 0.6 0 0.9 11.9 e 5.5

Catalyst; 0.5 g. Reactant; 10 vol% EtOHaq 80 mL (274:0 mmol g�1
cat).

Pretreatment; H2 reduction at 623 K, Reaction temp.; 473 K.
a Loading amount of principal metal(Ru, Rh, Ir, and Pt) ¼ 5 wt%.
b Loading amount of Re ¼ 9.5 wt%.
c Additive Re/principal metal molar ratio ¼ 1.
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accelerate the reaction Path-I as well as Path-II. Therefore, we

examined the activity of the Rh- and Ir-based catalysts toward

aqueous phase reaction of acetaldehyde at 473 K as shown in

Fig. 3 for time-course of reaction profiles.

Conversions of AcH were almost completed in any condi-

tions, however, distributions and formation rates of products

were diverse depending on the catalysts and substrate con-

tents (1 vol% or 5 vol%). In the case of 1 vol% aqueous AcH

reaction over Re/TiO2, H2 and AcOHweremajor gas-phase and

liquid-phase products, and the yields of CH4 and CO2 were

quite low. On the other hand, considerable amount of EtOH

was formed due to the equilibrium between EtOH and AcH

through dehydrogenation-hydrogenation (Fig. 3(e)). These

observations suggest that the intrinsic activity of the Re site

immobilized on TiO2 was the acceleration of Path-II in Scheme

1.

When 1 vol% aqueous AcH was applied to the Rh catalysts,

the selectivity of H2 in the gas-phase products and yield of the

liquid-phase AcOH were increased over the Re-added catalyst

(see (a) and (b) of Fig. 3). Formation rates of H2 and AcOH as

well as consumption rate of AcH increased on RheRe/TiO2

compared to those on Rh/TiO2. The presented Rh-based cat-

alysts did not catalyze the aqueous phase reforming of acetic

acid (data not shown), and therefore, formation of CO2 and

CH4 indicated the decomposition of AcH. Although the ac-

celeration of reaction Path-I over RheRe/TiO2 could not be

confirmed when 1 vol% aqueous AcH reactant was applied,

higher AcH content reactions (¼5 vol% aqueous AcH reactant)

suggested that not only Path-II but also Path-I were acceler-

ated over the Re-added Rh catalyst as found for increasing the

formation rates of AcOH, CH4, and CO2 ((f) and (g) of Fig. 3).

In the cases of the Ir-based catalysts Ir/TiO2 and IreRe/

TiO2, their reaction profiles were clearly different from those

observed on the corresponding Rh-based catalysts as shown

in Fig. 3. The yields of AcOH over the Ir catalysts were higher

than those on the Rh systems, and that is consistent with the

difference of the nature of the catalysis of Rh and Ir observed

on the EtOH reforming activities (i.e., predominant occurrence

of the reaction Path-I over Rh and Path-II over Ir). Both H2 and

AcOH formation rates on IreRe/TiO2 became higher than that

on Ir/TiO2. In contrast, the formation rates of the other gas-

phase products (¼CH4 and CO2) were almost identical or

decreasing by addition of Re on the Ir catalyst. Therefore, we

conclude that the added Re effect on the Ir catalyst is the ac-

celeration of the reaction Path-II.

Characterization of catalysts by TEM and XPS analyses as
well as CO adsorption by FT-IR and volumetric methods

In order to get insights into the structural natures of the active

species, TEM observation, XPS analyses as well as CO

adsorption by FT-IR and volumetric methods were conducted

as presented in Table 2 and Figs. 4e6. Fig. 4 shows TEM images

of Rh/TiO2, RheRe(1:1)/TiO2, Ir/TiO2, IreRe(1:1)/TiO2, and Re/

TiO2 catalysts after reduction at 623 K. The dark particles

observed in all the photographs could be assigned to Rh, Ir,

and Re metals by energy dispersive X-ray spectroscopy (EDS)

analysis. In the case of Re/TiO2, we were able to observe well-

dispersed small Re metal particles with average sizes of

1.2 nm. For Rh/TiO2 catalysts, the average particle sizes (dTEM)

decreased from 2.5 to 1.9 nm by adding Re, however, in the

case of Ir/TiO2 catalysts, the average particle sizes (dTEM)

increased from 1.6 to 1.9 by adding Re.

Fig. 5 portrays results of XPS analyses of the reduced Rh/

TiO2, Ir/TiO2 and their Re added catalysts followed by in situ

introduction of H2O vapor. The binding energy of Rh3d5/2

transition was almost zero valence (306.9 eV), which did not

change by adding Re. By deconvolution of the Rh peakwemay

detect the existence of a few % Rh3þ species in Rh0 peak. The

situation closely resembled that in the case of reduced Ir/TiO2

catalysts except that the amount of oxidized Ir4þ species was

estimated around 1/3 of Ir0 peak, which was one order of

magnitude larger than the case of Rh/TiO2 catalyst. For both

catalysts, the binding energy of the added Re indicated the

presence of zero valence Re species in their reduced state,

again suggesting the formation of bimetallic nano-

composites. By introduction of H2O vapor at 473 K, in-situ

XPS observation revealed partially oxidized Re species,

which are expected to be similar to the actual aqueous EtOH

reaction condition.

Fig. 2 e Dependences of the initial rates of various products formation upon the amounts of added Re/Rh and Re/Ir ratios

over (a) RheRe/TiO2 and (b) IreRe/TiO2 catalysts.
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Table 2 presents the amount of adsorbed CO, percent

dispersion (D %), and the estimated particle sizes (dCO) over

various TiO2-supported Rh and Ir catalysts after 623 K reduc-

tion. It is noteworthy that over Rh/TiO2 and Ir/TiO2 catalysts,

the estimated dCO values were 3.7 and 2.9 nm, which were

much larger than the dTEM values (2.5 and 1.6 nm) described

above. These phenomena might be explained by the strong

metal support interaction (SMSI) effect between TiO2 support

and Rh or Ir metal particles. The amounts of adsorbed CO

decreased gradually by the addition of Re in both metals, and

1:1 ratio catalysts exhibited the increase of the estimated dCO
values of 7.2 nm (RheRe) and 3.5 nm (IreRe), respectively. It is

noteworthy to emphasize that all the values of metal particle

sizes estimated from CO adsorption (dCO) are rather different

from the particle sizes observed by TEM photographs (dTEM).

This discrepancy may be explained reasonably if we assume

that excess rhenium oxide left by the formation of a thin oxide

overlayer may cover the Rh and Ir metal surfaces and inhibit

the adsorption of CO.

To study the active site structures in more detail, gas-

phase adsorption of CO followed by its temperature-

programed desorption was investigated by FTeIR spectros-

copy. As depicted in Fig. 6(a), when 10 Torr of CO was intro-

duced onto the freshly reduced Rh/TiO2 at room temperature,

a strong absorption band was observed at 2061 cm�1 together

with the pair peaks at 2108 and 2048 cm�1 (shoulder),

respectively assignable to the linear CO(a) species on top of

Rh0 species and geminal CO(a) peaks on Rhdþ species.

Buchanan et al. reported the disruption of metallic Rh clusters

on reduced Rh/TiO2 by adsorbed CO at temperatures as low as

160 K and the development of two bands around 2100 and

2030 cm�1 at room temperature, assignable to the asymmetric

and symmetric stretching mode of Rhþ(CO)2 [12], which are

very similar to the results obtained in the present study. By

raising the evacuation temperature, the intensities of these

peaks decreased gradually and almost disappeared at 473 K.

The situation was similar in the case of adsorbed CO over

RheRe(1:1)/TiO2 catalyst, as depicted in Fig. 6(b). The main

peakwas observed at 2049 cm�1 with the shoulder at 2105 and

2061 cm�1 assignable to the geminal CO(a) and linear species,

of which the intensity were nearly half that of the non-Re-

added Rh/TiO2 catalyst corresponding rather well to the case

of CO adsorption (Table 2). By evacuation at elevated

temperatures, the intensities of these peaks decreased

considerably and almost disappeared at 473 K.

In the case of CO adsorption over freshly reduced Ir/TiO2,

two overlapping peaks were observed at 2076 and 2065 cm�1

assignable to the linear CO(a) species, together with a

shoulder peak at 1986 cm�1 assignable to the bridged CO(a),

as depicted in Fig. 6(c). By evacuation at elevated tempera-

tures the linear CO(a) peaks shifted to the lower wavenumber

side (2065e2049 cm�1) with a slight decrease of their in-

tensities. However, the bridged CO(a) peak stayed at the

same position with intensity increased at 573 K evacuation.

The situation was rather different in the case of adsorbed CO

over IreRe(1:1)/TiO2 catalyst, as depicted in Fig. 6(d). The

main peakwas observed at 2066 cm�1 assignable to the linear

CO(a), of which the intensity was almost identical to that of

the Ir/TiO2 catalyst. Additionally, characteristic shoulder

peaks were observed at 2009 and 1980, 1951 cm�1, which

were rather similar to those of CO(a) over Re/TiO2, as depic-

ted in Fig. 6(e). By evacuation at elevated temperatures, the

peak position shifted to the lower wavenumber side,

although almost no decrease in intensity was apparent even

at 473 K evacuation.

Efficient active site structures for ethanol APR reaction

In the present study Re addition procedure was carried out by

successive impregnation method as follows; Re precursor

NH4ReO4 was initially impregnated onto TiO2 support fol-

lowed by calcination at 773 K. It is reported that highly

dispersed Re2O7/TiO2 sample shows the Raman bands at 1005

and 795 cm�1, which are attributed to the symmetric and

asymmetric stretching mode of terminal Re]O of the dehy-

drated surface rhenium oxide species on TiO2. We could

obtain the similar Raman bands in the present study (not

shown) [13,28,29]. After that, Rh and Ir precursors were

impregnated to Re/TiO2, followed by the reduction with H2 at

623 K for 2 h. In the case of Rh/TiO2 catalyst, the average

particle size determined by TEMdecreased to 4/5 by adding Re,

probably because of some stronger interaction of Rh pre-

cursors with ReOx overlayers on top of TiO2 support and the

prevention of Rh metal sintering. On the other hand, in the

case of Ir/TiO2 catalysts, the average particle size determined

by TEM increased to 4/3 by adding Re, suggesting the stronger

Table 2 e Characterization of various TiO2 supported catalysts.

Entry Catalysts Surf. Area/m2 g�1 Amt. of CO(a)/cm3 g�1 Disp./% Particle size/nm

CO(a) TEM

1 Ru/TiO2
a 49.8 2.1 19.3 6.8 2.3

2 Rh/TiO2
a 51.1 3.0 27.7 3.7 2.5

3 Ir/TiO2
a 48.6 2.5 43.6 2.9 1.6

4 Pt/TiO2
a 44.7 0.3 5.8 19.2 e

5 Re/TiO2
b e 2.1 e e 1.2

6 RheRe/TiO2
c 36.8 2.3 20.8 5.2 1.9

7 IreRe/TiO2
c 37.9 2.1 35.4 3.6 1.9

a Loading amount of principal metal(Ru, Rh, Ir, and Pt) ¼ 5 wt%.
b Loading amount of Re ¼ 9.5 wt%.
c Additive Re/principal metal molar ratio ¼ 1.
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interaction between Ir and Re during the reduction process

after successive impregnation of Ir precursors.

As mentioned already in Introduction section, we investi-

gated the effect of Re addition upon APR of methanol over

SiO2, ZrO2 and TiO2 supported Ir catalysts [14]. Two different

enhancement manners were realized depending on the

complicated combination between the kind of additives and

supports. In the cases of IreRe/SiO2 and IreRe/ZrO2, hydrogen

formation rate was accelerated remarkably by the formation

of some nano-composites between Ir and Re, where the re-

action proceeds through partially dehydrogenated alcohol

intermediate and the rate determining step is dehydrogena-

tion of methanol [10]. On the other hand, in the case of IreRe/

TiO2, the formation of thin monolayer-like structure of ReOx

Fig. 4 e TEM images and particle size distributions of various TiO2 supported Rh and Ir catalysts. (a) Rh/TiO2, (b) RheRe(1:1)/

TiO2, (c) Ir/TiO2, (d) IreRe(1:1)/TiO2, (e) Re/TiO2.
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Fig. 6 e FT-IR spectra of CO adsorption at room temperature and following TPD over (a) Rh/TiO2, (b) RheRe(1:1)/TiO2, (c) Ir/

TiO2, (d) IreRe(1:1)/TiO2, (e) Re/TiO2.

Fig. 5 e XPS analyses of Rh/TiO2, Ir/TiO2 and Re added catalysts. (a) Rh/TiO2, (b) RheRe(1:1)/TiO2, (c) Ir/TiO2, (d) IreRe(1:1)/

TiO2; (1) after in-situ reduction at 623 K, and (2) after in-situ exposure to H2O vapor at 473 K.
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on TiO2 surface was important for the acceleration of hydra-

tion process. As described in the previous section, we may

have both kinds of active site structures on IreRe/TiO2 cata-

lysts, which may play important roles in the acceleration of

EtOH reaction.

In order to obtain the information about the active site

structures during APR reaction, model reaction of gas-phase

EtOH þ H2O was carried out at 473 K inside the IR cell.

Fig. 7(a) presents the FTeIR spectra of adsorbed species when

gaseous ethanol and water vapor was introduced onto freshly

reduced Rh/TiO2 disk at 473 K for 1 h. A linearly adsorbed CO(a)

peak was observed at 2053 cm�1. However, no germinal peak

was observed, indicating the absence of Rhdþ species during

gaseous EtOH þ H2O reaction at 473 K. Instead, a rather strong

peak was observed at 1859 cm�1, which can be assigned to

bridged CO(a) species. In the case of RheRe/TiO2 (Fig. 7(b)), the

linear CO(a) peak shifted to 2033 cm�1 with the disappearance

of bridge CO(a). In the case of EtOHþH2O reaction over Ir/TiO2,

a linearly adsorbed CO peak was observed at 2011 cm�1, of

which the position was 50 cm�1 lower in wavenumber than

that of the CO(a) peak observed in gaseous CO adsorption

(Fig. 7(c)). These results show that rather drastic steric as well

as electronic modification might proceed during reforming

reaction at 473 K.

Conclusions

The catalytic properties of a series of M/TiO2 to the aqueous

phase reforming of ethanol were compared, and the order of

the H2 production activity was Rh > Ir > Ru > Pt. The intrinsic

catalysis of the precious metals supported on TiO2 was

diverse; Rh and Ru drove the decomposition of the initial

formed acetaldehyde and following water-gas shift reaction,

whereas Ir and Pt mediated the acetic acid formation through

the hydration of acetaldehyde. Addition of Re onto M/TiO2 led

improvements in the EtOH conversion as well as the yields of

H2 and acetic acid in all catalysts, and drastic additive effect

was observed on the Rh and Ir catalysts. The following points

are key findings on the effects of Re addition on the APR of

ethanol over Rh/TiO2 and Ir/TiO2 catalysts:

(1) In the case of Rh/TiO2, Re addition effect for ethanol APR

was as follows; the amounts of both H2 and CH4

increased two times more with 1.5 times for CO2, while

the amount of AcOH was greatly enhanced. Average

particle sizes (dTEM) decreased to four fifth by adding Re,

because of certain anchoring effect of ReOx overlayers

on top of TiO2 surface during the successive impreg-

nation process of Rh precursors. RheRe bimetallic

nano-composites were formed by the following reduc-

tion process.

(2) In the case of Ir/TiO2, the amounts of H2 and AcOH

increased twice and four timesmore respectively by the

addition of Re, although the amounts of CH4 and CO2

were almost the same. Average particle sizes (dTEM)

increased to four third by adding Re, suggesting the

stronger interaction between Ir and Re during the

reduction process of Ir precursors, and forming IreRe

bimetallic nano-composites.

(3) The role of added Re was the acceleration of the hy-

dration of AcH to form AcOH rather than the decom-

position of AcH to formCH4 and CO on both Rh/TiO2 and

Ir/TiO2 catalysts. Well dispersed bimetallic nano-

composites would work as the active sites for EtOH

dehydrogenation and AcH decomposition, whereas

partially oxidized Re sitesmaywork for the hydration of

AcH to form AcOH.
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ABSTRACT: The decomposition of poly(vinylidene fluoride) (PVDF) and ethylene−tetrafluoroethylene copolymer (ETFE) in
subcritical and supercritical water was investigated. Heating PVDF in supercritical water at 380 °C for 6 h with an approximately
5.8-fold molar excess of O2 relative to the fluorine or carbon content in the polymer afforded F− and CO2 in 96.9% and 99.3%
yields, respectively. ETFE was also efficiently mineralized to F− (97.6%) and CO2 (98.2%) with an 11-fold molar excess of O2
relative to the fluorine or carbon content of the polymer under the same reaction conditions. The PVDF and ETFE reactivities
differed markedly under argon: PVDF formed mainly F−, CO2 formation was suppressed, and a carbon-rich residue formed; in
contrast, ETFE was unreactive. This difference suggests that PVDF decomposed via dehydrofluorination in the absence of O2,
whereas ETFE did not. Adding stoichiometric Ca(OH)2 to the reaction in the presence of O2 afforded X-ray spectrometrically
pure CaF2.

■ INTRODUCTION

Owing to their high chemical and thermal stability,
fluoropolymers (olefinic polymers in which some or all of the
hydrogen atoms are replaced by fluorine atoms) are used in
industrial equipment to impact corrosion resistance. Poly-
(tetrafluoroethylene) (PTFE, −(CF2CF2)n−) is the most
frequently used fluoropolymer.1 However, PTFE cannot be
processed by melt molding, a conventional technique for
fabricating thermoplastic polymers, because the viscosity of the
PTFE melt (109−1011 Pa s) is about 6 orders of magnitude
higher than that of common thermoplastic polymers.1 To
overcome this weakness, melt-processable fluoropolymers, such
as poly(vinylidene fluoride) (PVDF, −(CF2CH2)n−) and
e thy l ene− t e t r afluoroe thy lene copo lymer (ETFE,
−(CH2CH2)m(CF2CF2)n−), which can be fabricated by melt
processes including extrusion, injection, compression, and blow
molding, have been developed and introduced in industry.1−5

Melt-processable fluoropolymers show high resistance to
temperature, chemicals, ignition, mechanical stresses, UV
irradiation, and weather and have been used for various
applications, including piping, tubing, valves, sinks, cables, films,
and lithium ion battery electrode binders. It is estimated that
the proportion of PTFE to the total global fluoropolymer
demand will decrease gradually to 52% in 2016 (from 61% in
1996), during which time total fluoropolymer demand is
expected to increase from 115 000 to 305 000 tons.1 Wider use
of melt-processable polymers will require the establishment of
waste treatment. Some of these polymers are recycled, and they
can also be incinerated. However, incineration requires high
temperatures to break the strong C−F bonds, and the hydrogen
fluoride gas that forms can damage the firebrick of an
incinerator. Thus, in many cases, the wastes of these polymers
are disposed of in landfills. If the polymers could be
decomposed to F− ions (that is, mineralized) by means of
environmentally benign techniques, the well-established proto-

col for treatment of F− ions could be used, whereby Ca2+ is
added to the system to form CaF2, which is a raw material for
hydrofluoric acid. Thus, the development of such a method
would allow the recycling of fluorine, the global demand for
which is increasing.
Several studies have focused on the degradation of PVDF

and ETFE.6−13 However, most of the previous studies
examined the thermal stability or aging characteristics of the
polymers; none focused on their decomposition to obtain F−

ions for waste treatment. Only one report, a patent13 describing
monomer production for numerous polymers in supercritical
water, noted PVDF as an applicable species, but no specific
results were shown.
Reactions in subcritical or supercritical water are recognized

as an innovative and environmentally benign waste-treatment
technique, owing to the high diffusivity and low viscosity of
these media, as well as their ability to hydrolyze many organic
compounds.14 Subcritical water is defined as hot water with
sufficient pressure to maintain the liquid state, and supercritical
water is defined as water at temperatures and pressures higher
than the critical point, 374 °C and 22.1 MPa. Recently,
supercritical water was used for pilot- and practical-plant-scale
decomposition of trinitrotoluene15 and polychlorinated biphen-
yls.16 Depolymerization of common polymers such as poly-
(ethylene telephtalate) in subcritical water was also inves-
tigated.17−19 We previously demonstrated that a perfluoroalkyl
sulfonic acid membrane polymer for fuel cells can be efficiently
decomposed in subcritical water in the presence of metals.20

Herein, we report on the decomposition of PVDF and ETFE in
subcritical and supercritical water, and we present an effective
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method for complete mineralization of the fluorine and carbon
in these polymers to F− and CO2, respectively. Furthermore,
we report that CaF2 forms upon addition of a stoichiometric
amount of Ca(OH)2 to the reaction system.

■ EXPERIMENTAL SECTION
Materials. Powered PVDF was purchased from SynQuest

Laboratories (Alachua, FL). Size-exclusion chromatography
indicated that the weight-average molecular weight of this
polymer was 6.47 × 105 with a polydispersity of 2.52. ETFE
powder with an estimated weight-average molecular weight of
105−106 and a 50/50 ethylene/tetrafluoroethylene ratio (i.e.,
the m/n ratio in −(CH2CH2)m(CF2CF2)n−) was obtained from
Asahi Glass (Tokyo, Japan).21 Combustion ion chromatog-
raphy22 revealed that the fluorine contents in PVDF and ETFE
were 60.7 and 60.6 wt %, respectively; these values are slightly
higher than the corresponding ideal values (both 59.3 wt %).
These analytical values were used to calculate the F− yields of
the reactions. Argon (99.99%), O2 (99.999%), and CO2
(0.995%)/N2 gases were purchased from Taiyo Nippon
Sanso (Tokyo, Japan). C2H4 (99.5%) and C2H6 (99.5%)
were obtained from GL Sciences (Tokyo, Japan).
HOOCCH2COOH (>98%), HOOCCOOH (>98%), 1,3,5-
trifluorobenzene, and other reagents were obtained from Wako
Pure Chemical Industries (Osaka, Japan).
Reaction Procedures. Reactions were carried out in a

stainless steel high-pressure reactor fitted with a gold vessel to
prevent contamination from the reactor material. The internal
volume of the reactor was 96 mL. In a typical run in the
presence of O2, oxygen-saturated Milli-Q water (30 mL) and 90
mg of the polymer (PVDF or ETFE) were introduced into the
reactor, which was then pressurized to 0.60 MPa with O2,
sealed, and heated to the desired temperature (150−380 °C).
During the reactions, the mixture was stirred with a gold-plated
impeller. After a specified time passed, the reactor was quickly
cooled to room temperature, and the reaction solution was
subjected to ion chromatography and attenuated total reflection
infrared (ATR-IR) spectrometry. The gas phase was collected
with a sampling bag and subjected to gas chromatography
(GC) and gas chromatography−mass spectrometry (GC/MS).
Control experiments were conducted with argon instead of O2.
The reactions involving stoichiometric amount of Ca(OH)2
(the molar amount was half the molar amount of fluorine
atoms in the polymer) were also performed: the white
precipitate that formed during these reactions was collected
by centrifugation, washed with pure water, and subjected to X-
ray diffractometry (XRD).
Analysis. The molecular weight of PVDF was determined

by means of size-exclusion chromatography with a refractive
index detector (RID-10A, Shimadzu, Kyoto, Japan) and an
analytical column (PLgel 10 μm Mixed-B × 2, Agilent
Technologies, Santa Clara, CA). The mobile phase was N, N-
dimethylformamide containing LiBr (10 mM), and the flow
rate was 1.0 mL min−1. Molecular weight and molecular weight
distribution are reported relative to polystyrene as a standard.
The fluorine content in the polymers was quantified by
combustion ion chromatography at Nissan Arc (Yokosuka,
Japan) on an instrument consisting of a combustion unit
(AQF-100, Dia Instruments, Chigasaki, Japan; matrix combus-
tion temperature, 1100 °C) and an ion chromatograph unit
(Dionex ICS-3000, Thermo Fisher Scientific, Waltham, MA).
The fluorine content of the sample was converted to HF by
combustion and absorbed into a solution containing Na2CO3

(2.7 mM), NaHCO3 (0.3 mM), and H2O2 (26.5 mM) and was
then transferred to the ion-chromatograph unit.
The F− concentrations were measured with an ion-

chromatography system (IC-2001, Tosoh, Tokyo, Japan)
consisting of an automatic sample injector (30 μL injection
volume), a degasser, a pump, a guard column (TSKguard
column Super IC-A, 4.6 mm i.d., 1.0 cm length, Tosoh), a
separation column (TSKgel Super IC-Anion, 4.6 mm i.d., 15
cm length, Tosoh), a column oven (40 °C), and a conductivity
detector with a suppressor device. The mobile phase was an
aqueous solution containing Na2B4O7 (6 mM), H3BO3 (15
mM), and NaHCO3 (0.2 mM); the flow rate was 0.8 mL min−1.
An ion-chromatography system (IC-2001) with a separation
column (TSKgel Super IC-AP, 4.6 mm id, 7.5 cm length,
Tosoh) was also used to quantify the organic acids
(HOOCCH2COOH and HOOCCOOH). The mobile phase
was an aqueous solution containing NaHCO3 (1.7 mM),
Na2CO3 (1.8 mM), and acetonitrile (23 vol %). ATR-IR
spectra were recorded with a FTIR spectrophotometer
(Spectrum 100, PerkinElmer, Waltham, MA) with a diamond
ATR cell. The reaction solution was dropped into the ATR cell,
concentrated to dryness with a gentle N2 stream, and then
subjected to measurement.
A GC system (GC 323, GL Sciences) consisting of an

injector (150 °C), a column oven (110 °C), and a thermal
conductivity detector (130 °C) was used to quantify CO2. The
column was an active carbon column (60/80 mesh, 2.17 mm
i.d., 2 m length), and the carrier gas was argon. The products in
the gas phase were also analyzed with a GC/MS (QP2010 SE,
Shimadzu) system with a fused-silica capillary column (Rt-Q-
BOND, Restek, Bellefonte, PA). The carrier gas was helium,
and the injection temperature was held constant at 120 °C. The
sample gas was introduced into the GC/MS system in split
mode (ratio, 20/1) and analyses were conducted in full-scan
mode (m/z 2.0−200). The oven temperature was held constant
at 30 °C for 30 min or kept at 30 °C for 5 min, raised to 200 °C
at a rate of 20 °C min−1, and held at that temperature for 20
min. XRD patterns were measured with Cu Kα radiation
(Multiflex, Rigaku, Tokyo, Japan).

■ RESULTS AND DISCUSSION

Reactions of PVDF. Initially, we carried out the reactions of
PVDF in the presence of argon (i.e., in the absence of O2) to
investigate the reactivity of the polymer in pure subcritical and
supercritical water. The temperature dependences of the
amount of F− in the reaction solution and CO2 in the gas
phase at a constant reaction time of 6 h are shown in Figure 1a.
A solid residue was present after all these reactions. At 250 °C,
almost no mineralization of the polymer occurred: the amount
of F− in the aqueous phase after 6 h was 0.028 mmol, which
corresponds to a F− yield [(moles of F− formed)/(moles of
fluorine in the polymer)] of 0.97%. Similarly, the amount of
CO2 was 0.014 mmol, which corresponds to a yield [(moles of
CO2 formed)/(moles of carbon in the polymer)] of 0.50%. In
contrast, F− clearly formed during the reaction at around 300
°C, and the amount of F− increased with increasing reaction
temperature. At 380 °C, the temperature at which the water
reached the supercritical state, the amount of F− reached 2.56
mmol (88.9%; Table 1, entry 1). Note that in this study, the
temperature at which efficient decomposition of PVDF was
observed in subcritical water (≥300 °C) was considerably lower
than that (∼440 °C) reported for a pyrolysis experiment.6
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Although a large amount of F− was detected, the amount of
CO2 that formed remained low and was almost constant from
300 to 380 °C (Figure 1a); even when the reaction was carried
out at 380 °C, only 0.27 mmol of CO2 formed (9.6%; Table 1,
entry 1). This yield was considerably lower than F− yield
(88.9%). GC/MS measurement revealed that the gas phase
contained trace amounts of C2H6 (0.09 μmol) and 1,3,5-
trifluorobenzene (0.35 μmol). We used ion chromatography to
quantify the organic acids that formed in the reaction solution:
some of the solutions contained small amounts (on the order of
micromoles) of HOOCCH2COOH and HOOCCOOH. The
amounts of the organic acids reached maxima at around 300 °C
and then decreased as the temperature was increased further
(Figure 1b), suggesting that these species were reaction
intermediates.
Although organic acids were detected in the reaction

solutions, the amounts were 3 orders of magnitude lower
than the amount of F−. This result and the low yield of CO2
suggest that most of carbon was in the solid residue. Consistent
with this suggestion, elemental analysis of the solid after the

reaction at 380 °C for 6 h indicated that most of the solid was
carbon (C, 79.6 wt %; F, 4.3 wt %).
The reported data for thermolysis of PVDF6−8 suggest two

plausible mechanisms for PVDF decomposition: dehydrofluori-
nation (Scheme 1a) and depolymerization (Scheme 1b). The
former mechanism results in the formation of carbon-rich
residue, whereas depolymerization produces CH2CF2 mono-
mer, as has been reported for the thermolysis of PTFE.23−25

The fact that in our reaction, in the presence of argon, no
CH2CF2 was detected (as indicated by GC/MS) and a carbon-
rich solid and a large amount of F− formed suggests that under
these conditions, the decomposition of PVDF proceeded via
the dehydrofluorination mechanism. Dehydrofluorination was
followed by scission of the polymer chain, as reflected by the
formation of 1,3,5-trifluorobenzene.

Effect of O2. Mineralization of the fluorine in PVDF to F−

was not complete (88.9% yield) in pure supercritical water in
the presence of argon. Furthermore, the formation of the solid
residue is not ideal for waste treatment, because the solid
requires additional treatment. Therefore, to achieve complete
mineralization, we performed reactions in the presence of O2.
The addition of O2 (initial pressure 0.6 MPa, i.e., 16.5 mmol)
to the reaction system dramatically changed the product
distribution (Figure 2). Compared to the reactions in the
presence of argon, the reaction in the presence of O2 resulted in
a greater degree of mineralization to F− and efficient formation
of CO2.
When the reaction was carried out at 380 °C with O2, the

amounts of both F− and CO2 reached 2.79 mmol (96.9% and
99.3% yields, respectively; Table 1, entry 2). In contrast to the
reactions in the presence of argon, the reactions in the presence
of O2 resulted in no quantifiable amounts of gaseous products
other than CO2. The reaction atmosphere also affected the
temperature dependence of the formation of organic acids.
When the reaction was carried out in the presence of O2, the
amount of HOOCCH2COOH increased with increasing
temperature (Figure 2b), which indicates that scission of the
polymer chain efficiently occurred.
Increasing the initial amount of O2 to 30.5 mmol resulted in

F− and CO2 yields that were almost the same as those when
16.5 mmol of O2 was used (compare entries 2 and 3 in Table
1). Thus, virtually complete mineralization of the polymer was
achieved in the presence of at least 16.5 mmol of O2, which is
approximately 5.8 times the molar amount of fluorine or carbon
in the polymer. PVDF decomposition at 380 °C in the presence
of 16.5 mmol of O2 with shorter reaction time was also
investigated (Table 2). The mineralization of the polymer was
not complete after 0.5 h, as indicated by the fact that F− and

Figure 1. Temperature dependence of PVDF decomposition in the
presence of argon: detected amounts of (a) F− and CO2 and (b)
organic acids. PVDF (90 mg; fluorine content, 2.88 mmol; carbon
content, 2.81 mmol) and pure water (30 mL) were introduced into the
reactor, which was pressurized with argon (0.60 MPa) and heated at
250−380 °C for 6 h.

Table 1. Decomposition of PVDF and ETFE in Supercritical Watera

entry polymer
initial O2
(mmol)

reaction pressure
(MPa)

F− (mmol)
[yield (%)]b

CO2 (mmol)
[yield (%)]c

HOOCCOOH
(μmol)

HOOCCH2COOH
(μmol)

1 PVDF noned 24.2 2.56 [88.9] 0.27 [9.6] n.d.e 0.44
2 PVDF 16.5 23.8 2.79 [96.9] 2.79 [99.3] n.d. 4.31
3 PVDF 30.5 24.9 2.83 [98.3] 2.70 [96.1] n.d. 0.45
4 ETFE none 23.7 0.24 ± 0.04 [8.4 ± 1.4] 0.05 ± 0.01 [1.8 ± 0.3] n.d. trace
5 ETFE 9.95 23.3 1.55 [54.0] 1.79 [63.7] n.d. 0.21
6 ETFE 16.5 23.3 2.49 [86.8] 2.37 [84.3] 0.12 0.88
7 ETFE 30.2 23.6 2.80 [97.6] 2.76 [98.2] n.d. 0.49

aThe polymer (90 mg) and pure water (30 mL) were introduced into the reactor, which was pressurized with O2 and then heated at 380 °C for 6 h.
bF− yield (%) = [(moles of F− formed)/(moles of fluorine in polymer)] × 100. cCO2 yield (%) = [(moles of CO2 formed)/(moles of carbon in
polymer)] × 100. dReaction in the presence of argon. eNot detected.
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CO2 yields were 89.9% and 89.3%, respectively (entry 1). After
1 h, the F− and CO2 yields reached 98.3% and 102%,
respectively (entry 2). These values were similar to those after 6
h (entry 3), indicating that reaction time of 1−6 h was enough
for complete mineralization.
On the basis of our analysis of the products, we propose the

reaction mechanism outlined in Scheme 2 for the decom-
position of PVDF in the presence of O2. First, a hydrogen atom
is abstracted from a −CH2− group:

− −

→ − · −

CF CH CF CH CF CH CF

CF CH CF CH CF CH CF
2 2 2 2 2 2 2

2 2 2 2 2 2 (1)

The resulting radical reacts with O2 in the presence of water
to produce a hydroperoxide:

− · −

→ − −

CF CH CF CH CF CH CF

CF CH CF CH(OOH)CF CH CF
2 2 2 2 2 2

2 2 2 2 2 2 (2)

This product is unstable and can cause scission of the main
chain, which results in a terminal −CF2• radical and an
aldehyde:

− − → −

+ −

•CF CH CF CH(OOH)CF CH CF CF CH CF

HC(O)CF CH CF
2 2 2 2 2 2 2 2 2

2 2 2 (3)

The −CF2• radical can be transformed to an acid fluoride
(−COF) in the presence of O2, and the aldehyde can either

Scheme 1. Possible Mechanisms for the Decomposition of PVDF in the Presence of Argon, as Suggested by Thermolysis Data

Figure 2. Temperature dependence of PVDF decomposition in the
presence of O2: (a) detected amounts of F− and CO2 and (b) organic
acids. PVDF (90 mg; fluorine content, 2.88 mmol; carbon content,
2.81 mmol) and pure water (30 mL) were introduced into the reactor,
which was pressurized with O2 (0.60 MPa; 16.5 mmol) and heated at
200−380 °C for 6 h.

Table 2. Time Dependence of PVDF Decomposition in the Presence of O2 in Supercritical Watera

entry reaction time (h) reaction pressure (MPa) F− (mmol) [yield (%)] CO2 (mmol) [yield (%)] HOOCCOOH (μmol) HOOCCH2COOH (μmol)

1 0.5 22.9 2.59 [89.9] 2.51 [89.3] n.d. 0.69
2 1 24.3 2.83 [98.3] 2.87 [102] n.d. 1.83
3 6 23.8 2.79 [96.9] 2.79 [99.3] n.d. 4.31

aThe polymer (90 mg) and pure water (30 mL) were introduced into the reactor, which was pressurized with O2 (16.5 mmol) and then heated at
380 °C.
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undergo direct cleavage of the C−C bond to form a terminal
−CF2• radical or can be oxidized to a carboxylic acid, which is
subsequently cleaved as shown in Scheme 2. The acid fluoride
is hydrolyzed to the corresponding carboxylic acid. This
sequence of steps leads to complete mineralization of PVDF.
Reactions of ETFE. Because PVDF was efficiently

mineralized in the presence of O2, reactions of ETFE in
subcritical and supercritical water were also carried out by
means of the same approach (Figure 3). When the reaction of
ETFE in the presence of O2 (16.5 mmol) was carried out at
150 °C for 6 h, almost no F− and CO2 formed (Figure 3a), and
a solid residue formed. The formation of F− and CO2 was
clearly observed at 200 °C, and the ATR-IR spectrum of the
reaction mixture showed broad peaks around 1600−1700 cm−1,
which can be assigned to carboxyl groups, indicating that the
polymer had been oxidized. The solid residue did not form
when the reaction temperature exceeded above 250 °C, and the
amounts F− and CO2 increased monotonously with increasing
temperature. When the reaction was carried out at 380 °C, the
amounts of F− and CO2 reached 2.49 and 2.37 mmol (86.8%
and 84.3% yields, respectively; Table 1, entry 6). These values
are somewhat lower than those observed for PVDF under the
same reaction conditions (96.9% and 99.3%; Table 1, entry 2).
In the reaction solutions, small amounts of HOOCCH2COOH
and HOOCCOOH were also detected (Figure 3b). In an
attempt to achieve complete mineralization, we extended the
reaction time of ETFE in supercritical water at 380 °C in the
presence of O2 (16.5 mmol) (Figure 4). Although the amounts
of F− and CO2 increased rapidly at the beginning of the
reaction (<1 h), the amounts tended to saturate after 4.5 h
(Figure 4a). When the reaction time was prolonged to 18 h, the
amounts of F− and CO2 reached 2.44 and 2.40 mmol (85.0%
and 85.4% yields, respectively), values that were almost the
same as those observed for the 6 h reaction. Next, reactions

with a higher amount of O2 were carried out. Increasing the
amount of O2 to 30.2 mmol increased the amounts of F− and
CO2 to 2.80 and 2.76 mmol, respectively, after reaction for 6 h
(97.6% and 98.2% yields, respectively; Table 1, entry 7). That
is, virtually complete mineralization of ETFE was achieved with

Scheme 2. Proposed Mechanism for the Decomposition of PVDF in the Presence of O2

Figure 3. Temperature dependence of ETFE decomposition in the
presence of O2: detected amounts of (a) F− and CO2 and (b) organic
acids. ETFE (90 mg; fluorine content, 2.87 mmol; carbon content,
2.81 mmol) and pure water (30 mL) were introduced into the reactor,
which was pressurized with O2 (0.60 MPa; 16.5 mmol) and heated at
150−380 °C for 6 h.
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30.2 mmol of O2, which is 11 times the molar amount of
fluorine or carbon in the polymer.
Whereas CO2 formation from PVDF depended on the

amount of O2, F
− formed efficiently even if O2 was absent

(Figure 1a), although the amount of F− was somewhat lower
than that in the presence of O2. In the case of ETFE, the
formation of both F− and CO2 depended on the amount of O2.
When the reaction was carried out with relatively low amount
of O2 (9.95 mmol) for 6 h, the amounts of F− and CO2
dramatically decreased, to 1.55 and 1.79 mmol (54.0% and
63.7% yields, respectively; Table 1, entry 5). Furthermore, in
the absence of O2, that is, in the presence of argon, the amounts
of F− and CO2 further decreased, to 0.24 ± 0.04 and 0.05 ±
0.01 mmol (8.4 ± 1.4% and 1.8 ± 0.3% yields, respectively;
Table 1, entry 4), and a solid residue formed. Elemental
analysis indicated that the solid consisted of both carbon and
fluorine with a high ratio (C 53.5 wt %, F 40.0 wt %). This
result indicates that unreacted ETFE remained under these
reaction conditions. These observations suggest that dehydro-
fluorination made only a minor contribution to the
decomposition of ETFE, in contrast to the decomposition of
PVDF.
Monomer formation during the reactions of ETFE was

investigated. When the reaction was carried out at 380 °C with
O2 (16.5 mmol) for 6 h, no monomer species (C2F4, C2H4, and
CH2CF2) were detected. In contrast, in the absence of O2, a
trace amount (0.02−0.03 μmol) of C2H4 was detected, whereas
no C2F4 or CH2CF2 was detected. That is, the reactions in
supercritical water did not produce meaningful amounts of
monomer species.
As described above, when the reaction was carried out in the

presence of argon (in the absence of O2), PVDF produced a
large amount of F− and a carbon-rich residue, whereas very
little of either F− or CO2 formed from ETFE. The poor
reactivity of ETFE in the absence of O2 may be ascribed to the

difficulty of the abstracting a methylene hydrogen atom. In
PVDF, each −CH2− group is connected to two −CF2− groups,
which are strongly electron withdrawing. The alternation of
−CH2− and −CF2− groups may facilitate the abstraction of a
hydrogen atom and subsequent dehydrofluorination along the
chain. In contrast, ETFE used here consists of alternation of
−CH2CH2− and −CF2CF2− groups, that is, the −CH2− group
is connected to one −CF2− group and one −CH2− group.
This arrangement may suppress abstraction of the hydrogen
atom when O2 is absent. In other words, the difference in the
environment around the −CH2− group gives rise to different
mineralization behavior of the two polymers. When O2 is
present, abstraction of a hydrogen atom from ETFE can occur
to a significant extent to produce a hydroperoxide group in the
main chain:

− · −

→ − −

CF CF CH CH CF CF CH CH

CF CF CH CH(OOH)CF CF CH CH
2 2 2 2 2 2 2

2 2 2 2 2 2 2 (4)

After formation of the hydroperoxide group, the decom-
position of ETFE may proceed via scission of the main chain, in
a similar manner to that proposed for PVDF (Scheme 2).

CaF2 Formation. To determine whether CaF2 formed in
our reaction system, we performed polymer decomposition
reactions in the presence of Ca(OH)2. When PVDF (90 mg)
and a stoichiometric amount of Ca(OH)2 (1.44 mmol) in pure
water (30 mL) were heated at 380 °C for 6 h with O2 (30.2
mmol), a white precipitate formed. The XRD pattern of the
precipitate measured after it was collected and washed with
pure water indicated that it was pure CaF2 (Figure 5). The

molar amount of CaF2 was 1.02 mmol, which corresponds to
2.04 mmol of fluorine atoms (or 70.8% of the 2.88 mmol of
fluorine atoms in PVDF). In a similar manner, when ETFE (90
mg) was reacted in the presence of a stoichiometric amount of
Ca(OH)2 (1.44 mmol) and O2 (30.2 mmol) at 380 °C for 6 h,
X-ray spectrometrically pure CaF2 (0.943 mmol, 65.7% yield)
was obtained.

Figure 4. Time dependence of ETFE decomposition in the presence
of O2: detected amounts of (a) F− and CO2 and (b) organic acids.
ETFE (90 mg; fluorine content, 2.87 mmol; carbon content, 2.81
mmol) and pure water (30 mL) were introduced into the reactor,
which was pressurized with O2 (0.60 MPa; 16.5 mmol) and heated at
380 °C for 0.5−18 h.

Figure 5. XRD pattern of the precipitate obtained from reaction in the
presence of Ca(OH)2. PVDF (90 mg), Ca(OH)2 (1.44 mmol) and
pure water (30 mL) were introduced into the reactor, which was
pressurized with O2 (1.1 MPa, 30.2 mmol) and heated at 380 °C for 6
h, after which the precipitate was collected.
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■ CONCLUSION
Decomposition of PVDF and ETFE in subcritical and
supercritical water was investigated. Addition of O2 to the
reaction system led to efficient mineralization of both polymers
to F− and CO2. When PVDF was heated in supercritical water
at 380 °C for 6 h with an approximately 5.8-fold molar excess of
O2 relative to the fluorine or carbon content in the polymer, the
F− and CO2 yields reached 96.9% and 99.3%, respectively; that
is, virtually complete mineralization of the polymer was
achieved. ETFE was also efficiently mineralized, although
more O2 was required (an 11-fold molar excess relative to the
fluorine or carbon content in the polymer), leading F− and CO2
yields of 97.6% and 98.2%, respectively, after reaction at 380 °C
for 6 h. The reactivities of PVDF and ETFE differed markedly
in the presence of argon, that is, in the absence of O2: the
reaction of PVDF produced a large amount of F− but little
CO2, and a carbon-rich residue formed; whereas ETFE was
unreactive under these conditions, showing very little formation
of either F− or CO2. These results suggest that PVDF can
decompose via dehydrofluorination, whereas ETFE cannot.
Addition of stoichiometric Ca(OH)2 to the reaction system
resulted in the formation of X-ray spectrometrically pure CaF2
(70.8% and 65.7% yields for PVDF and ETFE, respectively).
Further application of this method to other fluoropolymers is

being investigated in our laboratory.
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Introduction 
Perchlorate has been reported to occur in aquatic environments, drinking water and foodstuffs, and in humans1-8.
The ammonium and potassium salts of ClO4

– are used as oxidizers in jet and rocket fuels, pyrotechnic devices, 
explosives, fireworks, vehicle air bag inflators and so forth.  Improper treatment of wastes associated with 
manufacture and use of these products can act as significant stationary sources of ClO4

– in the environment6.
Furthermore, sources attributable to industrial effluents7, fireworks manufacturing operations5, and fireworks 
displays3 were recently indicated.  Therefore, development of decomposition technologies for ClO4

– to harmless 
Cl– under mild condition is desired as a measure against stationary sources of emission.  

Recently, reactions with pressurized hot water (PHW) have been recognized as an innovative and 
environmentally benign technique in water treatment.  PHW is defined as hot water at sufficient pressure to 
maintain the liquid state, below the critical point of water (374 ºC, 22.1 MPa).  PHW has many characteristics 
that are favorable for chemical reactions: high diffusivity, low viscosity, and the ability to accelerate acid- and 
base-catalyzed reactions9. 

In this study, we examined decomposition of ClO4
– in PHW up to 300 ºC, and examined the effect of several 

zerovalent metals in the reaction system10.  Among metals we tested, iron led to the most efficient decomposition 
of ClO4

– to Cl– ion, with no formation of other chlorinated species such as chlorate (ClO3
–) and chlorite (ClO2

–).  
We also applied this method to the decomposition of a ClO4

– contaminated water sample from a man-made 
reflecting pond, following fireworks display in Albany, New York3.

Materials and methods 
A stainless steel high-pressure tube reactor (11 mL volume) equipped with two stainless steel screw caps was 
used.  In a typical run, an argon-saturated aqueous (Milli-Q water) solution (3.5 mL) of ClO4

– (101–204 M) and 
metal powder (0.91 mmol) were introduced into the reactor under an argon atmosphere by use of a globe bag, 
and the reactor was sealed.  Then the reactor was placed into an oven, and the reactor temperature was raised at a 
rate of ca 10 ºC min–1 to the desired reaction temperature (80–300 ºC), and the temperature was held constant for 
a specified time (e.g., 6 h).  After the specified time, the reactor was quickly cooled to room temperature.  The 
reactor was opened, and the reaction mixture was centrifuged to separate the reaction solution and the solid 
phase (metal powder).  The reaction solution was analyzed by ion chromatography for the quantification of 
residual ClO4

– and the product, Cl–, and other ionic species, if present.   

The decomposition of ClO4
– in water from a man-made reflecting pond following fireworks display was also 

examined.   To decompose ClO4
– in this sample, iron powder (1.82 mmol) was added to the sample (3.5 mL) and 
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the mixture was introduced into the reactor, and then reacted in the same manner as described above.
Quantification of ClO4

– in the samples before and after the reactions was carried out by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) at Wadsworth Center, New York State Department of Health, where 
the samples were analyzed immediately before and after the reaction experiments.  Other major ions present in 
the sample prior to the reaction (Cl– and SO4

2–) were measured by ion chromatography.   

The ion-chromatograph system (Tosoh IC-2001) consisted of an automatic sample injector (injection volume: 30 
L), a degasser, a pump, a guard column, a separation column (Tosoh TSKgel Super IC-AP), a column oven, 
and a conductivity detector with a suppressor device.  The mobile phase was an aqueous solution containing 
NaHCO3 (1.7 mM), Na2CO3 (1.8 mM), and acetonitrile (23 vol%).  The detection limit of ClO4

– was 0.58 M
(58 g L–1), calculated from a signal-to-noise ratio of 3.  An LC-MS/MS system consisting of an HPLC system 
(Agilent 1100), an anion-exchange column (IonPac AS-21, Dionex), and a mass spectrometer (Micromass 
Quatro, Waters) was used to quantify ClO4

– in the water sample from the man-made reflecting pond following 
fireworks display and its reaction solution.  The detection limit of ClO4

– was 0.20 nM (0.02 g L–1) 3.  

Results and discussion
Initially, we studied the decomposition of ClO4

– in PHW in the absence of a metal additive.  The densities of the 
liquid and gas phases of pure water at 300 ºC, at which the two phases coexist, are reported to be 0.71214 and 
0.046168 g mL–1, respectively11.  These density values and the water amount (3.5 g) and the internal reactor 
volume (11 mL) in the present study indicate that the volumes of the liquid and gas phases at 300 ºC, the highest 
temperature tested, were 4.5 and 6.5 mL, respectively.  This fact demonstrated that the reactions proceeded in 
PHW.  The effect of temperature on ClO4

– decomposition, in the absence of a metal, is shown in Fig. 1; the 
reaction time was 6 h and the initial concentration of ClO4

– was 103 M.  The residues of ClO4
– gradually 

decreased with increasing the temperature and Cl– was 
detected in the reaction solution.  However, the reactivity of 
ClO4

– in PHW was considerably low: when the reaction was 
carried out at 300 ºC, the highest temperature tested, 84% of 
the initial ClO4

– remained, accompanied by the formation of 
a very small concentration of Cl–, with a yield [(molar 
concentration of Cl– formed) /(molar concentration of the 
initial ClO4

–)] of 10%.  The low yield reflects the high 
thermal and chemical stability of ClO4

–.  Total recovery of 
chlorine, i.e., the molar ratio of total chlorine in Cl– formed 
and remaining ClO4

– to total chlorine atoms in the initial 
ClO4

– was 94%, indicating that ClO4
– and Cl– were virtually 

the only chlorinated species present in the reaction solution.
Consistently, other chlorinated species such as ClO3

– and 
ClO2

– were not detected in the reaction solution, indicating 
that these two species are unstable in PHW.

To enhance the decomposition of ClO4
– in PHW, we carried 

out reactions in the presence of a metal powder.  The results 
are summarized in Table 1; the reaction was carried out at 
150 ºC for 6 h.  In the absence of a metal (entry 1), most 
(99%) of the initial ClO4

– (103 M) remained, accompanied 
by a very small yield (3%) of Cl–.  Addition of aluminum 
did not enhance the formation of Cl– (entry 2).  Alternatively, addition of other metals clearly enhanced the 
decomposition of ClO4

– to Cl–, with an increasing order of, Cu < Zn < Ni << Fe (entries 3–6).  The highest 
enhancement of decomposition of ClO4

– to Cl– was achieved by the addition of iron.  After the reaction in PHW 
with iron for 6 h, no ClO4

– was detected in the reaction solution, while Cl– was formed, with a high yield (85%) 
(entry 6).  The enhancement of the decomposition of ClO4

– to Cl– was not reflected by the reducing power of the 
metals, because the order of ClO4

– reduction (or Cl– increase) was different from the order of the redox potentials 
(E0, V vs. NHE) of metals in the more negative direction of Cu/Cu2+ (0.34) < Ni/Ni2+ (–0.26) < Fe/Fe2+ (–0.44) < 
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Fig. 1. Effect of temperature on the 
decomposition of perchlorate (ClO4

–) in 
pressurized hot water (PHW) in the absence of 
metal at a constant reaction time of 6 h10.  An 
argon saturated aqueous solution (3.5 mL) of 
ClO4

– (103 M) was introduced in a sealed 
reactor, then the reactor temperature was raised 
between 150 and 300 ºC.
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Zn/Zn2+ (–0.76) < Al/Al3+ (–1.68).  This finding suggests that the reduction of ClO4
– on metal surface is not a 

simple redox reaction.  It appears that specific interaction between ClO4
– and metal surface (such as adsorption) 

plays an important role in the decomposition of ClO4
–.  In each case, ClO3

– and ClO2
– were not detected in the 

reaction solution.  

Because the addition of iron powder led to the most efficient Cl– formation among the metals tested, we further 
investigated the decomposition of ClO4

– to Cl– with iron by changing the reaction conditions.  The reaction-time 
dependence of the residual ClO4

– ratio and Cl– yield in the reaction solution is shown in Fig. 2; the initial 
concentration of ClO4

– was 104 M and the reaction temperature was 150 ºC.  The amount of ClO4
– remaining in 

the solution decreased from 100 to 94% after addition of iron at 23 ºC: 6% of the initial ClO4
– was removed from 

the solution even before heating, with no Cl– formed.  This may be due to the adsorption of ClO4
– on the iron 

surface.  After heating, the concentration of ClO4
– rapidly decreased with increasing reaction time, following 

pseudo-first-order-kinetics with a rate constant of 4.3 h–1, while Cl– increased.  After 1 h, ClO4
– was not detected 

in the reaction solution.  The formation of Cl– showed 
saturation in 2 h, which indicates that the reaction was 
almost complete during this period, and the yield of Cl–

reached 85% after 6 h.   

The effect of temperature on ClO4
– decomposition in the 

presence of iron is shown in Fig. 3; the reaction time was 6 
h and the initial concentration of ClO4

– was 104 M.  
Raising the reaction temperature from 23 ºC dramatically 
decreased the residual ClO4

– and increased Cl– yield.  
After the reaction at 80 ºC for 6 h, 45% of the initial ClO4

–

remained, followed by a Cl– yield of 46%.   

The concentration of ClO4
– decreased below the detection 

limit at 150 ºC, and the Cl– yield increased to a maximum 
(85%).  Therefore, it was clear that the best reaction 
temperature for the decomposition of ClO4

– to Cl– induced 
by iron in the present study was 150 ºC, at which 
temperature the reaction was almost complete in 2 h (Fig. 
2).

We used perchlorate-contaminated water from a man-
made reflecting pond following a fireworks display, to 

Table 1
Decomposition of perchlorate (ClO4

–) in pressurized hot water (PHW) with and without metal additives a 10)

entry Metal
additive

Weight of 
metal additive 

(mg)

Particle size of 
metal additive

(m)

Initial ClO4
–

concentration 
(M)

Remaining 
ClO4

–

(%)

Cl– yield 
(%)

1 none – – 103 99 3
2 Al 24.5 < 75 103 93 1
3 Cu 57.7 < 75 101 86 13
4 Zn 59.3 < 75 102 51 22
5 Ni 53.4 < 53 100 46 43
6 Fe 50.8 < 53 104 < 1 b 85±1

a An argon saturated aqueous solution (3.5 mL) of ClO4
– and metal powder (0.91 mmol) were introduced 

into the reactor under argon, and the reactor was heated to 150 ºC for 6 h.
b Below the detection limit of ion chromatography.
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Fig. 2.  Reaction-time dependence of the residual 
ClO4

– ratio and the Cl– yield10).  Iron powder (0.91 
mmol) was added to an argon saturated aqueous 
solution (3.5 mL) of ClO4

– (104 M) under argon 
atmosphere, and the mixture in the sealed reactor 
was heated at 150 ºC for 1– 6 h.  Two dots for 
ClO4

– at time 0 correspond to the values obtained 
before (higher value) and after (lower value) 
addition of iron.
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evaluate the efficiency of the developed method for the 
remediation of contaminated waters.  This sample 
contained 5.22 M of ClO4

– and much higher 
concentrations of Cl– (472 M) and SO4

2– (130M), 
which might interfere with the decomposition of ClO4

–.  
Therefore, we prolonged the reaction time to 18 h and 
increased the amount of iron to 1.82 mmol.  Consequently, 
the concentration of ClO4

– was dramatically reduced to 
0.03±0.01 M after the reaction at 150 ºC: 99% of the 
initial ClO4

– was effectively removed from the water.   
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Synthesis and electrocatalytic performance of
atomically ordered nickel carbide (Ni3C)
nanoparticles†

Nor A. Fadil,ab Govindachetty Saravanan,ac Gubbala V. Ramesh,*a

Futoshi Matsumoto,d Hideki Yoshikawa,f Shigenori Ueda,e Toyokazu Tanabe,ad

Toru Hara,a Shinsuke Ishihara,g Hideyuki Murakami,f Katsuhiko Arigagh and
Hideki Abe*ai

Atomically ordered nickel carbide, Ni3C, was synthesized by

reduction of nickel cyclopentadienyl (NiCp2) with sodium naphtha-

lide to form Ni clusters coordinated by Cp (Ni–Cp clusters). Ni–Cp

clusters were thermally decomposed to Ni3C nanoparticles smaller

than 10 nm. The Ni3C nanoparticles showed better performance

than Ni nanoparticles and Au nanoparticles in the electrooxidation

of sodium borohydride.

Energy generation by polymer electrolyte membrane fuel cells
(PEMFCs) has become increasingly critical as an alternative to
combustion engines.1–3 In particular, PEMFCs using more transpor-
table and energetically dense fuels than hydrogen, direct-methanol
fuel cells (DMFCs) and direct-borohydride fuel cells (DBFCs), are a
focal point of interest.4–6 DBFCs have advantages over DMFCs in
terms of the output voltage because the oxidation potential of
borohydrides is much lower than that of methanol or hydrogen.7–9

DBFCs require metal catalysts on anodes to complete the electro-
oxidation of borohydrides. Precious metals, including Pt, Pd and/or
Au, are excellent catalysts, but they are expensive.10–13 Ni might be an
alternative to precious metals because of its low cost and corrosion
resistance in the alkaline electrolytes used in DBFCs, but it has a poor

catalytic activity. In particular, the high onset potential of Ni toward
the electrooxidation of borohydrides, which is higher than those of
the preciousmetals by +0.4 V ormore, diminishes the applicability of
Ni to DBFCs.14,15 We and our collaborators have recently demon-
strated that ordered alloys of Pt and electronegative elements, such as
PtPb and PtBi, are superior anode catalysts to pure Pt, especially in
terms of the lower onset potentials for the electrooxidation of
methanol.16–21 The discovery of PtPb and PtBi has prompted research
for efficient anode catalysts in DBFCs among the ordered alloys of Ni
and electronegative elements including carbon.

Here, we report that an atomically ordered nickel carbide, Ni3C,
can be synthesized in the form of nanoparticles (Nps) smaller than
10 nm and is expected to be an excellent anode catalyst for DBFCs.
Nickel carbides have been previously synthesized as bulk materials,
films or particles through mechanical alloying or the pyrolysis of
organometallic compounds but have not been applied to catalysis,
likely due to their large particle size (440 nm), resulting in low
surface areas.22–24 As illustrated in Fig. 1, we first reduce nickel
cyclopentadienyl (NiCp2) using sodium naphthalide (NaNaph) in
dry tetrahydrofuran (THF) at room temperature to obtain Cp-
coordinated Ni clusters (Ni–Cp clusters).25,26 Ni–Cp clusters are then
heated at 200 1C in vacuum to yield nanoparticles of Ni3C with an
average size of 6 nm. The Ni3C Nps exhibit a better catalytic activity
than synthesized Ni Nps toward the electrooxidation of NaBH4

because of their low onset potential close to that of Au Nps.

Fig. 1 Synthetic scheme for Ni3C Nps through chemical reduction of NiCp2.
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Ultrahigh-vacuum transmission electron microscopy (UHV-TEM)
images showed that the synthesized Ni3C Nps were spherical and
ranged in size from 3 to 9 nm (Fig. 2a and b). Ordered lattice fringes
were observed on theNi3CNps, showing that theNps were atomically
ordered (Fig. 2c). The interval of the lattice fringe, calculated to be
0.201 nm from the Fourier-transformation image (inset of Fig. 2c),
was consistent with the d-value of the Ni3C (113) plane (d113 =
0.201 nm).22,23,27 The synthesized Ni3C Nps were much smaller in
size than the previously prepared Ni3C materials, most likely because
Ni–Cp clusters acted as effective precursors, promoting the formation
reaction at low temperatures.

Ni–Cp clusters were obtained by reduction of NiCp2 with NaNaph
as a black, air-sensitive powder.25,26 Fourier-transform infrared
spectroscopy (FTIR) demonstrated that both the CQC- and
in-plane C–H stretchingmodes of Cpmolecules in the Ni–Cp clusters
were dispersed in wavenumber and blue-shifted relative to those in
NiCp2 (Fig. S1, ESI†).

28 The powder X-ray diffraction (pXRD) profile
for the Ni–Cp clusters had a single peak at 45.01, which was slightly
larger than the reported 111 reflection angle for FCC-type Ni (Fm%3m,
a = 0.352 nm), 44.51 (Fig. 2d).29 The reflection peak shifted toward
lower angles when the material was annealed in vacuum at 100 1C.
Small reflection peaks became visible upon annealing at 200 1C at

39.31, 41.81, 58.71 and 71.41 (red curve), corresponding to the 006,
110, 116 and 300 reflections of the Ni3C Nps (R%3c; a = 0.455 nm, c =
1.29 nm), respectively.22,23,27 A broad peak was observed at 51.51
corresponding to the 200 reflection of an impurity phase, FCC-type
Ni. The Ni3C Nps were decomposed to FCC-type Ni and carbon when
the annealing temperature exceeded 500 1C, consistent with reports
in the literature.30,31

Hard X-ray photoemission measurements (HX-PES; photon
energy = 5.95 keV) were performed on the Ni3C Nps (Fig. 2e
and f).32 The C 1s photoemission peak was observed for the Ni3C
Nps at 283.7� 0.2 eV, in addition to the C 1s- (285.7� 0.2 eV) and Sr
3p1/2 (280.0 � 0.2 eV) photoemission peaks for the substrates. The
binding energy of the Ni 2p3/2 photoemission peak for the Ni3C Nps
was 0.2 eV larger than those for bulk Ni and Ni Nps (Fig. 2f). Both
of the binding energies of the C 1s- and Ni 2p3/2 peaks for the
Ni3C Nps were consistent with those reported in the literature.23,33

The chemical composition of the Ni3C Nps was calculated to be
Ni :C = 1.0 :0.31 � 0.03 from a wide-range HX-PES data (S7, ESI†),
indicating that the desired stoichiometric Ni3C Nps were successfully
materialized.

The electrocatalytic activity of the Ni3CNps was tested for different
reactions in PEMFCs. Fig. 3a shows line-scan voltammograms (LV)
for the electrooxidation of NaBH4 over the Ni3C Nps and the Ni Nps
(average size = 3 nm, see Fig. S9–S11, ESI†). The mass activity of the
Ni Nps started to increase at an onset potential of�0.43 V. The Ni3C
Nps showed an increase in the LV curve at an onset potential of
�0.85 sV, which was 0.42 V lower than the onset potential of the Ni
Nps and close to that of Au Nps, �0.86 V (Fig. 3b, see Fig. S12, ESI†
for details). In addition, the mass activity of the Ni3C Nps was, at
�0.4 V, 6.5 times larger than that of the Ni Nps. The Ni3C Nps were
more catalytically active than the Ni Nps toward the electrooxidation
of NaBH4, in terms of the lower onset potential and the larger mass
activity.

Fig. 2 (a) Bright-field TEM image, (b) particle-size distribution and (c) high-
resolution TEM image of Ni3C Nps. The inset shows a Fourier-transformation
image of this TEM image. (d) pXRD profiles for Ni–Cp clusters and the
products obtained by annealing Ni–Cp clusters at different temperatures.
Structural models for Ni3C are presented at the top. The polyhedra corre-
spond to Ni6C-octahedra. Simulated pXRD peaks for Ni3C and FCC-type Ni
are shown by solid markers at the bottom. (e) HX-PES profiles in the C 1s
region for Ni3C Nps (red) and a SrTiO3 substrate (black broken curve). (f) HX-
PES profiles in the Ni 2p3/2 region for bulk Ni (black), Ni Nps (blue) and Ni3C
Nps (red). The inset shows HX-PES profiles in the valence region.

Fig. 3 (a) Line-scan voltammograms for the electro-oxidation of NaBH4 over
the Ni3C- and the Ni Nps. (b) Onset potentials of the Ni- (blue), Ni3C- (red) and
Au (black) Nps toward the electrooxidation of NaBH4. (c) Cyclic voltam-
mograms for the electrooxidation of methanol and (d) line-scan voltam-
mograms for the oxygen reduction reaction (ORR) over the Ni3C- and Ni Nps.
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Unlike the case of the electrooxidation of NaBH4, the Ni3C Nps
were as catalytically active as the Ni Nps toward both the electro-
oxidation of methanol and the oxygen-reduction reaction (ORR).
Fig. 3c shows cyclic voltammograms (CV) for the electrooxidation of
methanol over the Ni3C- and Ni Nps in a range from�0.3 to +0.35 V.
The CV curve for the Ni3C Nps was similar to that for the Ni Nps over
the entire potential range (Fig. S11, ESI†). Fig. 3d shows LV curves for
the ORR over the Ni3C- and Ni Nps. The Ni3C- and Ni Nps had the
same onset potential, �0.3 V, and their mass activities at the half-
wave potential were virtually the same. Moreover, it was demon-
strated that the Ni3C Nps can retain their chemical composition and
crystal structure even when subjected to repeated CV cycles in the
NaBH4 solution (S8, ESI† see the corresponding caption for details).
Although Ni3C is a thermally meta-stable phase,30,31 the synthesized
Ni3C Nps can function as durable catalysts for the repeated operation
of DBFCs.

The Ni3C- and Ni Nps exhibited the same mass activities toward
methanol electrooxidation and ORR, which indicates that the
enhanced NaBH4-electrooxidation activity of the Ni3C Nps may be
attributed to the inherent electronic properties of theNi3CNps, not to
the size or dispersity of the Nps. As shown in Fig. S6 (ESI†), the Ni3C
Nps had a depleted density-of-state (DOS) near the Fermi level (EF)
due to strong hybridization between the Ni 3d- and C 2p orbitals.34 It
is known that the ever developed Ni-based alloys are good catalysts
for the hydrolysis of BH4

� but not for the electrooxidation of fuels
because of the predominant adsorption of OH� to the Ni surface.35

The depleted DOS at the EF of the Ni3C Nps can weaken the
adsorption of OH� to inhibit the formation of insulating Ni(OH)2
surface layers, resulting in the enhanced electrooxidation activity of
BH4

� over the Ni3C Nps.
In conclusion, we have successfully synthesized the smallest

Ni3C Nps ever produced through thermal decomposition of
Ni–Cp clusters. The Ni3C Nps exhibited a catalytic activity
superior to that of Ni Nps in the electrooxidation of NaBH4,
demonstrating their applicability to DBFCs. The successful
development of an electrode catalyst comprising Ni3C Nps will
promote the use of catalytic carbides in precious-metal-free
PEFCs, which will help address the energy challenges that we
face.36,37

This work was preliminarily supported by the JST PRESTO
program, the Ministry of Education, Culture, Sports, Science
and Technology (MEXT) and the Japan Society for the Promo-
tion of Science (JSPS) through Grant-in-Aid 23560855. The
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the NIMS Synchrotron X-ray Station (Proposal No.2010B4609).
The authors are grateful to HiSOR, Hiroshima University, and
JAEA/SPring-8 for the development of HX-PES at BL15XU of
SPring-8.
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2 R. Borup, J. Meyers, B. Pivovar, Y. S. Kim, R. Mukundan, N. Garland,

D. Myers, M. Wilson, F. Garzon, D. Wood, P. Zelenay, K. More,
K. Stroh, T. Zawodzinski, J. Boncella, J. E. McGrath, M. Inaba,

K. Miyatake, M. Hori, K. Ota, Z. Ogumi, S. Miyata, A. Nishikata,
Z. Siroma, Y. Uchimoto, K. Yasuda, K. I. Kimijima and N. Iwashita,
Chem. Rev., 2007, 107, 3904.

3 H. A. Gasteiger, S. S. Kocha, B. Sompalli and F. T. Wagner, Appl.
Catal., B, 2005, 56, 9.

4 E. Reddington, A. Sapienza, B. Gurau, R. Viswanathan,
S. Sarangapani, E. S. Somtkin and T. E. Mallouk, Science, 1998,
280, 1735.

5 B. H. Liu and Z. P. Li, J. Power Sources, 2009, 187, 527.
6 J. H. Wee, J. Power Sources, 2006, 155, 329.
7 K. Wang, J. Lu and L. Zuang, Catal. Today, 2011, 170, 99.
8 Z. P. Li, B. H. Liu, K. Arai and S. Suda, J. Alloys Compd., 2005,

404, 648.
9 B. H. Liu, Z. P. Li, K. Arai and S. Suda, Electrochim. Acta, 2005,

50, 3719.
10 P. He, Y. Wang, F. Pei, H. Wang, L. Liu and L. Yi, J. Power Sources,

2011, 196, 1042.
11 G. Guella, B. Patton and A. Miotello, J. Phys. Chem. C, 2007,

111, 18744.
12 M. Chatenet, F. Micoud, I. Roche and E. Chainet, Electrochim. Acta,

2006, 51, 5459.
13 J. H. Kim, H. S. Kim, Y. M. Kang, M. S. Song, S. Rajendran, S. C. Han,

D. H. Jung and J. Y. Lee, J. Electrochem. Soc., 2004, 151, A1039.
14 H. Çelikkan, M. S- ahin, M. L. Aksu and T. N. Veziroğlu, Int.
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Tungsten oxide (WO3)-supported ordered intermetallic PtPb nanoparticles (PtPb NPs/WO3) were prepared
through a co-reduction of Pt and Pb precursors with sodium borohydride in anhydrous methanol containing
WO3. The PtPb NPs/WO3 were characterized based on the crystal structure obtained through powder X-ray dif-
fraction (pXRD) as well as X-ray photoemission spectroscopy (XPS) and transmission electron microscopy
(TEM). The formation of an ordered PtPb intermetallic phase on the WO3 surface was confirmed. The PtPb
NPs/WO3 were more efficient when decomposing acetic acid (AcOH) and acetaldehyde (AcH) with visible
light irradiation compared to the same process over WO3 loaded with Pt nanoparticles (Pt NPs/WO3).

© 2014 Published by Elsevier B.V.

1. Introduction

Semiconductor photocatalysts, such as titanium oxide (TiO2) and
tungsten oxide (WO3), have received significant attention for several
decades because they are a potential solution for the current energy
and environmental problems. Semiconductor photocatalysts are versa-
tile candidates for environment remediation [1], water splitting [2], CO2

reduction [3] and solar energy conversion [4]. Recently, numerous visi-
ble light-driven semiconductor photocatalysts have been developed [5].
Metal oxides, particularly WO3, have attracted attention because they
act as ideal visible light photocatalysts; this behavior is attributed due
to their small band gap energies (2.4–2.8 eV) and the high oxidation
power of their valence band holes [6]. However, WO3 exhibits a low
photocatalytic activity due to the rapid recombination of its photoexcit-
ed electrons and holes. To suppress this process and significantly in-
crease the photocatalytic efficiency, the consumption of photoexcited
electrons and holes should be enhanced using co-catalysts. Abe and
co-workers have demonstrated that Pt-loadedWO3 sampleswere high-
ly efficient during the decomposition of organic compounds under visi-
ble light irradiation with an oxygen reduction, which consumed the
photoexcited electrons [7]. Consequently, Pt nanoparticles (NPs) were

used as co-catalysts with WO3 to facilitate a multi-electron reduction
of O2, allowing O2 to accept electrons despite the insufficient reduction
potential of the conduction band electrons (in WO3) during its single-
electron reduction; furthermore, photocatalytic activity can be im-
proved by selecting appropriate co-catalysts. Recently, a new approach
that prevents the inherent problems of disordered alloy catalysts has
been proposed by Abruña et al. toward highly active electrocatalysts
for fuel cell applications [8]. In contrast with disordered alloys, interme-
tallic compounds with definite compositions and structures, such as
PtPb and PtBi, exhibit excellent electrocatalytic performances toward
formic acid (FA) oxidations in acidic solutions in terms of their onset po-
tentials and current densities [9,10]. After the report by Abruña, many
papers describing intermetallic NPs, such as PtBi, PtPb, Pt3Ti and carbon
black (CB)-supported intermetallic NPs, have been published for FA,
methanol (MeOH) and ethanol (EtOH) oxidations and oxygen reduc-
tion reactions (ORR) [11–13]. In our previous study, the electrocatalytic
activity of the ordered intermetallic PtPb compounds exhibited higher
electrocatalytic activity toward FA,MeOHand EtOHoxidation [14] com-
pared to conventional Pt-based alloys and Pt. In addition, we have re-
cently reported that ordered PtPb intermetallic NPs accelerated ORR in
acidic solutions [15]. Therefore, the ordered PtPb ordered intermetallic
NPs should be competent co-catalysts at the oxidation and reduction
sites on WO3. We report a simple one-pot approach toward WO3-
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supported ordered intermetallic PtPb NP catalysts. Furthermore, we in-
vestigated the effects of using ordered intermetallic PtPb compounds as
co-catalysts with photocatalytic activity during the oxidative decompo-
sition of acetic acid (AcOH) and acetaldehyde (AcH).

2. Experimental

TheWO3particleswerepurchased fromKojundoChemical Laboratory
Co. Ltd. (Type: WWO04PB). Fine particulate WO3 particles (50–200 nm)
were separated from the commercial WO3 powder, as reported in Ref.
[7]. The photodeposited Pt NPs/WO3 sample was synthesized as reported
by Abe et al. [7]. The procedure used to prepare Pt NPs/WO3 via chemical
deposition with a Pt precursor and a reducing agent is described in the
ESI†. The synthesis of PtPb NPs/WO3 (PtPb loading: 1.0 wt.%) proceeded
as follows. WO3 powder (0.5 g) was suspended in 15 mL of anhydrous
methanol for 15 min in a two neck round bottomed flask. Afterwards,
0.013 mmol of chloroplatinic acid (H2PtCl6·6H2O, Wako, Japan) and
0.026 mmol of lead(II) acetate (Pb(CH3COO)2, Sigma-Aldrich) were dis-
solved in 15mL of anhydrousmethanol in a shielded vial under Ar before
being transferred to theWO3 suspensions. The solutionwas stirred for 30
min to yield a homogeneous yellow solution. Afterwards, 3mmol of sodi-
um borohydride (NaBH4, Sigma-Aldrich) in methanol was injected into
the suspension to reduce the precursors. The product was centrifuged
and washed with anhydrous methanol three times before being dried
under vacuum. The as-prepared PtPb NPs/WO3 were yellowish green.
The other experimental conditions are described in the Supplementary
information.

3. Results and discussion

Fig. 1A shows the powder X-ray diffraction (pXRD) profiles of the
WO3, Pt NPs/WO3 and PtPb NPs/WO3 (Supplementary information for
the pXRD procedure). To confirm the formation of the ordered PtPb in-
termetallic NPs on the WO3 through pXRD, the Pt loading on WO3 was
adjusted to 5 wt.% on both the Pt NPs/WO3 and PtPb NPs/WO3, while
0.1 or 1.0 wt.% Pt and ordered intermetallic PtPb were used when test-
ing the photocatalytic activity. The simulated pXRD patterns for the Pt

phase (face-centered cubic (fcc), Fm-3m, a = 0.3925 nm, JCPDS 04-
0802) and the ordered intermetallic PtPb phase (NiAs structure, P63/
mmc, a = b = 0.426 nm, c = 0.548 nm) are denoted by the solid bars
below the graph. The pXRD profile (Fig. 1A-(a)) for WO3 shows several
major peaks, which are attributed to monoclinic WO3 (JCPDS 43-1035)
In addition, the pXRDprofiles (Fig. 1A-(b, c)) for the Pt NPs/WO3 and the
as-prepared PtPb NPs/WO3 exhibit small characteristic peaks at 39.8°
for Pt and at 41.0° and 42.4° for the ordered intermetallic PtPb phases.
The retention of the pXRD peaks at 41.0° and 42.4°, even after heat-
treating the as-prepared PtPb NPs/WO3 (the reason for the heat-
treatmentwill be explained in Fig. 3), could be ascribed to the formation
of stable, ordered PtPb intermetallic NPs on the WO3 (Fig. S1).

Fig. 1(B) and (C) shows low-magnification and high-resolution (HR)-
TEM images of the annealed 1.0 wt.% PtPb NPs/WO3. Several low-
magnification images were obtained from a PtPb NPs/WO3 sample, as
shown in Fig. S2, to show the particle size and the degree of dispersion
of the PtPb NPs on the WO3. The size distributions of the PtPb NPs were
evaluated based on the sizes of approximately 100 particles in the TEM
images. The averagediameter of the PtPbNPswas 9.5 nm, and they exhib-
ited a large particle-size distribution. In particular, the PtPbNPs are differ-
ent sizes within the observation area even when the images were
obtained from a single sample, as shown in Fig. S2. However, the Pt NPs
(average diameter: 5.4 nm) were well dispersed on the WO3 surface
(the TEM images of the Pt NPs/WO3 prepared through chemical and
photodeposition are shown in Figs. S3 and S4). The HR-TEM image
(C) of the interface between the PtPb andWO3 phases shows clear lattice
fringes, indicating that the PtPb NPs have atomically ordered structures
on the WO3 surface. Furthermore, the d-value is clearly different from
that of WO3. The interval of the lattice fringe (0.223 nm) on the PtPb
phase is consistent with the d-value for the {110} planes of the ordered
PtPb intermetallic phase (d = 0.213 nm, ICDD PDF File # 06-0374) but
is not consistent with any d-values for Pt phases (fcc structure). The fast
Fourier-transformation (FFT) pattern (Fig. S5) demonstrates that the
atoms in the PtPb NPs are, as expected based on the pXRD data, arranged
in a NiAs-type structure. The compositional maps (Fig. 2) based on the
STEM images reveal that the Pt and Pb are uniformly distributed in the
PtPb NPs. STEM-energy dispersive spectroscopy (EDS) maps in Fig. 2

Fig. 1. (A)pXRDdiffractogramsof theWO3 (a), PtNPs/WO3 (b) and PtPbNPs/WO3 (c) (for b and c, 5wt.% Pt onWO3). (B) TEM image of the annealed PtPbNPs/WO3 photocatalyst (1.0wt.%
PtPb on WO3) and (C) a high-resolution (HR)-TEM image of the interface between the PtPb and WO3 phases. The marks (* and #) in (A) correspond to the peaks for Pt and PtPb,
respectively.
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demonstrate that the averagemolar ratios of Pt to Pb for the PtPbNPs (Pt:
Pb = 56.2:43.8) were consistent with the desired values for PtPb
(Pt:Pb = 1:1). Inductively coupled plasma-mass spectroscopy (ICP-
MS) showed that the average molar ratio of Pt to Pb for the PtPb NPs on
WO3 was Pt:Pb = 49.8:50.2 for the as-prepared and annealed samples.
The pXRDand TEM/STEMdata clearly indicate that an ordered intermetal-
lic PtPb phase can be formed on aWO3 surface through a one-pot process.

Fig. 3 shows the diffuse reflectance UV–Vis absorption spectra for
the Pt NPs/WO3 prepared from the Pt precursor on a WO3 support
when using NaBH4 as the reducing agent. To evaluate the influence of
the reducing agent on the support after the Pt ions were reduced in
anhydrous methanol containing dispersed WO3, UV–Vis spectra (Sup-
plementary information for the UV–Vis absorption spectroscopy proce-
dure) were collected, as shown in Fig. 3A. Non-treated, pure WO3

(a) exhibits an apparent absorption edge at 465 nm, as reported previ-
ously [16]. The as-prepared Pt NPs/WO3 catalysts exhibit a visible ab-
sorption above 450 nm due to the reduction of the W6+ to W5+ or
W4+; the reducing agent reduced the Pt precursor in anhydrous meth-
anol containing dispersed WO3. A significant change in the visible

absorption of the Pt NPs/WO3 is induced through a heat treatment in
air at 100 °C over 1 h. Afterwards, the absorption band exhibited no ob-
vious change compared to the pure WO3, indicating that the oxidation
state on the Pt NPs/WO3 photocatalyst sample was restored to its orig-
inal state. The XPS results obtained with the as-prepared and annealed
Pt NPs/WO3 also support our hypothesis regarding the change in the ox-
idation state of theW ions (Supplementary information for the XPS pro-
cedure). The XPS spectra showing the W 4f region of (a) non-treated
WO3, (b) as-prepared Pt NPs/WO3 and (c) annealed (100 °C) Pt NPs/
WO3 are shown in Fig. 3B. All of the binding energies in Fig. 3B are
assigned based on the literature values for WO3 [17–19]. The XPS spec-
trawere curve-fitted, and each curvewas assigned to the corresponding
oxidation state in theW4f level. A doubletwas used to fit theW4f level,
as observed in Fig. 3B-(a). The peak for W 4f7/2 can be observed at
35.4 eV and is generated by the photoelectrons emitted fromW+6 spe-
cies (WO3). The spectrum (b) recorded with the as-prepared Pt NPs/
WO3 can be assigned two doublets: the peak (W 4f7/2) of the first dou-
blet is located at 35.4 eV and is generated by photoelectrons emitted
fromW+6 species; the peak (W 4f7/2) for the second doublet is located

Fig. 2. Scanning transmission electron microscopy (STEM) image of the annealed PtPb NPs/WO3 (PtPb loading weight onWO3: 1.0 wt.%) and the corresponding compositional mapping
images.

Fig. 3. (A)Diffuse reflectanceUV–Vis absorption spectra for the (a) non-treatedWO3, (b) as-prepared Pt NPs/WO3 and (c) annealed (100 °C) Pt NPs/WO3 (for b and c, 1.0wt.% Pt onWO3).
(B) XPS spectra (red lines) and fitted curves (blue lines) in the W 4f region for the (a) non-treated WO3, (b) as-prepared Pt NPs/WO3 and (c) annealed (100 °C) Pt NPs/WO3.
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at 34.4 eV and can be attributed to the photoelectrons emitted from
tungsten atoms near the oxygen vacancies formed by the reduction re-
actions when the oxidation state of W is below +6. As observed in (c),
the second doublet was removed after treating the Pt NPs/WO3 at
100 °C, reforming the W6+. For the PtPb NPs/WO3, a clear absorbance
change could be observed between non-treated WO3 and as-prepared
PtPb NPs/WO3 (Fig. S6-A), but no drastic changes were observed in
the oxidation state ofWO3 based on the XPS spectra (Fig. S6-B). The an-
nealing process (in air at 100 °C for 1 h) was applied to the as-prepared
PtPb NPs/WO3 samples to return the optical properties of the WO3 in
PtPb NPs/WO3 to that of the untreated WO3 supports. The UV–Vis ab-
sorption spectra of the annealed Pt NPs/WO3 and annealed PtPb NPs/
WO3 are overlaid in Fig. S7 to compare their optical absorption proper-
ties. The Pt NPs/WO3 exhibit a higher visible absorption than the PtPb
NPs/WO3.

The photocatalytic activities of the photodeposited Pt NPs/WO3,
chemically deposited Pt NPs/WO3 and annealed PtPb NPs/WO3

photocatalysts were examined during a photocatalytic decomposi-
tion of AcOH in aerated aqueous suspensions (Supplementary infor-
mation contains the procedure used to evaluate the decomposition
rate of the AcOH). Fig. 4(A) plots the CO2 generated during the
liquid-phase decomposition of AcOH over the Pt NPs- and PtPb
NPs-loaded WO3. The rates of CO2 generation over the Pt NPs/WO3

and PtPb NPs/WO3 photocatalysts were estimated using the slope
of the CO2 formation vs. time plot from 0 to 100 min. The CO2 gener-
ation rate over the PtPb NPs/WO3 (115.3 μmol·mg-Pt−1·h−1) was
higher than that of the photodeposited- (56.33 μmol·mg-Pt−1·h−1)
and chemically deposited (50.24 μmol·mg-Pt−1·h−1) Pt NPs/WO3.
The low activity of the annealed-chemically deposited Pt NPs/WO3

versus the photodeposited Pt NPs/WO3might be attributed to the re-
duced tungsten ions in the WO3 in the annealed-chemically deposit-
ed Pt NPs/WO3. However, the XPS data in Fig. 3B-(c) do not show any
XPS peaks attributed to reduced tungsten ions (W5+ or W4+) after
annealing. Therefore, the contradictory data from the activity test
and XPSmeasurements should be examined. Although the low activ-
ity of the annealed-chemically deposited Pt NPs/WO3 is attributed to
a small change in the oxidation state of the tungsten ions that cannot
be detected through XPS, we propose that the differences in the de-
position sites of the Pt NPs on the WO3 of the annealed-chemically
deposited Pt NPs/WO3 and photodeposited Pt NPs/WO3 samples

should also be examined. In the annealed-chemically deposited Pt
NPs/WO3 the Pt NPs were randomly deposited on the WO3 surfaces.
On the surfaces of the photodeposited Pt NPs/WO3 sample, however,
the Pt NPs were site-selectively deposited on the WO3. Because the
Pt NPs were formed by reductive deposition with photoexcited elec-
trons, the Pt NPs were deposited on the site (reduction site) where
the photoexcited electrons appear on the surfaces of the WO3. The
co-catalysts deposited on the reduction site actively catalyze the re-
duction reaction under visible light. Fig. 4(B) shows the AcH decom-
position and CO2 generation profiles over WO3 that was annealed
after exposure to a reducing agent, photodeposited- and chemically
deposited Pt NPs/WO3, and annealed PtPb NPs/WO3 photocatalysts
under visible light irradiation (λ N 420 nm) (Supplementary infor-
mation details the procedure used to evaluate the decomposition
rate of AcH). With visible light irradiation, the amounts of AcH in
the gas phase over the Pt NPs/WO3 and PtPb NPs/WO3 decreased
rapidly when the CO2 generation increased versus WO3. The
complete decomposition of AcH is proven by the molar yield of CO2

(ca. 530 ppm), which is twice that of the molar amount of AcH
injected (ca. 280 ppm). The Pt NPs/WO3 and PtPb NPs/WO3

photocatalysts completely decomposed AcH to form CO2 over differ-
ent reaction times. In contrast, WO3 could not decompose AcH
completely because the catalyst was deactivated by the products
that accumulated on its surface [20]. Of the examined samples,
PtPb NPs/WO3 perform the best by completely decomposing AcH to
CO2 within 120 min.

4. Conclusion

Samples of WO3 loaded with Pt and PtPb NPs were used to
photocatalyze the decomposition of organic compounds in the liquid
and gas phases with visible light irradiation (λ N 420 nm). PtPb NPs/
WO3 exhibit a higher photocatalytic activity than the conventional Pt
NPs/WO3 and the pure WO3. This enhanced photocatalytic activity
might be attributed to the efficient multi-electron ORR and the oxida-
tive decomposition of organic compounds, which induces charge sepa-
rations in the PtPb. The particles of the ordered PtPb intermetallic NPs
on WO3 are much larger than the Pt NPs on WO3; the Pt NPs on WO3

have much larger surface areas exposed to the AcOH solution and to
the gas phase containing AcH than the PtPbNPs fixed onWO3. Although

Fig. 4. (A) The time courses of the CO2 evolution during the decomposition of AcOH over the chemically deposited Pt NPs/WO3 (solid circle, 1 wt.% Pt), photodeposited Pt NPs/WO3 (solid
triangle, 1 wt.% Pt) and annealed PtPb NPs/WO3 (1 wt.% PtPb, solid square) photocatalysts suspended in aqueous AcOH in the presence of O2 with visible light irradiation (λ N 420 nm).
(B) The time trials for the decomposition of AcH (open symbol) and the evolution of CO2 (solid symbol) in the presence of O2 over WO3 (cross), Pt/WO3 (triangle, Pt was deposited by
photo deposition, 0.1 wt.% Pt), Pt NPs/WO3 (circle, Pt was deposited by chemical deposition, 0.1 wt.% Pt) and annealed PtPb NPs/WO3 (square, 0.1 wt.% PtPb) photocatalysts with visible
light irradiation (λ N 420 nm).
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the surface area of the PtPb NPs is smaller than that of the reported cat-
alysts utilized in this work, the Pt NPs/WO3 exhibit a higher visible ab-
sorption than the PtPb NPs/WO3; PtPb showed enhanced photocatalytic
activity relative to the Pt NPs/WO3. Therefore, the surfaces of the
ordered intermetallic PtPb NPs are more efficient as co-catalysts on
WO3. Our strategy for preparing PtPb NPs on WO3 was successful, and
the results demonstrate highly efficient visible light-induced photo-
catalytic systems using ordered intermetallic NP co-catalysts.
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h i g h l i g h t s

� Pt3PbePtPb coreeshell NPs were prepared on carbon black at room temperature.
� The coreeshell structure was characterized with XRD, XPS and TEM.
� The coreeshell NPs showed higher activity for EtOH oxidation compared to PtPb.
� The relationship between the surface structure and the catalytic activity was evaluated.
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a b s t r a c t

Pt3Pb(core)ePtPb(shell) intermetallic compound nanoparticles (NPs) were synthesized on carbon black
(CB) by converting nanocrystalline Pt to an ordered intermetallic compound with the reduction of Pb
ions. The Pt3PbePtPb coreeshell NPs were characterized by analyzing their crystal structures with
powder X-ray diffraction (pXRD), hard X-ray photoemission spectroscopy (HX-PES), and transmission
electron microscopy (TEM). The synthesized NPs exhibited enhanced catalytic activity and relatively
stable cycle performance towards methanol (MeOH) and ethanol (EtOH) oxidation in an alkaline aqueous
solution. The improved catalytic performance of the Pt3PbePtPb coreeshell NPs might be attributed to
both the enhancement of EtOH dehydrogenation and the higher concentration of surface OHads at lower
potential on the modified PtPb surface in the Pt3PbePtPb coreeshell NPs.

© 2014 Published by Elsevier B.V.

1. Introduction

In recent years, within the polymer electrolyte membrane fuel
cell research field, enormous attention has been directed towards
the development of direct fuel cells (DFCs) in which small organic
molecule (SOM) liquid fuels, such as methanol (MeOH), ethanol
(EtOH), and formic acid (FA), are used as fuels [1,2]. Among the
main fuel molecules, EtOH is a promising alternative fuel because of
its relatively low toxicity and high energy density and because it
does not release carbon that was previously sequestered

underground as coal, petroleum, or natural gas into the atmosphere
[3]. However, the full potential of DFCs has not been fulfilled due to
the slow kinetics in the anode reactions [4]. It has been reported
that the oxidation kinetics of organic fuels in acidic media exhibits
slower kinetics than in alkaline environments due to catalyst
poisoning by reaction intermediates [5]. One of the research and
development challenges facing alkaline-type polymer electrolyte
fuel cells using SOMs is the design of better alternatives to the Pt,
Pd, and PteRu alloys currently used as the anode catalysts [6,7]. To
improve the electrocatalytic activity, Pt- and Pd-based alloy elec-
trocatalysts have been investigated in alkaline media [8]. Although
the aforementioned alloys are promising materials, there are
problems associated with the use of disordered alloys (and alloys in
general) as catalysts for fuel cell applications, including the surface
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segregation of metal atoms and the partial poisoning by CO due to
insufficient quantities of the bimetallic elements on the surface.

Recently, a new approach that avoids the problems inherent in
disordered alloy catalysts has been proposed for highly active
electrocatalysts for fuel cell applications [9]. In contrast with
disordered alloys, intermetallic compounds with definite compo-
sitions and structures, such as PtPb and PtBi, exhibit excellent
electrocatalytic performance towards FA oxidation in acidic solu-
tions in terms of onset potential and current density [10,11]. Abru~na
et al. have examined the FA, MeOH, and EtOH oxidation activities
with a wide range of intermetallic compounds (PtPb, PtBi, and
Pt3Ti) in acidic media and found that the intermetallic compounds
exhibit enhanced catalytic activity when compared with pure Pt
[10,11]. In our previous study, we reported that PtPb and PtBi or-
dered intermetallic compounds exhibited higher electrocatalytic
activity towards MeOH and EtOH oxidation in alkaline aqueous
solutions than Pt, PteRu alloy, and other Pt-based ordered inter-
metallic compounds [12]. In this paper, we report on the
enhancement of the electrocatalytic activity of PtPb ordered
intermetallic compounds towards MeOH and EtOH oxidation in
alkaline aqueous solutions. To achieve this, carbon black (CB)-
supported Pt3Pb(core)ePtPb(shell) intermetallic NPs (Pt3PbePtPb
NPs/CB) were synthesized via amethod (hereafter referred to as the
“converting reaction method”) in which the CB-supported Pt NPs
react with a Pb precursor in the presence of a reducing agent under
microwave irradiation. In the converting reaction method, the Pb
atoms were only observed in the PtPb NPs and not on the CB sur-
faces. In other words, Pb NPs were not formed on CB in the reaction
withmicrowaves, indicating the selective reaction of Pb atomswith
Pt NPs on the CB surfaces, as previously reported by Bauer and our
group [13,14]. By controlling the amount of Pb atoms, the coree-
shell structure with Pt3Pb and PtPb intermetallic phases can be
formed in a NP. The activities of Pt3PbePtPb NPs/CBwere compared
with those of the reference samples consisting of pure PtPb NPs/CB
and Pt3Pb NPs/CB, which were prepared on the CB through the co-
reduction reaction of the Pt and Pb precursors in the presence of a
reducing agent and CB (hereafter referred to as the “co-reduction
reaction method”). As mentioned above, previously, we have re-
ported that PtPb and PtBi ordered intermetallic phases are the most
promising electrocatalysts for MeOH and EtOH oxidations via the
exhaustive screening of the ordered intermetallic phases for alka-
line MeOH and EtOH oxidations [12]. Yang also reported promising
electrocatalytic activity of PtBi towards alkaline MeOH oxidation,
which is comparable to our results for the MeOH oxidation
observed on pure PtBi and PtPb NPs [15]. In addition, several Pd-
based alloys have also been examined towards the EtOH oxida-
tion in an alkaline environment [16e18]. Among Pd-based alloys,
Pd alloyed with Ni (PdNi) [16] demonstrated the highest alkaline
EtOH oxidation activity and the activity is comparable with that of
the pure PtPb NPs. In this research, our current results obtained
with Pt3PbePtPb NPs/CB were compared with that of works
mentioned above.

2. Experimental section

2.1. Materials

The following chemicals were used to synthesize the NPs:
dichloro(1,5-cyclooctadiene)platinum(II) (Pt(COD)Cl2) (99.9%,
Aldrich), (CH3COO)2Pb$3H2O (99%, Wako), ethylene glycol (99.5%,
Kanto Chemical) and Vulcan carbon black (CB, XC-72R, E-TEK).

For the electrochemical experiments, sulphuric acid (H2SO4,
99.999%, Aldrich), potassium hydroxide (KOH, 85%, Wako), formic
acid (FA, 88% analytical reagent, Mallinckrodt), isopropyl alcohol
(99.7%, Wako), methanol (MeOH, 99%, Wako), ethanol (EtOH, 99%,

Wako) and Nafion solution (Aldrich, wt. 5 % in water/aliphatic al-
cohols, 1100 EW) were used as received.

2.2. Synthesis of pure PtPb NPs using the co-reduction reaction
method

Pt(COD)Cl2 (0.0151 mmol), (CH3COO)2Pb$3H2O (0.0227 mmol)
and Vulcan CB (0.020 g) were dissolved in 50 mL of ethylene glycol.
Then, 0.04 mmol potassium hydroxide was added to the mixture.
The mixture was sonicated in a bath-type ultrasonicator and
treated in a flask with a reflux apparatus for 6 min under 300 W
microwave radiation. The mixture in the flask was then cooled to
room temperature with water and treated again under microwave
(focused microwave instrument, CEM) radiation of 300 W for
6 min. After the mixture cooled, the PtPb NPs/CB were collected via
centrifugation, washed sequentially with EtOH and water, and
finally dried under vacuum.

2.3. Synthesis of Pt3Pb(core)ePtPb(shell) NPs using the converting
reaction method

Pt(COD)Cl2 (0.0151 mmol), (CH3COO)2Pb$3H2O (0.0076 mmol)
and Vulcan CB (0.020 g) were dissolved in 50 mL of ethylene glycol.
Then, 0.04 mmol potassium hydroxide was added to the mixture.
The mixture was sonicated in a bath-type ultrasonicator and
treated in a flask with a reflux apparatus for 6 min under 300 W
microwave radiation. The mixture in the flask was then cooled to
room temperature with water and treated again under microwave
(focused microwave instrument, CEM) radiation of 300 W for
6 min. After the mixture cooled, the PtPb NPs/CB was collected via
centrifugation, washed sequentially with EtOH and water, and
finally dried under vacuum.

2.4. Synthesis of bulk ordered intermetallic PtPb

Polycrystalline bulk samples of intermetallic PtPb were syn-
thesized using an arc furnace in a pure Ar atmosphere (99.9999%)
as a reference for the hard X-ray photoemission spectroscopy (HX-
PES) measurements. All of the starting materials were purchased
from Furuya Kinzoku Co. Stoichiometric quantities of Pt (99.9%) and
Pb (99.999%) were melted together in a pure Ar (99.9999%) atmo-
sphere at 2000 �C or higher for 24 h and subsequently cooled to
room temperature. pXRD analysis confirmed that the bulk PtPb
exists as a pure hexagonal phase of space group P63/mmc.

2.5. Preparation of pure Pt3Pb NPs/CB

Carbon supported Pt3Pb was prepared by wet-chemical
approach using NaBH4 as a reducing agent. In the synthesis,
H2PtCl6$6H2O (0.062 mmol), Pb(NO3)2 (0.027 mmol) and CB
(60mg) were dissolved in anhydrous methanol and transferred to a
double neck round bottom flask without exposing into air. 6 mmol
of NaBH4 was dissolved in anhydrous methanol and then injected
to the precursor solutions under Ar-atmosphere. The solutions
were stirred for 15 h to complete the reaction under Ar-
atmosphere. The black colour suspensions were centrifuged for
10 min at 2000 rpm to yield a black colour precipitate and then
subsequently washed with 20 mL of anhydrous methanol for three
times and dried under vacuum. The sample obtained was heat
treated for 2 h at 600 �C in Ar.

2.6. Characterization of the synthesized NPs

Powder X-ray diffraction (pXRD) was performed using CuKa
radiation (Panalytical X'Pert PRO; l ¼ 0.1548 nm) with an
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increment of 0.02� in a range of diffraction angles from 20 to 80�.
An obliquely cut Si crystal (non-reflection Si plate) was used as a
sample holder tominimize the background. HX-PESwas performed
using X-rays with a photon energy of 5.95 keV at BL15XU of SPring-
8, Japan. Sample powders were first dispersed in EtOH and dropped
onto carbon substrates. The sample was thoroughly dried in air and
transferred into an ultra-high-vacuum (UHV) chamber equipped
with an electron spectrometer (Vacuum Generator, Scienta R4000).
The binding energy of the photoelectrons was referenced to the
Fermi energy of a Au film that was electrically contacted to the
sample. Transmission electron microscopy (TEM/STEM) images
were obtained with a JEOL 2100-F microscope with an operating
voltage of 200 kV. The composition of the PtPb NPs/CB was
analyzed by an energy-dispersion spectroscopic (EDS, Oxford link
system) analyzer, which was coupled to the TEM. The sample for
TEM was prepared by dropping a MeOH suspension of the sample
powder onto a copper microgrid. The sample was thoroughly dried
in vacuum prior to the observation. The chemical composition of
the CB-supported NPs was determined using inductively coupled
plasma-mass spectrometry (ICP-MS, PE-3300 DV, Perkin Elmer).

2.7. Preparation of PtPb NPs/CB- and Pt NPs/CB-coated GC
electrodes and their electrochemistry

A suspension of the PtPb or Pt NP/CB ink was prepared by
mixing 4 mg of the dried NP/CB sample, 3.98 mL of water, 1 mL of
isopropyl alcohol, and 20 mL of 5%w/wNafion solution. Themixture
was then sonicated in a bath-type ultrasonicator for 15 min. 6 mL of
each NP suspensionwas loaded onto a glassy carbon (GC) electrode
with a diameter of 5 mm. The loading weight (0.96 mg cm�2 of Pt
NPs) on the GC electrode surface was maintained throughout the
experiments. A conventional electrochemical setup was used to
evaluate the efficiency of the NPs towards the oxidations of FA,
MeOH, and EtOH under an Ar atmosphere. The NP-coated GC
electrode, a platinum wire, and an Ag/AgCl (NaCl 3 M) electrode
(0.209 V vs.NHE) were used as theworking, auxiliary, and reference
electrodes, respectively. The NP-coated GC electrodes were rotated
to remove bubbles from the electrode surface that likely formed
during the oxidation reactions. PteRu alloy NPs and Pd NPs (on a
Vulcan XC-72R, E-TEK) were used as reference samples for MeOH
and EtOH oxidations.

CO stripping voltammograms were obtained in 0.1 M KOH or
H2SO4 solutions. In these experiments, NP-coated GC electrodes
were prepared under identical conditions. In the first experiment,
0.1 M KOH or H2SO4 solutions were purged with Ar gas for 30 min,
after which high-purity CO (99.9%) was injected (note that CO
should only be used in awell-ventilated hood) into the solutions for
30 min while maintaining the electrode potential at the initial
open-circuit potential. The dissolved CO was subsequently
removed from the solution by bubbling through nitrogen gas for
30 min while maintaining the applied electrode potential. Finally,
the CO stripping voltammograms were obtained via positive
scanning from the applied electrode potential at scan rate of
10 mV s�1 in N2-saturated 0.1 M KOH or H2SO4 solutions.

3. Results and discussion

Fig. 1 shows the pXRD profiles for the (a) CB, (b) Pt NPs/CB, (c)
converting reaction-synthesized PtPb NPs/CB and (d) co-reduction
reaction-synthesized PtPb NPs/CB. Simulated pXRD patterns for the
Pt phase (face-centred cubic (fcc), Fm-3m, a ¼ 0.3925 nm), PtPb
(hexagonal, P63/mmc, a ¼ b ¼ 0.426 nm, c ¼ 0.548 nm), and Pt3Pb
ordered intermetallic phases (Cu3Au, Pm-3m, a¼ b¼ c¼ 0.393 nm)
are indicated by the solid bars in the bottom portion of the figure.
All of the pXRD profiles in Fig.1 exhibit two peaks at 25.0� and 43.5�

that correspond to the (0 0 2) and (10 1) reflections of carbon (trace
a), respectively. The pXRD profile of Pt NPs/CB (trace b) reveals
peaks at 39.8�, 45.3� and 67.5�, corresponding to the (111), (2 0 0),
and (2 2 0) reflections, respectively, of an fcc-type structure (Fm-
3m, a ¼ 0.393 nm) similar to that of pure Pt (Fm-3m,
a ¼ 0.3925 nm), as indicated in the simulated pXRD peaks. The
profiles of the samples obtained through the converting reaction
and co-reduction reaction (traces c and d) show peak patterns that
can be indexed to the hexagonal-type structure of PtPb ordered
intermetallic structure. This includes the characteristic peaks for
the PtPb ordered intermetallic phase, which distinguish the PtPb
ordered intermetallic phase from the Pt fcc structure. These peaks
can be observed from 50 to 80� in both traces (c) and (d). The NPs
prepared via the converting reaction also exhibit small peaks for
the Pt3Pb (1 1 1) and (2 0 0) phases at 38.4 and 44.6�, respectively,
indicating the coexistence of PtPb and Pt3Pb phases in the NPs. It is
evident from the data that the Pt3Pb phase was also formed in the
NPs by awet-chemical approach. Peak shifts for the PtPb (0 2 2) and
(211) phases to smaller angles were observed in the region from 58
to 72� for the NPs prepared via the converting reaction (Fig. 1B),
resulting in an increase in the lattice parameter of the (0 2 2) and (2
11) phases. The shift of the (2 11) peak is 1.2�. The PtPb NPs (trace
d) prepared by the co-reduction reaction do not exhibit peaks apart
from those assigned to the PtPb ordered intermetallic phase,
respectively, nor do they exhibit any peak shifts. These results
confirmed the formation of pure PtPb ordered intermetallic NPs

Fig. 1. (A) pXRD patterns of CB (a), Pt NPs/CB used as a starting material (b), converting
reaction- (c) and conventional reaction-synthesized PtPb NPs/CB (d). The solid bars in
the bottom half of the figure are the simulated pXRD peaks for the Pt and the ordered
intermetallic PtPb and Pt3Pb phases. (B) pXRD patterns of samples (c) and (d) from 58�

to 72� .
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produced by the co-reduction reaction to be used as reference
samples for the electrocatalytic activity tests.

Fig. 2 displays the HX-PES profiles in the Pt 4f region for PtPb
NPs prepared with (a) the converting reaction and (b) the co-
reduction reaction as well as the bulk references (c) PtPb and (d)
Pt. The Pt 4f peak for the bulk PtPb was shifted 0.3 eV towards
higher binding energies relative to the corresponding peak for the
bulk Pt. The Pt 4f peaks for the NPs/CB prepared via the converting
reaction and co-reduction reaction were consistent with those of
the bulk PtPb, indicating that the chemical composition and atomic
environment of the NP surfaces prepared via either of the two
methods were identical to those of the bulk PtPb. Therefore, we
conclude that the surfaces of the NPs prepared via the converting
and co-reduction reactions consist of a PtPb ordered intermetallic
phase.

Figs. 3 and 4(A) and (B) show the TEM images obtained with
commercially available Pt NPs/CB and (A) co-reduction- and (B)
converting reaction-synthesized NPs/CB. Pt and PtPb NPs appeared
as dark spots that were uniformly dispersed on the CB. The distri-
butions of the size of the Pt and PtPb NPs were evaluated using
approximately 100 particles in the TEM images. The average di-
ameters of the Pt NPs and the co-reduction- and converting
reaction-synthesized PtPb NPs were calculated as 2.5, 3.0, and
4.6 nm, respectively, and they exhibited a narrow particle-size
distribution. We also calculated the theoretical diameter of hemi-
spherical PtPb ordered intermetallic compoundNPs to be 3.0 nm on
the basis of the density (15.51 g cm�3) [19] of the PtPb ordered
intermetallic compound. The hemispherical Pt NPs with a diameter
of 2.5 nm were reacted with Pb2þ to prepare the PtPb ordered
intermetallic compound. The particle size increased to the theo-
retical value when the PtPb ordered intermetallic compounds were
formed on CB, as shown in Fig. 4B. In addition, from a comparison of
the TEM image of the converting reaction-synthesized PtPb NPs/CB
with that of Pt NPs/CB used as a starting material for the converting
reaction, it can be observed that the degree of spatial dispersity of
the Pt NPs on the CB is retained on the NPs/CB prepared via the

converting reaction due to the conversion of nanocrystalline Pt
metals to the PtPb intermetallic compound.

Fig. 5 shows low-resolution (LR) and high-resolution (HR) TEM
images of Pt3Pb NPs prepared with the co-reduction reaction, and
compositional mapping of Pt and Pb atoms. The average diameters
of the Pt3Pb NPs prepared with the co-reduction reaction were
calculated as 4.2 nm. The particle-size distribution is similar to
those observed with PtPb and Pt NPs/CB. The HR-TEM image
(Fig. 5B) and FFT patterns (inset of Fig. 5C) of the Pt3Pb NPs pre-
pared using the co-reduction reaction indicate that the NPs are
single crystalline. The d lattice spacings of the NPs presented in the
HR-TEM image are 0.233 and 0.190 nm, which closely match those
of the (1 1 1) and (2 0 0) planes, respectively, for Pt3Pb ordered
intermetallic compounds (0.233 nm for the (1 1 1) plane and
0.190 nm for the (2 0 0) plane). STEMeenergy dispersive spec-
troscopy (EDS) mappings also demonstrated that the average mole
ratios of Pt to Pb for Pt3Pb NPs prepared with the co-reduction
reaction were consistent with the desired value for Pt3Pb, namely,
Pt:Pb ¼ 80.3:19.7.

Fig. 6A and B displays HR-TEM images of the NPs prepared via
the co-reduction and converting reactions, respectively, and the
corresponding fast Fourier-transform (FFT) patterns obtained from
the selected areas are denoted by the dotted squares. The HR-TEM
image and FFT patterns of the NPs prepared using the co-reduction
reaction indicate that the NPs are single crystalline. The d lattice
spacings of the NPs presented in the HR-TEM image are 0.215 and
0.218 nm, which closely match those of the (2 2 0) and (2 0 0)
planes, respectively, for PtPb ordered intermetallic compounds
(0.216 nm for the (2 2 0) plane, 0.218 nm for the (2 0 0) plane). On
the other hand, the HR-TEM image of the NPs prepared via the
converting reaction exhibits two crystalline phases in the parts of
core and shell of the NPs. The d lattice spacings (0.336 and
0.227 nm) in the core and shell differ from that of the (1 0 0) planes
of the Pt3Pb ordered intermetallic phase (0.406 nm) and the (2 0 0)
planes of the PtPb ordered intermetallic phase (0.218 nm), indi-
cating an expansion and contraction of the d lattice spacings in the
PtPb shell and Pt3Pb core. The two FFT images shown in Fig. 6B
collected from the core and shell demonstrate that the Pt and Pb
atoms were arranged in crystal structures corresponding to struc-
turally modified Pt3Pb and PtPb ordered intermetallic phases.
Fig. 6C and D displays the profiles of the EDS line scans along with

Fig. 2. HX-PES profiles in the Pt 4f region for PtPb NPs/CB prepared via (a) the con-
verting reaction method and (b) conventional synthesis. The HX-PES spectra obtained
with (c) ordered intermetallic bulk phase PtPb and (d) bulk Pt are shown as references.

Fig. 3. Low-resolution TEM image of commercially available 20 wt% Pt NPs/CB and its
particle size distribution histograms.
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the lines presented in the insets of figure depicting the two NPs
prepared using the co-reduction and converting reaction. When
compared with the two line profiles, a Pt-rich core for Pt3Pb can be
clearly observed in the shadowed regions of Fig. 6D. The average
mole ratios of Pt to Pb, which were evaluated with STEMeEDS
mappings, were consistent with the desired value for PtPb,
Pt:Pb ¼ 53.0 ± 3:47.0 ± 3 on any point on the PtPb NPs prepared
with the co-reduction reaction. The average mole ratios of Pt to Pb
in the PtPb NPs prepared with the converting reaction were
Pt:Pb ¼ 70.5:29.5 in the centre of the NPs, as shown in Fig. 6B, and
Pt:Pb ¼ 54.2:45.8 on the surface of the NPs. These pXRD, HX-PES,
TEM/STEM results suggest the formation of Pt3PbePtPb interme-
tallic compound coreeshell NPs, pure PtPb and Pt3Pb NPs synthe-
sized from the converting reaction and co-reduction reaction
methods, respectively. The formation of the Pt3Pb phase as a core in
NPs during the converting reaction can be easily understood by

considering the crystal structure of Pt and Pt3Pb ordered interme-
tallic phases.When Pb atoms are formed by the reduction of Pb ions
with reducing agents because a small amount of Pb atoms react
with an absolutely large amount of Pt atoms in the early stage of the
reaction, Pb atoms enter into the fcc type structure of Pt NPs. The
stable crystal structure that will be formed in the NPs as a result of
Pb atoms entering into Pt NPs might be an ordered intermetallic
Pt3Pb phase having the structure type of Cu3Au. As the reaction
proceeds, the ratio of Pb atoms in the NPs surface gradually in-
creases and the surface structure becomes the hexagonal P63/mmc
structure of the PtPb ordered intermetallic phase. The coreeshell
structure composed of Pt3Pb and PtPt ordered intermetallic phases
can be formed by optimizing the composition of the reaction so-
lution containing a Pb precursor, Pt NPs/CB powder, and a reducing
agent as well as the reaction temperature and time and the power
of themicrowave. Naturally, when the rate of Pb reduction is higher

Fig. 4. TEM images of NPs prepared via (A) the co-reduction and (B) the converting reaction synthesis and their particle size distribution histograms.

Fig. 5. (A) Low-resolution and (B) high-resolution TEM and (C) STEM and (D) STEM-EDS mapping profile images of CB-supported Pt3Pb NPs. Inset: FFT pattern obtained from image
B.
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than the diffusion rate of Pb atoms into the Pt NPs, the Pb layer is
formed on the surface of Pt NPs. It is important to consider the
balance of the reduction rate of Pb ions on the NP surfaces and the
diffusion rate of Pb atoms into the NPs. The coreeshell structure of
Pt3Pb and PtPb ordered intermetallic phases, which were prepared
with care and over several trials to find the appropriate conditions,
was examined to enhance the electrocatalytic activities of MeOH
and EtOH oxidations. ICP-MS measurements revealed that the
weight percentages of Pt in PtPb NPs/CB, Pt3Pb NPs/CB, and
Pt3PbePtPb NPs/CB were 12.8, 18.3, and 20.0 wt%, respectively.

Fig. 7A represents the linear sweep voltammograms (LSVs) for
the FA oxidation on Pt NPs/CB-, pure PtPb NPs/CB-, intermetallic
Pt3PbePtPb coreeshell NPs/CB-, and pure Pt3Pb NPs/CB-
immobilized glassy carbon (GC) electrodes in a 0.5 M FA aqueous
solution containing 0.1 M H2SO4. The oxidation currents were
normalized to the weight of the Pt atoms immobilized on the GC
electrodes and are presented as the mass activity (MA) in mA mg�1.
The Pt3Pb NPs/CB exhibited the highest mass activity towards FA
oxidation in acidic media among the four examined NPs/CB sam-
ples. The FA oxidation activities can be ranked as: Pt NPs/
CB < Pt3PbePtPb NPs/CB < pure PtPb NPs/CB < Pt3Pb NPs/CB.
Murray et al. have reported the electrocatalytic activity for FA
oxidation on Pt3Pb NPs (average particle size: 3.7 nm)/CB in 0.5 M
FA and 0.1 M H2SO4 at a potential scan rate of 20 mV s�1 and found
that the mass activity at 0.3 V (vs. NHE) was 0.375 mA mg-Pt. Our
pure Pt3Pb NPs exhibited a higher mass activity (0.52 mA mg-Pt at
0.3 V (vs. NHE)) than one reported by Murray et al. in the FA
oxidation [20]. Therefore, our higher activity Pt3Pb NPs were used
to compare the electrocatalytic activities for MeOH and EtOH
oxidation in alkaline media. In addition, Guo et al. synthesized
Pt(core)ePtPb(shell) NPs on CB with a two-step microwave-assis-
ted polyol process, such as the process that we used to prepare

Pt3PbePtPb NPs, and reported that the PtePtPb NPs exhibited
enhanced catalytic activity (0.78 mA mg-Pt at 0.3 V vs. NHE) and
durability for FA oxidation. Our Pt3PbePtPb NPs (0.20 mA mg-Pt at
0.3 V vs. NHE) are far lower than their PtePtPb NPs in terms of their
activity for FA oxidation [21]. However, the alkaline MeOH (Fig. 7B)
and EtOH (Fig. 7C) oxidations on pure PtPb, pure Pt3Pb, and inter-
metallic Pt3PbePtPb coreeshell NPs exhibited different properties:
the surfaces of the intermetallic Pt3PbePtPb coreeshell NPs largely
enhance the MeOH and EtOH oxidations. In particular, the EtOH
oxidation current substantially exceeded the MeOH oxidation cur-
rent. Commercially available CB-supported PteRu alloy and Pd
catalysts that have been recognized as anode catalysts [22e24]
were also tested in the MeOH and EtOH oxidations in alkaline so-
lutions for comparison. The oxidation activities of the PteRu alloy
and Pd NPs/CB are clearly lower than those of the Pt3PbePtPb NPs/
CB. As shown in Fig. 4, the average particle sizes of the NPs are
significantly different from those produced by co-reduction and
those produced by the converting reaction, with the former being
smaller. The difference in the surface areas of the NPs exposed to
the test solutions should also be taken into account for the com-
parison of their catalytic activity. The comparison of catalytic ac-
tivities should be evaluated with NPs that have the same surface
areas or should be compared using specific activities calculated
with surface areas. However, as observed in the results of Fig. 4, the
converting reaction-synthesized Pt3PbePtPb NPs that have a
smaller surface area (and larger particle size) exhibit higher cata-
lytic activity. This difference in activity between NPs prepared with
the co-reduction and converting reactions clearly indicates that if
the specific catalytic activities were calculated with the surface
areas of the NPs, a much larger difference in the catalytic activity
will be evaluated between pure PtPb and Pt3PbePtPb NPs. The
Pt3PbePtPb NPs will exhibit higher activities than that of pure PtPb

Fig. 6. (A, B) HR-TEM images and (C, D) EDS Pt (green line) and Pb (red line) line profiles of the NPs prepared via (A, C) the co-reduction reaction and (B, D) the converting reaction.
The FFT images in (A, B) were collected from the selected areas denoted by the dotted square (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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NPs. As a result of the comparison of our current results with work
mentioned above, it can be concluded that Pt3PbePtPb interme-
tallic coreeshell NPs show much higher electrocatalytic activity
towards MeOH and EtOH, especially in EtOH oxidation than that of
the previously reported results [12,15,16]. Long-term durability of
the electrocatalytic activity is critical for real fuel cell applications.
The long-term activity and stability of Pt, pure PtPb and Pt3PbePtPb
NPs/CB were examined using cyclic voltammetry (CV) with regard

to the EtOH oxidation reaction. The CVs for pure PtPb and
Pt3PbePtPb NPs recorded during 10 cycles are shown in Fig. 8. The
changes in oxidation current at the Pt NPs, pure PtPb, and
Pt3PbePtPb fixed GC electrodes, monitored at �0.1 V for 50 cycles
with a rotation rate of 2000 rpm, are summarized in Fig. 7D. For the
Pt NPs- (open circles) and pure PtPb NPs-fixed (open squares)
electrodes, the oxidation currents dropped during the first several
cycles for the EtOH oxidation. The Pt3PbePtPb NPs prepared via the

Fig. 7. LSVs obtained in (A) 0.5 M FA þ 0.1 M H2SO4, (B) 0.5 M MeOH þ 0.1 M KOH, and (C) 0.5 M EtOH þ 0.1 M KOH aqueous solutions with (a) co-reduction reaction-synthesized
PtPb NPs/CB, (b) converting reaction-synthesized PtPb NPs/CB, (c) Pt NPs/CB, (d) Pt3Pb NPs/CB, (e) PteRu alloy NPs/CB and (f) Pd NPs/CB-fixed GC electrodes at a scan rate of
10 mV s�1 and an electrode rotation speed of 2000 rpm. Panel D represents the dependences of the oxidative mass activity (MA) at �0.1 V (vs. Ag/AgCl (3 M NaCl)) on the cycle
number with Pt NPs/CB (B), Pt3PbePtPb NPs/CB (C) and pure PtPb NPs/CB (▫).

Fig. 8. Cyclic voltammograms for EtOH oxidation with NPs/CB prepared using (A) the co-reduction and (B) the converting reactions in a N2-saturated 0.5 M EtOH þ 0.1 M KOH
aqueous solution at 2000 rpm and 10 mV s�1.
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converting reaction method maintained relatively stable oxidation
currents of approximately 60% for 50 cycles (solid circles). Accu-
mulation of the intermediate species adsorbed on the Pt sites
during the EtOH oxidation results in the currents drop quickly with
potential cycling. The surface of Pt3PbePtPb intermetallic coree-
shell NPs has the catalytic activity to release the Pt active sites for
further adsorption of reaction species. In contrast, in the pure PtPb
surface, the intermediate species are accumulated on the Pt atoms
because its surface does not have ability to remove the interme-
diate species from the Pt atoms. The origin of the ability to remove
the intermediate species will be discussed with the reaction
mechanism for EtOH oxidation.

To make clear the difference in the surface structure between
pure PtPb and Pt3PbePtPb NPs, CO poisoning tests were performed
with Pt3PbePtPb and pure PtPb NPs. Fig. 9 presents the CO strip-
ping voltammograms with Pt NPs/CB, pure PtPb NPs/CB, and
Pt3PbePtPb intermetallic coreeshell NPs/CB in acidic media. The
voltammogram obtained with Pt NPs (Fig. 9A) shows a sharp
oxidation stripping peak caused by the oxidation of CO molecules
adsorbed on the Pt surfaces at �0.59 V (vs. Ag/AgCl 3 M). The CO
stripping CV peak from the Pt3PbePtPb NPs is shifted towards
higher potential compared with that of the Pt NPs but to lower
potentials when compared to that observed for pure PtPb NPs. The
decrease in the charge for the oxidation of adsorbed CO molecules
can also be observed with the shift of the stripping peak. Because
the charge for the oxidative CO stripping is a measure of the CO
tolerance on the NP surface, the decrease in the charge for the
oxidative CO stripping on the PtPb and Pt3PbePtPb NPs indicates
that the PtPb and Pt3PbePtPb NPs still have a higher CO tolerance
than the Pt NPs. Therefore, the order of the FA oxidation activity
shown in Fig. 7A is consistent with the degree of the shift of the CO
stripping peak. Additionally, in alkaline aqueous solutions, pure
PtPb and Pt3PbePtPb NPs exhibited a smaller charge for the CO
stripping when compared with Pt NPs. The charge for the oxidation
of adsorbed CO on the NP surfaces is the smallest in the Pt3PbePtPb
NP surface (Fig. 10). From these CO stripping data, it can be
confirmed that the surface structure of Pt, pure PtPb and
Pt3PbePtPb NPs is significantly different from each other. The
dramatic drop in the quantity of CO adsorbed onto the Pt3PbePtPb
intermetallic compound coreeshell NP surface is considered to be
caused at least in part by a direct consequence of its structure,
specifically, the difference between the PtePt distance in pure PtPb
and modified PtPb on the Pt3PbePtPb intermetallic coreeshell NPs.
The increase in the lattice parameters for the (2 0 0) planes of the

PtPb shell may prevent the CO from binding to the bridge or three-
fold hollow site configurations on the modified PtPb phase in
Pt3PbePtPb intermetallic compound coreeshell NPs.

As is well known, Pt is the most widely used anode catalyst.
However, pure Pt is not efficient catalyst for alcohol oxidation and
Pt-based bimetallic alloys with Ru, Rh, Ir, Sn and Sb have been
investigated extensively [25e30]. For example, Jin et al. have dis-
cussed potential-dependent phase diagrams for surface oxidants of
OHads formation on Pt(111), Pt(2 11) and Sn adatom-modified Pt(1
11) and Pt(2 11) surfaces for the EtOH oxidation, which have been
determined using density functional theory (DFT) calculations and
considered that in the presence of Sn, both the OHad formation and
CeC dissociation are more difficult on the Pt(2 11) surface, whereas
the acetic acid formation is more facile over both Pt (2 11) and Pt (1
11) surfaces, shifting the production selectivity towards acetic acid.
It was concluded that the large increase in the rate observed in their
experiment is associated with both the decrease in the activation
barriers of CeC dissolution as well as the increased concentration of
surface OHads at low potential on the Pt(1 1 1) surfaces due to the
presence of Sn [25]. They calculated the onset potentials of OHad
formation on Pt(1 1 1) and Sn modified Pt(1 1 1) surfaces. Sn
modified Pt(1 1 1) surface shifted the onset potential of OHad for-
mation from 0.59 V (on Pt sites) to 0.23 V (on PtSn sites), indicating
that the modification of Pt by Sn can provide OH� adsorption sites
at low potentials. Sheng et al. have also found using DFT calcula-
tions in the models of transition metals (Ru, Rh, Pd, Os and Ir)
alloyed on the top layer of Pt(1 1 1) that the active metals increase
the activity of b-dehydrogenation of EtOH but lower the OHad

Fig. 9. CO-stripping voltammograms obtained using (a) commercial Pt NPs/CB, (b)
pure PtPb NPs/CB, and (c) Pt3PbePtPb NPs/CB in Ar-saturated 0.1 M H2SO4 aqueous
solution at 2000 rpm and 10 mV s�1.

Fig. 10. CO-stripping voltammograms obtained using commercial (a) Pt NPs/CB, (b)
pure PtPb NPs/CB, and (c) Pt3PbePtPb NPs/CB in Ar-saturated 0.1 M KOH aqueous
solution at 2000 rpm and 10 mV s�1.
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formation potential resulting in the active site being deposited with
transition metals. By considering both b-dehydrogenation and
OHad formation, the transition metals Ru, Os and Ir are identified to
be unsuitable for the promotion of CO2 selectivity and only Rh is
able to increase the selectivity of CO2 in the EtOH oxidation [31].

The possible EtOH oxidation reaction mechanism in alkaline
media might be explained by the following process (Eqs. (1)e(4))
[32,33]. Because the onset potential for CO oxidation on the
Pt3PbePtPb intermetallic coreeshell NPs is much higher than that
for alcohol oxidation, Pt3PbePtPb intermetallic coreeshell NP sur-
faces work more efficiently in the dehydrogenation of the EtOH
oxidation. The EtOH dehydrogenation actively continues on the
catalyst surface around the onset potential of EtOH oxidation to
increase the oxidation current. The OHads supplied by the solution
of OH� ions are key species that catalyze the EtOH oxidation re-
action. OHads species can be generated on Pb atoms by the
discharge of OH� in alkaline solution. The formation of PbeOHads
would be accelerated on the surface of the Pt3PbePtPb interme-
tallic compound coreeshell NPs in alkaline media and would
contribute to the increase in the oxidation currents of EtOH at lower
electrode potential, although some PteOHads species also work in
the EtOH oxidation reactions at higher electrode potential. The
OHads species on Pb atoms can react with the intermediate species
adsorbed on the Pt sites to release the Pt active sites for further
adsorption of reaction species.

Pb þ OH� 4 Pbe(OH)ads þ e� (1)

2Pt þ C2H5OH 4 PteH þ Pte(C2H5O)ads (2)

Pte(C2H5O)ads þ Pbe(OH)ads / Pt-(C2H4O)ads-Pb þ H2O (3)

Pt-(C2H4O)ads þ Pbe(OH)ads / Pte(C2H3O)adsePb þ H2O (4)

It can be considered that Pb atoms in the surface of the
Pt3PbePtPb intermetallic compound coreeshell NPs associate with
both the decrease in the activation barriers of dehydrogenation as
well as the increased concentration of surface OHads at low po-
tential and that the Pb atoms in the Pt3PbePtPb intermetallic
compound coreeshell NPs work more efficiently in the EtOH
dehydrogenation and OHad formation than other metals.

4. Conclusions

We have successfully synthesized intermetallic Pt3PbePtPb
coreeshell NPs through a converting reaction in ethylene glycol
under microwave irradiation by reacting Pt precursors with Pt NPs
to form ordered intermetallic phases of Pt3Pb and PtPb. The pXRD,
HX-PES and TEM/STEM characterizations demonstrated that pure
PtPb NPs, pure Pt3Pb NPs and Pt3PbePtPb intermetallic coreeshell
NPs could be prepared by conventional co-reduction and convert-
ing reaction synthesis methods, respectively, without annealing.
The intermetallic Pt3PbePtPb coreeshell NPs exhibited higher
catalytic activity towards MeOH and EtOH oxidation reactions in an
alkaline aqueous solution. The enhanced electrocatalytic activities

and tolerance for CO-poisoning as well as the improved stability of
Pt3PbePtPb NPs was validated by comparison with commercial Pt
NPs, pure PtPb and Pt3Pb NPs. The structural modification of the
PtPb surface influenced by the Pt3Pb core on the Pt3PbePtPb NPs
produces a considerable improvement of the catalytic performance,
such as high and stable oxidation activities of EtOH, whichmight be
due to the enhancement of dehydrogenation of EtOH on Pt atoms
and the increase of the concentration of OHad on Pb atoms.
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The electrochemical oxygen reduction reaction (ORR) was accelerated on PtPb ordered intermetallic nanoparti-
cles (NPs) deposited on titanium oxide (TiO2)/carbon black (CB) and comparedwith the benchmarked rate on Pt
NPs/CB. Immobilization of the PtPb NPs on TiO2 was a key factor to enhance ORR activity on the PtPb NP surface.
The electric interaction between the PtPb NPs and TiO2 improved the electrocatalytic activity for ORR in a 0.1 M
HClO4 acidic solution.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

In the research and development of polymer electrolyte fuel cells
(PEFCs), one of the challenges is to design better alternatives to the
state-of-art Pt catalyst as anode and cathode catalysts in PEFCs, for
which high power density has been obtained at room temperature [1].
In particular, the oxygen reduction reaction (ORR) kinetics in the
cathode are very slow, even at the surface of the Pt catalyst. Therefore,
a large overpotential is required for the ORR to proceed at any practical
speedunder the operating conditions of PEFCs [2]. To accelerate theORR
kinetics to reach a practical usable level in fuel cells, there has been a
strong demand for the development of cathode ORR catalysts that can
solve significant cost and durability issues as well as sluggish ORR
kinetics. The partial [3,4] or complete [5,6] replacement of Pt metal
with othermetals has attracted considerable interest due to its potential
to reduce the high costs of market batteries and to enhance electrocat-
alytic activity. Recently, we reported that PtPb/TiO2 showed substantial
electrocatalytic activity for ORR [7]. The nature of the support, the
composition of catalytic sites as well as their interaction with the
support, and the electronic structure of catalytic sites all most likely
influenced the observed electrochemical behavior. Such enhancement
of PtPb NPs in the ORR activity was mainly explained as follows:
(i) change in the orbital structure of Pt atoms caused by coexisting
with Pb atoms, and (ii) change in Pt–Pt interatomic distance by
insertion of Pb atoms into the Pt crystal structure. In addition, the
enhancement of the catalytic activity, due to the presence of metal

oxide support, is often called strong metal support interactions (SMSI)
and significant effort has been devoted to understand this phenomenon
[8–10]. SMSI has been reported also in the papers on the enhancement
of ORR [11–13]. SMSI is usually explained in terms of partial charge
transfer [14] or substrate-induced change in the lattice parameter of
themetal deposited [15]. Particularly the change of the electronic prop-
erties of the NPs was attributed to overlapping of d orbitals (occupied)
from deposited metal and the unoccupied d orbitals of the support.
This PtPb NPs/TiO2 system can be expected to exhibit the synergistic
effect of the inherent electrocatalytic activity of PtPb ordered interme-
tallic surfaces and the electronic interaction between PtPb NPs and
TiO2 in the enhancement of ORR. However, in our previous study, the
voltammograms obtained using a PtPb NPs/TiO2-fixed glassy carbon
(GC) electrode for ORR exhibited a broad shape caused by high electron
resistance (IR resistance) because the PtPb nanoparticles (NPs, particle
size 3.0 nm) were deposited on high resistivity TiO2 particles (particle
size b25 nm) and because the Pt NPs/TiO2 was fixed on a GC electrode
with carbon black (CB) and Nafion. In this study, PtPb NPs were
chemically deposited on small, thin TiO2 particles that were prepared
on CB, to obtain ORR voltammograms that did not show IR resistance.
The step-by-step deposition of Pt and Pb intentionally designed for
this study achieved the restrictive fixation of PtPb NPs on the small,
thin TiO2 particles.

2. Experimental

Scheme 1 shows a schematic depiction of the step-by-step prepara-
tion method of PtPb NPs/TiO2/CB by annealing under inert gas atmo-
sphere with Ti-alkoxide for TiO2, photodeposition for Pt NPs and
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microwave synthesis to prepare ordered intermetallic PtPb NPs on TiO2

via the reaction of Pb2+ with Pt NPs on TiO2/CB. A commercial CB
(Vulcan-XC72R E-TEK) was treated with an acidic mixture solution of
H2SO4 (6 M, 95.0%, Wako) and HNO3 (6 M, 69.0%, Wako) at 90 °C for
12 h to introduce carboxylic acid functional groups on the surface
and then washed with water, followed by drying overnight at 110 °C.
A Ti precursor solution was prepared by dissolving titanium(IV)
isopropoxide (TTIP, 0.1 g, Sigma-Aldrich) in iso-propanol (200 mL,
99.7%, Wako). Functionalized carbon was added to the solution under
vigorous stirring. De-ionized water (0.3 mL) was used to accelerate
the reaction of TTIP. After further stirring for 60 min, the resulting
mixture was collected and dried overnight at 110 °C, followed by
heat-treatment at 600 °C for 1 h under Ar atmosphere to yield CB-
supported TiO2 (TiO2/CB) [16]. Pt NPs were photochemically deposited
on TiO2/CB, as reported by Abe et al., to prepare Pt NPs/TiO2/CB [17].
The Pb(CH3COO)2·3H2O (0.03 mmol, Sigma-Aldrich) was dissolved
in 50 mL of ethylene glycol (99.5%, Kanto Chemical) and then Pt NPs/
TiO2/CB (0.020 g) was added in the solution. Themixturewas then son-
icated in a bath-type ultrasonicator and treated in the flaskwith a reflux
set for 1 min under 300-W microwave radiation (focused microwave
instrument, CEM) to react Pb2+ ions with Pt NPs on the TiO2/CB. The
mixture in the flask was cooled to room temperature with water. The
mixture was again treated under microwave radiation of 300 W for
5 min. After the mixture cooled, the PtPb NPs/TiO2/CB was collected
via centrifugation, washed sequentially with methanol and dried
under vacuum [18]. Powder X-ray diffractometry (pXRD) was per-
formed using CuKα radiation (Rigaku RINT-UltimaIII; λ = 0.1548 nm)
with an increment of 0.02° in a range of diffraction angles from 20 to
80°. X-ray photoelectron spectroscopy (XPS) measurements (JEOL, JP-
9010 MC) were performed to examine the chemical states (Pt 4f) of
the catalyst. MgKαwas used as the X-ray source for XPSmeasurements
with anodic voltage (10 kV) and current (10mA). 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 200 eV for narrow
and survey scans, respectively. A 200 kV transmission electron micro-
scope (TEM and/or STEM, JEM-2100F, JEOL) equipped with two aberra-
tion correctors (CEOS GmbH) for the image- and probe-forming lens
systems and an X-ray energy-dispersive spectrometer (JED-2300T,
JEOL) for compositional analysis was used.

An aliquot of 1 mg PtPb NPs/TiO2/CB was suspended in a solution of
995 μL of distilled water and 250 μL of isopropyl alcohol. Additionally,
5 μL of a 5% w/w Nafion® solution (EW: 1100, Aldrich) in alcohol was
added to this suspension. The resulting suspension was sonicated for
1 h. The suspension was coated onto a 5-mm-diameter GC electrode.
The ORR activities of PtPb NPs/TiO2/CB, Pt NPs/TiO2/CB, PtPb NPs/CB

and Pt NPs/CB were subsequently examined in O2-saturated 0.1 M
HClO4 using a three-electrode cell with an Ag/AgCl (3MNaCl) 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 mV s−1 and a rotation speed of 2000 rpm. The geometric area of
the GC electrode was used to calculate the current density of ORR. The
electrode potential measured with the Ag/AgCl reference electrode
was converted to the value referred to reversible hydrogen electrode
(RHE) in voltammograms.

3. Results and discussion

Fig. 1 shows pXRD patterns of TiO2 (a), TiO2/CB (b), CB (c), commer-
cially available 10 wt.% Pt NPs/CB (d), synthesized Pt NPs/TiO2/CB (e),
PtPb NPs/CB (f) and PtPb NPs/TiO2/CB (g). The pXRD pattern (a) was
obtained using TiO2 powder (anatase, particle size b25 nm, 99.7 %)
purchased from Sigma Aldrich. The sample (b) prepared by annealing
Ti precursor adsorbed on CB shows broad peaks that match well to
the pattern observed in the TiO2 powder (a), indicating the formation
of TiO2 on CB. Simulated pXRD patterns for the FCC-type Pt phase
(Fm-3m, a = 0.3925 nm, JCPDS 04-0802) and PtPb phase (hexagonal,

Scheme 1. Schematic representation of the step-by-step method to prepare ordered intermetallic PtPb NPs/TiO2/CB.

Fig. 1. The pXRD profiles of (a) TiO2, (b) TiO2/CB, (c) carbon black, (d) commercially avail-
able 10 wt.% Pt NPs/CB, (e) Pt NPs/TiO2/CB, (f) PtPb NPs/CB and (g) PtPb NPs/TiO2/CB.
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space group P63/mmc, a= b= 0.426 nm, c= 0.548 nm, ICDD PDF File #
06-0374) are indicated by solid bars in Fig. 1 [19]. The pXRD patterns
(c) for CB show two intense peaks at 25.0° and 43.5° in 2θ, correspond-
ing to the 002- and 101 reflections of carbon. In the pXRDpatterns (d–g)
of all samples prepared with CB, the two intense peaks overlapwith the
peaks assigned to the reflections of PtPb ordered intermetallic or Pt
phases. Commercially available Pt NPs on CB show two broad peaks
(d) corresponding to the 111- and 200 reflections of Pt phase. An aver-
age Pt crystal domain size of 4.6 nm can be calculated from the Scherer
equation. As observed from the comparison of full width at half maxi-
mum of the pXRD peaks (e), the Pt NPs formed on TiO2/CB have a larger
domain size than the commercially available Pt NPs on CB. The patterns
(f) and (g) of the samples prepared by reacting Pb2+ ions to Pt NPs on
CB or TiO2 show peak patterns that can be indexed to the hexagonal

type of PtPb ordered intermetallic structure, including the characteristic
peaks for the PtPb ordered intermetallic phase, which distinguish the
PtPb ordered intermetallic phase from the Pt fcc structure, which can
be observed from 50 to 80° in both profiles (f) and (g). Based on
the comparison of the particle sizes among the samples with full
width at half maximum of the pXRD peaks, the PtPb NPs formed with
photodeposited Pt/TiO2/CB and Pb2+ ions have larger crystal domain
sizes than Pt NPs on TiO2/CB and CB. The particle size of Pt and PtPb
deposited CB and TiO2 can be ranked as: PtPb/TiO2/CB N Pt/TiO2/
CB N commercially available Pt/CB.

Fig. 2 shows the XPS results in the Pt 4f region for reference Pt NPs/
CB (a), PtPb NPs/CB (b) and PtPb NPs/TiO2/CB (c). The Pt 4f7/2 peak for
the PtPb NPs on CB was +0.35 eV higher in binding energy compared
with the corresponding peak for Pt NPs on CB, indicating that the aver-
age atomic environment around Pt atoms in the sample prepared on CB
was changed by reacting the Pt atomswith Pb atoms. That is, the change
can be understood with the electron donation from Pt to Pb due to the
difference in electron negativity. The difference in the binding energy
for the Pt 4f7/2 peak between the PtPb NPs prepared on TiO2/CB and
CB is much smaller +0.15 eV than the value of observed between
PtPb NPs/CB and Pt NPs. This difference is due to the interaction be-
tween PtPb NPs and TiO2, that is, Pt atoms in PtPb were also influenced
by the TiO2 support aswell as the Pb atoms surrounding a Pt atom in the
ordered intermetallic phase of PtPb. The electronic interaction between
Pt and metal oxide support, which shifts to the higher binding energies
with respect to those for the Pt NPs, has been already reported by
Horsley [20], Chen [21,22] and Ohsaka [23] although Pt 4f down-shift
due to the interaction between Pt andmetal oxide has been also report-
ed [24–26]. They have proposed the electronic interaction between Pt
andmetal oxide via the bridging by O atoms which formsmetal\O\Pt
bonds. Therefore, on the basis of their results, we can also propose the
electronic interaction between Pt and TiO2 via the Ti\O\Pt bridging.

To confirmNP distribution and that Pt NPswere certainly formed on
TiO2, a STEM image and its compositional mappings (Fig. 3) were ob-
tained using Pt/TiO2/CB. White spots in the STEM image correspond to
Pt NPs. The NPs were heterogeneously dispersed on the surfaces.
Green and red, indicating the existence of Pt and Ti atoms, respectively,

Fig. 2. XPS analysis (4f) of (a) Pt NPs/CB, (b) PtPb NPs/CB, and (c) PtPb NPs/TiO2/CB.

Fig. 3. Scanning transmission electronmicroscope (STEM) images of Pt NPs/TiO2/CB and the corresponding compositionalmapping images. (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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always overlap in the compositional mappings obtained from the depo-
sition of Pt NPs on the TiO2. Fig. 4 shows a high-resolution STEM image
and its compositional mapping of PtPb/TiO2/CB, which was obtained to
confirm the composition of Pt and Pb atoms on an ordered intermetallic
NP. The atomic ratio of Pt:Pbwas fairly consistentwith the desired value
of a PtPb ordered intermetallic phase, 61 ± 2:39 ± 2.0. In the mapping
image, the Pb atoms could be observed only in PtPb NPs, not on CB sur-
faces; that is, Pb NPs were not formed on CB in the reaction withmicro-
waves, indicating the selective reaction of Pb2+ ions with Pt NPs on the
TiO2/CB surfaces, as reported by Bauer and us [18,27]. The pXRD and
TEM/STEM characterization results clearly indicate that the formation
of an ordered intermetallic PtPb phase can be achieved on the TiO2

fixed on CB.
Fig. 5 shows linear-sweepORRvoltammograms for (a) commercially

available 10 wt.% Pt NPs/CB, (b) Pt NPs/TiO2/CB, (c) PtPb NPs/CB and
(d) PtPb NPs/TiO2/CB in an oxygen-saturated 0.1 M HClO4 solution.
The element mapping in Fig. 3 indicates Pt particles deposited on both
CB and TiO2 surfaces. However, it is doubtful that the activity of this cat-
alyst originates from only PtPb/TiO2/CB. Therefore, in order to extract
the origin of the ORR enhancement, the results obtained with Pt/CB,
Pt/TiO2/CB, PtPb/CB and PtPb/TiO2/CB were carefully compared. Here,
CB-supported Pt NPs (a) were used as a control. The ORR curve
(b) obtained with Pt/TiO2/CB shifts to the positive direction, owing to
the interaction between Pt NPs and TiO2 when compared with Pt/CB.
The PtPb NPs also accelerate the ORR even on the CB (c). The samples
of PtPb/TiO2/CB were superior in their ORR activity to all of the other
samples. The particle size of PtPb ordered intermetallic NPs on TiO2 is
larger than one of Pt NPs on TiO2 and CB; the Pt NPs fixed on TiO2 and
CB have much larger surface areas exposed to the test solution than
one of the PtPb NPs fixed on TiO2. Although the surface area of PtPb
NPs is smaller than that of the reference Pt catalysts utilized in this
work, the surfaces of the ordered intermetallic PtPb NPs work more ef-
ficiently for ORR. The synergistic effect of the inherent electrocatalytic
activity of PtPb ordered intermetallic surfaces and the electronic inter-
action [28,29] between PtPb NPs and TiO2, which was taken from the
XPS results, might produce superior ORR activity. It can be considered
that the electronic interaction between Pt and TiO2 via the Ti\O\Pt
bridging as mentioned in the XPS results contributes to the enhance-
ment of ORR with the following two factors. (i) OH adsorbed on the Pt
surface in the PtPb NPs is spilled over to the TiO2 (reduction of the

formation of OH on the Pt surface) [23,30] and (ii) the d orbital electron
in the Pt atoms is donated to Ti atoms through the bridging Ti\O\Pt
bond (d orbital vacancy, resulting in enhanced 2π electron donation
from O2 to the surface of PtPb and back donation of the electrons) [23,
31], both of which facilitate the O2 adsorption on the Pt surface, that
is, the first step of the ORR to produce fast and desirable two H2O
molecules.

4. Conclusions

In this study, the deliberate formation of PtPb on TiO2 to make the
most of electric interaction between PtPb NPs and TiO2 was successfully
achieved. The formation of PtPb NPs on TiO2 was confirmed with XRD,
XPS, TEM and STEM, from the viewpoint of crystallinity, size, the degree
of dispersion, and the electronic states of the NPs. The XPS results in the
Pt 4f region for PtPb NPs/TiO2/CB and PtPb NPs/CB showed the differ-
ence in binding energy between Pt atoms in PtPb NPs/TiO2/CB and
PtPb NPs/CB. Among the Pt NPs/CB, PtPb NPs/CB, Pt NPs/TiO2/CB and
PtPb NPs/TiO2/CB samples, The PtPb NPs/TiO2/CB showed the highest
ORR activity. The difference in the electronic state of Pt atoms in the
PtPb NPs immobilized on the TiO2, which was evaluated from the XPS
results, might lead to the acceleration of ORR on the surface of PtPb
NPs on TiO2/CB in an acidic solution.
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Abstract 

We have prepared Pt-Ti nanoparticles (NPs) loaded tungsten oxide (WO3) 
composites by hand grinding of WO3 powder with chemically prepared Pt-Ti NPs. The 
Pt-Ti/WO3 composites exhibited higher efficiency for the decomposition of acetic acid 
(AcOH) and acetaldehyde (AcH) under visible light irradiation (λ > 420 nm) than that of 
the composite prepared using WO3 and the conventional cocatalyst of Pt NPs. The higher 
photocatalytic activity of the composites could be attributed to the efficient oxidative 
decomposition of organic compounds and/or reduction of O2 on the Pt-Ti NPs surface. 

Introduction 

In recent years, considerable attention has been focused on semiconductor 
photocatalysis for environmental remediation because it can utilize solar energy to 
decompose various organic compounds in air 1,2 and in aqueous systems.3,4 Many 
researchers have focused on the efficient decomposition of environmental organic 
contaminants under visible light irradiation or under indoor fluorescent light. Tungsten 
trioxide (WO3) is a visible-light-responsive photocatalyst with narrow band gap energy 
and its valence band potential is similar to that of TiO2. However, the reaction efficiency 
of the WO3 is the major bottleneck for practical applications in a photocatalyst research 
field. When WO3 is modified with Pt 3,5,6 nanoparticles (NPs) as cocatalysts, it exhibits a
higher photocatalytic activity for the decomposition of organic compounds under visible 
light irradiation. The cocatalysts serve as an effective candidate to enhance the oxygen 
reduction reaction (ORR) that occurs on the surface of WO3. In order to attain such 
higher reaction efficiency of the photocatalysts, cocatalysts that exhibit a lower 
overpotential for the redox reaction in an aqueous system have to be immobilized on the 
photocatalyst surface. Recently, we have found that Pt3Ti alloy NPs accelerate the 
electrochemical oxidation of small organic compounds compared with conventional Pt 
and Pt-Ru.7 In addition, other research groups have also been reported that Pt3Ti alloy 
exhibits higher ORR activity than that of Pt catalyst. 8-10 In consideration of these results, 
Pt3Ti NPs immobilized on WO3 can be expected to enhance the photocatalytic activities 
than that of conventional Pt NPs/WO3. However, a strong reducing agent should be used 
in a WO3 powder-suspended solution containing the Pt and Ti precursors to chemically 
form Pt3Ti NPs on the WO3 surfaces by reducing Ti4+ ions, which have a considerably 
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lower standard redox potential. The strong reducing agent is capable of reducing the WO3
surface. Because the reduced tungsten ions facilitate the recombination of photogenerated 
carriers, exposing the WO3 matrices to the reducing agent would decrease the 
photocatalytic activity. In the present study, at first we have prepared Pt-Ti NPs by 
chemical reduction method, later the chemically prepared Pt-Ti NPs were thoroughly 
mixed with WO3 powder by facile hand grinding for the preparation of Pt-Ti NPs/WO3
composite. The photocatalytic activity of the composites formed from Pt-Ti NPs and 
WO3 powder and Pt NPs and WO3 (reference catalyst) photocatalysts were evaluated 
through the decomposition reaction of acetic acid (AcOH) and acetaldehyde (AcH) under 
visible light irradiation. 

Experimental 

Commercially available WO3 powder was purchased from the Kojundo Chemical 
Laboratory Co., Ltd. (Type: WWO04PB). Fine particulate WO3 with a particle size of 
50–200 nm was separated from the commercial WO3 powder, as reported in Ref. 2. The 
Pt NPs and Pt-Ti NPs were prepared via chemical reduction with metal precursors and a 
reducing agent. For the Pt-Ti NPs, a precursor solution was prepared by dissolving 0.095 
mol of platinum (1,5-cyclooctadiene)dichloride (Strem Chemicals) and 0.36 mmol of 
titanium(IV) chloride tetrahydrofuran complex (Sigma Aldrich) in 15 mL of 
tetrahydrofuran (Kanto Chemicals) under a dry Ar atmosphere. Then, the precursor 
solution was stirred for 30 min under a dry Ar atmosphere. Afterward, 2 mL of a lithium 
triethylborohydride tetrahydrofuran solution (1.0 mol/L) was transferred into the 
precursor solution under a completely dry atmosphere. The dark brown solution was 
stirred overnight to complete the reaction. The solvent was removed by distilling under 
reduced pressure to afford a dark brown precipitate. The precipitate was then washed 
with methanol. The obtained powder was stable in air and was black in color. The Pt-Ti
NPs were annealed under vacuum at 900°C for 10 h to confirm the compositions of Pt 
and Ti atoms in the prepared Pt-Ti NPs.  Pt NPs were prepared for control experiments 
using 0.032 mmol of hexachloroplatinate (Wako) and 0.632 mmol of sodium borohydride 
(Sigma-Aldrich) in methanol (Kanto Chemical) under a dry Ar atmosphere. The 
preparation of Pt-Ti/WO3 photocatalysts is as follows. The cocatalyst powders of the as-
prepared Pt-Ti NPs (2 mg) were thoroughly mixed with WO3 powder (198 mg) by hand 
grinding to prepared 1.0 wt% composite. The composites were used in the photocatalytic 
activity tests. The prepared photocatalysts were characterized by powder X-ray 
diffraction (pXRD) and transmission electron microscope (TEM) methods. pXRD was 
performed using CuKα radiation (Rigaku RINT- UltimaⅢ; λ = 0.1548 nm). TEM (JEM- 
2010, JEOL, operated at 200 kV) was used to characterize the morphology of the 
photocatalysts.  

Photocatalytic activity measurements 

The photocatalytic decomposition of AcOH in the liquid phase was conducted in a 
circulation system, in which a suspension of the photocatalyst powder (30 mg) in an 
aerated aqueous AcOH solution (5 vol%, 50 mL) was continuously stirred using a 
magnetic stirrer. The components were analyzed by gas chromatography (GC-8A, 
Shimadzu). The sample was illuminated with a 300 W Xe lamp (PE-300BF, BA-X300ES, 
Eagle Co. Ltd, Japan) equipped with an optical fiber coupler, a UV cut-off filter (L-42, 
HOYA Co. Ltd., Japan), with a cold mirror unit (MR5090/CM, Eagle Co., Ltd). The 
experiments for the photocatalytic activity in the gas phase were performed in a 
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cylindrical glass air-filled static reactor (500 mL total volume) with a quartz window. An 
O2 (20 %)-N2 gas mixture was adjusted to a relative humidity of 30 % and was used to 
fill the reaction vessel. The sample was illuminated with a blue LED lamp (LP-3024RA, 
TKG-3029-6000, Hayashi Tokei-works Co. Ltd.). The catalyst (80 mg) was placed in a 
circular glass dish and mounted in the reactor. The AcH and CO2 concentrations were 
measured using an INNOVA 1412 multi gas monitor.

Results and discussion 

Figure 1 shows the pXRD profiles of the as-prepared Pt-Ti NPs (a), as-prepared Pt 
NPs (b), annealed Pt-Ti NPs (c), the composite of the as-prepared Pt-Ti/WO3 (d) and pure 
WO3 powder (e). The as-prepared Pt-Ti and Pt NPs show three broad peaks at 
approximately 40.5°, 47.5° and 69.3°. The pXRD patterns of both photocatalysts were 
consistent with the pXRD peaks simulated for Pt (average Pt and Pt-Ti crystal domain 
sizes of 7.51 and 4.43 nm, respectively, can be calculated using the Scherer equation). 
However, from annealing of the as-prepared Pt-Ti NPs, the formation of the Pt3Ti alloy 
phase in the as-prepared Pt-Ti NPs was confirmed because the annealed Pt-Ti NPs 
exhibited characteristic small peaks in the range of 20-34° and 50-60°, which are 
assigned to the (100), (110), (210) and (211) reflection planes of the ordered Pt3Ti 
intermetallic phase with the Cu3Au-type structure (Pm-3m; a = 0.3898 nm). The complex 
peaks in the pattern of the Pt-Ti/WO3 composite, attributed to monoclinic WO3 (JCPDS 
43-1035), do not change even after hand grinding of the WO3 powder and as-prepared Pt-
Ti NPs. This feature in the XRD data means that the hand grinding does not destroy the 
crystal structure of monoclinic WO3. 

Figure 1. pXRD patterns of as-prepared Pt-Ti NPs (a), Pt NPs (b), annealed Pt-Ti NPs (c), 
and composite of the as-prepared Pt-Ti NPs/WO3 (d) and pure WO3 powder (e). The 
solid bars at the bottom are the simulated pXRD peaks for the ordered intermetallic phase 
of Pt3Ti and Pt. 

Figures 2 (A) and (B) shows the TEM images of Pt-Ti and Pt NPs on WO3. The 
TEM images indicate that the average particle diameters of the Pt-Ti NPs and Pt NPs on 
the WO3 surface are 8.3 and 11.3 nm, respectively. The particle size of Pt-Ti and Pt NPs 
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are approximately consistent with the domain size of 3.5 nm that was determined from 
the pXRD data. These results suggest that the Pt-Ti and Pt NPs are heterogeneously 
dispersed with the same degree on WO3 even by hand grinding. 

Figure 2. TEM images of Pt-Ti NPs (A) and Pt NPs (B) NPs on WO3 photocatalysts (NP 
loading: 1.0 wt%).

Figure 3. (A) The time courses of CO2 evolution during the decomposition of AcOH 
over WO3 powder (triangles), composite of Pt NPs/WO3 (squares) and Pt-Ti NPs/WO3
(circles) in an aqueous AcOH solution in the presence of O2 under visible light irradiation 
(20 mWcm-2). NP loading: 1.0 wt%. (B) The time courses of the decomposition of AcH 
(open symbols) and the evolution of CO2 (solid symbols) in the presence of O2 under 
visible light irradiation over WO3 (triangles), Pt/WO3 composite (squares), and Pt-Ti 
NPs/WO3 composite (circles). NP loading: 0.1 wt%. 

The photocatalytic activities of the Pt-Ti NPs/WO3 and Pt NPs/WO3 composites 
were examined through the photocatalytic decomposition of AcOH in aerated aqueous 
suspensions. Figure 3(A) represents the plot of CO2 generation during the liquid-phase 
decomposition of AcOH over the Pt-Ti NPs- and Pt NPs-loaded WO3. The CO2
generation rate over the Pt-Ti NPs/WO3 and Pt NPs/WO3 photocatalysts were estimated 
from the slope of the CO2 formation vs. time curve in the time range of 0-300 min. The 
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CO2 generation rate over the Pt-Ti NPs/WO3 (5.132 mol·h-1) was higher than that over 
the Pt NPs/WO3 (2.802 mol·h-1).  

Figure 3(B) represents the AcH decomposition in a gas-phase reaction and the CO2
generation profiles over the as-prepared Pt-Ti NPs and Pt NPs on WO3 under visible light 
irradiation (λ > 420 nm). With the onset of visible light irradiation, the amounts of AcH 
in the gas phase over the Pt-Ti NPs/WO3 and Pt NPs/WO3 were decreased rapidly 
together with an increase in CO2 generation when compared to pure WO3. The time 
profiles of the Pt-Ti NPs/WO3 and Pt NPs/WO3 photocatalysts show the steady state CO2
concentration at approximately 250 min, indicating that the successful decomposition of 
AcH. When the concentration of AcH is high under the initial irradiation time, 
photocatalytic reaction follows light limited condition and depends on the electron-hole 
charge separation efficiency.11 In contrast, photocatalysis follows diffusion and 
adsorption of AcH under the light rich condition. Therefore, we compared the 
photocatalytic activities in the time range of 0-50 min after the start of light irradiation, 
and the rate of CO2 generation over the Pt-Ti NPs/WO3 (372 ppm·h-1) was observed as 
the higher value among the other photocatalysts such as Pt NPs/WO3 composite (310 
ppm·h-1) and pure WO3 (270 ppm·h-1) catalysts. 

Conclusion 

In the cases of both AcOH decomposition (liquid-phase reaction) and AcH 
decomposition (gas-phase reaction), the Pt-Ti NPs enhanced the decomposition of 
organic compounds over WO3 photocatalysts, as expected based on the previous results 
of electrocatalytic activities. Although the photocatalytic activity of Pt-Ti NPs/WO3 is 
considerably less than that of photodeposited Pt/WO3,2 our photocatalysts can be 
prepared by a facile mixing process. The comparison of the photocatalytic activities 
between Pt-Ti NPs/WO3 and Pt NPs/WO3 composites suggests the effectiveness of Pt-Ti 
NPs as a cocatalyst for suppressing the recombination of photoexcited carriers by 
consuming photoexcited carriers and, as a result, for significantly increasing the 
photocatalytic efficiency. 
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Abstract 

The site-selective deposition of PtPb nanoparticles (PtPb NPs) on 
oxidation sites and of Pt NPs on reduction sites as co-catalysts was 
attempted on tungsten oxide (WO3) using a photodeposition reaction and 
the chemical reduction of Pt and Pb precursors for photoexcited electrons 
and holes to be efficiently consumed without the recombination of 
photogenerated carriers during the photochemical decomposition of 
acetic acid (AcOH). The synthesized PtPb/Pt/WO3 exhibited higher 
photocatalytic performance for the decomposition of AcOH under visible 
light irradiation (λ > 420 nm) than that observed using the conventional 
photodeposited Pt/WO3 or chemically deposited PtPb/WO3. The results 
of this study highlight the importance of controlling the deposition site 
for co-catalysts on photocatalyst surfaces. 

Introduction 

For four decades following the report of the Honda-Fujishima effect,1 numerous 
studies on energy conversion and on the oxidative degradation of environmental 
pollutants using photocatalysts have been reported. One of the primary aims of these
studies is determining how to separate photoexcited electrons and holes such that the 
photogenerated carriers can be efficiently consumed without recombining. The 
recombination of photoexcited electrons and holes considerably influences the 
efficiencies of photocatalysts. Immobilization of co-catalysts, such as Pt 2 and Pd,3 on the 
surfaces of photocatalysts has been demonstrated to be an effective approach to promote 
charge separation and transfer, to suppress charge recombination and to consequently 
enhance the photocatalytic activity. Therefore, the photocatalytic activity can be 
significantly influenced by the selection of the type of co-catalyst, by the sizes and 
amounts of co-catalysts and by the loading sites. In this study, in an attempt to improve 
the catalyst efficiency, we have investigated the loading sites for co-catalysts based on 
our hypothesis that co-catalysts should be immobilized on the catalyst surfaces where 
many photoexcited electrons or holes can arrive. Deposits formed through the 
photodeposition reaction tell us about the site at which photoexcited electrons or holes 
appear on the photocatalyst surfaces because, during the photodeposition reaction, for 
example, the photoexcited electrons or holes that appear on the surfaces are used to 
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deposit Pt and PbO2 on the sites; Pt is formed by reducing Pt ions with photoexcited 
electrons, and PbO2 is formed by oxidizing Pb ions with photoexcited holes.4 We have 
developed a method to site-selectively form functional nanoparticles (NPs) as co-
catalysts on the visible-light photocatalyst tungsten oxide (WO3) using WO3-
photodeposited Pt NPs as starting materials for the site-selective deposition of co-
catalysts. PtPb NPs were selected as a co-catalyst to be deposited on the oxidation site in 
which photoexcited holes are consumed during the photoinduced decomposition of acetic 
acid (AcOH). PtPb has been reported to exhibit excellent electrocatalytic activities for the 
oxidation of formic acid, methanol and ethanol in acidic and alkaline solutions.5-9 The 
PtPb NPs deposited on the oxidation sites are expected to enhance the photocatalytic 
activity for the decomposition of AcOH by activating the oxidation of AcOH on the co-
catalyst surface.  

Experimental 

1. Preparation of PtPb NPs on the oxidation sites of WO3
Figure 1 shows a schematic diagram for the preparation of PtPb (oxidation site)/Pb 

(reduction site)/WO3. During the first step, the photodeposition of NPs from 
H2PtCl6•6H2O (0.01 mmol) was performed under visible light (λ > 420 nm) in a 10 vol% 
aqueous methanol solution containing WO3 (500 mg, Kojundo Chemical Laboratory Co. 
Ltd. (Type: WWO04PB)) for 120 min. After the deposition of Pt NPs on the reduction 
sites, PbO2 was photochemically deposited from a 100 ml aqueous solution of lead(II) 
nitrate (Pb(NO3)2) (1.0 mM) under visible light at room temperature using the reduction 
of protons to hydrogen gas on the reduction sites of the Pt NPs. Finally, the PbO2/Pt/WO3
samples (0.20 g) and H2PtCl6•6H2O (5.1 µmol) were dissolved in 50 ml of ethylene 
glycol. The mixture was then sonicated in a bath-type ultrasonicator and treated in a flask 
by refluxing for 2 min under 300-W microwave radiation (focused microwave instrument, 
CEM). The mixture in the flask was cooled to room temperature with water. The mixture 
was again treated under 100-W microwave radiation for 5 min. After the mixture was 
cooled, the PtPb/Pt/WO3 was collected via centrifugation; washed sequentially with 
ethanol, acetone and water; and then dried under vacuum. During the microwave reaction, 
reduction reactions of both PbO2 to Pb and of Pt4+ to Pt occur to form PtPb NPs on the 
WO3 surfaces. The loading weights of Pt and Pb on the synthesized samples were 
estimated using inductively coupled plasma-mass spectrometry (ICP-MS, Agilent, 7700x). 
A transmission electron microscope (TEM, JEM-2010, JEOL) operating at 200 kV was 
used. 

2. Evaluation of the decomposition rate of acetic acid (AcOH) with synthesized 
samples

The photocatalytic decomposition of AcOH was conducted in a circulation system 
composed of Pyrex, in which a suspension of the photocatalyst powder (30 mg) in an 
aerated aqueous AcOH solution (5 vol%, 50 ml) was continuously stirred using a 
magnetic stirrer. A 300 W Xe lamp was used as the light source. The components were 
analyzed in the gas phase using a gas chromatograph (GC-8A, Shimadzu) equipped with 
a 2 m Porapak-Q column, a 2 m molecular sieve 3X column, and a flame ionization 
detector with Ar as the carrier gas. The sample was illuminated with a 300 W Xe lamp 
(PE-300BF, BA-X300ES, Hayashi Tokei Works Co., Ltd, Japan) in conjunction with an 
optical fiber coupler, a UV cut-off filter (L-42, HOYA Co. Ltd., Japan), and a cold mirror 
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unit (MR5090/CM, Eagle Co., Ltd). A spectro-radiometer (USR-45D, Ushio Co.) was 
used to measure the visible light intensity, which was adjusted to 20 mWcm-2. 

Results and discussion 
The photocatalytic activities of the prepared samples of Pt(1)(reduction sites) 

/WO3(A), PbO2(oxidation sites)/Pt(reduction sites)/WO3(B), PtPb(oxidation 
sites)/Pt(reduction sites)/WO3(C), and Pt(2)(reduction sites, Pt loading is equal to one of 
PtPb/Pt/WO3)/WO3(D) were examined in the photocatalytic decomposition of AcOH in 
aerated aqueous suspensions under visible light irradiation (λ > 420 nm). ICP-MS 
analysis of the prepared samples demonstrated that the atomic ratio of Pt:Pb was fairly 
consistent with the desired value, 53±2:47±2.0. In addition, ICP-MS indicated that the 
weight percentages (wt%) of Pt in Pt(1)/WO3 and PbO2/Pt/WO3 was 0.3 wt% and that the 
wt% of Pt on PtPb/Pt/WO3 increased due to the addition of Pt atoms to the oxidation sites 
to form PtPb NPs; the Pt wt% was 0.6 %. To compare the photocatalytic activity under 
the same Pt loading on the WO3, a Pt(2)/WO3 sample with the same Pt loading on the 
WO3 as that on PtPb/Pt/WO3 was prepared through a photodeposition reaction.  

Figures 2 presents the TEM images of (A) Pt(1)/WO3, (B) Pt(2)/WO3, (C) 
PbO2/Pt/WO3 and (D) PtPb/Pt/WO3. In all of the TEM images, the NPs were 
heterogeneously dispersed on the WO3 surfaces. The number of Pt NPs increased on the 
Pt(2)/WO3 when compared with Pt(1)/WO3, and the particle size was maintained. The 
particle size of the PtPb NPs on the PtPb/Pt/WO3 is larger than that of PbO2 because of 
the addition of Pt atoms to the Pb NPs. 

Figure 3 presents the plot of CO2 generation during the liquid-phase decomposition of 
AcOH over (A) Pt(1)/WO3, (B) PbO2/Pt/WO3, (C) PtPb/Pt/WO3 and (D) Pt(2) /WO3. The 
rates of CO2 generation over Pt(1)/WO3, PbO2/Pt/WO3, PtPb/Pt/WO3 and Pt(2) /WO3 
were estimated from the slope of CO2 formation vs. time in the time range of 0-300 min. 
The CO2 generation rates were 19.6, 17.6, 13.7, and 10.38 mol·h-1 over Pt(1)/WO3,
PbO2/Pt/WO3, PtPb/Pt/WO3 and Pt(2)/WO3, respectively. The PtPb/Pt/WO3 sample 
exhibited the highest photoinduced decomposition activity for AcOH among the tested 
samples. This result indicates that the surfaces of the PtPb NPs work more efficiently as a
co-catalyst on oxidation sites of WO3 for the decomposition of AcOH. Consequently, the 
PtPb/Pt/WO3 sample exhibited higher activity than did conventional Pt/WO3. Clear 
evidence for the dissolution of Pb atoms could not be obtained during analysis of the test 
solution with ICP-MS after the photocatalytic activity test.  

Conclusions 

A WO3 sample in which reduction and oxidation sites were used as areas to deposit 
functional co-catalysts was prepared as a photocatalyst through a combination of 
photodeposition and chemical reduction reactions. The synthesized PtPb/Pt/WO3
exhibited higher photocatalytic activity, as estimated from the rate of CO2 formation, than 
the conventional photodeposited Pt NP/WO3. The results demonstrated that the site-
selective deposition of co-catalysts on photocatalyst surfaces is a solution for increasing 
the reaction efficiency in photocatalytic reactions. 
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Figure 2. TEM images of (A) Pt(1)/WO3, (B) Pt(2)/WO3, (C) PbO2/Pt/WO3 and (D) 
PtPb/Pt/WO3. 

  

Figure 3. The time courses of the CO2 evolution during the decomposition of AcOH in 
an aqueous AcOH solution in the presence of O2 under visible light irradiation over (A) 
Pt(1)/WO3, (B) PbO2/Pt/WO3, (C) PtPb/Pt/WO3 and (D) Pt(2) /WO3.
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ABSTRACT: The reaction mechanism of amide bond cleavages of the 2,2,6,6-
tetramethylpiperidine derivatives, which proceeds in methanol solvent under
mild conditions, is examined by the density functional method (B3LYP) using a
model substrate. We performed the calculations to clarify the reason why the
amide bond is readily broken in the present system, on the basis of an
experimentally proposed “proton switching pathway” that is different from the
generally known mechanisms. As a result, it was found that the stepwise
decomposition of the amide bond by the “proton switching pathway”
significantly lowers the energy barrier. The delocalization of the π electron in
the −C(O)N< part is hindered by the steric effect of the four Me groups of
the piperidine so that the acetyl group can easily rotate around the CN axis
and then the α-H migrates to the amide N. The subsequent amide bond
dissociation, which is thought to be a rate-determining step in the experiment,
was very facile. The reaction is completed by the addition of methanol to the formed ketene. Both the energy barriers of the α-H
migration to the amide N and the methanol addition to ketene are largely decreased by the mediation of methanol solvent
molecules. The rate-determining step of the entire reaction was found to be the α-H migration.

■ INTRODUCTION

Because the delocalization of the π electron of the amide N to
the carbonyl group reinforces the amide bond, the amide bond
is very strong and cannot be broken easily.1−3 For example, a
protein with peptide bonds exists stably inside a body and a
polyamide, which is a polymer connected by amide bonds, is
tough and has a high thermal resistance. Therefore, the
breaking of the amide bond is usually performed by an enzyme
or under intense conditions with a strong acid or base.1,2

However, in recent years, cleavages of the amide bonds of the
2,2,6,6-tetramethylpiperidine derivatives have been achieved in
methanol solvent at a low temperature of 18° by Lloyd-Jones,
Booker-Milburn, and co-workers.4 This methanolysis reaction
under mild conditions without an enzyme such as protease in
the organism is of great interest in the mechanistic aspects.
The antibiotic penicillin is a representative compound that is

decomposed by hydrolysis,5−9 although it has an amide bond.
Its hydrolysis reaction of the amide bond readily proceeds due
to the deformation of the β-lactam ring including the amide
bond. Usually, the amide bond has a kind of double bond
character due to the delocalization of the π electron in the
−C(O)N< part so that the −C(O)N< has a planar
structure and the rotation around the CN axis needs a large
energy. This is why the amide bond is much stronger than the
ester bond that has a similar structure. However, the planarity
of the amide in the β-lactam ring of penicillin is largely strained
by the next ring. As a result, the sp2 hybridization of the amide
N is transformed to the sp3 hybridization and the lactam has
essentially a “ketonic CO”. The amide bond, which no

longer has a π bond character, is easily hydrolyzed. Tani et al.
have successfully synthesized 2-quinuclidone, which has a
unique ring structure of the amide.10 In this compound, the two
planes of −C(O)− and −N<, which should be on the same
plane, are twisted and almost perpendicular to each other.
Distorted amides have also been reported for other
compounds.11−13 Such a ring structure of an amide is easily
opened by the nucleophile- or electrophile-induced cleavage of
the amide bond,14−20 because the delocalization of the π
electron in the −C(O)N< part is hindered by the
distorted structure of amides. The stability of the amide bond
is thus significantly affected by the tilt and twist angles, θ and
ϕ,14−17 which control the delocalization of the π electron in the
−C(O)N< part, as shown by Scheme 1.
The reaction rate of the methanolysis of the amide reported

by Lloyd-Jones, Booker-Milburn, and co-workers also remark-
ably depends on the structure of the amide.4 As presented in
Scheme 2, the reaction when the NR2 group is 2,2,6,6-
tetramethylpiperidine (TMP) is, for example, more than 10 000
times faster compared to the reaction in the case of another
NR2 group, N(iPr)2. A small deviation of the −C(O)N<
part from planarity is observed in experiment only in the case of
TMP. In the cases of other groups, N(iPr)2, N(Et)tBu, and
N(iPr)tBu, the −C(O)N< part has a typical planar
structure. This structural deformation in the case of TMP
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would cause a steric hindrance to the delocalization of the π
electron in the −C(O)N< part and increase the reactivity
of the amide bond.
For the amide bond cleavage of the distorted amide, reaction

mechanisms A and B presented in Scheme 3 have been

generally proposed on the basis of the computational
results.21−34 In mechanism A, the OH bond of the
nucleophile methanol adds to the amide bond and the reaction
completes by one step via the four-centered transition state. For
mechanism A, a large energy barrier is expected, because both
the retardation of the delocalization of the π electron in the
−C(O)N< part and the activation of the CN σ bond
have to be accomplished at the same time.21 On the other hand,
mechanism B is a stepwise reaction consisting of two steps, i.e.,
the first step of the addition of the methanol OH to the
carbonyl CO bond and the second step of the migration of
the formed −OH hydrogen to the amide N. The energy barrier
of the first step would not be low,21 because the retardation of
the delocalization of the π electron in the −C(O)N< part
in addition to the breaking of the methanol OH and the
carbonyl CO bonds is required. However, the second step of

the CN σ bond cleavage, which is accompanied by the
proton migration, after the retardation of the π electron
delocalization would be relatively facile.
On the other hand, Lloyd-Jones, Booker-Milburn, and co-

workers have proposed a new mechanism C (Scheme 4), which

is completely different from the generally considered
mechanisms A and B, for the breaking of the amide bond of
2,2,6,6-tetramethylpiperidine derivatives. In mechanism C, the
α-H is thought to migrate to the amide N as a proton at first.
After the α-H migration, ketene is formed by the CN bond
cleavage. Finally, the methanol solvent molecule adds to ketene
to form the product. A deuterium-labeling experiment using
methanol CD3OD suggests that the methanol solvent molecule
mediates the α-H migration. It is therefore predicted that the
methanol solvent molecule can come into the space between
the α-H and the amide N that is adjusted by the rotation of the
acyl group around the CN axis. The rotation of the acyl
group would be facilitated by the steric hindrance of the four
Me groups attached to the piperidine ring to the delocalization
of the π electron in the −C(O)N< part, as mentioned
above. On the basis of the experimental data, they concluded
that the CN bond cleavage is a rate-determining step
whereas the subsequent methanol addition to the highly
reactive ketene is facile.
In the present study, we calculated the amide bond cleavage

by the methanolysis reported by Lloyd-Jones, Booker-Milburn,
and co-workers using 1-acetyl-2,2,6,6-tetramethylpiperidine as a
model substrate by the density functional method (B3LYP) to
examine whether the new mechanism C is really more favorable
than the generally known mechanisms A and B. The
surrounding methanol solvent was approximated by the
polarized continuum model (PCM). Following the explanation
of the computational details, we will first discuss the steric and
electronic effects of the four Me groups of the piperidine on the
structure of the −C(O)N< part and the rotation of the
acetyl group around the CN axis, which would significantly
affect the amide bond cleavage. In the subsequent sections,
mechanisms A, B, and C are discussed in turn. Conclusions are
summarized in the final section.

■ COMPUTATIONAL DETAILS
We used two kinds of model molecules, 1-acetyl-2,2,6,6-
tetramethylpiperidine and 1-acetylpiperidine, to examine the
steric effect of the four Me groups of the piperidine ring by
comparing two molecules. The surrounding solvent molecules
were approximated by the polarized continuum model (PCM).
All the calculations other than the PCM calculations were

performed using the GAUSSIAN03 program package.35 The
geometry optimizations were performed by the density

Scheme 1

Scheme 2

Scheme 3

Scheme 4
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functional theory (DFT) at the B3LYP level, which consists of
a hybrid Becke + Hartree−Fock exchange and Lee−Yang−Parr
correlation functional with nonlocal corrections.36−38 For the
basis set, we adopted 6-311++G(d,p) for all the atoms. All
equilibrium structures and transition states 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.39

The energies of the optimized structures were improved using a
higher level basis set aug-cc-pVTZ. The thermal correction,
which was calculated at the B3LYP/6-311++G(d,p) level with a
scale factor of 0.961440 for calculated vibrational frequencies at
the temperature of 298.15 K, was used to calculate the Gibbs
free energy at the B3LYP/aug-cc-pVTZ level. The NBO
analysis41 was performed to obtain the atomic charge. The
methanol solvent was taken into account by the PCM
approximation42,43 with the dielectric constant of 32.613 for
the methanol medium using the GAUSSIAN 09 program.44

We added A, B, and C as suffixes to the labels of the
equilibrium and the transition state structures to distinguish
three mechanisms, A, B, and C, and M and H to distinguish the
substituents of the piperidine ring of the substrate, Me and H,
and also added 0, 1, and 2 to distinguish the number of
methanol molecules mediating the reaction. The energies
relative to the optimized structure of the starting compound 1-
acetyl-2,2,6,6-tetramethylpiperidine or 1-acetylpiperidine are
presented throughout.

■ RESULTS AND DISCUSSION
Substituent Effects in 1-Acetyl-2,2,6,6-tetramethylpi-

peridine. The optimized structure of 1-acetyl-2,2,6,6-tetrame-
thylpiperidine 1-M0 is displayed in Figure 1. The six-membered

ring of piperidine takes the energetically stable chair
conformation. Here, it should be noted that the angle ∠C2
N1M is 160.3°, which is about 20° smaller than 180°. This
means that the −C(O)N< part deviates from the plane
and the orbital of the amide N takes the sp3 hybridization rather
than the sp2 hybridization. The acetyl group also rotates by
about 15° around the C2N1 axis. These features in the
structure are attributed to the steric repulsion between the four
Me groups of the piperidine and the acetyl group. In fact, when
the four Me groups of the piperidine are replaced by the H
atoms, the angle ∠C2N1M increases to 174.3°, and the
hybridization of the amide N returns to the sp3 from the sp2

(see 1-H0 in Figure 1). Also, the acetyl group rotates a little
around the C2N1 axis.

When we rotate the acetyl group around the C2N1 axis
varying the dihedral angle ∠O1C2N1C4, the energy of
1-M0 changed as presented in Figure 2. With the increase in

the dihedral angle ∠O1C2N1C4, the energy of 1-M0
increases and reaches maximum at 60°. By the further increase
in the dihedral angle ∠O1C2N1C4, the energy of 1-M0
oppositely decreases and takes a minimum at 150°. The energy
then again reaches a maximum at 270° and finally takes a
minimum at 360°. The rotation energy of the acetyl group was
calculated to be 4−8 kcal/mol from this energy change, which
is in great agreement with the rotation energy of about 7 kcal/
mol45 experimentally estimated. Although the energy similarly
changed with the dihedral angle ∠O1C2N1C4, the
rotation energy of the acetyl group was about 16 kcal/mol in
the case of 1-H0 without the Me groups of the piperidine,
which is 2−4 times larger compared to the case of 1-M0. This
calculated rotation energy for 1-H0 is in good agreement with
those calculated previously for the amide with the planar
structure.46−50 The two maxima at 60° and 270° are due to the
loss of the delocalization energy of the π electron, because the
two planes of O1C2N1 and C2N1C4 are almost
perpendicular to each other. Because the delocalization of the π
electron is already prevented to some extent at 0° by the sp3

hybridization of N1 in the case of 1-M0, the destabilization
energy at 60° and 270° is much smaller for 1-M0 than for 1-
H0.
The molecular orbitals concerning the −C(O)N< part

of 1-H0 with the dihedral angle ∠O1C2N1C4 of 0° are
displayed as ψ29 and ψ35 in Figure 3. The π electron delocalizes
over the −C(O)N< part in ψ29, whereas it localizes at
both ends, O1 and N1, in ψ35. These molecular orbitals ψ29 and
ψ35 in 1-H0 correspond to ψ50 and ψ51 in 1-M0, respectively.
ψ51 of 1-M0 is similar to ψ35 of 1-H0, but ψ50 of 1-M0, which is
a nonbonding orbital of N1, is different from ψ29 of 1-H0. The
orbital of N1 has an sp3 hybridized character so that we cannot
find any delocalization of the π electron over the −C(O)
N< part in ψ50. The lobe of the orbital of N1 expanding
downward will readily join with a proton. On the other hand,
when the dihedral angle ∠O1C2N1C4 is 90°, the π
orbital delocalized over the −C(O)N< part is split into
the nonbonding orbital on N1 and the localized CO π orbital
in both 1-M0 and 1-H0, because its delocalization becomes
geometrically impossible. However, a hyperconjugation be-
tween the C2O1 σ and the C2C1 σ orbitals and the vacant
p orbital of N1 exists in 1-M0 as shown by ψ30, which results in
the stabilization of the structure with the ∠O1C2N1C4

Figure 1. Optimized structures of 1-acetylpiperidine 1-H0 and 1-
acetyl-2,2,6,6-tetramethylpiperidine 1-M0 (Å and degree). M is the
middle point of the distance C3C4.

Figure 2. Plots of the energies of 1-M0 (dotted line) and 1-H0
(normal line) versus the dihedral angle ∠O1C2N1C4.
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of 90°. Thus, the energy barrier of the rotation of the acetyl
group is smaller for 1-M0 than for 1-H0, because in 1-M0 the
sp3 hybridized orbital of N1 makes the rotation of the acetyl
group easy and the hyperconjugation stabilizes the structure
with the rotated acetyl group.
The plots of the geometric parameters versus the dihedral

angle ∠O1C2N1C4 are presented in Figure 4. It is
obvious that the geometric parameters are affected by the
retardation of the delocalization of the π electron in the −C(
O)N< part at 60° and 270°. In the case of 1-H0, the bond
distance d(C2N1) is stretched with the increase in the
dihedral angle ∠O1C2N1C4 and takes a maximum at
60° and 270°. In contrast, the distance d(C2O1) takes a
minimum at 60° and 270°. These changes in two distances
d(C2N1) and d(C2O1) are consistent with the
retardation of the π electron delocalization. Here, the
magnitude of the change is larger for the d(C2N1) than
for the d(C2O1), which shows that the d(C2N1) is more
largely affected. The angle ∠MN1C2 is also largely
affected by the dihedral angle ∠O1C2N1C4. When the

dihedral angle ∠O1C2N1C4 is 60° or 270°, the angle
∠MN1C2 decreases to about 130°, because the π electron
in the −C(O)N< part is localized and the orbital
hybridization of the N1 atom changes from sp2 to sp3. Both
bond distances d(N1C3) and d(N1C4) also change with
the dihedral angle ∠O1C2N1C4. The fluctuation in the
electron density on N1 by the change in the π electron
delocalization would affect both σ bonds N1C3 and N1
C4. On the other hand, the bond distance d(C1C2) is little
affected by the dihedral angle ∠O1C2N1C4.
In the case of 1-M0, the distance d(C2N1) is already

stretched to about 1.40 Å even when the dihedral angle ∠O1
C2N1C4 is 0°, because the orbital of N1 becomes sp3

hybridized and the delocalization of the π electron in the
−C(O)N< part is prevented to some degree by the steric
repulsion between the four Me groups of the piperidine and the
acetyl group, as mentioned above. When the dihedral angle
∠O1C2N1C4 becomes 60° or 270° by the rotation of
the acetyl group and then the delocalization of the π electron in
the −C(O)N< part is completely prevented, the distance

Figure 3. Selected molecular orbitals of 1-H0 and 1-M0 with the dihedral angle ∠O1C2N1C4 of 0° and 90°.

Figure 4. Plots of the geometric parameters (1) and the NBO charges (2) of 1-H0 (A) and 1-M0 (B) versus the dihedral angle ∠O1C2N1
C4.
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d(C2N1) is elongated to about 1.45 Å as in the case of 1-H0.
The distance d(C2O1) also changes with the dihedral angle
∠O1C2N1C4, the increase and the decrease being
opposite to the case of the distance d(C2N1). These changes
in the two distances d(C2N1) and d(C2O1) with the
dihedral angle ∠O1C2N1C4 are reasonable and similar
to the case of 1-H0. On the other hand, both distances d(N1
C3) and d(N1C4) are longer by about 0.05 Å and the
tendency in the change against the dihedral angle ∠O1C2
N1C4 is reversed compared to the case of 1-H0 due to the
electronic effects of the Me groups of the piperidine. Although
the angle ∠MN1C2 is sensitively affected by the dihedral
angle ∠O1C2N1C4, which is similar to the case of 1-
H0, its fluctuation is small, because N1 already takes sp3

hybridization at 0° in 1-M0 as mentioned above.
The change in the NBO charge on each atom by the dihedral

angle ∠O1C2N1C4 is also presented in Figure 4. In
both cases of 1-H0 and 1-M0, C2 is largely positively charged,
whereas O1 and N1 on both sides of C2 are largely negatively
charged. It should be noted here that C1 is also largely
negatively charged like O1 and N1. Accordingly, the three α-H
attached to C1 have positive charges of 0.21−0.23 e, which
would make facile the migration of the α-H to the N1 atom as a
proton, as mentioned below. The signs of charges of C3 and C4
are different between 1-H0 and 1-M0; i.e., both are negative in
1-H0 and positive in 1-M0, due to the electronic effect of the
Me substituents of the piperidine ring. The charges of the
atoms, N1, C2, and O1, sharing the π electron change with the
dihedral angle ∠O1C2N1C4 in both 1-H0 and 1-M0.
When the dihedral angle ∠O1C2N1C4 is 60° and
270°, the values of the negative charge of O1 and the positive
charge of C2 become maximum whereas that of the negative
charge of N1 becomes minimum, because the electron
migration from N1 to C2O1 is retarded.
Mechanism A. The methanol OH bond adds to the

amide bond in mechanism A. This reaction proceeds by one
step. The optimized structures of the reactant, transition state,
and the product of this reaction are presented in Figure 5. In
the reactant 2A-M0, the hydrogen rather than the oxygen of the
methanol OH first attacks the amide N, as shown by the
relatively short distance d(H2N1) of 2.349 Å and the long

distance d(O2C2) of 3.604 Å. The distance d(H2N1)
shortened to 1.104 Å in the transition state TS1A-M0, which is
only 0.088 Å longer than that of the product 3A-M0, shows
that the H2N1 bond is almost formed in the transition state.
The distance d(O2H2) is consequently stretched to 1.470 Å,
which is very long compared to that of the free methanol
(0.961 Å). On the other hand, the distance d(O2C2) of
2.152 Å is still long. These features in the transition state of the
methanol OH addition to the amide bond are different from
those in the transition state of the methanol OH addition to
the CC double bond of ketene in mechanism C (see below).
Because O2 and N1 on both sides of C2 have large negative
charges, the O2C2 bond formation and the C2N1 bond
breaking would proceed concertedly. The precedent binding of
H2 with N1 weakens the C2N1 bond. The energy profile of
this reaction by one step, 2A-M0 → TS1A-M0 → 3A-M0, is
displayed in Figure 6. The large energy barrier of 40.0 kcal/mol
is thought to be required to prevent the delocalization of the π
electron in the −C(O)N< part that strengthens the amide
bond.

Figure 5. Optimized equilibrium and transition state structures (Å) involved in mechanism A with and without the mediation of a methanol solvent
molecule at the B3LYP/6-311++G(d,p) level. The imaginary frequencies (cm−1) are also presented together for the transition states.

Figure 6. Energy profiles of the amide bond cleavages by mechanism
A at the B3LYP/6-311++G(d,p) level. Dotted line: without the
mediation of a methanol solvent molecule. Normal line: with the
mediation of one methanol solvent molecule.
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We also examined the participation of one methanol solvent
molecule in the reaction, which would relax the stress in the
geometry in the transition state TS1A-M1. H2 is almost
transferred from O2 to N1 in TS1A-M1, as shown by the short
distance d(N1H2) of 1.075 Å and the long distance d(O2
H2) of 2.094 Å. O2 receives H3 from O3 and O3 attacks C2.
Here, it is thought on the basis of the geometry that H3 is
under migration and O3 is still far from C2. Thus, the
migration of H2 and H3 occurs in turn. The two hydrogens H2
and H3 migrate as a proton, and the C2N1 bond is broken
heterolytically when the generated MeO3− forms the bond with
C2. The energy barrier of 36.8 kcal/mol is still large even when
the additional methanol solvent molecule participates in the
reaction, as displayed in Figure 6, although the energy barrier
becomes smaller by 3 kcal/mol compared to the case without
the additional methanol solvent molecule.
We also calculated for 1-acetylpiperidine instead of 1-acetyl-

2,2,6,6-tetramethylpiperidine in both cases with and without
the additional methanol molecule to examine the effects of the

Me group of the piperidine ring (Figures S1 and S2, Supporting
Information). The energy barrier in the case of 1-acetylpiper-
idine was nearly the same as that in the case of 1-acetyl-2,2,6,6-
tetramethylpiperidine. The heat of reaction, however, is 19
kcal/mol more exothermic in the case of 1-acetyl-2,2,6,6-
tetramethylpiperidine. The steric repulsion between the four
Me groups of the piperidine and the incoming substrate
disappears after the C2N1 bond breaking so that the
exothermicity becomes large. The advantage in the reaction by
the hindrance of π electron delocalization for 1-acetyl-2,2,6,6-
tetramethylpiperidine would be countervailed by the steric
repulsion between the four Me groups of the piperidine and the
substrate.

Mechanism B. Mechanism B consists of two steps. The
methanol OH adds to the C2O1 double bond in the first
step, and the formed −OH hydrogen moves to the amide N
and the C2N1 amide bond is broken in the second step. The
optimized structures for the first step are displayed in Figure 7.
We calculated only the case where the methanol OH

Figure 7. Optimized equilibrium and transition state structures (Å) involved in the first step of mechanism B with and without the mediation of a
methanol solvent molecule at the B3LYP/6-311++G(d,p) level. The imaginary frequencies (cm−1) are also presented together for the transition
states.

Figure 8. Energy profiles of the amide bond cleavages by mechanism B at the B3LYP/6-311++G(d,p) level. Dotted line: without the mediation of a
methanol solvent molecule. Normal line: with the mediation of one methanol solvent molecule. Bold line: with the mediation of two methanol
solvent molecules.
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approaches C2O1 from the underside, because a large space
is provided on the underside. In the reactant 2B-M0, the
methanol OH hydrogen interacts with the C2O1 oxygen
by the H-bond with a d(H2O1) distance of 1.849 Å. The
reaction proceeds by the electrophilic attack of the OH
hydrogen on the C2O1 oxygen rather than the nucleophilic
attack of the methanol OH oxygen on the C2O1 carbon,
as shown by the relatively long distance d(O2C2) of 2.132 Å
and the short distance d(H2O1) of 1.016 Å in the transition
state TS1B-M0. As a result, the distance d(O2H2) is
stretched to 1.596 Å. As shown in Figure 8, this first step is 28
kcal/mol endothermic, and the energy barrier was calculated to
be 46.9 kcal/mol. Although the delocalization of the π electron
in the −C(O)N< part is retarded to some extent in 1-
acetyl-2,2,6,6-tetramethylpiperidine, as mentioned above, the
methanol OH addition to the carbonyl double bond as well
as the methanol OH addition to the amide bond in
mechanism A has a large energy barrier.
We further performed the calculations considering the

participation of an additional methanol solvent molecule in
the reaction. However, there is no drastic change in the
geometry of the transition state TS1B-M1 (Figure 7). Here, the
migration of both H2 and H3 as a proton through the H-bond
is nearly completed, which is followed by the attack of O3 of
the formed methoxide anion on C2. The energy barrier of this
step is reduced by 8 kcal/mol compared to the case without an
additional methanol solvent molecule (Figure 8) but is still very
large.
In the second step, the hydrogen of the formed −O1H2

group is transferred to N1. The positively charged H2 has an
electrostatic interaction with the negatively charged N1 in the
reactant 4B-M0 as presented in Figure 9. The O1H2 bond is
elongated by about 30% in the transition state TS2B-M0, which
shows that the H2 migration is a driving force of the second
step. On the other hand, the C2N1 bond is elongated by

about only 10% even in the transition state TS2B-M0. The H2
shifts as a proton and the two electrons left on O1 are used to
generate the π bond C2O1. Accordingly, the C2N1 σ
bond is broken heterolytically, where N1 receives the shared
electrons. The energy barrier of 26.1 kcal/mol in the second
step is more than 20 kcal/mol smaller than that of 46.9 kcal/
mol in the first step (Figure 8), because the extra energy to
prevent the delocalization of the π electron in the −C(O)
N< part is not required in the second step.
The deformation in the structure of the reaction part in the

transition state was much improved, when an additional
methanol solvent molecule mediates the reaction. As displayed
in Figure 9, the stress especially on O1 and N1 in TS2B-M0 is
relaxed in TS2B-M1. The −OH hydrogen migrates as a proton
to the amide N through the H-bond, as shown by TS2B-M1,
where the H4 shifts at first and later the H2 shifts. The C2
O1 π bond formation by this proton migration would cause the
C2N1 bond breaking. The energy barrier is largely reduced
from 26.1 to 12.1 kcal/mol by the mediation of a methanol
molecule (Figure 8). Even if we add one more methanol
molecule, the structure of the reaction part of the transition
state is not basically changed, as shown by TS2B-M2, so that
the energy barrier is reduced by only 2 kcal/mol. 5B-M2, which
we found as the equilibrium structure before reaching the
transition state TS2B-M2 (Figure 9), would be an artificial
intermediate, because the energy and the structure of the
transition state between 4B-M2 and 5B-M2 were extremely
close to those of 5B-M2. As shown by the entire energy profile
displayed in Figure 8, the rate-determining step of mechanism
B is thought to be the first step.
The optimized structures and the energy profiles in the case

of 1-acetylpiperidine are presented in Figures S3 and S4
(Supporting Information). The energy barrier of the first step
was similar to the case of 1-acetyl-2,2,6,6-tetramethylpiperidine,
because the first step loses the advantage that the delocalization

Figure 9. Optimized equilibrium and transition state structures (Å) involved in the second step of mechanism B with and without the mediation of
methanol solvent molecules at the B3LYP/6-311++G(d,p) level. The imaginary frequencies (cm−1) are also presented together for the transition
states.
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of the π electron in the −C(O)N< is prevented but gains
the advantage that there is no steric repulsion between the
incoming substrate and the piperidine. This is the same as the
case of mechanism A. On the other hand, the energy barrier of

the second step becomes a little larger, because the

exothermicity of this step is reduced.
Mechanism C. Mechanism C is composed of three steps:

first step, the proton migration; second step, the CN bond

Figure 10. Optimized equilibrium and transition state structures (Å) involved in the first step of mechanism C with and without the mediation of
methanol solvent molecules at the B3LYP/6-311++G(d,p) level. The imaginary frequencies (cm−1) are also presented together for the transition
states.

Figure 11. Energy profiles of the amide bond cleavages by mechanism C at the B3LYP/6-311++G(d,p) level. Dotted line: without the mediation of a
methanol solvent molecule. Normal line: with the mediation of one methanol solvent molecule. Bold line: with the mediation of two methanol
solvent molecules. Plain type: B3LYP/6-311++G(d,p) level. Italic type: B3LYP/aug-cc-pVTZ level. Bold type: Gibbs free energy at the B3LYP/aug-
cc-pVTZ level. Plain type in parentheses: B3LYP/aug-cc-pVTZ level in a dielectric medium.
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breaking; third step, the methanol addition. The optimized
equilibrium and transition state structures involved in the first
step without the mediation of a methanol solvent molecule are
presented in Figure 10. The migration of the α-H to the amide
N, 1-M0 → TS1C-M0 → 4C-M0, is accompanied by the
rotation of the acetyl group around the amide bond. In the
starting 1-acetyl-2,2,6,6-tetramethylpiperidine 1-M0, N1 takes
an sp3 hybridization due to the steric effect of the four Me
groups, which makes facile the rotation of the acetyl group
around the C2N1 axis, as mentioned above. The acetyl
group, therefore, rotates by about 90° in the transition state
TS1C-M0, by which the α-H is directed to N1. The α-H would
be transferred to N1 as a proton. In fact, in TS1C-M0, the
positive charge of the migrating H1 increased to 0.412 and the
negative charges of C1 and N1 also increased to −0.824 and
−0.675 e, respectively. On the other hand, the positive charges
of the α-H other than H1 did not change and kept the values of
0.22−0.23 e. The electrostatic interaction C1(δ−)---H1(δ+)---
N1(δ−) would stabilize the transition state TS1C-M0. The two
electrons left on C1 by the proton transfer form the C1C2 π
bond, and the subsequent shift of the shared electrons between
C2 and N1 to N1 causes the C2N1 σ bond breaking. As
displayed in Figure 11, this migration of the α-H, which is
accompanied by the amide bond breaking, is 15.5 kcal/mol
endothermic and the energy barrier is 59.7 kcal/mol. The large
energy barrier would be attributed to the significant deviation
from the tetrahedron structure of the sp3 hybridization for C1
and N1 in TS1C-M0.
We therefore considered the mediation of a methanol solvent

molecule in the reaction, as Lloyd-Jones, Booker-Milburn, and
co-workers have experimentally suggested, to relax the
deformation of the reaction part of the transition state TS1C-
M0. The additional methanol molecule bridges H1 and N1 in
the reactant 2C-M1, as shown by the distances d(H2N1) of
2.323 Å and d(H1O2) of 2.875 Å. Here, H1 interacts with
O2 like a H-bond, because C1 as well as N1 has a large negative
charge. The reaction is also thought to proceed by the proton
transfer similarly, where H2 and H1 migrate in turn as reflected
in the short d(H2N1) of 1.064 Å and the long d(H1O2)
of 1.287 Å in the transition state TS1C-M1. This proton
migration is accompanied by the C1C2 π bond formation
and the C2N1 σ bond breaking. The energy barrier of 38.3
kcal/mol for this reaction is reduced by more than 20 kcal/mol
compared to the case without an additional methanol solvent
molecule (Figure 11), because the stress on the sp3

hybridization of C1 and N1 is largely relaxed in TS1C-M1.
The electrostatic interactions in the alternately arranged
negative and positive charges C1(δ−)---H1(δ+)---O2(δ−)---
H2(δ+)---N1(δ−) in TS1C-M1 would also contribute to the
decrease in the energy barrier.
We added one more methanol solvent molecule in the

starting 2C-M2. The two additional methanol molecules
successfully fit the space between H1 and N1, as shown by
the distance d(H1O3) of 2.503 Å, which is shorter by 0.372
Å than the distance d(H1O2) of 2.875 Å in 2C-M1. Because
the H-bond between H2 and N1 acts to prevent the π electron
delocalization in the −C(O)N< part and makes the
rotation of the acetyl group more facile, the rotation angle of
the acetyl group is easily adjusted to provide a suitable space for
the incoming methanol molecules. In this case with two
methanol solvent molecules, 3C-M2, where the molecular
plane of the acetyl group is completely rotated up (the dihedral
angle ∠O1C2N1C4 is 62.5°), exists as an equilibrium

structure and is only 2 kcal/mol less stable than 2C-M2. By this
rotation of the acetyl group, the proton migration to N1 would
become easier, because the lone electron pair is completely
localized on N1. The proton migration of H2, H3, and H1 is
not concerted, as we have seen in mechanisms A and B. H2,
H3, and H1 shift in turn, as shown by the plots of the
geometric parameters versus the reaction coordinate (Figure
S5, Supporting Information). The values of the negative and
the positive charges alternately arranged as C1(δ−)---H1(δ+)---
O3(δ−)---H3(δ+)---O2(δ−)---H2(δ+)---N1(δ−) in 3C-M2 in-
crease in the transition state TS1C-M2, which would stabilize
in energy the transition state TS1C-M2. This increase in the
charge of each atom also suggests that the hydrogen migrates as
a proton. It should be noted here that the C2N1 bond
remains without breaking in 4C-M2. This would be due to the
interactions of two methanol molecules with C1 and H2 after
the mediation. The electrons to be used for the formation of
the C1C2 π bond are detained on C1 by the C1---H1
electrostatic interaction. On the other hand, the lone electron
pair on N1 is attracted to H2 by the O2---H2 H-bond.
However, the short d(C1C2) distance of 1.370 Å, which is
similar to that of the free ketene, and the long d(C2N1)
distance of 1.700 Å show that the C1N1 bond is already very
weak.
The energy barrier is the smallest in the case with two

additional methanol solvent molecules (Figure 11). The energy
barrier of 27.4 kcal/mol in the case with two additional
methanol molecules is about 11 kcal/mol smaller than that in
the case with one additional methanol molecule. As mentioned
above, two methanol molecules just fit to the space between H1
and N1 and relax the geometric deformation of the reaction
part in the transition state. Furthermore, the two mediating
methanol molecules successfully avoid the steric repulsion with
the four Me groups of the piperidine ring, which is different
from the cases of mechanisms A and B, because their bridges
are a little far from the piperidine ring. When we use 1-
acetylpiperidine instead of 1-acetyl-2,2,6,6-tetramethylpiperi-
dine, the energy barriers of both cases with and without
methanol solvent molecules become large by 7−13 kcal/mol
(Figure S7, Supporting Information) due to the loss of the
advantage on the hindrance of the π electron delocalization.
The equilibrium structure corresponding to 3C-M2 also does
not exist (Figure S6, Supporting Information), because the
rotation of the acetyl group around the C2N1 axis is not easy
in the case of 1-acetylpiperidine as mentioned above.
The CN bond breaking independently exists as the second

step only in the case with two additional methanol molecules,
as this step is involved in the first step in other cases. The
optimized equilibrium and transition state structures in this
step are presented in Figure 12. In the transition state TS2C-
M2, the C2N1 bond stretches from 1.700 to 2.025 Å and the
angle ∠C1C2O1 of the ketene moiety increases from
136.1° to 146.1° to break the C2N1 bond. The C2N1
bond breaking actually has a small energy barrier of only 0.5
kcal/mol (Figure 11), because the C2N1 bond is already
largely weakened, as mentioned earlier.
The third step is the methanol OH addition to the CC

double bond of the ketene formed in the second step. The
features of the transition state of this addition reaction are
different from those of the addition reactions in mechanisms A
and B. In TS3C-0, the distance d(O4C2) of 1.827 Å is
relatively short whereas the distance d(H4C1) of 1.417 Å is
relatively long, as presented in Figure 13, which shows that the
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methanol OH oxygen rather than hydrogen at first attack the
ketene carbon. As shown by the front view, the lone electron
pair of the methanol O4 attacks the positively charged ketene
C2 from the side. The C1C2O1 axis of the ketene moiety
is bent by 27.3°. The electron on O4 accumulates on the
originally negatively charged C1 by the O4C2 bond
formation. In fact, the negative charge of C1 increases from
−0.773 to −0.863 e when 6C-0 passes TS3C-0. The highly
negatively charged C1 would receive H4 as a proton changing
its orbital from sp2 to sp3. This reaction is 34 kcal/mol
exothermic (Figure 11), and this large exothermicity is in
accordance with the general consensus that ketene is highly
reactive. Although the energy barrier is 41.0 kcal/mol, this value
becomes smaller by considering the mediation of the methanol
solvent molecules.

When we add one methanol molecule, the energy barrier
decreased to 22.7 kcal/mol. Here, the heat of the reaction does
not change so much. The geometric stress especially on C1 and
C2 in the transition state TS3C-1 is improved by the addition
of a methanol molecule. As a result, the angle ∠C1C2O1
decreases to 140.2° and the distance d(C2O4) shortens to
1.634 Å. On the other hand, the distance d(C1H5) lengthens
to 1.631 Å. By the addition of one more methanol molecule,
the structure of the transition state TS3C-2 was further
improved so that the energy barrier became less than 20 kcal/
mol.
The entire energy profiles of mechanism C are presented in

Figure 11. It is obvious that mechanism C is more favorable in
energy than mechanisms A and B when two additional
methanol molecules mediate the reaction. The entire energy
profile shows that the rate-determining step is not the second
step of the CN bond breaking, 4C-M2 → TS2C-M2 → 5C-
M2, as experimentally thought, but the first step of the proton
migration, 3C-M2 → TS1C-M2 → 4C-M2. The tendency in
the entire energy profile did not change so much even if we use
the highly improved basis set aug-cc-pVTZ and the polarized
continuum model to consider the solvent. However, the entire
energy profile was destabilized by 2−7 kcal/mol. The entire
energy profile by the Gibbs free energy was also destabilized by
13−22 kcal/mol due to the entropy effect.

■ CONCLUDING REMARKS
In recent years, the amide bond cleavages of the 2,2,6,6-
tetramethylpiperidine derivatives in methanol solvent have
been accomplished under mild conditions, although it is well-
known that the amide linkage is very strong due to the
delocalization of the π electron on the amide N to the carbonyl

Figure 12. Optimized equilibrium and transition state structures (Å)
involved in the second step of mechanism C with the methanol solvent
molecules at the B3LYP/6-311++G(d,p) level. The imaginary
frequency (cm−1) is also presented together for the transition state.

Figure 13. Optimized equilibrium and transition state structures (Å) involved in the third step of mechanism C with and without the mediation of
methanol solvent molecules at the B3LYP/6-311++G(d,p) level. The imaginary frequencies (cm−1) are also presented together for the transition
states.
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group. In this study, we examined the mechanism of this
reaction using 1-acetyl-2,2,6,6-tetramethylpiperidine as a model
by means of the density functional method (B3LYP). The
calculations were performed for both the generally known
mechanisms A and B and the recently proposed new
mechanism C for the 2,2,6,6-tetramethylpiperidine derivatives.
The amide bond is broken by the addition of the nucleophile
methanol to the amide bond in mechanism A and by the
addition of the nucleophile methanol to the carbonyl double
bond and the subsequent migration of the hydrogen of the
formed −OH to the amide N in mechanism B. On the other
hand, the amide bond is broken by the “proton switching
pathway” in mechanism C. The orbital of the amide N is
transformed from the sp2 to the sp3 hybridization in the starting
substrate 1-acetyl-2,2,6,6-tetramethylpiperidine by the steric
repulsion between the four Me groups of the piperidine ring
and the acetyl group. Therefore, the delocalization of the π
electron of the amide N is hindered to some extent. This
advantage in the CN bond cleavage is, however, counter-
vailed by the steric repulsion between the four Me group of the
piperidine and the incoming nucleophile methanol in the
generally known mechanisms A and B. As a result, the energy
barriers of both mechanisms A and B are very large. In contrast,
this advantage is effectively utilized in the CN bond cleavage
in the new mechanism C. The first step of the migration of the
α-H to the amide N is accompanied by the rotation of the
acetyl group around the CN axis, because this rotation
becomes easy due to the steric effect of the Me groups of the
piperidine. By this rotation, the delocalized π electron is
completely localized on the amide N, which promotes the α-H
migration. The energy barrier of the α-H migration was
significantly reduced by the mediation of methanol solvent
molecules, because the geometric stress in the transition state is
largely relaxed. The amide bond highly activated by the
localization of the π electron on the amide N is readily broken
in the second step. The reaction is completed in the third step
of the addition of methanol to ketene formed in the second
step. The energy barrier of the third step is also decreased by
the participation of the methanol solvent molecules to the
reaction. On the basis of the entire energy profile, it was found
that the first step is the rate-determining step. The small energy
barrier of the rate-determining first step in mechanism C
compared to the energy barriers of mechanisms A and B shows
that mechanism C is the most favorable in energy.
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a b s t r a c t

Insulin-like androgenic gland factor (IAG) is presumed to be a sex differentiation factor so-called andro-
genic gland hormone (AGH) in decapod crustacean, although the function of IAG peptide has not yet been
reported. In this study, we synthesized IAG from the prawn, Marsupenaeus japonicus, and its function was
assessed by an in vitro bioassay. As a result, IAG with the insulin-type disulfide bond arrangement
showed biological activity, whereas its disulfide isomer did not. These results strongly suggest that the
native IAG peptide has an insulin-type disulfide, and it is the decapod AGH.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Sex differentiation in crustacean has been shown to be under
hormonal regulation by Charniaux-Cotton in 1954.1 This intrinsic
factor, so-called androgenic gland hormone (AGH), is secreted from
the male specific organ, androgenic gland (AG). AGH was firstly
purified from a terrestrial isopod, Armadillidium vulgare,2 and its
chemical structure was determined to be a heterodimeric glyco-
peptide with an insulin-like amino acid sequence.3 At the almost
the same time, a cDNA encoding the AGH precursor was cloned.4

Up to now, full-length cDNAs encoding AGH precursors have been
cloned from 12 isopod species.5,6 On the other hand, no AGH mol-
ecule has been purified from decapod species.

In 2007, an insulin-like gene expressed specifically in AG was
cloned using a cDNA library prepared from the male AGs of
Australian red-claw crayfish, Cherax quadricarinatus.7 This was
the first report that insulin-like gene was expressed in the AG of
decapod species. After that, insulin-like genes expressed in AGs,
termed insulin-like androgenic gland factor (IAG), have been
cloned from several decapod species.8–12 IAGs show amino acid
sequence similarity to A. vulgare AGH, and especially, six Cys
residues completely conserved in insulin-family are also found in

all IAG sequences. Therefore, IAG is presumed to be the decapod
AGH. Actually, it has been reported that the gene silencing of IAG
by RNAi affected phenotypical gender differentiation.8,13,14 On
the other hand, no direct evidence for the function of IAG peptide
molecule has been reported. To analyze the function of IAG
peptide, the peptide molecule should be prepared. Although the
preparation of insulin-like heterodimeric peptide by recombinant
protein expression systems is generally difficult, the chemical
synthetic strategy may give a good solution to this problem.

In our previous study, we synthesized A. vulgare AGH and ana-
lyzed its function.15 In the case of A. vulgare AGH, the disulfide
bond arrangement is different from that in the vertebrate insulin,16

and the correct disulfide bond paring is required for AGH func-
tion.15 In addition, the carbohydrate moiety attached to Asn resi-
due in the A chain is crucial for conferring the biological activity
in A. vulgare AGH.15 In the sequences of most decapod IAGs, puta-
tive N-glycosylation motifs are found, whereas the sites are not
conserved not only between isopod AGH and decapod IAGs but
also among IAGs. In the IAG from the kuruma prawn,Marsupenaeus
japonicus, an N-glycosylation motif is found in the B chain,9

although it is quite difficult to presume whether an N-linked gly-
can is actually attached or not. In addition, it is also unclear
whether the disulfide bond arrangement in M. japonicus IAG is
the same as that of A. vulgare AGH (AGH-type) or as that of verte-
brate insulin (insulin-type). In this paper, we show the direct
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evidence for the M. japonicus IAG structure and its function
through the chemical synthetic strategy.

2. Results and discussion

2.1. Synthetic strategy of IAG

The amino acid sequence of M. japonicus IAG is shown in
Figure 1. In the synthesis of IAG peptide, the Pro residue at the A
chain C-terminus is problematic. In the ordinary 9-fluorenylmeth-
oxycarbonyl (Fmoc)-based solid-phase peptide synthesis (SPPS)
method, when the C-terminal amino acid is linked via a nonbulky
ester group, diketopiperadine structure is sometimes formed dur-
ing the Fmoc removal of second residue by piperidine treatment,
generating the incomplete peptide chain which lacks the C-termi-
nal two amino acid residues.17 This problem is serious particularly
in the case of peptides having C-terminal Pro residue. To suppress
this unfavorable side reaction, it has been reported that triisopro-
pylsilyloxycarbonyl (Tsoc)-amino acid/amino acid fluoride strategy
is effective.18 In this strategy, Tsoc-protected amino acid is intro-
duced to the amino group of C-terminal Pro on the resin. Then,
Fmoc-amino acid fluoride of 3rd residue and a catalytic amount
of tetra-n-butylammonium fluoride (TBAF) are added to the resin.
The fluoride ion removes the Tsoc group generating a free amino
group, which is immediately acylated by the amino acid fluoride
with simultaneous regeneration of a fluoride ion. For use of this
strategy, Tsoc-Val pentafluorophenyl ester (Tsoc-Val-OPfp) was
prepared at first by Ohfune’s conditions.19

Since the disulfide bond arrangement in IAG has not yet been
determined, we decided to synthesize two possible disulfide
isomers, the insulin-type and the AGH-type. In M. japonicus IAG,
there are one intrachain disulfide in the A chain and two interchain
disulfides between A and B chains. To form disulfide bonds regiose-
lectively, three orthogonal Cys protecting groups, trityl (Trt),
p-methoxybenzyl (MeOBn) and acetamidomethyl (Acm) groups,
were used. For synthesizing A chain of the insulin-type disulfide
isomer, Fmoc-Cys(MeOBn)-OH and Fmoc-Cys(Acm)-OH were used
at CysA26 and CysA9, respectively, and the other Cys sites at the
positions 8 and 17, Fmoc-Cys(Trt)-OH was used for forming the
intrachain disulfide at first. On the other hand, to form the disulfide
bonds as AGH-type, Fmoc-Cys(Acm)-OH and Fmoc-Cys(Trt)-OH
were used at the positions 8 and 9, respectively, in which these
Cys derivatives were used oppositely for synthesizing the insulin-
type isomer.

As mentioned in Introduction section, the carbohydrate struc-
ture at AsnB2 is still remained unclear. To investigate the influence
of carbohydrate moiety on the peptide conformation and the bio-
logical activity, we decided to synthesize both nonglycosylated
and GlcNAc-attached IAGs. For introduction of GlcNAc moiety into
the peptide, Fmoc-Asn(GlcNAcBn3)-OH was used in Fmoc-SPPS.

2.2. Chemical synthesis of IAG

The B chain of M. japonicus IAG was synthesized by the ordinary
Fmoc-SPPS strategy at first. After the chain assembly using a

nonglycosylated Asn derivative at AsnB2, the crude peptide was
cleaved from solid support by a trifluoroacetic acid (TFA) cocktail
treatment, and purified by reversed-phase (RP)-HPLC, giving non-
glycosylated B chain 1 in 13% yield. To obtain GlcNAc-attached B
chain 2, the B chain was synthesized again using the GlcNAc-Asn
derivative at AsnB2 site. After the cleavage of peptide from the resin
by the TFA cocktail treatment, benzyl groups used for the protec-
tion of carbohydrate moiety were removed by the low-acidity tri-
fluoromethanesulfonic acid (TfOH) treatment.20 The desired
glycopeptide 2 was obtained by the RP-HPLC purification in 11%
yield.

Next, we synthesized two types of A chains, Cys9(Acm),
Cys26(MeOBn)-A chain (A chain for the insulin-type isomer) 3
and Cys8(Acm), Cys26(MeOBn)-A chain (A chain for the AGH-type
isomer) 4, by Fmoc-SPPS strategy as shown in Scheme 1. Starting
from Fmoc-Pro-CLEAR-Acid resin, Fmoc group was removed by
piperidine treatment, and then Tsoc-Val-OPfp was introduced to
the resin. The third amino acid was introduced using Fmoc-Pro-F
in the presence of a catalytic amount of TBAF, giving Fmoc-
Pro-Val-Pro-resin. Then, the peptide chain was elongated by the
Fmoc-SPPS strategy, and two types of protected peptide resins
were obtained. After cleaving peptides from the resins, the crude
peptides were separately dissolved in a phosphate buffer contain-
ing 6 M guanidine-HCl, and the intramolecular disulfide bond was
formed by oxidation using dimethyl sulfoxide (DMSO). The insulin-
type and the AGH-type A chains, 3 and 4, were obtained by RP-
HPLC purification in 5.2% and 5.0% yields, respectively.

The interchain disulfide bonds were formed regioselectively by
the strategy shown in Scheme 2. To synthesize the insulin-type iso-
mer, MeOBn group attached at CysA26 of peptide 3was removed by
TfOH/TFA treatment. By the addition of 2,20-dipyridyl disulfide
(DPDS) in the deprotection reagent, the deprotected Cys side
chain was simultaneously pyridylsulfenylated, giving Cys9(Acm),
Cys26(SPy)-A chain 5 in 93% yield. Cys8(Acm), Cys26(SPy)-A chain
6 was also derived from peptide 4 by the same manner as for pep-
tide 5 in 93% yield.

The first interchain disulfide bond was formed by mixing equi-
molar pyridylsulfenylated A chain (5 or 6) and nonglycosylated or
GlcNAc-attached B chain (1 or 2) in a sodium bicarbonate aqueous
solution. To obtain the GlcNAc-attached insulin-type isomer inter-
mediate 7, peptides 2 and 5were mixed in the aqueous solution. In
the RP-HPLC analysis, both A and B chains were almost completely
consumed within an hour, and a new peak corresponding to the
desired heterodimeric peptide 7 appeared (Fig. 2). After quenching

Figure 1. Amino acid sequence of Marsupenaeus japonicus IAG. Solid lines and
dotted lines indicate the disulfide bonds of insulin-type and AGH-type isomers,
respectively. Underline represents the putative N-glycosylation motif. Scheme 1. Synthetic procedure of the A chain.
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the reaction with adding acetic acid, peptide 7was obtained by RP-
HPLC purification in 67% yield. The second interchain disulfide
bond was then formed by the iodine oxidation reaction under

acidic conditions, giving the glycosylated insulin-type isomer 8 in
51% yield. The nonglycosylated insulin-type isomer 9 was also
obtained from peptides 1 and 5 by the same manner as for peptide
8. The GlcNAc-attached and nonglycosylated AGH-type isomers 10
and 11 were also synthesized from peptides 2 and 6 and from pep-
tides 1 and 6, respectively, by essentially the same manner as for
peptide 8. (The isolated yields of peptides 9–11 and those interme-
diates 12–14 are described in Section 4.)

2.3. Circular dichroism spectral analysis

In order to confirm the conformation of synthetic IAG peptides
8–11, their circular dichroism (CD) spectra in a neutral aqueous
solution were recorded. As shown in Figure 3, the spectral patterns
of insulin-type isomers 8 and 9 (Fig. 3a) were clearly different from
those of AGH-type isomers 10 and 11 (Fig. 3b). Especially, the insu-
lin-type isomers showed the spectra with negatively swelled shape
nearby 220 nm, which is the typical pattern for the a-helical struc-
ture, indicating that the disulfide bond arrangement affected the
conformation of IAG. The GlcNAc moiety attached at AsnB2 also
gave some effects on the CD spectral pattern at the region of
200–220 nm, and the spectra of 8 and 10 (gray lines in Fig. 3) were
slightly different from those of 9 and 11 (black lines in Fig. 3),
respectively.

The spectral patterns of the synthetic IAGs are similar to those of
the other insulin-family peptides.21–23 The CD spectra of A. vulgare
AGH and its disulfide isomer have been reported.15 Interestingly,
IAG with insulin-type disulfide bonds showed the spectral pattern
similar to that of A. vulgare AGH with AGH-type disulfide bonds
rather than that of AGH with the insulin-type disulfide bonds.

Figure 3. CD spectra of the synthetic IAGs 8–11. (a) IAG with an insulin-type
disulfide bond arrangement. (b) IAG with an AGH-type disulfide bond arrangement.
Black and gray lines represent nonglycosylated and glycosylated IAGs, respectively.

Figure 2. Reversed-phase HPLC elution profiles in regioselective disulfide forma-
tion reactions of insulin-type isomer carrying GlcNAc moiety 8. (a) Reaction
mixture of peptides 2 and 5 (0 h). (b) 1 h. 7, AsnB2(GlcNAc), CysA9,B12(Acm)-IAG. (c)
After the iodine oxidation. Elution condition: column, Inertsil ODS-3 (4.6/ �
150 mm, GL Science, Japan) at a flow rate of 1 mL/min.

Scheme 2. Synthetic route for IAGs with the insulin-type disulfide bonds 8 and 9,
and the schematic structures of AGH-type isomers 10 and 11.
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2.4. Biological activity of the synthetic peptides

In the red-claw crayfish C. quadricarinatus, intersex animals are
found in both wild and cultured populations. The removal of the
androgenic glands from the intersex crayfish induced vitellogenin
gene expression, indicating that the gene is negatively regulated
by AGH.24 Therefore, in this study, the biological activities of the
synthetic IAGs were assessed by an in vitro assay system using
vitellogenin gene expression level in the female ovaries as an
index, which was previously developed for measuring vitellogene-
sis-inhibiting hormone activity.25

The biological activity of each sample was assessed at the two
dosage levels, 5 and 0.5 lg/well. The insulin-type isomer carrying
GlcNAc at the B chain 8 suppressed the vitellogenin gene expres-
sion at both doses, and the values were significantly different from
that of negative control (P < 0.05). However, the nonglycosylated
insulin-type isomer 9 showed no activity at any doses. On the
other hand, the AGH-type disulfide isomers 10 and 11 did not sup-
press the vitellogenin gene expression at any dosage levels tested
regardless of its N-linked carbohydrate structure. These results
strongly suggest that the native IAG peptide has the disulfide bond
arrangement same as that of the vertebrate insulin, and its B chain
is glycosylated (see Fig. 4).

In A. vulgare AGH, only AGH-type disulfide isomer showed AGH
activity in vivo, and the insulin-type isomer did not. These results
are opposite to our results obtained in this study usingM. japonicus
IAG. Interestingly, the carbohydrate moiety was essential for the
biological activity in both peptides, although the glycosylation site
is different from each other; the A chain was glycosylated in AGH
whereas the glycosylation site existed in the IAG B chain. In the
most decapod IAG sequences, putative N-glycosylation sites are
found in A and/or B chains with some exceptions; IAGs from the
shrimp, Palaemon pacificus, and from the blue crab, Callinectes sapi-
dus, have no putative N-glycosylation site in their sequence. There-
fore, it is difficult to consider that significance of carbohydrate
moiety in IAG for its biological function is strictly conserved during
the molecular evolution pathway of the crustacean insulin-family
peptides. AGH and IAG receptors may get the binding affinity with
the glycosylated ligand in independent manner.

3. Conclusion

We have synthesized two disulfide isomers of nonglycosylated
or GlcNAc-attachedM. japonicus IAGs. The CD spectra of these pep-
tides indicated that the disulfide bond arrangement affected the
conformation of IAG. IAG carrying GlcNAc with the insulin-type

disulfide bonds showed the obvious activity in vitro, strongly sug-
gesting that the native IAG undergoes the glycosylation and has the
insulin-type disulfide bond arrangement. This is the first report for
the functional analysis of crustacean IAG peptide.

4. Experimental procedure

4.1. General

MALDI-TOF mass spectra were recorded using a Voyager-DE
PRO spectrometer (Applied Biosystems, CA). Amino acid composi-
tion was determined using a LaChrom amino acid analyzer (Hit-
achi, Tokyo, Japan) after hydrolysis with a 6 M HCl solution at
150 �C for 2 h in a vacuum-sealed tube. Circular dichroism (CD)
spectra were measured with a Jasco J-820 spectropolarimeter (JAS-
CO, Tokyo, Japan) at room temperature with a 2-mm path length
cell using a phosphate buffer (50 mM, pH 7.0) as a solvent.

4.2. Cys12(Acm)-B chain 1

Fmoc-Ser(But)-Wang resin (0.70 mmol/g, 140 mg, 0.10 mmol)
was subjected to microwave-assisted peptide synthesis using a
Liberty peptide synthesizer (CEM, NC), and H-Tyr(But)-Asn(Trt)-
Val-Ser(But)-Gly-Ile-Pro-Val-Asp(OBut)-Phe-Asp(OBut)-Cys(Acm)-
Gly-Asp(OBut)-Ile-Gly-Asp(OBut)-Thr(But)-Met-Ser(But)-Leu-Ile-
Cys(Trt)-Lys(Boc)-Thr(But)-Phe-Pro-Thr(But)-Ala-Arg(Pbf)-Pro-Tyr-
(But)-Ser(But)-Arg(Pbf)-Val-Ser(But)-resin (540 mg) was obtained.
A part of the resin (200 mg) was treated with a TFA cocktail
(TFA/thioanisole/phenol/H2O/triisopropylsilane, 82.5/5/5/5/2.5, 3
mL) at room temperature for 2 h. TFA was removed under Ar
stream and the peptide was precipitated with diethyl ether. After
washing twice with ether, the precipitate was dried in vacuo. The
crude peptide was purified by RP-HPLC on an Inertsil ODS-3 col-
umn (GL science, Tokyo, Japan) with a linear gradient of acetoni-
trile containing 0.1% TFA to give peptide 1 (4.9 lmol, 13% yield).
MALDI-TOF mass, found: m/z 3995.5, calcd: 3995.9 for (M+H)+.
Amino acid analysis: Asp5.27Thr2.88Ser3.25Pro2.95Gly3Ala0.85Val3.12
Met0.97Ile2.97Leu1.12Tyr2.09Phe2.12Lys1.09Arg1.66.

4.3. Asn2(GlcNAc), Cys12(Acm)-B chain 2

Fmoc-Ser(But)-Wang resin (0.31 mmol/g, 810 mg, 0.25 mmol)
was swelled in 1-methyl-2-pyrrolidinone (NMP) for 30 min, and
was treated with 20% piperidine/NMP for 5 and 15 min. After
washing with NMP, Fmoc-Val-OBt, which was prepared by mixing
Fmoc-Val-OH (1.0 mmol), 1 M N,N0-dicyclohexylcarbodiimide
(DCC)/NMP (1.5 mL) and 1 M 1-hydroxybenzotriazole (HOBt)/
NMP (1.5 mL) at room temperature for 30 min, was added and
the reaction mixture was mixed with vortex at 50 �C for 1 h. The
resin was washed with NMP and 50% dichloromethane (DCM)/
methanol, treated with 10% acetic anhydride (Ac2O)/5% N,N-diiso-
propylethylamine (DIEA)/NMP for 5 min, and washed with NMP.
The peptide chain was elongated in essentially the same manner
as described above, and H-Tyr(But)-Asn(GlcNAcBn3)-Val-Ser(But)-
Gly-Ile-Pro-Val-Asp(OBut)-Phe-Asp(OBut)-Cys(Acm)-Gly-Asp(OBut)-
Ile-Gly-Asp(OBut)-Thr(But)-Met-Ser(But)-Leu-Ile-Cys(Trt)-Lys(Boc)-
Thr(But)-Phe-Pro-Thr(But)-Ala-Arg(Pbf)-Pro-Tyr(But)-Ser(But)-
Arg(Pbf)-Val-Ser(But)-resin (2.03 g) was obtained. A part of the
resin (100 mg) was treated with the TFA cocktail (2 mL) at room
temperature for 2 h. TFA was removed under Ar stream and the
peptide was precipitated with diethyl ether. After washing twice
with ether, the precipitate was dried in vacuo. The precipitant
was then dissolved in TFA/dimethyl sulfide/m-cresol (5/3/1,
900 lL), and cooled to -15 �C. Trifluoromethanesulfonic acid (TfOH,
100 lL) was added to the solution, and kept at �15 �C for 2 h. The

Figure 4. Biological activity of the synthetic IAGs. N.C., negative control; P.C., Pej-
SGP-VII (1 sinus gland equivalent) as a positive control. Values are expressed as
means ± SE (n = 5). Asterisks indicate the significant differences from the value of
negative control (P < 0.05).
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peptide was precipitated with cold diethyl ether, and washed twice
with ether. After drying in vacuo, the crude peptide was purified by
RP-HPLC on an Inertsil ODS-3 column with a linear gradient of ace-
tonitrile containing 0.1% TFA to give peptide 2 (1.4 lmol, 11%
yield). MALDI-TOF mass, found: m/z 4198.5, calcd: 4199.0 for
(M+H)+. Amino acid analysis: Asp5.24Thr2.87Ser3.43Pro3.24Gly3Ala1.22
Val3.14Met0.86Ile2.62Leu1.02Tyr1.99Phe1.99Lys1.02Arg2.09.

4.4. Cys9(Acm), Cys26(MeOBn)-A chain 3

Fmoc-Pro-CLEAR acid resin (0.29 mmol/g, 1030 mg, 0.30 mmol)
was swelled in NMP for 30 min, and was treated with 20% piperi-
dine/NMP for 5 and 15 min. After washing with tetrahydrofuran
(THF), Tsoc-Val-OPfp (290 mg, 0.60 mmol)/THF (4 mL) solution
was added and the reaction mixture was mixed with vortex at
50 �C for 30 min. Another Tsoc-Val-OPfp (290 mg, 0.60 mmol)/
THF (4 mL) solution was added to the resin, and the reaction mix-
ture was mixed with vortex at 50 �C for 30 min. After the resin was
washed with DCM, 0.2 M Fmoc-Pro-F/DCM solution (6 mL) and
1 M TBAF/THF solution (30 lL) were added. After mixing with vor-
tex for 30 min at room temperature, the resin was washed NMP
and 50% DCM/methanol, treated with 10% Ac2O/5% DIEA/NMP for
5 min, and washed with NMP. Then, the resin was treated with
20% piperidine/NMP for 5 and 15 min. After washing with NMP,
Fmoc-Asp(OBut)-OBt, which was prepared by mixing Fmoc-
Asp(OBut)-OH (1.2 mmol), 1 M DCC/NMP (1.8 mL) and 1 M HOBt/
NMP (1.8 mL) at room temperature for 30 min, was added and
the reaction mixture was mixed with vortex at 50 �C for 1 h. The
resin was washed with NMP and 50% DCM/methanol, treated with
10% Ac2O/5% DIEA/NMP for 5 min, and washed with NMP. The
peptide chain was elongated in essentially the same manner as
described above, and Fmoc-His(Trt)-Val-Ser(But)-Gln(Trt)-Arg(Pbf)-
Met-Cys(Trt)-Val-Ala-Glu(OBut)-Glu(OBut)-Ile-Leu-Glu(OBut)-Tyr-
(But)-Cys(MeOBn)-Gln(Trt)-Asp(OBut)-Pro-Val-Pro-resin was
obtained. Using a half of the resin, the peptide chain was further
elongated in essentially the same manner as described above,
and H-Ser(But)-Tyr(But)-Asn(Trt)-Val-His(Trt)-Asp(OBut)-Glu(OBut)-
Cys(Trt)-Cys(Acm)-Asn(Trt)-His(Trt)-Val-Ser(But)-Gln(Trt)-Arg(Pbf)-
Met-Cys(Trt)-Val-Ala-Glu(OBut)-Glu(OBut)-Ile-Leu-Glu(OBut)-Tyr-
(But)-Cys(MeOBn)-Gln(Trt)-Asp(OBut)-Pro-Val-Pro-resin (1.28 g)
was obtained. A part of the resin (100 mg) was treated with the
TFA cocktail (2 mL) at room temperature for 2 h. TFA was removed
under Ar stream and the peptide was precipitated with diethyl
ether. After washing twice with ether, the precipitate was dried
in vacuo. The crude peptide was dissolved in 6 M guanidine-HCl/
50 mM phosphate buffer (pH 7.0, 9 mL), and dimethyl sulfoxide
(DMSO, 1 mL) was added to the solution. The mixture was gently
stirred for 2 d, and the insoluble material was removed by filtra-
tion. The crude peptide was purified by RP-HPLC on an Inertsil
ODS-3 column with a linear gradient of acetonitrile containing
0.1% TFA to give peptide 3 (610 nmol, 5.2% yield). MALDI-TOF
mass, found: m/z 3798.9, calcd: 3799.6 for (M+H)+. Amino acid
analysis: Asp3.70Ser1.48Glu5.27Pro2.06Ala1Val3.51Met0.68Ile0.87Leu0.93

Tyr1.78His1.75Arg0.77.

4.5. Cys9(Acm), Cys26(MeOBn)-A chain 5

Peptide 3 (610 nmol) was dissolved in TFA (400 lL) and thioani-
sole (40 lL) containing 2,20-dipyridyl disulfide (DPDS, 4.5 mg), and
cooled to �10 �C. TfOH (20 lL) was added to the solution, and the
mixture was kept at �10 �C for 5 min. The crude peptide was pre-
cipitated with diethyl ether, washed twice with ether, and dried in
vacuo. The residue was applied to the gel filtration HPLC using a
TSKgel G3000PWXL column (7.8u � 300 mm, Tosoh) with 0.1%
TFA/50% acetonitrile aqueous solution as a solvent at a flow rate
of 0.5 mL/min, to give peptide 5 (560 nmol, 93%). MALDI-TOF mass,

found: m/z 3788.0, calcd: 3788.5 for (M+H)+. Amino acid analysis:
Asp3.59Ser1.47Glu5.16Pro2.93Ala1Val3.38Met0.69Ile0.86Leu0.90Tyr1.80
His1.76Arg0.87.

4.6. AsnB2(GlcNAc), CysA9,B12(Acm)-IAG 7

Peptides 2 (160 nmol) and 5 (160 nmol) were dissolved in 40%
acetonitrile/50 mM sodium bicarbonate aqueous solution (2 mL)
and the solution was gently stirred at room temperature for 1 h.
The reaction was quenched by adding acetic acid (100 lL), and
the mixture was purified by RP-HPLC on an Inertsil ODS-3 column
with a linear gradient of acetonitrile containing 0.1% TFA to give
peptide 7 (88 nmol, 56% yield). MALDI-TOF mass, found: m/z
7883.7, calcd: 7880.7 for (M+H)+ (average). Amino acid analysis:
Asp9.31Thr2.91Ser5.11Glu5.90Pro5.36Gly3Ala2.09Val6.96Met1.59Ile3.64
Leu1.96Tyr3.89Phe1.90Lys0.99His1.90Arg3.02.

4.7. AsnB2(GlcNAc)-IAG with insulin-type disulfides 8

Peptide 7 (88 nmol) was dissolved in distilled water (750 lL),
and the solution was added dropwise to methanol (3 mL) contain-
ing 20 mM I2/methanol (90 lL) and 6 M HCl (30 lL). The reaction
was quenched by adding an ascorbic acid aqueous solution until
the brownish color was abolished. The mixture was purified by
RP-HPLC on an Inertsil ODS-3 column with a linear gradient of ace-
tonitrile containing 0.1% TFA to give peptide 8 (53 nmol, 60% yield).
MALDI-TOF mass, found: m/z 7734.3, calcd: 7736.6 for (M+H)+

(average). Amino acid analysis: Asp9.76Thr3.00Ser5.49Glu6.18Pro5.34
Gly3Ala2.04Val7.36Met1.91Ile3.80Leu2.02Tyr4.09Phe2.07Lys1.05His1.74
Arg3.05.

4.8. CysA9,B12(Acm)-IAG 12

Peptides 1 (440 nmol) and 5 (440 nmol) were dissolved in 40%
acetonitrile/50 mM sodium bicarbonate aqueous solution (5 mL)
and the solution was gently stirred at room temperature for 1 h.
The reaction was quenched by adding acetic acid (250 lL), and
the mixture was purified by RP-HPLC on an Inertsil ODS-3 column
with a linear gradient of acetonitrile containing 0.1% TFA to give
peptide 12 (290 nmol, 67% yield). MALDI-TOF mass, found: m/z
7678.8, calcd: 7677.5 for (M+H)+ (average). Amino acid analysis:
Asp9.48Thr2.97Ser5.25Glu5.95Pro5.49Gly3Ala2.09Val6.88Met1.57Ile3.87
Leu2.10Tyr3.99Phe2.04Lys1.02His1.90Arg2.85.

4.9. IAG with insulin-type disulfides 9

Peptide 12 (290 nmol) was dissolved in distilled water (2 mL),
and the solution was added dropwise to methanol (8 mL) contain-
ing 20 mM I2/methanol (240 lL) and 6 M HCl (80 lL). The reaction
was quenched by adding an ascorbic acid aqueous solution until
the brownish color was abolished. The mixture was purified by
RP-HPLC on an Inertsil ODS-3 column with a linear gradient of ace-
tonitrile containing 0.1% TFA to give peptide 9 (150 nmol, 51%
yield). MALDI-TOF mass, found: m/z 7533.0, calcd: 7533.4 for
(M+H)+ (average). Amino acid analysis: Asp9.34Thr2.86Ser5.15Glu5.60

Pro5.12Gly3Ala1.98Val6.88Met1.71Ile3.79Leu2.11Tyr4.10Phe2.14Lys1.03
His1.88Arg2.83.

4.10. Cys8(Acm), Cys26(MeOBn)-A chain 4

Using the remained half of Fmoc-His(Trt)-Val-Ser(But)-Gln(Trt)-
Arg(Pbf)-Met-Cys(Trt)-Val-Ala-Glu(OBut)-Glu(OBut)-Ile-Leu-Glu-
(OBut)-Tyr(But)-Cys(MeOBn)-Gln(Trt)-Asp(OBut)-Pro-Val-Pro-resin
prepared as described above, peptide chain was elongated manu-
ally essentially according to the same manner as described above,
and H-Ser(But)-Tyr(But)-Asn(Trt)-Val-His(Trt)-Asp(OBut)-Glu(OBut)-
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Cys(Acm)-Cys(Trt)-Asn(Trt)-His(Trt)-Val-Ser(But)-Gln(Trt)-Arg(Pbf)-
Met-Cys(Trt)-Val-Ala-Glu(OBut)-Glu(OBut)-Ile-Leu-Glu(OBut)-Tyr-
(But)-Cys(MeOBn)-Gln(Trt)-Asp(OBut)-Pro-Val-Pro-resin (1.27 g)
was obtained. A part of the resin (100 mg) was treated with the
TFA cocktail (2 mL) at room temperature for 2 h. TFA was removed
under Ar stream and the peptide was precipitated with diethyl
ether. After washing twice with ether, the precipitate was dried
in vacuo. The intrachain disulfide was formed according to the
same manner as for peptide 3. The crude peptide was purified by
RP-HPLC on an Inertsil ODS-3 column with a linear gradient of ace-
tonitrile containing 0.1% TFA to give peptide 4 (590 nmol, 5.0%
yield). MALDI-TOF mass, found: m/z 3799.3, calcd: 3799.6 for
(M+H)+. Amino acid analysis: Asp4.19Ser1.64Glu5.92Pro2.37Ala1Val3.99
Met0.78Ile1.01Leu1.07Tyr2.02His1.96Arg1.01.

4.11. Cys8(Acm), Cys26(SPy)-A chain 6

Peptide 4 (590 nmol) was dissolved in TFA (400 lL) and thioani-
sole (40 lL) containing DPDS (4.5 mg), and cooled to �10 �C. TfOH
(20 lL) was added to the solution, and the mixture was kept at
�10 �C for 5 min. The crude peptide was precipitated with diethyl
ether, washed twice with ether, and dried in vacuo. The residue
was applied to the gel filtration HPLC using a TSKgel G3000PWXL

column (7.8u � 300 mm, Tosoh) with 0.1% TFA/50% acetonitrile
aqueous solution as a solvent at a flow rate of 0.5 mL/min, to give
peptide 6 (550 nmol, 93%). MALDI-TOF mass, found: m/z 3788.1,
calcd: 3788.5 for (M+H)+. Amino acid analysis: Asp3.94Ser1.60
Glu5.68Pro2.55Ala1Val3.72Met0.89Ile0.92Leu0.96Tyr1.91His1.89Arg1.05.

4.12. AsnB2(GlcNAc), CysA8,B12(Acm)-IAG 13

Peptides 2 (160 nmol) and 6 (160 nmol) were dissolved in 40%
acetonitrile/50 mM sodium bicarbonate aqueous solution (5 mL)
and the solution was gently stirred at room temperature for 1 h.
The reaction was quenched by adding acetic acid (250 lL), and
the mixture was purified by RP-HPLC on an Inertsil ODS-3 column
with a linear gradient of acetonitrile containing 0.1% TFA to give
peptide 13 (96 nmol, 58% yield). MALDI-TOF mass, found: m/z
7877.7, calcd: 7880.7 for (M+H)+ (average). Amino acid analysis:
Asp9.28Thr2.88Ser5.16Glu5.62Pro5.34Gly3Ala2.06Val7.00Met1.65Ile3.72
Leu2.01Tyr4.01Phe2.05Lys1.02His1.84Arg2.68.

4.13. AsnB2(GlcNAc)-IAG with AGH-type disulfides 10

Peptide 13 (96 nmol) was dissolved in distilled water (750 lL),
and the solution was added dropwise to methanol (3 mL) contain-
ing 20 mM I2/methanol (90 lL) and 6 M HCl (30 lL). The reaction
was quenched by adding an ascorbic acid aqueous solution until
the brownish color was abolished. The mixture was purified by
RP-HPLC on an Inertsil ODS-3 column with a linear gradient of ace-
tonitrile containing 0.1% TFA to give peptide 10 (59 nmol, 61%
yield). MALDI-TOF mass, found: m/z 7736.2, calcd: 7736.6 for
(M+H)+ (average). Amino acid analysis: Asp9.31Thr3.00Ser5.24Glu6.08

Pro4.97Gly3Ala1.87Val6.97Met1.73Ile3.73Leu1.98Tyr3.95Phe1.95Lys1.02His1.87
Arg2.65.

4.14. CysA8,B12(Acm)-IAG 14

Peptides 1 (440 nmol) and 6 (440 nmol) were dissolved in 40%
acetonitrile/50 mM sodium bicarbonate aqueous solution (5 mL)
and the solution was gently stirred at room temperature for 1 h.
The reaction was quenched by adding acetic acid (250 lL), and
the mixture was purified by RP-HPLC on an Inertsil ODS-3 column
with a linear gradient of acetonitrile containing 0.1% TFA to give
peptide 14 (290 nmol, 67% yield). MALDI-TOF mass, found: m/z
7678.6 calcd: 7677.5 for (M+H)+ (average). Amino acid analysis:

Asp9.29Thr2.98Ser5.15Glu6.12Pro5.00Gly3Ala2.05Val6.92Met1.12Ile3.93
Leu2.11Tyr3.96Phe1.98Lys1.05His1.92Arg2.72.

4.15. IAG with AGH-type disulfides 11

Peptide 14 (290 nmol) was dissolved in distilled water (2 mL),
and the solution was added dropwise to methanol (8 mL) contain-
ing 20 mM I2/methanol (240 lL) and 6 M HCl (90 lL). The reaction
was quenched by adding an ascorbic acid aqueous solution until
the brownish color was abolished. The mixture was purified by
RP-HPLC on an Inertsil ODS-3 column with a linear gradient of ace-
tonitrile containing 0.1% TFA to give peptide 11 (150 nmol, 60%
yield). MALDI-TOF mass, found: m/z 7535.1, calcd: 7533.4 for
(M+H)+ (average). Amino acid analysis: Asp9.34Thr2.86Ser5.15Glu5.60

Pro5.12Gly3Ala1.98Val6.88Met1.71Ile3.79Leu2.11Tyr4.10Phe2.14Lys1.03
His1.88Arg2.83.

4.16. Bioassay

Immature M. japonicus females serving as ovarian fragment
donors were purchased from an aquaculture company in Kagoshi-
ma Prefecture, Japan. Prawns ranged from 16.3 to 19.8 g (average
18.0 g) in body weight and from 0.31% to 0.88% (average 0.73%)
in gonadosomatic index. Pej-SGP-VII, which is one of six VIHs in
M. japonicus, was purified from the sinus gland extract using the
Sep-Pak C18 cartridge and reversed-phase HPLC as described pre-
viously,26,27 and one sinus gland equivalent of this peptide was
used as a positive control in this assay. For the negative control,
the ovarian fragments were cultured in the medium alone. The bio-
logical activity of the synthetic peptides was assessed at the dosage
levels of 0.5 and 5 lg/200 ll culture medium. Culture of ovarian
fragments, total RNA extraction, and quantitative real-time PCR
were performed according to the methods described previously.25

Student’s t-test was used to analyze statistical differences between
the values for the zero control and those for the experimental
groups.
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Introduction

Vitellogenesis is an essential physiological event in the 
reproduction of oviparous animals. Various nutritive mate-
rials including carbohydrates, proteins, lipids, minerals, 
and vitamins destined for utilization in embryonic develop-
ment are accumulated in the oocytes during this process. 
In crustaceans, vitellogenesis is negatively regulated by a 
neuropeptide, vitellogenesis-inhibiting hormone (VIH), 
which is synthesized in and secreted from the X-organ/
sinus gland complex in the eyestalks. Until now, lim-
ited numbers of VIH peptides have been characterized by 
means of in vivo administration experiment; in the Ameri-
can lobster Homarus americanus [1] and terrestrial isopod  
Armadillidium vulgare [2].

It has been shown that various types of neuropeptides 
are produced in the X-organ and stored in the sinus gland 
[3]. Among these neuropeptides, the amino acid sequences 
of four hormones, VIH, crustacean hyperglycemic hormone 
(CHH), molt-inhibiting hormone (MIH), and mandibu-
lar organ-inhibiting hormone (MOIH), are similar, form-
ing a peptide family referred to as the CHH-family [3]. 
CHH-family peptides consist of 72–83 amino acid residues 
including six conserved cysteine residues that form three 
intramolecular disulfide bonds. It is supposed that CHH-
family peptides have evolved from a common ancestral 
molecule because they have been isolated not only from 
decapod to isopod crustaceans, but also from insects [4] 
and a spider [5]. Furthermore, genes for putative CHH-
family peptide were found in some nematode species [6].

Abstract Vitellogenesis-inhibiting hormone (VIH) in 
Crustacea belongs to the crustacean hyperglycemic hor-
mone (CHH)-family. In order to characterize multiple VIH 
molecules in the shiba shrimp Metapenaeus joyneri, four 
CHH-family peptides designated as Mej-SGP-I, -II, -III, 
and -IV were purified by reversed-phase HPLC and iden-
tified by N-terminal amino acid sequencing. The vitello-
genesis-inhibiting activities of these peptides were exam-
ined using ex vivo incubation of ovarian fragments of the 
kuruma prawn Marsupenaeus japonicus. All of the four 
peptides significantly reduced vitellogenin mRNA levels in 
the ovarian fragments. Among them, the inhibitory activity 
of Mej-SGP-III which was the most abundant CHH-fam-
ily peptide in the sinus gland was apparent. Therefore, a 
cDNA encoding the Mej-SGP-III precursor was cloned by 
RT-PCR coupled with 5′- and 3′-RACE. The mature Mej-
SGP-III was found to consist of 72 amino acid residues 
containing six conserved cysteine residues and possess an 
amidated C-terminus. The mature Mej-SGP-III showed 
the highest sequence identity to Pej-SGP-V (one of six 
CHH/VIHs in M. japonicus) and Liv-SGP-G (one of six 
VIHs in Litopenaeus vannamei). These results indicate that 
Mej-SGP-III is one of the hormones regulating vitellogen-
esis in M. joyneri.
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CHH-family peptides are divided into two subtypes, 
types I and II. Type II peptide has a glycine residue at posi-
tion 12 in the mature peptide, whereas type I peptide lacks 
it at the corresponding position [7, 8]. CHH is classified 
into type I, and MIH, MOIH and VIH are classified into 
type II. There are, however, some exceptions, including a 
type I peptide from H. americanus having both hypergly-
cemic and molt-inhibiting activities [9], a type I peptide 
with molt-inhibiting activity in the crayfish Procambarus 
bouvieri [10], and a type I peptide from the crab Libinia 
emarginata, showing both hyperglycemic and mandibular 
organ-inhibiting activities [11]. These exceptions demon-
strate that classification into the different subtypes does not 
necessarily reflect peptide activity.

Intensive research has been conducted to search for 
VIH in the commercially important penaeid shrimp spe-
cies. In the kuruma prawn Marsupenaeus japonicus, eight 
CHH-family peptides, which were designated as Pej-SGP 
(sinus gland peptide)-I to -VII and Pej-MIH-B, have been 
purified from the sinus glands [7, 8, 12–14]. Two type II 
peptides, Pej-SGP-IV and Pej-MIH-B, exhibited molt-
inhibiting activity but no significant effect on vitellogenin 
(vg) gene expression [7, 14–16], while the other six type 
I peptides (Pej-SGP-I, II, III, V, VI, and VII) displayed 
vitellogenesis-inhibiting activity (in terms of the inhibition 
of vg expression) on the ovary as well as hyperglycemic 
activity [8, 13, 15, 16]. In the whiteleg shrimp Litopenaeus 
vannamei, six type I peptides (Liv-SGP-A, -B, -C, -E, -F, 
and -G) represented similar vitellogenesis-inhibiting activ-
ity, but a type II peptide Liv-SGP-D did not [17]. These 
results suggest that type I peptides probably regulate vg 
expression in the ovary in addition to hemolymph glu-
cose level in penaeid shrimp species. On the other hand, 
a type II peptide, Pem-GIH, has been reported to regulate 
ovarian vg expression in Penaeus monodon [18]. Regard-
ing the regulation in the extraovarian site, it has recently 
been reported that another type II peptide, lvVIH, derived 
from the eyestalk and brain possesses vitellogenesis-inhib-
iting activity on the hepatopancreas of L. vannamei [19]. 
Thus, it has been shown that various CHH-family peptides 
are involved in the regulation of vitellogenesis using vg 
expression as a molecular index in commercially impor-
tant penaeid species.

The shiba shrimp Metapenaeus joyneri is distributed 
throughout the East Asian coastal areas. The shiba shrimp 
is an economically important shrimp species and is fished 
in East Asian countries such as Japan, South Korea, and 
China. The annual catch of this shrimp species in 2012 
became only about 20 % compared with those of the 
peak periods from 1991 to 1992 (Food and Agriculture 
Organization (FAO); http://www.fao.org/fishery/statis-
tics/global-capture-production/query/en). The reason for 
the decrease of this species is still unclear. To solve this 

problem, artificial maturation and spawning techniques, 
which are able to be applied to shrimp aquaculture and 
sea farming, are required. Therefore, it is desirable to 
gain a better understanding of the regulatory mechanisms 
of vitellogenesis in this species. In this study, we purified 
and structurally determined four CHH-family peptides 
from the sinus glands of M. joyneri and studied the pos-
sibility that these peptides regulate vitellogenesis in this 
species.

Materials and methods

Animals

Fresh adult shiba shrimps M. joyneri recently captured in 
Nagasaki Prefecture were purchased. Five hundred sinus 
glands were dissected from 250 shrimps under a stereo-
scopic microscope using a technique described previously 
[12].

Purification of CHH-family peptides from M. joyneri

Peptides were extracted from the sinus glands by the same 
methods as described previously [12]. The extract was sub-
jected to a Sep-Pak C18 Cartridge (Waters, Milford, MA, 
USA), which was eluted with 60 % acetonitrile in 0.05 % 
trifluoroacetic acid (TFA). After concentration, the resultant 
solution was applied to reversed-phase HPLC (RP-HPLC) 
on a Shodex Asahipak ODP-50 column (4.6 × 250 mm, 
Showa Denko, Tokyo, Japan). Elution was performed with 
a 40-min linear gradient of 20–40 % acetonitrile in 0.05 % 
TFA at a flow rate of 1 ml/min. Elution was monitored at 
225 nm, and each peak fraction was collected manually. As 
the results of mass spectral and amino acid sequence analy-
ses described below show, four CHH-family peptides puri-
fied by RP-HPLC were designated as Mej-SGP-I, -II, -III 
and -IV, respectively.

Mass spectral analysis

Mass spectra of the four CHH-family peptides were meas-
ured on a MALDI-TOF mass spectrometer (AXIMA®-
CFR, Shimadzu, Kyoto, Japan) with α-cyano-4-
hydroxycinnamic acid as a matrix in the positive ion mode.

Amino acid sequence analysis

N-terminal amino acid sequences of the four CHH-fam-
ily peptides were analyzed on Applied Biosystems model 
491cLC and model 491HT protein sequencers (Applied 
Biosystems, Foster City, CA, USA) in the pulsed-liquid 
mode.
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Ex vivo bioassay for vitellogenesis-inhibiting activity

Immature M. japonicus females serving as ovarian frag-
ment donors were purchased from an aquaculture com-
pany in Kagoshima Prefecture. Prawns ranged from 16.0 to 
22.2 g in body weight and from 0.32–1.01 % in gonadoso-
matic index. Almost all prawns with these GSI values have 
only previtellogenic oocytes in the ovary [20]. In order to 
use a positive control molecule, Pej-SGP-III, which is one 
of six CHH/VIHs in M. japonicus, was purified by the same 
methods as described previously [12]. Culture of ovarian 
fragments, total RNA extraction, and quantitative real-time 
PCR for measuring of vg mRNA levels were performed 
according to the methods described previously [15].

Statistical analysis

Differences between groups were analyzed with GraphPad 
Prism 4.0 (GraphPad Software, San Diego, CA) using two-
way analysis of variance (ANOVA) followed by Bonferroni 
post hoc test.

Reverse transcription (RT)-PCR for amplifying 
of Mej-SGP-III cDNA fragment

The content of Mej-SGP-III in the sinus gland was the 
highest among the four CHH-family peptides. In addition, 
Mej-SGP-III exhibited significant vitellogenesis-inhibiting 
activity. In this study, therefore, we focused on Mej-SGP-
III and then conducted cDNA cloning of Mej-SGP-III in 
order to elucidate its complete primary structure. A sche-
matic showing the cDNA cloning procedure is shown in 
Fig. 1.

Total RNA from the eyestalk of M. joyneri was extracted 
using ISOGEN (Nippongene, Tokyo, Japan). First strand 
cDNA was synthesized with 300 ng of the total RNA 
using a SuperScript II™ Reverse Transcriptase (Invitro-
gen, Carlsbad, CA, USA). In this reaction, Not I dT primer 
(Table 1) was used as a reverse transcription primer. For 
RT-PCR, two degenerate oligonucleotide primers (F and R 

in Table 1) were designed based on the determined N-ter-
minal amino acid sequence of Mej-SGP-III. The first strand 
cDNA was used as a template, and amplification was car-
ried out with primers F and R using GoTaq® Green Mas-
ter Mix (Promega, Madison, WI, USA) with 20 µl reaction 
volume (Fig. 1). The following program was used for PCR 
amplification: 40 cycles of 30 s at 94 °C (3 min and 30 s for 
the first cycle only), 30 s at 53 °C, and 30 s at 72 °C (3 min 
for the last cycle only).

3′-Rapid amplification of cDNA ends (3′-RACE) 
for amplifying 3′-region of Mej-SGP-III cDNA

Two specific oligonucleotide primers (3F and 3NF in 
Table 1) were designed based on the nucleotide sequence 
of the Mej-SGP-III cDNA fragment amplified by RT-PCR. 
A 3′-region of Mej-SGP-III cDNA was amplified by two 
rounds of PCR. In the first PCR, the eyestalk first strand 
cDNA described in RT-PCR was used as a template, and 
amplification was carried out with primers 3F and RTG 
(Fig. 1) using TaKaRa LA PCR Kit Ver. 2.1 (Takara, Shiga, 
Japan) with 20 µl reaction volume. In the second PCR, the 
first PCR product was used as a template, and amplification 

Fig. 1  Schematic representation of structures of the cDNA for Mej-
SGP-III, and locations of the oligonucleotide primers. Arrowheads 
represent the primers, and lines under the arrowheads indicate the 

cDNA fragments that were amplified. Boxes represent the open read-
ing frame. The 5′- and 3′-untranslated regions are shown by thin 
lines. SP signal peptide, CPRP CHH precursor-related peptide

Table 1  Nucleotide sequences of primers used for RT-PCR, 5′-
RACE and 3′-RACE

Primer name Nucleotide sequence (5′→ 3′)

Not I-dT AACTGGAAGAATTCGCGGCCGCAGGAA(T18)

RTG AACTGGAAGAATTCGCGGCCG

RTG-NN AAGAATTCGCGGCCGCAGGAA

F TCATGYACTGGNGTNTAYAA

R AGRCACTGDATRAANGCCAT

3F TACAACAGGGAGGTCATACT

3NF CATACTGAGGCTTAACCGCCT

5R GCAGTTCCTCCTGCATTCTGTGGAGACA

5NR AATCGTCACACAGGCGGTTAAGCCTCAG

5F GAATTCCCAACTACGGTGAA

3R TGGGGATCGGGTTTGAAGAT
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was carried out with primers 3NF and RTG-NN (Fig. 1) 
using the same reaction as the first PCR. The following 
program was used for each PCR amplification: 35 cycles of 
30 s at 94 °C (3 min and 30 s for the first cycle only), 30 s 
at 52 °C, and 1 min at 72 °C (4 min for the last cycle only).

5′-RACE for amplifying of 5′-region of Mej-SGP-III 
cDNA

First-strand cDNA was newly synthesized with 150 ng 
of the eyestalk total RNA by using a SMART RACE 
cDNA Amplification Kit (Clontech, Mountain View, CA, 
USA) according to the instructions of the manufacturer 
with the exception that MMLV Reverse Transcriptase 
(Clontech) was substituted by SuperScript™ II Reverse 
Transcriptase (Invitrogen). In this reaction, a 5′-cDNA 
synthesis (CDS) primer (Clontech) was used as a reverse 
transcription primer. Two specific oligonucleotide prim-
ers (5R and 5NR in Table 1) were designed based on 
the nucleotide sequence of the Mej-SGP-III cDNA frag-
ment amplified by RT-PCR and 3′-RACE. A 5′-region of 
the Mej-SGP-III cDNA was amplified by two rounds of 
PCR. In the first PCR, the newly synthesized eyestalk 
first strand cDNA was used as a template, and amplifica-
tion was carried out with 5R and Universal Primer Mix 
(UPM, Clontech) as shown in Fig. 1 using TaKaRa LA 
PCR Kit Ver. 2.1 (Takara) with a 20 µl reaction volume. 
In the second PCR, the first PCR product was used as a 
template, and amplification was carried out with 5NR/
Nested Universal Primer (NUP, Clontech) as shown in 
Fig. 1, using the same reaction as the first PCR. The fol-
lowing program was used for each PCR amplification: 25 
cycles of 30 s at 94 °C (3 min and 30 s for the first cycle 
only), 30 s at 68 °C, and 2 min at 72 °C (5 min for the 
last cycle only).

Confirmation of the nucleotide sequence of Mej-SGP-III 
cDNA

The nucleotide sequence of the cDNA fragment including 
the full-length open reading frame (ORF) was confirmed 
by PCR amplification using specific primers (5F and 3R in 
Table 1).

Nucleotide sequence analysis

All PCR products were subcloned into a pMD-20T vec-
tor (Takara) using a Mighty TA-cloning kit (Takara). Both 
strands of the plasmid DNAs were sequenced on an ABI 
PRISM 3130 genetic analyzer (Applied Biosystems) using 
a Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied 
Biosystems).

Results

Purification of CHH-family peptides from M. joyneri

Peptides were extracted from a total of 500 sinus glands 
and separated by RP-HPLC. The elution profile of RP-
HPLC is shown in Fig. 2. In the TOF mass spectra of eluted 
peak fractions 2, 8, 10 and 12, protonated molecular ion 
peaks were observed at m/z 8,530, 8,976, 8,507 and 8,393, 
respectively. These results suggest that peaks 2, 8, 10 and 
12 contained CHH-family peptides in M. joyneri, because 
their molecular weights were within the expected ranges of 
those of CHH-family (8,000–9,500).

N-terminal amino acid sequences of M. joyneri 
CHH-family peptides

N-terminal amino acid sequences of the four peak materi-
als were analyzed, resulting more than 55 amino acid resi-
dues, although these sequences were not complete (Fig. 3). 
All four peptides showed considerable sequence similarity 
to CHH-family peptides of other crustacean species. In this 
study, these four CHH-family peptides contained in peaks 
2, 8, 10 and 12 were named Mej-SGP-I, -II, -III and -IV, 
respectively. Unidentified residues at positions 7, 23, 26, 
39, 43, and 52 of the four peptides were likely cysteine res-
idues conserved in CHH-family peptides.

Ex vivo bioassay for vitellogenesis-inhibiting activities 
of M. joyneri CHH-family peptides

The vitellogenesis-inhibiting activities of the four CHH-
family peptides were examined by an ex vivo bioassay 
(Fig. 4). Mej-SGP-III exhibited significant inhibitory 
activities at both concentrations of 0.05 and 5 nM, whereas 
inhibitory activities of Mej-SGP-I, -II and -IV were 

Fig. 2  Reversed-phase HPLC elution profile of extracts from 500 
sinus glands of Metapenaeus joyneri. Chromatographic conditions 
are described in detail in “Materials and methods”. Concentration of 
acetonitrile is indicated by the dotted line
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significant at only 5 nM. As a positive control, Pej-SGP-III, 
which is one of six CHH/VIHs in M. japonicus, was also 
assayed. Pej-SGP-III significantly reduced vg mRNA levels 
at a concentration of 5 nM.

Molecular cloning of a cDNA encoding Mej-SGP-III

The full-length sequence of Mej-SGP-III cDNA was 
compiled from the results of RT-PCR, 5´- and 3´-RACE 
(Fig. 5). The determined nucleotide sequence of the cDNA 
encoding the Mej-SGP-III has been deposited in the DNA 
Data Bank of Japan (DDBJ) database (Accession no. 
AB622205). The Mej-SGP-III cDNA consisted of 617 bp 
including a 5′-untranslated region (UTR) (71 bp), an open 
reading frame (ORF) (345 bp), and a 3′-UTR (201 bp). 
The 3′-UTR contains a polyadenylation signal (AATAAA). 
The ORF was conceptually translated into a putative pre-
propeptide comprising 114 amino acid residues. The 

N-terminal part, Met−24- Ala−1, was predicted as a signal 
peptide by SignalP 3.0 program (http://www.cbs.dtu.dk/
services/SignalP/). The segment of Arg1-Ala14 was thought 
to be a CHH precursor-related peptide (CPRP). This CPRP 
was immediately followed by Lys15-Arg16, a putative diba-
sic cleavage site. The amino acid sequence of Ser17-Tyr71 
was identical to the analyzed N-terminal sequence of the 
purified Mej-SGP-III as described above (Fig. 3). The 
sequences of Ser17-Val88 and of Gly89-Lys90 are thought to 
be a mature Mej-SGP-III and an amidation signal, respec-
tively. The theoretical mass value, 8507.3 (M + H)+, cal-
culated from the mature Mej-SGP-III sequence with ami-
dated C-terminus agreed closely with the analyzed value 
(m/z 8507.3) of the purified peptide by MALDI-TOF mass 
analysis.

Mej-SGP-III showed the highest sequence similar-
ity with two CHH-family peptides having vitellogenesis-
inhibiting activity in penaeid shrimp species, M. japonicus 
CHH/VIH (Maj-SGP-V) and L. vannamei VIH (Liv-SGP-
G), by tBLASTn analysis. Then, the amino acid sequence 
of Mej-SGP-III was aligned with those of Maj-SGP-V and 
Liv-SGP-G in addition to the two known VIHs, H. ameri-
canus VIH (Hoa-VIH) and A. vulgare VIH (Arv-VIH) 
(Fig. 6). Mej-SGP-III shared amino acid identities 66.7 % 
with Maj-SGP-V and 66.7 % with Liv-SGP-G. On the 
other hand, Mej-SGP-III exhibited low amino acid identi-
ties of 28.4 % with Arv-VIH and 25.3 % with Hoa-VIH.

Discussion

In this study, four CHH-family peptides, which were con-
sidered to be VIH candidates, were purified from the sinus 
glands of M. joyneri. One of the four peptides (Mej-SGP-II) 
was categorized as a type II peptide, because a glycine resi-
due was observed at position 12 (Fig. 3). The other three 
peptides (Mej-SGP-I, -III and -IV) were considered to be 
type I peptides, because of the lack of the glycine residue at 
12th position (Fig. 3). A multiplicity of CHH-family pep-
tides have been observed frequently in penaeid shrimp spe-
cies. In M. japonicus, eight different CHH-family peptides, 
six type I and two type II, were purified from the sinus 
glands [8, 13, 14]. Seven CHH-family peptides, six type I 

Fig. 3  N-terminal amino acid sequences of CHH-family peptides from Metapenaeus joyneri. Residues indicated as question marks were uni-
dentifiable, and those at positions 7, 23, 26, 39, 43, and 52 are likely Cys residues (see text)

Fig. 4  The effects of Pej-SGP-III (positive control), which is one of 
the six CHH/VIHs in Marsupenaeus japonicus, and four CHH-family 
peptides from Metapenaeus joyneri on vg mRNA levels in incubated 
ovarian fragments. Relative vg mRNA levels are expressed as the per-
centage change relative to that of incubated counterpart ovarian frag-
ments with medium only. In the control group, both sides of ovarian 
fragments from the single prawn were incubated with medium only, 
and the relative vg mRNA was calculated by left/right × 100. Data 
are presented as mean ± SEM. Differing letters indicate a signifi-
cant difference (P < 0.001; two-way ANOVA followed by Bonferroni 
test). Numbers in parentheses indicate numbers of individuals used 
for respective groups
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and a type II, were also identified from L. vannamei [17]. 
In Penaeus monodon, six CHH-family peptides, four type 
I and two type II, were observed [21]. The elucidation of 
the total number of CHH-family peptides would be helpful 
in establishing the artificial maturation and spawning tech-
niques. Using an RNA interference, the gene knockdown 
of Pem-GIH, which is thought to be a VIH in P. monodon, 
increased vg mRNA levels [18]. Applying a similar tech-
nique to M. joinery, if we targeted all CHH-family peptides 
having vitellogenesis-inhibiting activity, the efficiency 
could be improved. Therefore, the number and biological 
activity of CHH-family peptides in M. joyneri revealed in 
this study is important information in order to propagate 
this species, whose catch has been declining recently (see 
“Introduction” section).

The three type I peptides (Mej-SGP-I, -III and -IV) 
exhibited significant vitellogenesis-inhibiting activity 
using the M. japonicus ovarian incubation system. This 
result is consistent with previous studies in which all 

type I peptides of M. japonicus and L. vannamei showed 
a similar inhibitory activity using the same bioassay sys-
tem [15–17]. However, meaningful inhibitory activity was 
observed also in a type II peptide (Mej-SGP-II) in the pre-
sent study. In the previous studies, Pej-SGP-IV from M. 
japonicus and Liv-SGP-D from L. vannamei belonging to 
type II reduced vg mRNA levels in the cultured ovary to 
65–70 % of control at 5–100 nM although those changes 
were not statistically significant [15, 17]. Therefore, it 
was assumed that type-II peptides in penaeid shrimp spe-
cies may have no vitellogenesis-inhibiting activity on the 
ovary, but Mej-SGP-II showed significant activity in the 
present study. One possibility which might explain this 
observation is that Mej-SGP-II might have a C-termi-
nal amide. Our previous study showed that a C-terminal 
amide of a CHH-family peptide was important for con-
ferring vitellogenesis-inhibiting activity, using a similar 
bioassay system [22]. Moreover, the C-terminal amide of 
Pej-SGP-I, which is an M. japonicus CHH-family peptide 

Fig. 5  Nucleotide and deduced amino acid sequences of a cDNA 
encoding the Mej-SGP-III precursor. Amino acid numbering starts 
at the N-terminal residue of the propeptide of Mej-SGP-III, and the 
putative signal peptide is indicated by negative numbers. The amino 
acid sequence of the putative signal peptide is marked in bold, that 
of the putative CHH precursor-related peptide (CPRP) is underlined, 

and that of the mature Mej-SGP-III is underlined with a dotted line. 
The open box indicates the putative dibasic cleavage site. The gray 
box represents the putative amidation signal. The nucleotide sequence 
of the Mej-SGP-III cDNA has been deposited in the DNA Data Bank 
of Japan (accession no. AB622205)

Fig. 6  Amino acid sequence alignment of the mature Mej-SGP-
III with another four VIHs. The Mej-SGP-III sequence was aligned 
using the CLUSTAL W program (http://clustalw.ddbj.nig.ac.jp/top-
e.html) with four VIHs: Marsupenaeus japonicus CHH/VIH (Pej-
SGP-V) [8], Litopenaeus vannamei VIH (Liv-SGP-G) [17], Homarus 

americanus VIH (Hoa-VIH) [1], and Armadillidium vulgare VIH 
(Arv-VIH) [2]. Open boxes indicate the positions of conserved Cys 
residues. Gray box represents characteristic of type II peptides, which 
is an insertion of a Gly residue at position 12
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having vitellogenesis-inhibiting and hyperglycemic activi-
ties [8, 16], was important for the folding of the molecule 
to its natural conformation and significant for confer-
ring hyperglycemic activity [23]. These results suggest 
that Mej-SGP-II might have a C-terminal amide. On the 
other hand, a cDNA encoding a new CHH-family peptide 
(lvVIH) was cloned from L. vannamei recently and its 
recombinant peptide inhibited hepatopancreas vg expres-
sion in vitro primary cell culture [19]. Both lvVIH and the 
aforementioned Pem-GIH are classified as type II and pos-
sess a free C-terminus. Mej-SGP-II may have vitellogen-
esis-inhibiting activity regardless of absence or presence 
of an amidated C-terminus. Except for penaeid species, 
type-II CHH-family peptides have only been characterized 
as VIH molecules in H. americanus and A. vulgare [1, 2]. 
The nature of the authentic and biologically relevant VIH 
is still unclear. In order to clarify this point, further accu-
mulation of information on VIH, i.e., biological activities 
confirmed by various bioassays and molecular structure, 
from extensive crustacean species will be needed.

The vitellogenesis-inhibiting activities of the four CHH-
family peptides were examined by ex vivo bioassay using 
M. japonicus ovary. The shiba shrimp M. joyneri is not cul-
tivated in Japan. Its supply depends on wild populations, 
and they are mostly distributed as fresh or frozen shrimp, 
therefore live M. joyneri is not able to be obtained. On the 
other hand, live M. japonicus is easy to obtain from a local 
fish market all year round in Japan and is closely related 
to M. joyneri. That is why the heterologous bioassay was 
employed in this study. Although the four CHH-family 
peptides showed significant vitellogenesis-inhibiting activ-
ity by ex vivo bioassay using M. japonicus ovary, it is nec-
essary to establish a bioassay system using M. joyneri in 
order to examine their original functions.

A cDNA encoding a Mej-SGP-III precursor was cloned 
for further characterization of its primary structure and pre-
cursor organization. Mej-SGP-III precursor deduced from 
the nucleotide sequence of its cDNA has a typical struc-
ture for a type I peptide; a CPRP was located between the 
signal peptide and a hormonal moiety (Figs. 1, 5), and an 
amidation signal (Gly-Lys) was located following the hor-
monal moiety. This result is in good agreement with the 
result that natural Mej-SGP-III lacks a Gly residue at posi-
tion 12 which is a structural characteristic of type II pep-
tides. The cDNA encoding the Mej-SGP-III precursor has 
enough length to be used as a template DNA for in vitro 
synthesis of double-stranded RNA. Mej-SGP-III was the 
most abundant CHH-family peptide in the sinus gland 
(Fig. 3) and showed significant vitellogenesis-inhibiting 
activity (Fig. 5). It shows the possibility that Mej-GSP-III 
is the most important molecule regulating vitellogenesis in 
M. joyneri. Therefore, we might be able to induce ovarian 
maturation in M. joyneri artificially by the injection of the 

double-stranded RNA for gene knockdown of Mej-SGP-III. 
On the other hand, there is a possibility that the knockdown 
of only Mej-SGP-III is insufficient to induce vitellogene-
sis. In that case, all peptides having vitellogenesis-inhibit-
ing activity will be targeted for knockdown as mentioned 
above, and cDNA cloning for Mej-SGP-I, -II, and -IV will 
be a prerequisite.

In conclusion, four CHH-family peptides were purified 
from the sinus glands of M. joyneri and their N-terminal 
sequences were determined. All of the four CHH-family 
peptides exhibited significant vitellogenesis-inhibiting activ-
ity, which indicates that the four molecules possibly regulate 
vitellogenesis negatively in M. joyneri. The full length of a 
cDNA encoding the most abundant molecule in the sinus 
gland among the four CHH-family peptides was cloned. 
With this information, it should be possible to develop an 
effective method for artificial maturation in this species using 
gene knockdown as reported in P. monodon [18].
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Abstract – Six bicyclic dioxetanes bearing a 1-hydroxyphenanthren-3-yl 2-iv, 
3-hydroxyphenanthren-1-yl 2-ov, 4-hydroxyphenanthren-2-yl 2-oh, 
2-hydroxyphenanthren-4-yl 2-ih, 4-hydroxy[4]helicen-2-yl 3-iv and 
2-hydroxy[4]helicen-4-yl group 3-ov were synthesized and their base-induced 
chemiluminescent decomposition was investigated in a TBAF 
(tetrabutylammonium fluoride) / MeCN system.  For dioxetanes in the iv-series 
2-iv and 3-iv including -naphthol-analog 17a and those in the ov-series 2-ov and 
3-ov including -naphthol-analog 17b, we investigated how the 
chemiluminescence properties changed with an increase in the number of fused 
benzene rings of a hydroxyarene moiety attached to a dioxetane ring.  The results 
showed that a) maximum wavelength of chemiluminescence max

CL tended to shift 
to a longer wavelength region as the number of fused benzene rings increased, b) 
the kCTID values for the iv-series were >1000 times larger than those for the 
ov-series regardless of the number of fused benzene rings, and c) a dioxetane in 
the iv-series tended to have a higher singlet-chemiexcitation efficiency S than 
the corresponding dioxetane in the ov-series.  This tendency could be explained 
by the “syn/anti” rotational isomerism of an aromatic electron donor, where an 
anti-rotamer gives S far more effectively than a syn-rotamer.

 
INTRODUCTION 
A dioxetane bearing an aromatic electron donor such as oxidoaryl anion undergoes intramolecular 
charge-transfer-induced decomposition (CTID) with an accompanying emission of bright light.1−6  This 
phenomenon has received considerable attention from the viewpoints of mechanistic interest related to 
bioluminescence and its potential for application to clinical and biological analysis.7,8  Thus, intensive 
studies have been conducted, and have shown that an aromatic electron donor significantly affects the 
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chemiluminescence properties such as the chemiluminescence spectrum, chemiluminescence efficiency 
and the rate of decomposition for CTID-active dioxetanes.  Such effects are mainly due to the structure 
of the -electron system and the bulkiness of the aromatic electron donor. 

 
 
 
 
 
 

Figure 1.  CTID-active dioxetanes bearing a chiral aromatic electron donor 
 
On the other hand, the chirality of an aromatic electron donor such as a biaryl due to atropisomerism leads 
to unique chemiluminescence for a CTID-active dioxetane.  For instance, optically active bicyclic 
dioxetanes 1 bearing a chiral binaphthyl moiety have very recently been found to show chiral-induced 
chemiluminescence in an optically anisotropic microenvironment (Figure 1).9,10  In addition to this 
phenomenon, it would be interesting to determine whether or not CTID of optically active dioxetanes 
shows the emission of polarized light.  For observing such an unprecedented phenomenon, an important 
preliminary subject may be to design and synthesize dioxetanes bearing a helicene-type electron donor 
that could be expected to exhibit a large specific rotation due to its large helicity (Figure 1). 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  Bicyclic dioxetanes bearing a hydroxyphenanthrene or hydroxyl[4]helicene moiety 
 

A promising candidate for such a CTID-active dioxetane would be one bearing a hydroxyhelicene moiety.  
However, there are too many substitution patterns when both a hydroxy group as a trigger and a dioxetane 
ring are introduced to an ortho-fused polyacene ring: there are 66 patterns for a [4]helicene 
(benzo[c]phenanthrene) and 91 for [5]helicene!  Furthermore, little is currently known about the 
synthetic feasibility and chemiluminescence properties of a dioxetane bearing a helicene moiety.  In 
light of the chemiluminescence properties for the CTID of dioxetanes bearing a hydroxynaphthyl group,11 
we decided to fundamentally investigate the CTID of racemic bicyclic dioxetanes bearing a phenanthrene 
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moiety in which both a hydroxy group and a dioxetane ring lie in an “odd” relationship on the A-ring.11,12  
The thus-realized dioxetanes were 2-iv, 2-ov, 2-oh and 2-ih, as shown in Figure 2.13  Based on an 
evaluation with respect to the chemiluminescence properties, thermal stability, and synthetic feasibility of 
2, two selected dioxetanes bearing a hydroxyl[4]helicene moiety 3-iv and 3-ov were further synthesized 
and their CTID was investigated. 

 
RESULTS AND DISCUSSION 
Synthesis of bicyclic dioxetanes bearing a hydroxyphenanthrene or hydroxy[4]helicene moiety 
Bicyclic dioxetanes 2 bearing a hydroxyphenanthrene moiety were synthesized by singlet oxygenation of 
the corresponding dihydrofurans 4.  The key step in the synthesis of precursors 4 was the construction of 
di-substituted phenanthrene rings.  Thus, we applied the cyclization of an o-halogeno-Z-stilbene using 
Bu3SnH.14  The synthetic sequence leading to precursor 4-iv for dioxetane 2-iv is described here as a 
representative example (Scheme 1).  First, we conducted a Wittig reaction of dihydrofuran 5a bearing a 
4-formyl-3-methoxyphenyl group with 2-iodobenzyltriphenylphosphorane prepared fromphosphonium 
bromide 6 to give dihydrofuran 7a bearing a 3-methoxyphenyl moiety substituted with a 
Z-(2-iodophenyl)ethenyl group at the 4-position in 96% yield along with a small amount of its E-isomer.  
When 7a and Bu3SnH were heated in the presence of AIBN (azobisisobutyronitrile) in toluene, the 
desired 1-methoxyphenanthren-3-yl-substituted dihydrofuran 8-iv was produced in 85% isolated yield.  
Demethylation of a methoxy group in 8-iv was attained by heating with sodium thiomethylate in DMF to 
give precursor 4-iv in 99% yield. 
As shown in Scheme 1, Z-stilbene-type compounds 7b and 7c were also prepared by the Wittig reaction 
of the corresponding aldehydes 5b and 5c.  Cyclization of 7b as for 7a gave 3-methoxyphenanthrene 
8-ov in 86% yield, while the similar cyclization of 7c gave 4-methoxyphenanthrene 8-oh and its 
2-methoxy-isomer 8-ih in respective yields of 58% and 31%.  These methoxyphenanthryl-substituted 
dihydrofurans 8-ov, 8-oh and 8-ih were demethylated as in the case of 8-iv to give the corresponding 
hydroxyphenanthryl-substituted dihydrofurans 4-ov, 4-oh and 4-ih in yields of 87-98%. 
When dihydrofuran 4-iv was irradiated with a Na-lamp in the presence of a catalytic amount of 
tetraphenylporphin (TPP) in CH2Cl2 under an O2 atmosphere at 0 °C, 1,2-addition of singlet oxygen to 
4-iv effectively proceeded to give thermally stable dioxetane 2-iv in 78% isolated yield.  Similar singlet 
oxygenation of precursors 4-ov and 4-oh smoothly took place to give thermally stable dioxetanes 2-ov and 
2-oh in respective yields of 96% and 68%.  On the other hand, singlet oxygenation of 4-ih proceeded to 
mainly give keto ester 9-ih, which was produced from thermally unstable dioxetane 2-ih: all efforts to 
isolate pure 2-ih were unsuccessful, so that we could obtain only a mixture of 2-ih and 9-ih.  The 
structures of dioxetanes 2-iv, 2-ov and 2-oh were determined by 1H NMR, 13C NMR, IR, Mass and 
HRMass spectral analyses: the structure of 2-ih was determined by 1H NMR.  All dioxetanes 2-iv, 2-ov 
and 2-oh selectively gave the corresponding keto esters 9-iv, 9-ov and 9-oh when heated in p-xylene 
(Figure 3).  
Synthetic feasibility for dioxetanes 2-iv, 2-ov, 2-oh, and 2-ih suggested that the design of dioxetanes 
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bearing a hydroxyhelicene moiety appeared to be promising for the development of dioxetanes such as 
2-iv and 2-ov. Thus, two selected dioxetanes bearing a hydroxy[4]helicene moiety 3-iv and 3-ov were 
synthesized according to a strategy similar to that for dioxetanes 2.  The precursor dihydrofurans 10-iv 
and 10-ov bearing a hydroxy[4]helicene moiety were synthesized starting from dihydrofurans 5a and 5b, 
respectively (Scheme 2).  First, dihydrofurans 5a and 5b were reacted with a phosphorane prepared 
fromphosphonium bromide 11 to give the corresponding Z-diarylethenes 12a and 12b in good yields.  
Cyclization of 12a and 12b was carried out as in the case of 7 to give the corresponding 
methoxy[4]helicene-substituted dihydrofurans 13-iv and 13-ov in respective yields of 45 and 62%. These 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 1.  Synthesis of bicyclic dioxetanes bearing a hydroxyphenanthrene moiety 
 
 
 
 
 

 
 

Figure 3.  Hydroxyarenecarboxylic acid esters of 2,2,4,4-tetramethyl 3-oxopentanol 
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methoxyaryl-substituted dihydrofurans 13-iv and 13-ov were demethylated as in the case of 8-iv to 
effectively give the precursor dihydrofurans 10-iv and 10-ov, respectively.  Finally, singlet oxygenation 
of 10-iv and 10-ov was carried out at 0 °C to give dioxetanes 3-iv and 3-ov in respective yields of 60 and 
86%.  These dioxetanes were thermally stable, but selectively decomposed to the corresponding keto 
esters 14-iv and 14-ov under heating in p-xylene.  Dioxetanes 3-iv and 3-ov gave satisfactory 1H NMR, 
13C NMR, Mass, and HRMass spectral data.  Furthermore, X-ray single-crystallographic analysis was 
successfully performed for both dioxetanes 3-iv and 3-ov. Figure 4 shows their ORTEP views, from 
which we can infer that the [4]helicene ring is skewed by about 37°. 
 
 
 
 
 
 
 
 
 
 
 

Scheme 2.  Synthesis of bicyclic dioxetanes bearing a hydroxy[4]helicene moiety 
 

 
 
 
 
 
  
 
 

Figure 4.  ORTEP views of bicyclic dioxetanes bearing a hydroxy[4]helicene moiety 
 
Base-induced chemiluminescent decomposition of bicyclic dioxetanes bearing a 
hydroxyphenanthrene or hydroxy[4]helicene moiety 
When a solution of 2-iv in acetonitrile was added to a solution of tetrabutylammonium fluoride (TBAF, 
large excess) in acetonitrile at 25 ºC, 2-iv decomposed according to pseudo-first order kinetics 
independent of the TBAF concentration with an accompanying emission of yellow light, the spectrum of 
which is shown in Figure 6.  The chemiluminescence properties of 2-iv were as follows: maximum 
wavelength max

CL = 506 nm, chemiluminescence efficiency CL = 5.2 x 10-2,15,16 rate of CTID kCTID = 
2.5 s-1, and half-life t1/2

CTID = 0.28 s (Table 1).  The spent reaction mixture exclusively gave keto ester 
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9-iv after careful neutralization.  Authentic oxido anion 15-iv generated from 9-iv in TBAF/acetonitrile 
gave fluorescence, the spectrum of which coincided with the chemiluminescence spectrum of 2-iv.  
These results indicate that CTID of 2-iv proceeded through an intermediary dioxetane 16-iv to give 
anionic keto ester 15-iv accompanied by the emission of light (Scheme 3).  Thus, based on the 
fluorescence efficiency (fl) of 15-iv, the chemiexcitation efficiency (S = CL/fl) was estimated to be 
0.10 (Table 1). 
 
 
 
 
 
 

Scheme 3.  TBAF-induced chemiluminescent decomposition of bicyclic dioxetane 2-iv 
 
Under similar treatment with TBAF in acetonitrile, 2-ov, 2-oh, and 2-ih showed chemiluminescence, the 
spectra and properties of which are shown in Figure 6 and Table 1: 2-ih was used as a mixture that 
included a large amount (ca. 30%) of 9-ih.  The chemiluminescence properties for dioxetanes 2 were 
compared to those for dioxetanes bearing a rather simple hydroxyaryl group, i.e., a 
1-hydroxynaphthalen-3-yl 17a or 3-hydroxynaphthalen-1-yl group 17b, together with those for dioxetane 
18 bearing a 3-hydroxyphenyl group (Figures 5 and 6 and Table 1): 17a was synthesized according to the 
procedure for 17b.9b  The data of Table 1 show that a) the CL values for all three of the 
hydroxyphenanthryl-substituted dioxetanes 2-iv, 2-ov, and 2-oh were higher than or comparable to that 
for hydroxynaphthyl-substituted dioxetane 17b though lower than that for 17a, and b) the kCTID values for 
dioxetanes bearing a -naphthol-type arene moiety, i.e., 17b and 2-ov, were far lower than those for 
dioxetanes bearing an -naphthol-type arene moiety, i.e., 17a, 2-iv and 2-oh. 

 
 
 
 

 
Figure 5.  Bicyclic dioxetanes bearing a naphthol or phenol moiety 

 
When dioxetane 3-iv was treated with TBAF in acetonitrile as with 2, 3-iv decomposed to give a flash of 
yellow light with max

CL = 559 nm , the spectrum of which is shown in Figure 6 [A] together with those of 
2-iv, 2-ih, 17a and 18.  On the other hand, the TBAF-induced decomposition of 3-ov showed a glowing 
light with max

CL = 530 nm, the spectrum of which is shown in Figure 6 [B] together with those of 2-oh, 
2-ov, 17b and 18.  The chemiluminescence properties for 3-iv and 3-ov are summarized in Table 1, 
which shows that their CL values were somewhat lower than that for 2-ov.  Thus, we attempted to  
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Figure 6.  Chemiluminescence spectra for TBAF-induced decomposition of  

bicyclic dioxetanes bearing a hydroxyarene moiety 
 
Table 1. Chemiluminescence properties of bicyclic dioxetanes bearing a hydroxyaryl moiety in a 
TBAF/acetonitrile systema) 

 

Dioxetane max / nm CL b) fl S kCTID / s-1 t1/2
CTID / s 

17a 500 0.13 0.49 0.28 13     5.2 x 10-2 

2-iv 506 5.2 x 10-2 0.52 0.10 2.5 0.28 
2-oh 485 4.8 x 10-2 0.23 0.21 0.46 1.5 
3-iv 559 1.4 x 10-2 0.22 0.07 3.6     0.19 

17bc) 515 2.6 x 10-2 0.49 0.05 8.2 x 10-4  850 
2-ov 504 2.4 x 10-2 0.29 0.08 6.3 x 10-4 1100 
2-ih 485 -----d) -----d) -----d) -----d) -----d) 

3-ov 530 1.9 x 10-2 0.36 0.05 1.8 x 10-3   380 
18e) 471 0.11 0.24 0.46 2.8 x 10-2  25 

a) Unless stated otherwise, a solution of a dioxetane in MeCN (1.0 x 10-4~1.0 x 10-5 M, 1 mL) was added 
to a solution of TBAF in MeCN (1.0 x 10-2 M, 2 mL) at 25 °C.  b) All of the CL values presented here 
were estimated based on the value reported for the chemiluminescent decomposition of 
3-adamantylidene-4-(3-siloxyphenyl)-4-methoxy-1,2-dioxetane (CL = 0.29) in TBAF/DMSO [Ref. 16].  
c) [Ref. 9b]  d) Not estimated.  e) [Ref. 17] 
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understand how max
CL, kCTID and CL changed with a change in the number of fused benzene rings from 

phenol to hydroxy[4]helicene for two series, i.e., the iv-series and ov-series, of hydroxyaryl-substituted 
dioxetanes, 18  17  2  3. 
Table 1 shows that max

CL tended to shift to a longer wavelength region for both the iv-series and the 
ov-series as the number of fused benzene rings increased, with the exception of 2-ov.  This tendency 
may be due to the expansion of the -conjugation system from oxidophenyl anion oxidonaphthyl anion 
oxidophenanthryl anion and finally to oxido[4]helicenyl anion.  On the other hand, the kCTID values 
for the iv-series were >1000 times larger than those for the ov-series regardless of the number of fused 
benzene rings.  The significant difference in kCTID values between the iv-series and ov-series is 
presumably attributed to the difference in the ease of oxidation of oxidoarene anions, which act as an 
electron donor for CTID.  In fact, the anion of -naphthol, corresponding to 17a, has been reported to 
possess a formal oxidation potential (E = -498 mV vs Ag/Ag+ in DMSO) that is considerably lower than 
that of an anion of -naphthol, corresponding to 17b (E = -369 mV).18  This may also be the case for 2 
and 3: all of the dioxetanes in the iv-series have an -naphthol-type arene moiety, while those in the 
ov-series have a -naphthol-type arene moiety. 
Table 1 further shows that the S value for a dioxetane bearing an -naphthol-type arene (Table 1) tended 
to be higher than that for the corresponding dioxetane bearing a -naphthol-type arene: 17a >> 17b, 2-oh 
>> 2-iv > 2-ov, and 3-iv > 3-ov.  This tendency can be explained by the “syn/anti” rotational isomerism 
of an aromatic electron donor, in which an anti-rotamer gives S far more effectively than a syn-rotamer 
(Scheme 4).19,20 

 
Table 2.  Relationship between s and syn/anti rotational isomerism of an aromatic electron donor for 
the base-induced chemiluminescent decomposition of hydroxyaryl-substituted dioxetanesa) 

 
Dioxetane s Esyn-anti 

/kcal mol-1 
Erotation

b) 

/kcal mol-1 
18 0.46 -1.1 11.3,  13.5 
17a  0.28 -1.7 9.9,  13.8 
17b  0.05 1.1 13.3,  28.1 
2-oh  0.21 -1.3 11.1,  13.3 
2-iv  0.10 -1.2 11.5,  13.7 
2-ov  0.08 0.6 13.8,  28.8 
3-iv  0.07 -0.3 9.4,  15.0 
3-ov  0.05 1.3 13.2,  28.3 

a) An oxido-anion form of dioxetane was calculated.  b) Two energy 
barriers exist due to steric interaction of an aromatic ring to an oxygen 
of tetrahydofuran ring as well as to tert-butyl group. 

 
A syn-rotamer ,typically shown in Figure 4, is likely to be more stable than an anti-rotamer for dioxetanes 
in the ov-series because of steric hindrance by a peri-hydrogen of an aromatic electron donor (Scheme 5).  
Thus, we carried out an MO calculation (Gaussian 03, HF/6-31G) to estimate the energy difference Eanti 

– syn between the syn- and anti-rotamers and the barriers to rotation Erotation from the most stable rotamer 
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(syn or anti) to the other stable rotamer (anti or syn) (Table 2).  The results show that a) the syn-rotamer 
is more stable than the anti-rotamer for the ov-series, while the anti-rotamer is more stable for the 
iv-series, and b) Erotation values for the ov-series tend to be higher than those for the iv-series. Thus, we 
can see that, for a dioxetane in the iv-series, the anti-rotamer is presumably predominant compared to the 
syn-rotamer, while a dioxetane in the ov-series shows the opposite tendency. Hence, a dioxetane in the 
iv-series would give a singlet-excited emitter more effectively than the corresponding dioxetane in the 
ov-series under these reaction conditions. 
 
 
 
 
 
 

Scheme 4.  Marked dependence of chemiluminescence efficiency on syn/anti rotational isomerism 
 
 

 
 
 
 

 
 
Scheme 5.  syn/anti Rotational isomerism of dioxetanes in iv-series and ov-series 

 
 
CONCLUSION 
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underwent TBAF-induced decomposition with the accompanying emission of bright light.  As an 
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2-hydroxy[4]helicen-4-yl group and found that their CTID effectively gave light.  Thus, we investigated 

how the chemiluminescence properties of the iv-series and ov-series of dioxetanes changed with an 
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The results showed that a) max
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corresponding dioxetane bearing a -naphthol-type arene (ov-series): 17a >> 17b, 2-oh >> 2-iv > 2-ov, 

and 3-iv > 3-ov.  This tendency could be explained by the “syn/anti” rotational isomerism of an aromatic 

electron donor, in which an anti-rotamer gives S far more effectively than a syn-rotamer. 

EXPERIMENTAL 

General 
Melting points were uncorrected. IR spectra were taken on a FT/IR infrared spectrometer. 1H and 13C 
NMR spectra were recorded on a 300 MHz, 400 MHz and 500 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. 

 
Synthesis of 4-tert-butyl-5-{4-[Z-2-(2-iodophenyl)ethenyl]-3-methoxyphenyl}-3,3-dimethyl-2,3- 
dihydrofuran (7a): typical procedure. 
Potassium tert-butoxide (1.82 g, 16.3 mmol) was added to a solution of  
2-iodobenzyltriphenylphosphonium bromide (6) (7.43 g, 13.3 mmol) in dry THF (100 mL) under a 
nitrogen atmosphere at 0 °C and stirred for 30 min. To the solution was added dropwise 
4-tert-butyl-5-(4-formyl-3-methoxyphenyl)-3,3-dimethyl-2,3-dihydrofuran (5a) (3.56 g, 12.4 mmol) in 
dry THF (90 mL) over 10 min at room temperature, and the mixture was stirred for 3 h. The reaction 
mixture was poured into H2O and extracted with Et2O. The organic layer was washed with sat. aq. NaCl, 
dried over anhydrous MgSO4 and concentrated in vacuo. The residue was chromatographed on silica gel 
with AcOEt−hexane (1:4) to give 7a (5.80 g, 11.9 mmol, 96%). 
7a: colorless oil. 1H NMR (400 MHz, CDCl3):  1.03 (s9H), 1.31 (s, 6H), 3.81 (s, 3H), 3.86 (s2H), 
6.56 (d, J = 12.2 Hz, 1H), 6.62 (dd, J = 7.7 and 1.4 Hz, 1H), 6.76 (s with fine coupling, 1H), 6.78 (d, J = 
12.2 Hz, 1H), 6.82−6.88 (m, 1H), 6.87 (d, J = 7.7 Hz, 1H), 6.99−7.08 (m, 2H), 7.84 (dd, J = 7.7 and 1.0 
Hz, 1H) ppm. 13C NMR (125 MHz, CDCl3):C 27.4, 32.4, 32.4, 47.2, 55.5, 83.1, 99.8, 112.1, 122.0, 
125.1, 125.8, 126.3, 127.7, 128.4, 129.6, 130.3, 134.1, 136.5, 138.8, 141.6, 149.7, 156.7 ppm. IR (liquid 
film): ̃ 3050, 2956, 2865, 1650, 1601, 1582, 1559 cm-1. Mass (m/z, %): 488 (M+, 31), 474 (24), 473 
(100), 363 (19), 345 (30), 215 (16), 165 (35). HRMS (ESI): 489.1303, calcd for C25H30IO2 [M+H+] 
489.1291; 511.1106, calcd for C25H29IO2Na [M+Na+] 511.1110; 527.0849, calcd for C25H29IO2K [M+K+] 
527.0849. 
7b: 57% yield. colorless columns, mp 76.5−77.0 °C (from AcOEt−hexane). 1H NMR (500 MHz, CDCl3): 
 1.10 (s9H), 1.37 (s, 6H), 3.76 (s, 3H), 3.91 (s, 2H), 6.44 (d, J = 12.1 Hz, 1H), 6.54 (dd, J = 8.6 and 
2.8 Hz, 1H), 6.65 (d, J = 12.1 Hz, 1H), 6.77 (d, J = 2.8 Hz, 1H), 6.86−6.90 (m, 1H), 6.89 (d, J = 8.6 Hz, 
1H), 7.10 (ddd, J = 7.6, 7.3 and 0.9 Hz, 1H), 7.16 (dd, J = 7.6 and 1.6 Hz, 1H), 7.87 (dd, J = 8.0 and 0.9 
Hz, 1H) ppm. 13C NMR (125 MHz, CDCl3):C 27.2, 32.1, 32.6, 47.2, 55.2, 83.2, 100.1, 113.7, 115.6, 
126.6, 127.8, 128.1, 128.4, 128.9, 130.2, 130.3, 132.4, 137.2, 138.9, 141.8, 148.0, 158.3 ppm. IR (liquid 
film):  ̃ 2963, 2860, 1604, 1564, 1461, 1307 cm-1. Mass (m/z, %): 488 (M+, 38), 473 (28), 431 (17) 256 
(7). HRMS (ESI): 511.1110, calcd for C25H29IO2Na [M+Na+] 511.1110; 527.0861, calcd for C25H29IO2K 
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[M+K+] 527.0849. 
7c: 58% yield. colorless oil. 1H NMR (400 MHz, CDCl3): δH 0.98 (s, 9H), 1.28 (s, 6H), 3.59 (s, 3H), 3.82 
(s, 2H), 6.52 (d, J = 12.0 Hz, 1H), 6.57 (dd, J = 2.4 and 1.3 Hz, 1H), 6.61 (d, J = 12.0 Hz, 1H), 6.64 (dd, J 
= 2.4 and 1.3 Hz, 1H), 6.67 (s with fine coupling, 1H), 6.87−6.92 (m, 1H), 7.11−7.18 (m, 2H), 7.85−7.88 
(m, 1H) ppm. 13C NMR (125 MHz, CDCl3): δC 27.3, 32.3, 32.5, 47.1, 55.0, 83.0, 99.5, 113.7, 114.8, 
123.4, 125.5, 128.0, 128.6, 130.4, 130.8, 134.0, 137.1, 137.3, 139.0, 141.6, 149.4, 158.8 ppm. IR (liquid 
film):  ̃ 2955, 2866, 1653, 1585, 1464 cm-1. Mass (m/z, %): 488 (M+, 28), 474 (25), 473 (100). HRMS 
(ESI): 489.1292, calcd for C25H30IO2 [M+H+] 489.1291; 511.1104, calcd for C25H29IO2Na [M+Na+] 
511.1110. 
12a: 84% yield. colorless columns, mp 101.0−102.0 °C (from AcOEt−hexane). 1H NMR (400 MHz, 
CDCl3):  1.03 (s9H), 1.31 (s, 6H), 3.84 (s, 3H), 3.86 (s, 2H), 6.57 (dd, J = 7.8 and 1.4 Hz, 1H), 6.79 (d, 
J = 1.4 Hz, 1H), 6.90 (d, J = 7.8 Hz, 1H), 6.93 (s, 2H), 7.16 (d, J = 8.5 Hz, 1H), 7.45 (d, J = 8.5 Hz, 1H), 
7.48 (dd with fine coupling, J = 8.0 and 6.9 Hz, 1H), 7.57 (dd with fine coupling, J = 8.5 and 6.9 Hz, 1H), 
7.72 (d with fine coupling, J = 8.0 Hz, 1H), 8.34 (d with fine coupling, J = 8.5 Hz, 1H) ppm. 13C NMR 
(125 MHz, CDCl3): δC 27.4, 32.4, 32.4, 47.1, 55.5, 83.1, 112.0, 121.9, 123.7, 125.2, 125.8, 126.3, 126.7, 
126.8, 127.1, 127.1, 128.0, 128.2, 129.9, 130.7, 132.4, 133.5, 136.2, 136.7, 149.6, 156.7 ppm. IR (KBr): ̃ 
2954, 2925, 2855, 1650, 1604, 1463 cm-1. Mass (m/z, %): 492 (M++2, 36), 490 (M+, 37), 478 (28), 477 
(100), 475 (98), 395 (32), 367 (35), 365 (35), 340 (48), 215 (49). HRMS (ESI): 513.1399, calcd for 
C29H31

79BrO2Na [M+Na+] 513.1405; 515.1387, calcd for C29H31
81BrO2Na [M+Na+] 515.1385. 

12b: 72% yield. colorless columns, mp 129.0−130.0 °C (from Et2O−hexane). 1H NMR (500 MHz, 
CDCl3):  1.12 (s9H), 1.39 (s, 6H), 3.75 (s, 3H), 3.93 (s, 2H), 6.49 (dd, J = 8.6 and 2.8 Hz, 1H), 6.78 (d, 
J = 12.1 Hz, 1H), 6.79 (d, J = 2.8 Hz, 1H), 6.81 (d, J = 12.1 Hz, 1H), 6.92 (d, J = 8.6 Hz, 1H), 7.25 (d, J = 
8.6 Hz, 1H), 7.49 (dd with fine coupling, J = 7.9 and 6.9 Hz, 1H), 7.53 (d, J = 8.6 Hz, 1H), 7.57 (dd with 
fine coupling, J = 8.6 and 6.9 Hz, 1H), 7.74 (d, J = 7.9 Hz, 1H), 8.34 (d, J = 8.6 Hz, 1H) ppm. 13C NMR 
(125 MHz, CDCl3): δC 27.3, 32.2, 32.6, 47.2, 55.2, 83.3, 113.7, 115.7, 123.8, 128.3, 126.3, 126.6, 127.0, 
127.1, 127.2, 128.0, 128.3, 129.2, 129.4, 130.7, 132.5, 133.5, 136.6, 137.3, 148.0, 158.4 ppm. IR (KBr): ̃ 
2956, 2863, 1602, 1487, 1049 cm-1. Mass (m/z, %): 492 (M++2, 1), 490 (M+, 1), 252 (1), 221 (4), 215 (5), 
57 (100). HRMS (ESI): not observed. 
Synthesis of 4-tert-butyl-5-(1-methoxyphenanthren-3-yl)-3,3-dimethyl-2,3-dihydrofuran (8-iv): 
typical procedure. AIBN (177 mg, 1.08 mmol) and tributyltin hydride (3.40 mL, 12.6 mmol) were added 
to a solution of 7a (2.57 g, 5.26 mmol) in dry toluene (180 mL) under a nitrogen atmosphere at room 
temperature, and the solution was stirred at 90 °C for 10 h.  The reaction mixture was concentrated in 
vacuo.  The residue was crystallized from AcOEt−hexane to give 4-tert-butyl-5- 
(1-methoxyphenanthren-3-yl)-3,3-dimethyl-2,3-dihydrofuran (8-iv) (1.61 g, 4.47 mmol, 85%). 
8-iv: colorless columns, mp 141.0−142.0 °C (from Et2O−hexane). 1H NMR (400 MHz, CDCl3):  1.11 
(s9H), 1.42 (s, 6H), 3.98 (s, 2H), 4.05 (s3H), 6.93 (d , J = 1.0 Hz, 1H), 7.59 (dd with fine coupling, J = 
7.7 and 6.9 Hz, 1H), 7.63 (dd with fine coupling, J = 8.2 and 6.9 Hz, 1H), 7.75 (d , J = 9.1 Hz, 1H), 7.89 
(dd, J = 7.7 and 1.5 Hz, 1H), 8.21 (d, J = 9.1 Hz, 1H), 8.22 (s, 1H), 8.66 (d, J = 8.2 Hz, 1H) ppm. 13C 
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NMR (125 MHz, CDCl3):C 27.5, 32.5, 32.6, 47.3, 55.7, 83.1, 107.5, 116.7, 120.2, 122.8, 123.2, 126.0, 
126.3, 126.4, 126.6, 128.5, 130.0, 130.9, 132.3, 134.4, 150.5, 155.5 ppm. IR (KBr):̃ 2959, 2866, 1654, 
1611, 1599 cm-1. MASS (m/z, %): 360 (M+, 30), 346 (26), 345 (100), 289 (17), 235 (17), 57 (13). HRMS 
(ESI): 361.2168, calcd for C25H29O2 [M+H+] 361.2168; 383.1991, calcd for C25H28O2 Na [M+Na+] 
383.1987; 415.2255, calcd for C26H32O3Na [M+MeOH+Na+]415.2249. 
8-ov: 86% yield. colorless columns, mp 136.0−137.0 °C (from AcOEt−hexane). 1H NMR (500 MHz, 
CDCl3): δH 1.01 (s, 9H), 1.43 (s, 3H), 1.49 (s, 3H), 4.02 (qAB, J = 8.0 Hz, 2H), 4.02 (s, 3H), 7.21 (d, J = 
2.4 Hz, 1H), 7.55−7.65 (m, 2H), 7.63 (d, J = 9.2 Hz, 1H), 7.81 (d, J = 9.2 Hz, 1H), 7.87 (dd, J = 7.6 and 
1.1 Hz, 1H), 8.07 (d, J = 2.4 Hz, 1H), 8.60 (d, J = 8.0 Hz, 1H) ppm. 13C NMR (125 MHz, CDCl3): δC 
27.3, 27.6, 32.0, 32.6, 47.3, 55.5, 83.4, 104.6, 118.8, 122.8, 124.3, 124.9, 125.8, 126.1, 126.6, 127.9, 
128.5, 129.8, 131.8, 132.3, 135.8, 147.6, 157.5 ppm. IR (liquid film): ̃ 2987, 2960, 2867, 1650, 1604, 
1046 cm-1. Mass (m/z, %): 360 (M+, 9), 345 (8), 288 (12), 245 (12), 235 (11), 215 (16), 202 (17), 57(100). 
HRMS (ESI): 361.2170, calcd for C25H29O2 [M+H+] 361.2168; 383.1994, calcd for C25H28O2Na [M+Na+] 
383.1987.  
8-oh: 58% yield. colorless columns, mp 113.5−114.0 °C (from AcOEt−hexane). 1H NMR (300 MHz, 
CDCl3): δH 1.10 (s, 9H), 1.40 (s, 6H), 3.96 (s, 2H), 4.15 (s, 3H), 7.08 (d, J = 1.5 Hz, 1H), 7.48 (d, J = 1.5 
Hz, 1H), 7.54−7.67 (m, 2H), 7.68 (d, J = 8.7 Hz, 1H), 7.74 (d, J = 8.7 Hz, 1H) 7.87 (dd, J = 7.6 and 1.8 
Hz, 1H), 9.64 (d with fine coupling, J = 8.1 Hz, 1H) ppm. 13C NMR (125 MHz, CDCl3): δC 27.5, 32.5, 
32.6, 47.3, 55.8, 83.3, 109.9, 120.4, 122.9, 126.0, 126.2, 126.4, 127.2, 128.1, 128.2, 128.6, 130.1, 132.9, 
134.1, 134.3, 149.7, 158.4 ppm. IR (KBr): ̃ 3064, 2984, 2951, 1655, 1601, 1567 cm-1. Mass (m/z, %): 
360 (M+, 30), 346 (26), 345 (100), 289 (15), 235 (13). HRMS (ESI): 361.2179, calcd for C25H29O2 
[M+H+] 361.2168; 383.1985, calcd for C25H28O2Na [M+Na+] 383.1987; 399.1771, calcd for C25H28O2K 
[M+K+] 399.1726. 
8-ih: 31% yield. colorless columns, mp 162.5−163.0 °C (from AcOEt−hexane). 1H NMR (500 MHz, 
CDCl3): δH 0.97 (s, 9H), 1.44 (s, 3H), 1.52 (s, 3H), 3.92 (s, 3H), 4.10(qAB, J = 8.2 Hz, 2H) 7.18 (d, J = 2.9 
Hz, 1H) 7.25 (d, J = 2.9 Hz, 1H), 7.50 (dd with fine coupling, J = 7.7 and 6.9 Hz, 1H), 7.54 (dd with fine 
coupling, J = 8.4 and 6.9 Hz, 1H) 7.62 (d, J = 8.8 Hz, 1H), 7.68 (d, J = 8.8 Hz, 1H), 7.82 (d with fine 
coupling, J = 7.7 Hz, 1H), 9.16 (d, J = 8.4 Hz, 1H) ppm. 13C NMR (125 MHz, CDCl3): δC 26.2, 27.9, 31.7, 
32.7, 47.1, 55.4, 83.7, 110.0, 122.1, 123.4, 124.0, 125.4, 125.7, 126.4, 127.1, 127.9, 128.4, 130.5, 132.0, 
134.3, 134.9, 151.1, 156.6 ppm. IR (KBr): ̃ 3051, 2956, 2867, 1641, 1600, 1575, 1263, 1231, 1202 cm-1. 
Mass (m/z, %): 360 (M+, 28), 346 (25), 345 (100), 303 (13), 289 (14), 235 (12). HRMS (ESI): 361.2187, 
calcd for C25H29O2 [M+H+] 361.2168; 383.1989, calcd for C25H28O2Na [M+Na+] 383.1987; 399.1758, 
calcd for C25H28O2K [M+K+] 399.1726. 
13-iv: 45% yield. colorless columns, mp 170.0−171.0 °C. (from CH2Cl2−hexane). 1H NMR (300 MHz, 
CDCl3): δH 1.15 (s, 9H), 1.41 (s, 6H), 3.96 (s, 2H), 4.10 (s, 3H), 6.94 (d, J = 1.0 Hz, 1H), 7.57−7.69 (m, 
2H), 7.82 (d, J = 8.5 Hz, 1H), 7.83 (d, J = 8.8 Hz, 1H), 7.89 (d, J = 8.5 Hz, 1H), 8.00 ( dd, J = 7.5 and 1.8 
Hz, 1H), 8.39 (d, J = 8.8 Hz, 1H), 8.64 ( s with fine coupling, 1H), 9.87 (d with fine coupling, J = 8.1 Hz, 
1H) ppm. 13C NMR (125 MHz, CDCl3): δC 27.5, 32.6, 32.6, 47.3, 55.8, 83.2, 106.5, 120.8, 121.9, 124.7, 
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125.7, 125.9, 126.0, 126.4, 126.8, 127.2, 127.6, 128.1, 128.4, 130.4, 130.8, 131.4, 133.5, 134.1, 150.7, 
155.4 ppm. IR (KBr): ̃ 2958, 2866, 1652, 1601 cm-1. Mass (m/z, %): 410 (M+, 38), 396 (28), 395 (100), 
339 (15), 285 (11), 242 (11), 214 (10). HRMS (ESI): 411.2331, calcd for C29H31O2 [M+H+] 411.2324; 
433.2149, calcd for C29H30O2Na [M+Na+] 433.2144.  
13-ov: 62% yield. colorless needls, mp 136.0−136.5 °C. (from CH2Cl2−hexane). 1H NMR (500 MHz, 
CDCl3): δH 1.05 (s, 9H), 1.45 (s, 3H), 1.51 (s, 3H), 4.01 (s, 3H), 4.04 (qAB, J = 8.1 Hz, 2H), 7.26 (d, J = 
2.5 Hz, 1H), 7.60 (dd with fine coupling, J = 7.9 and 6.8 Hz, 1H), 7.66 (dd with fine coupling, J = 8.5 and 
6.8 Hz, 1H) 7.72 (d, J = 8.6 Hz, 1H), 7.79 (d, J = 8.5 Hz, 1H), 7.87 (d, J = 8.5 Hz, 1H), 7.98 (d, J = 8.6 
Hz, 1H), 8.01 (d with fine coupling, J = 7.9 Hz, 1H), 8.57 (d, J = 2.5 Hz, 1H), 9.16 (d, J = 8.5 Hz, 1H) 
ppm. 13C NMR (125 MHz, CDCl3): δC 27.3, 27.6, 32.0, 32.7, 47.4, 55.6, 83.4, 109.8, 118.6, 125.0 (x 2), 
125.6, 125.9, 126.8, 126.9, 127.2, 127.5, 127.5, 128.0, 128.6, 130.5, 131.4, 131.7, 133.4, 135.5, 147.8, 
157.2 ppm. IR (KBr): ̃ 3052, 2956, 2862, 1648, 1601 cm-1. Mass (m/z, %): 410 (M+, 100), 396 (18), 395 
(60), 380 (15), 365 (16), 339 (15). HRMS (ESI): 411.2324, calcd for C29H31O2 [M+H+] 411.2324; 
433.2147, calcd for C29H30O2Na [M+Na+] 433.2144. 
Synthesis of 4-tert-butyl-5-(1-hydroxyphenanthren-3-yl)-3,3-dimethyl-2,3-dihydrofuran (4-iv) : 
typical procedure. Sodium thiomethoxide (119 mg, 1.70 mmol) was added to a solution of 8-iv (301 mg, 
0.835 mmol) in dry DMF (10 mL) and stirred under a nitrogen atmosphere at 150 °C for 30 min. The 
reaction mixture was poured into sat. aq. NH4Cl and extracted with AcOEt. The organic layer was washed 
with sat. aq. NaCl, dried over anhydrous MgSO4 and concentrated in vacuo. The residue was 
chromatographed on silica gel with AcOEt−hexane (5:1) to give 4-iv (286 mg, 0.854 mmol, 99%). 
4-iv: colorless columns, mp 218.0−218.5 °C (from Et2O−hexane). 1H NMR (400 MHz, CDCl3):  1.10 
(s9H), 1.41 (s, 6H), 3.97 (s, 2H), 5.40 (s1H), 6.92 (d , J = 1.2 Hz, 1H), 7.56−7.66 (m, 2H), 7.72 (d , J = 
9.0 Hz, 1H), 7.88 (d with fine coupling, J = 7.6 Hz, 1H), 8.09 (dd, J = 9.0 and 0.6 Hz, 1H), 8.22 (s, 1H), 
8.64 (d, J = 8.1 Hz, 1H) ppm. 13C NMR (125 MHz, CDCl3):C 27.4, 32.6, 32.6, 47.3, 83.2, 112.6, 117.1, 
119.9, 121.8, 123.2, 126.3, 126.4, 126.5, 126.6, 128.5, 130.0, 131.2, 132.2, 133.9, 149.8, 151.6 ppm. IR 
(KBr):̃ 3333, 2955, 2869, 1654, 1614, 1601 cm-1. MASS (m/z, %): 346 (M+, 29), 332 (24), 331 (100), 
275 (17), 221 (20), 165 (14). HRMS (ESI): 369.1831, calcd for C24H26O2Na [M+Na+] 369.1831; 
385.1574, calcd for C24H26O2K [M+K+] 385.1570. 
4-ov: 97% yield. colorless columns, mp 139.0−139.5 °C (from CH2Cl2−hexane). 1H NMR (300 MHz, 
CDCl3): δH 1.01 (s, 9H), 1.43 (s, 3H), 1.50 (s, 3H), 4.02 (qAB, J = 8.1 Hz, 2H), 5.11 (s, 1H), 7.13 (d, J = 
2.4 Hz, 1H), 7.54−7.61 (m, 2H), 7.62 (d, J = 8.9 Hz, 1H), 7.79 (d, J = 8.9 Hz, 1H), 7.82−7.87 (m, 1H), 
8.00 (d, J = 2.4 Hz, 1H), 8.47−8.52 (m, 1H) ppm.  13C NMR (125 MHz, CDCl3): δC 27.3, 27.4, 31.9, 
32.6, 47.3, 83.3, 107.8, 119.3, 122.8, 124.1, 124.9, 125.6, 126.1, 126.6, 128.3, 128.4, 129.5, 132.0, 132.2, 
135.4, 147.2, 153.4 ppm. IR (KBr):̃ 3311, 2983, 2967, 2870, 1653, 1614, 1602 cm-1. Mass (m/z, %): 
346 (M+, 3), 221 (10), 165 (49), 164 (13), 163 (15), 95 (25), 57 (100). HRMS (ESI): 369.1835, calcd for 
C24H26O2Na [M+Na+] 369.1831; 385.1579, calcd for C24H26O2K [M+K+] 385.1570. 
4-oh: 98% yield. colorless columns, mp 179.5−180.0 °C (from AcOEt−hexane). 1H NMR (300 MHz, 
CDCl3): δH 1.10 (s, 9H), 1.39 (s, 6H), 3.94 (s, 2H), 5.77 (s, 1H), 6.95 (d, J = 1.5 Hz, 1H), 7.46 (d, J = 1.5 
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Hz, 1H), 7.54−7.68 (m, 2H), 7.66 (d, J = 8.9 Hz, 1H), 7.72 (d, J = 8.9 Hz, 1H), 7.87 (d with fine coupling, 
J = 7.6 Hz, 1H), 9.61 (d with fine coupling, J = 8.3 Hz, 1H) ppm. 13C NMR (125 MHz, CDCl3): δC 27.4, 
32.5, 32.6, 47.3, 83.1, 114.9, 119.3, 122.9, 126.0, 126.4, 126.9 (broad), 127.0, 128.0, 128.1, 128.6, 130.1, 
132.6, 133.7 (broad), 134.4, 149.1, 154.2 ppm. IR (KBr): ̃ 3212, 3061, 2956, 2866, 1661, 1610, 1599, 
1570 cm-1. Mass (m/z, %): 346 (M+, 31), 332 (24), 331 (100), 275 (16), 221 (16), 165 (11).  HRMS 
(ESI): 347.2016, calcd for C24H27O2 [M+H+] 347.2011; 369.1829, calcd for C24H26O2Na [M+Na+] 
369.1831. 385.1584, calcd for C24H26O2K [M+K+] 385.1570. 
4-ih: 87% yield. colorless columns, mp 155.5−156.0 °C (from CH2Cl2−hexane). 1H NMR (500 MHz, 
CDCl3): δH 0.95 (s, 9H), 1.44 (s, 3H), 1.52 (s, 3H), 4.13 (qAB, J = 8.3 Hz, 2H) 5.87 (broad s, 1H), 6.91 (dd, 
J = 4.7 and 2.7 Hz, 1H), 7.07 (d, J = 2.8 Hz, 1H), 7.31 (dd, J = 8.8 and 4.7 Hz, 1H), 7.50 (dd with fine 
coupling, J = 7.7 and 6.9 Hz, 1H), 7.54 (dd with fine coupling, J = 8.4 and 6.9 Hz, 1H), 7.60 (d, J = 8.8 
Hz, 1H), 7.80 (dd, J = 7.7 and 1.4 Hz, 1H), 9.13 (d, J = 8.4 Hz, 1H) ppm. 13C NMR (125 MHz, CDCl3): 
δC 26.1, 27.9, 31.6, 32.7, 47.1, 83.6, 113.4, 122.0, 123.3, 124.4, 125.5, 125.7, 126.3, 126.9, 127.9, 128.5, 
130.4, 132.0, 133.9, 134.9, 150.6, 152.6 ppm. IR (KBr): ̃ 3347, 3049, 2977, 2953, 2869, 1640, 1617, 
1571 cm-1. Mass (m/z, %): 346 (M+, 27), 332 (24), 331 (100), 289 (13), 275 (11), 221 (12), 165 (11). 
HRMS (ESI): 369.1829, calcd for C24H26O2Na [M+Na+] 369.1831. 
10-iv: 91% yield. colorless columns, mp 155.5−156.0 °C (from CH2Cl2−hexane). 1H NMR (300 MHz, 
CDCl3): δH 1.16 (s, 9H), 1.40 (s, 6H), 3.95 (s, 2H) 5.41 (broad s, 1H), 6.94 (d, J = 1.2 Hz, 1H), 7.58−7.70 
(m, 2H), 7.81 (d, J = 8.4 Hz, 1H), 7.81 (d, J = 8.8 Hz, 1H), 7.90 (d, J = 8.4 Hz, 1H), 8.01 (d with fine 
coupling, J = 7.4 Hz, 1H), 8.28 (d with fine coupling, J = 8.8 Hz, 1H), 8.65 (d, J = 1.2 Hz, 1H), 9.08 (d 
with fine coupling, J = 8.0 Hz, 1H) ppm. 13C NMR (125 MHz, CDCl3): δC 27.4, 32.5, 32.6, 47.2, 83.0, 
111.7, 120.6, 122.2, 123.8, 125.7, 125.9, 126.2, 126.6, 126.8, 127.2, 127.5, 128.1, 128.4, 130.4, 131.0, 
131.3, 133.4, 133.4, 150.0, 151.6 ppm. IR (KBr): ̃ 3396, 2957, 2921, 2868, 1651. 1606 cm-1. Mass 
(m/z, %): 396 (M+, 34), 382 (28), 381 (100), 325 (15), 271 (14), 215 (10). HRMS (ESI): 397.2178, calcd 
for C28H29O2 [M+H+] 397.2168; 419.1989, calcd for [M+Na+] 419.1987. 
10-ov: 86% yield. colorless columns, mp 169.0−170.0 °C (from AcOEt−hexane). 1H NMR (500 MHz, 
CDCl3): δH 1.04 (s, 9H), 1.44 (s, 3H), 1.51 (s, 3H), 4.05 (qAB, J = 8.0 Hz, 2H), 5.39 (s, 1H), 7.17 (d, J = 
2.5 Hz, 1H), 7.57 (dd with fine coupling, J = 7.8 and 6.9 Hz, 1H), 7.61 (dd with fine coupling, J = 8.3 and 
6.9 Hz, 1H), 7.68 (d, J = 8.8 Hz, 1H), 7.76 (d, J = 8.5 Hz, 1H), 7.84 (d, J = 8.5 Hz, 1H), 7.95 (d, J = 8.8 
Hz, 1H), 7.97 (d with fine coupling, J = 7.8 Hz, 1H), 8.46 (d, J = 2.5 Hz, 1H), 9.03 (d, J = 8.3 Hz, 1H) 
ppm. 13C NMR (125 MHz, CDCl3): δC 27.3, 27.4, 31.9, 32.7, 47.3, 83.3, 112.6, 118.8, 124.7, 124.9, 125.5, 
125.9, 126.3, 126.7, 127.3, 127.3, 127.5, 128.4, 128.4, 130.4, 131.3, 131.8, 133.2, 135.2, 147.4, 153.2 
ppm. IR (KBr):  ̃ 3348, 3051, 2958, 2869, 1650, 1603 cm-1.  Mass (m/z, %): 396 (M+, 2), 324 (10), 295 
(4), 271 (12), 226 (11), 215 (33), 213 (37), 57 (100).  HRMS (ESI): 419.1992, calcd for C28H28O2Na 
[M+Na+] 419.1987; 435.1741, calcd for C28H28O2K [M+K+] 435.1726. 
Synthesis of 5-tert-butyl-1-(1-hydroxyphenanthren-3-yl)-4,4-dimethyl-2,6,7- 
trioxabicyclo[3.2.0]heptane (2-iv) : typical procedure. A solution of 4-iv (201 mg, 0.580 mmol) and 
tetraphenylporphin (TPP) (2.0 mg) in CH2Cl2 (20 mL) was irradiated externally with a 940 W Na lamp 
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under an O2 atmosphere at 0 °C for 35 min.  The residue was chromatographed on silica gel with 
Et2O−hexane (1:9) to give 2-iv (171 mg, 0.452 mmol, 78%) to give colorless solid.  
2-iv: colorless columns, mp 99.5−100.5 °C (from Et2O−hexane). 1H NMR (400 MHz, CDCl3):  1.02 
(s9H), 1.21 (s, 3H), 1.47 (s, 3H), 3.91 (d, J = 8.2 Hz, 1H), 4.68 (d, J = 8.2 Hz, 1H), 5.53 (s, 1H), 7.21 (s, 
1H), 7.62 (dd with fine coupling, J = 7.8 and 7.0 Hz, 1H), 7.67 (dd with fine coupling, J = 8.2 and 7.0 Hz, 
1H), 7.80 (d , J = 9.1 Hz, 1H), 7.91 (dd, J = 7.8 and 1.1 Hz, 1H), 8.13 (d, J = 9.1 Hz, 1H), 8.61 (s, 1H), 
8.71 (d, J = 8.2 Hz, 1H) ppm. 13C NMR (125 MHz, CDCl3):C 18.5, 25.2, 26.9, 36.9, 45.7, 80.3, 105.2, 
110.1, 116.1, 116.9, 119.7, 122.5, 123.3, 126.9, 127.0, 127.4, 128.7, 130.2, 131.1, 132.3, 134.1, 151.7 
ppm.  IR (KBr): ̃ 3419, 3238, 2979, 2895, 1620, 1603, 1576 cm-1. Mass (m/z, %): 378 (M+, 20), 322 
(18), 238 (36), 221 (100) 193 (16), 165 (26), 57 (41). HRMS (ESI): 401.1734, calcd for C24H26O4Na 
[M+Na+] 401.1729. 
2-ov: 96% yield. colorless columns, mp 163.0−163.5 °C (from CH2Cl2−hexane). 1H NMR (500 MHz, 
CDCl3): δH 0.92 (s, 9H), 1.32 (s, 3H), 1.67 (s, 3H), 4.12 (d, J = 8.7 Hz, 1H), 4.72 (d, J = 8.7 Hz, 1H), 5.17 
(broad s 1H), 7.57−7.65 (m, 2H), 7.63 (d, J = 9.4 Hz, 1H), 7.83−7.87 (m, 1H), 7.97 (broad, 1H), 8,21 (d, 
J = 2.8 Hz, 1H), 8.38−8.48 (m, 1H), 8.57 (d, J = 7.8 Hz, 1H) ppm. 13C NMR (125 MHz, CDCl3):C 20.2, 
26.2, 26.8, 36.9, 45.7, 80.8, 106.5, 109.3, 117.3, 120.2, 123.1, 124.3, 124.4, 124.9, 126.4, 127.0, 128.2, 
129.8, 131.6, 133.2, 133.9, 153.1 ppm. IR(KBr): ̃ 3452, 2975, 2891, 1614, 1405, 1217 cm-1. Mass 
(m/z, %): 378 (M+, 39), 322 (20), 238 (50), 222 (16), 221 (100). HRMS (ESI): 401.1726, calcd for 
C24H26O4Na [M+Na+] 401.1729; 417.1504, calcd for C24H26O4K [M+K+] 417.1468. 
2-oh: 68% yield. pale yellow columns, mp 140.5−141.5 °C (from CH2Cl2−hexane). 1H NMR (400 MHz, 
CDCl3): δH 1.02 (s, 9H), 1.20 (s, 3H), 1.46 (s, 3H), 3.90 (d, J = 8.3Hz, 1H), 4.66 (d, J = 8.3 Hz, 1H), 5.83 
(s, 1H), 7.25 (d, J = 1.6 Hz, 1H), 7.59−7.70 (m, 2H), 7.73 (d, J = 8.9 Hz, 1H), 7.77 (d, J = 8.9 Hz, 1H), 
7.80 (d, J = 1.6 Hz, 1H), 7.90 (d with fine coupling, J = 7.8 Hz, 1H), 9.64 (d with fine coupling, J = 8.4 
Hz, 1H) ppm. 13C NMR (125 MHz, CDCl3): δC 18.5, 25.1, 26.9, 36.8, 45.7, 80.3, 105.3, 112.5, 116.6, 
120.1, 121.8, 126.4, 126.7, 127.3, 128.2, 128.5, 128.7, 129.9, 133.0, 133.8, 134.3, 154.3 ppm.  IR (KBr): 
̃ 3245, 3051, 2968, 1627, 1574, 1402 cm-1. Mass (m/z, %): 378 (M+, 24), 322 (19), 238 (39), 222 (17), 
221 (100), 193 (19), 165 (51). HRMS (ESI): 401.1719, calcd for C24H26O4Na [M+Na+] 401.1729. 
3-iv: 60% yield. pale yellow columns mp 190.0−91.0 °C (from CH2Cl2−hexane). 1H NMR (300 MHz, 
CDCl3): δH 1.07 (s, 9H), 1.21 (s, 3H), 1.50 (s, 3H), 3.89 (d, J = 8.2 Hz, 1H), 4.67 (d with fine coupling, J 
= 8.2 Hz, 1H), 5.49 (s 1H), 7.25 (broad d, J = 1.1 Hz, 1H), 7.59−7.70 (m, 2H), 7.83 (d, J = 8.5 Hz, 1H), 
7.89 (d, J = 8.8 Hz, 1H), 7.92 (d, J = 8.5 Hz, 1H), 7.99−8.05 (m, 1H), 8.33 (d with fine coupling, J = 8.8 
Hz, 1H), 9.01−9.07 (m, 2H) ppm. 13C NMR (125 MHz, CDCl3): δC 18.5, 25.0, 27.0, 36.9, 45.7, 80.3, 
105.5, 109.1, 117.2, 120.5, 121.0, 124.3, 126.0, 126.2, 126.7, 127.2, 127.5, 127.9 (x 2), 128.5, 130.3, 
130.8, 131.5, 133.5, 133.6, 151.8 ppm. IR (KBr): ̃ 3439, 3052, 3005, 2964, 2898, 1613, 1603, 1413 cm-1. 
Mass (m/z, %): 428 (M+, 62), 372 (31), 288 (39), 272 (22), 271 (100), 57 (43). HRMS (ESI): 451.1895, 
calcd for C28H28O4Na [M+Na+] 451.1885. 
3-ov: 86% yield. pale yellow columns, mp 192.0−193.0 °C (from AcOEt−hexane). 1H NMR (400 MHz, 
CDCl3): δH 0.95 (s, 9H), 1.33 (s, 3H), 1.69 (s, 3H), 4.14 (d, J = 8.5 Hz, 1H), 4.74 (d, J = 8.5 Hz, 1H), 5.21 
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(s 1H), 7.58−7.70 (m, 2H), 7.70 (d, J = 9.0 Hz, 1H), 7.77 (d, J = 8.5 Hz, 1H), 7.89 (d, J = 8.5 Hz, 1H), 
7.96−8.03 (m, 1H), 8.00 (dd, J = 7.9 and 1.3 Hz, 1H), 8.56−8.64 (m, 1H), 8.62 (d, J = 2.2 Hz, 1H), 9.04 
(d, J = 8.3 Hz, 1H) ppm. 13C NMR (125 MHz, CDCl3): δC 20.2, 26.2, 26.9, 37.0, 45.7, 80.8, 106.4, 114.3, 
119.9, 124.4, 124.8, 125.8, 126.2, 126.4, 126.6, 126.8, 127.7, 128.0, 128.6, 127.7, 128.0, 128.6, 130.4, 
130.7, 132.9, 133.4, 133.6, 152.6 ppm. IR (KBr): ̃ 3460, 3050, 2998, 2977, 2896, 1616 cm-1. Mass 
(m/z, %): 428 (M+, 63), 372 (24), 288 (58) 272 (22), 271 (100), 215 (30), 57 (30). HRMS (ESI): 429.2110, 
calcd for C28H29O4 [M+H+] 429.2066; 451.1876, calcd for C28H28O4Na [M+Na+] 451.1885. 
Synthesis of 2,2,4,4-tetramethyl-3-oxopentyl 1-hydroxyphenanthrene-3-carboxylate (9-iv): typical 
procedure. TBAF (1M in THF, 0.75 mL, 0.75 mmol) in MeCN (1.5 mL) was added to a solution of 2-iv 
(57.0 mg, 0.151 mmol) in MeCN (1.5 mL) and stirred for 5 min. The reaction mixture was poured into sat. 
aq. NH4Cl and extracted with AcOEt. The organic layer was washed with sat. aq. NaCl, dried over 
anhydrous MgSO4 and concentrated in vacuo. The residue was chromatographed on silica gel and 
recrystallization with Et2O−hexane (1:3) gave 9-iv (53.0 mg, 0.140 mmol, 93%). 
9-iv: pale yellow needles, mp 164.5−165.0 °C (from CH2Cl−hexane). 1H NMR (400 MHz, CDCl3):  
1.35 (s, 9H), 1.47 (s, 6H), 4.53 (s, 2H), 6.13 (s, 1H), 7.58 (s with fine coupling, 1H), 7.64 (dd with fine 
coupling, J = 7.3 and 7.1 Hz, 1H), 7.69 (dd with fine coupling, J = 8.2 and 7.1 Hz, 1H), 7.86 (d , J = 9.1 
Hz, 1H), 7.92 (d, J = 7.3 Hz, 1H), 8.18 (d, J = 9.1 Hz, 1H), 8.67 (d, J = 8.2 Hz, 1H), 8.96 (s, 1H) ppm. 
13C NMR (125 MHz, CDCl3):C 23.8, 28.2, 46.0, 49.5, 72.4, 110.0, 117.0, 120.1, 123.0, 125.3, 127.0, 
127.1, 127.4, 128.5, 128.7, 130.3, 131.1, 132.2, 152.8, 167.0, 217.1 ppm. IR (KBr): ̃ 3433, 2971, 1695, 
1604, 1274 cm-1. Mass (m/z, %): 378 (M+, 31), 322 (24), 238 (36), 222 (16), 221 (100), 193 (13), 165 (20), 
57 (31). HRMS (ESI): 401.1741, calcd for C24H26O4Na [M+Na+] 401.1729. 
9-ov: colorless columns, mp 163.0−163.5 °C (from CH2Cl2−hexane). 1H NMR (400 MHz, CDCl3):  
1.29 (s, 9H), 1.44 (s, 6H), 4.51 (s, 2H), 5.90 (s, 1H), 7.58−7.66 (m, 2H), 7.69 (d, J = 2.6 Hz, 1H), 7.69 (d, 
J = 9.4 Hz, 1H), 7.84−7.90 (m, 1H), 8.28 (d, J = 2.6 Hz, 1H), 8.52−8.57 (m, 1H), 8.63 (d, J = 9.4 Hz, 1H) 
ppm. 13C NMR (125 MHz, CDCl3): δC 23.7, 28.2, 46.0, 49.3, 72.5, 111.7, 119.5, 122.8, 123.5, 125.3, 
126.3, 126.4, 127.1, 128.4, 129.2, 129.5, 131.9, 132.8, 153.1, 167.2, 216.9 ppm. IR (KBr): ̃ 3420, 2965, 
2928, 1714, 1674, 1620, 1229 cm-1. Mass (m/z, %): 378 (M+, 40), 322 (21), 238 (50), 222 (16), 221 (100), 
165 (33), 57 (22). HRMS (ESI): 401.1728, calcd for C24H26O4Na [M+Na+] 401.1729. 
9-oh: yellow columns, mp 163.0−163.5 °C (from CH2Cl2−hexane). 1H NMR (400 MHz, CDCl3): δH 1.33 
(s, 9H), 1.45 (s, 6H), 4.51 (s, 2H), 6.35 (broad s, 1H), 7.60 (d, J = 1.6 Hz, 1H), 7.62 (dd with fine 
coupling, J = 7.8 and 7.0 Hz, 1H), 7.67 (dd with fine coupling, J = 8.3 and 7.0 Hz, 1H), 7.73 (d, J = 8.9 
Hz, 1H), 7.78 (d, J = 8.9 Hz, 1H), 7.91 (dd, J = 7.4 and 1.6 Hz, 1H), 8.13 (d, J = 1.6 Hz, 1H), 9.70 (d, J = 
8.4 Hz, 1H) ppm. 13C NMR (125 MHz, CDCl3): δC 23.7, 28.2, 46.0, 49.4, 72.4, 112.7, 122.9, 123.0, 126.7, 
126.9, 127.1, 127.4, 128.2, 128.6, 129.1, 130.0, 133.4, 134.2, 155.5, 166.9, 217.2 ppm. IR (KBr): ̃ 3356, 
2976, 1720, 1690, 1669, 1227 cm-1. Mass (m/z, %): 378 (M+,1), 238 (2), 221 (4), 165 (18), 163 (11), 57 
(100). HRMS (ESI): 401.1728, calcd for C24H26O4Na [M+Na+] 401.1729. 
9-ih: colorless columns, mp 148.5−149.0 °C (from CH2Cl2−hexane). 1H NMR (400 MHz, CDCl3): δH 
1.07 (s, 9H), 1.29 (s, 6H), 4.99 (s, 2H), 5.48 (broad s, 1H), 7.25 (d, J = 2.7 Hz, 1H), 7.30 (d, J = 8.8 Hz, 
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1H), 7.81−7.85 (m, 1H), 8.07−8.11 (m, 1H) ppm. 13C NMR (125 MHz, CDCl3): δC 23.6, 27.7, 45.8, 48.9, 
73.7, 114.6, 117.8, 121.6, 125.5, 125.9, 126.0, 126.4, 128.4, 128.5, 128.9, 131.9, 134.8, 153.3, 171.9, 
216.7 ppm. IR (KBr) : ̃ 3371, 2981, 2875, 1720, 1667, 1621 cm-1. Mass (m/z, %): 378 (M+, 1), 221 (4) 
193 (6), 165 (19), 57 (100). HRMS (ESI): 401.1733, calcd for C24H26O4Na [M+Na+] 401.1729. 
14-iv: yellow needles, mp197.0−198.0 °C (from AcOEt−hexane). 1H NMR (400 MHz, CDCl3): δH 1.27 (s, 
9H), 1.46 (s, 6H), 4.53 (s, 2H), 5.95 (broad s, 1H), 7.60 (d, J = 1.3 Hz, 1H), 7.66 (dd with fine coupling, J 
= 7.9 and 7.0 Hz, 1H), 7.76 (dd with fine coupling, J = 8.5 and 7.0 Hz, 1H), 7.84 (d, J = 8.5 Hz, 1H), 7.94 
(d, J = 8.5 Hz, 1H) 7.95 (d, J = 8.8 Hz, 1H), 8.03 (dd, J = 7.9 and 1.4 Hz, 1H), 8.37 (d with fine coupling, 
J = 8.8 Hz, 1H), 9.05 (d, J = 8.5 Hz, 1H), 9.44 (s with fine coupling, 1H) ppm. 13C NMR (125 MHz, 
CDCl3): δC 23.6, 28.3, 45.9, 49.4, 72.1, 108.8, 120.8, 122.9, 126.1, 126.6, 126.6, 126.8, 127.0, 127.8, 
128.0, 128.1, 128.5, 128.5, 130.1, 130.8, 131.4, 133.6, 152.7, 167.3, 216.8 ppm. IR (KBr): ̃ 3416, 3048, 
2976, 2964, 1698, 1603, 1418, 1278 cm-1. Mass (m/z, %): 428 (M+, 58), 372 (30), 288 (43), 272 (20), 271 
(100), 243 (16), 242 (11), 215 (18), 213 (15), 57 (28). HRMS (ESI): 451.1888, calcd for C28H28O4Na 
[M+Na+] 451.1885. 
14-ov: colorless columns, mp 133.0−133.5 °C (from CH2Cl2−hexane). 1H NMR (500 MHz, CDCl3): δH 
1.30 (s, 9H), 1.45 (s, 6H), 4.53 (s, 2H), 5.84 (s, 1H), 7.60 (ddd, J = 7.8, 6.9 and 1.1 Hz, 1H), 7.65 (ddd, J 
= 8.2, 6.9 and 1.6 Hz, 1H), 7.75 (d, J = 8.9 Hz, 1H), 7.77 (d, J = 2.5 Hz, 1H), 7.78 (d, J = 8.5 Hz, 1H), 
7.90 (d, J = 8.5 Hz, 1H), 8.00 (dd, J = 7.8 and 1.6 Hz, 1H), 8.70 (d, J = 2.5 Hz, 1H), 8.75 (d, J = 8.9 Hz, 
1H), 8.96 (d, J = 8.2 Hz, 1H) ppm. 13C NMR (125 MHz, CDCl3): δC 23.7, 28.2, 46.0, 49.3, 72.5, 116.6, 
119.3, 124.3, 125.8, 126.2, 126.3, 126.3, 126.5, 126.9, 127.4, 128.1, 128.6, 129.2, 130.2, 131.1, 132.5, 
133.4, 152.7, 167.2, 216.6 ppm. IR (KBr):̃ 3341, 2979, 2959, 1687, 1603, 1210 cm-1.  Mass (m/z, %): 
428 (M+, 61), 372 (23), 289 (12), 288 (57), 272 (22), 271 (100), 243 (11), 242 (11), 215 (30), 213 (17), 57 
(25). HRMS (ESI): 451.1878, calcd for C28H28O4Na [M+Na+] 451.1885. 
Chemiluminescence measurement and time-course for the charge-transfer-induced decomposition 
of dioxetane. general procedure: Chemiluminescence was measured using a spectrophotometer and/or a 
multi-channel detector. 
A freshly prepared solution (2.0 mL) of TBAF (1.0 x 10-2 mol dm-3) in MeCN was transferred to a quartz 
cell (10 x 10 x 50 mm) and the latter was placed in a spectrometer, which was thermostated with stirring 
at 25 °C.  After ca. 1 min, a solution of dioxetane 2 or 3 in MeCN (1.0 x 10-4 or 1.0 x 10-5 mol dm-3, 1.0 
mL) was added by a syringe, and measurement was started immediately.  The time-course of the 
intensity of light emission was recorded and processed according to first-order kinetics.  The total light 
emission was estimated by comparing it to that of an adamantylidene-dioxetane, the chemiluminescence 
efficiency CL of which has been reported to be 0.29 and which was used here as a standard.15,16 
Fluorescence Measurement of Authentic Emitters 9 and 14: A freshly prepared solution of 2.0 x 10-5 ~ 
3.0 x 10-4 mol dm-3 of 9 or 14 and 1.0 x 10-3 mol dm-3 of TBAF in MeCN was transferred to a quartz cell 
(10 x 10 x 50 mm), and the latter was placed in the spectrometer, which was thermostated with stirring at 
25 °C.  Thus, the fluorescence spectra of 9 and 14 were measured and their fluorescence efficiencies 
(fl) were estimated using quinine hydrosulfate as a standard. 
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X-Ray single crystallographic analysis of 3-iv and 3-ov 
X-Ray diffraction data were collected on a Rigaku Mercury CCD diffractometer with graphite 
monochromated Mo Kα (λ=0.71070 Å) radiation.  Data were processed using CrystalClear.† The 
structures were solved by direct method (SIR2008)‡ and expanded using Fourier techniques. The 
non-hydrogen atoms were refined anisotropically. Hydrogen atoms were refined using the riding model. 
The final cycle of full-matrix least-squares refinement on F2 was based on 5094 observed reflections and 
318 variable parameters (for 3-iv) and on 5009 observed reflections and 318 variable parameters (for 
3-ov). All calculations were performed using the CrystalStructure crystallographic software package.§,¶ 
†  Rigaku Corporation, 1999. 
‡  SIR2008: M.C. Burla, R. Caliandro, M. Camalli, B. Carrozzini, G.L. Cascarano, L.  
    De Caro, C. Giacovazzo, G. Polidori, D. Siliqi, R. Spagna (2007). 
§  CrystalStructure 4.0: Crystal Structure Analysis Package, Rigaku Corporation  
    (2000-2010). Tokyo 196-8666, Japan. 
¶  CRYSTALS Issue 11: Carruthers, J.R., Rollett,J.S., Betteridge, P.W., Kinna, D.,  
    Pearce, L., Larsen, A., and Gabe, E.  Chemical Crystallography Laboratory,  
    Oxford, UK. (1999). 

Crystal data for 3-iv: C28H28O4 (Mr = 428.53), pale yellow block, 0.12 x 0.10 x 0.05 mm, monoclinic, 
space group P21/c (#14), a = 16.45(5) Å, b = 12.31(2) Å, c = 11.029(17) Å, β = 90.101(19)°, V = 2233(9) 
Å3, Z = 4, ρcalcd = 1.274 g cm-3, T = 120 K, F(000) = 912.00, reflections collected/unique 23562 / 5094 
(Rint = 0.0587), μ(MoKα) = 0.84 cm-1. An empirical absorption correction was applied which resulted in 
transmission factors ranging from 0.898 – 1.0000. The data were corrected for Lorentz and polarization 
effects. R1 = 0.062 [ I >2σ(I)],  wR2= 0.186 (all data) GOF on F2 = 1.004, and residual electron density 
0.43 / -0.43 e-Å-3． 
Crystal data for 3-ov: C28H28O4 (Mr = 428.53), pale yellow prism, 0.15 x 0.10 x 0.07 mm, monoclinic, 
space group P21/c (#14), a = 16.75(3) Å, b = 12.336(11) Å, c = 11.202(12) Å, β = 108.40(13)°, V = 
2196(5) Å3, Z = 4, ρcalcd = 1.296 g cm-3, T = 120 K, F(000) = 912.00, reflections collected/unique 22506 / 
5009 (Rint = 0.051), μ(MoKα) = 0.854 cm-1. An empirical absorption correction was applied which 
resulted in transmission factors ranging from 0.923 – 1.0000. The data were corrected for Lorentz and 
polarization effects. R1 = 0.0454 [ I >2σ(I)], wR2= 0.0984 (all data) GOF on F2 = 1.002, and residual 
electron density 0.34 / -0.33 e-Å -3． 
Crystallographic data for the structural analysis of compound 3-iv and 3-ov have been deposited at the 
Cambridge Crystallographic Data Center, CCDC-989777 and CCDC-989778. Copies of the data can be 
obtained, free of charge, on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, (fax: 
+44-(0)1223-336033 or e-mail: deposit@ccdc.cam.ac.uk). 
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序論
分子性の酸化物クラスターであるポリ酸塩

(polyoxometalate: POM) は、強酸性、耐酸性、豊富

な酸化還元特性などの極めて多彩な性質を有してい

るため、触媒、表面化学、材料科学、医薬など様々

な観点から広く研究がなされている 1)。POM 骨格

を構成する金属は、主にタングステン (VI) やモリブ

デン (VI) が用いられているが、これらの金属を位置

選択的に欠損させた欠損型 POM を合成することが

可能である。欠損型 POM は、飽和型 POM に比べ

て欠損部位が高い表面塩基性度を有しているため、

異種金属イオンを欠損部位に取り込んだ金属置換型

POM の合成に利用することができる。通常のタン

グステン (VI) やモリブデン (VI) などの構成金属を異

種金属で置換することで表面電荷密度を制御するこ

とができ、さらなる機能拡張部位として期待できる。

これまでにタングステン (VI) 三原子を、バナジウ

ム (V) やニオブ (V) で置換した三置換 Dawson 型

POM 単量体（図 1 上）が合成され、その表面に有

機金属種を担持できることが報告されている 2)。こ

れはⅥ価のタングステン酸をⅤ価の異種金属イオン

で置換しているため POM 上の表面負電荷密度が大

きくなり、カチオン性有機金属種との相互作用が

向上したためと考えることができる。一方で、チ

タン (IV) のイオン半径（0.75 Å）はタングステン

Abstract:  The monomeric tri-Ti(IV)-substituted Dawson polyoxometalate (POM), 
Na12[P2W15Ti3O62]•NaCl•6H2O, was synthesized by basic hydrolysis of the bridging 
Dawson tetramer with an encapsulated chloride ion, Na19H2[{P2W15Ti3O59(OH)3}4{µ3-
Ti(H2O)3}4Cl]•124H2O, at pH 9.0 and unequivocally characterized by complete elemental anal-
ysis, thermogravimetric and differential thermal analysis (TG/DTA), FTIR spectroscopy and 
solution 31P NMR spectroscopy. The monomeric tri-Ti(IV)-substituted Dawson POM could not 
be derived from either a direct reaction of the trilacunary Dawson species, [P2W15O56]12-, with Ti 
source or the non-bridging Dawson tetramer, [{P2W15Ti3O57.5(OH)3}4Cl]25-. It could be prepared 
for the first time by hydrolysis of the bridging Dawson tetramer with an encapsulated Cl- ion. 
In this work, the non-bridging Dawson tetramer with an encapsulated ammonium cation was 
synthesized by using the monomeric tri-Ti(IV)-substituted Dawson POM. This fact indicates 
that the monomeric tri-Ti(IV)-substituted Dawson POM can be used as a precursor for the 
synthesis of novel oligomeric POMs and organometallic-supported POMs.
Keywords:  polyoxometalate, titanium, monomer, NH4

+-encapsulating tetramer
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(VI) のイオン半径（0.74 Å）とほぼ等しく、欠損部

位にチタン (IV) が導入されたチタン置換 POM の

合成が可能である 3)。チタンはⅣ価であるため、上

記のバナジウム (V) やニオブ (V) に比べてさらなる

表面負電荷密度の増大が予想される。これまでに当

研究室では、Dawson 型 POM 三欠損種から導かれ

るチタン (IV) 三置換体の合成を行ってきたが、チ

タン (IV) 置換 POM は分子間の Ti-O-Ti 結合を形成

しやすく、単量体ではなく Ti-O-Ti 結合により縮合

したテトラポッド型四量体として単離された（図

1 下）4,5)。また、チタン (IV) 三置換 Dawson 型四

量体は、反応条件に応じて二種類の四量体、つま

り [{P2W15Ti3O57.5(OH)3}4Cl]25- ( 架橋なし四量体 )4) と
[{P2W15Ti3O59(OH)3}4{µ3-Ti(H2O)3}4Cl]21- ( 架橋あり四

量体 )5) を形成することを明らかにした。これら二種

類のチタン (IV) 三置換 Dawson 型四量体は、中心空

間に様々なイオン (Cl-, Br-, I-, NO3
- 等 ) をカプセル

化することができる 6,7)。

　我々は、これまで四量体としてのみ合成され

たチタン (IV) 三置換 Dawson 型 POM の単量体

Na12[P2W15Ti3O62]•NaCl•6H2O の合成に成功した。

さらにチタン (IV) 三置換 Dawson 型 POM 単量体を

前駆体に用いて、中心空間に NH4
+ カチオンをカプ

セル化した架橋なし四量体を合成したので報告する。

材料と方法
材料
エタノール、 ジエチルエーテル（和光純薬工業 ( 株））

は、購入したものをそのまま用いた。Cl- カプセル

化架橋あり四量体 Na19H2[{P2W15Ti3O59(OH)3}4{µ3-
Ti(H2O)3}4Cl]•124H2O は既報 5) に従い合成した。

合成法
チ タ ン (IV) 三 置 換 Dawson 型 POM 単 量 体

Na12[P2W15Ti3O62]•28H2O Cl- カ プ セ ル 化 架

橋 あ り 四 量 体 Na19H2[{P2W15Ti3O59(OH)3}4{µ3-
Ti(H2O)3}4Cl]•124H2O (4.8 g, 0.253 mmol) を純水 20 
mL に溶解し、1 M NaOH 水溶液を用いて pH 9.0 に

調整した。この溶液に NaCl (8.0 g, 0.137 mmol) を
加え一時間撹拌した。析出した白色粉末をメンブラ

ンフィルター (JG 0.2 µm) を使って濾取し、エタノ

ール 30 mL で 3 回、ジエチルエーテル 50 mL で 3
回洗浄し、減圧乾燥を 2 時間行い、白色粉末として

チタン (IV) 三置換 Dawson 型 POM 単量体を収率

41.7% (2.0 g スケール ) で得た。

NH4+ カチオンをカプセル化した架橋なし四量体
Na12[P2W15Ti3O62]•NaCl•6H2O (0.50 g, 0.11 mmol)
を純水 12 mL に溶解し、そこへ NH4Cl (0.06 g, 1.12 
mmol) を加えた。0.1 M 塩酸を用いて pH 8.4 に調整

した後、80ºC で 30 分間撹拌した。この溶液をロー

タリーエバポレーターを用いて白色粉末が析出する

まで濃縮を行った。純水 1 mL を加え、35℃で析出

した粉末を溶かし、室温までゆっくりと冷却した。

析出した無色針状結晶をメンブランフィルター (JG 
0.2 µm) で濾取し、エタノール 10 mL で 3 回、ジエ

チルエーテル 50 mL で 3 回洗浄し、減圧乾燥を 3 時

間行うことで、NH4
+ カチオンをカプセル化した架橋

なし四量体を白色粉末として収率 14.3% (0.067 g ス

ケール ) で得た。

結果と討論
合成と同定
チ タ ン (IV) 三 置 換 Dawson 型 POM 単 量 体 は、

Dawson 型三欠損種とチタン (IV) から直接合成す

ることはできず、速やかな自己縮合で Ti-O-Ti 結合

を形成し四量体になってしまう 4),5)。しかし、既に

我々が報告している架橋あり四量体 [{P2W15Ti3O59 
(OH)3}4{µ3-Ti(H2O)3}4Cl]21- を NaOH 水溶液で加水分

解することにより、単量体 [P2W15Ti3O62]12- を合成

することができた（図 2）。架橋あり四量体を溶解

した溶液を NaOH 水溶液で pH 9.0 まで塩基性にす

ると、塩基加水分解により単量体が生成した。これ

図 1．バナジウム (V) およびニオブ (V) 三置換 Dawson 型
POM 単量体 ( 上 ) と二種類のチタン (IV) 三置換 Dawson
型 POM 四量体 ( 下 )．中心空間にカプセル化されている
Cl- イオンは省略している．赤はバナジウムもしくはニオ
ブ，青と水色はチタンを表している．
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は Dawson 型 POM の cap 部分 1 カ所をチタン (IV)
で置換した POM やチタン (IV) 一置換および二置

換 Keggin POM に一般的に見られる現象であり、溶

液を酸性にすると多量体構造が、塩基性にすると単

量体構造が生成する 3)。しかし、架橋なし四量体か

らは pH を高くしても単量体への加水分解は起こら

ず、架橋あり四量体からのみ単量体構造を単離する

ことができた。FTIR の結果から、架橋あり及び架

橋なし四量体に特徴的な分子間 Ti-O-Ti に基づく振

動バンド (690-650 cm-1) が観測されなかったことか

ら、単量体構造であることが確認できた。全元素

分析の結果（表 1）から、組成を塩化ナトリウム 1
分子を含む Na12[P2W15Ti3O62]•NaCl•6H2O と決定

し、found の合計値も 98.24 % と純度良く合成する

ことができた。D2O 中での 31P NMR 測定では、δ = 
-4.94, -14.61 ppm に一対の二本線ピークが観測され

た（図 3a）。低磁場側のピークはチタン (IV) で置換

されたサイトに近い P 原子に由来し、高磁場側のピ

ークはタングステン (VI) で cap されたサイトに近い

P 原子に由来すると考えられ、単量体が選択的に得

られたことが明らかとなった。前駆体である架橋あ

り四量体の化学シフトは -7.04,  -13.77 ppm であるこ

とから（図 3d）5)、単量体構造への変換に伴うピー

クのシフトが明確に観測されている。

　チタン (IV) 三置換 Dawson 型 POM 単量体は、前

述の通りバナジウム (V) 三置換体やニオブ (V) 三置

換体に比べ高い負電荷密度を有していることから、

これを利用したカチオン性有機金属種の担持や自己

縮合による多量化などのさらなる分子修飾が期待さ

れる。そこで、過剰の NH4
+ カチオン存在下、チタ

ン (IV) 三置換 Dawson 型 POM 単量体を 0.1 M 塩酸

添加により縮合させることで、NH4
+ をカプセル化

した架橋なし四量体の合成に成功した（図 2）。架橋

なし四量体は、分子内 Ti-O-Ti 結合を形成する稜共

有酸素原子への H+ 付加の有無により、中心空間の

電荷を制御できることが明らかとなっている。例え

ば、酸性下では分子内 Ti-O-Ti 結合の酸素原子に H+

が計 12 個付加しているため、TiO6 八面体 12 個で形

成される中心空間はカチオン性の高い状態になって

おり、Cl- アニオンを内包する。一方、H+ が分子内

図 2．チタン (IV) 三置換 Dawson 型 POM 単量体の合成ルートと，それを用いた NH4
+ カプセル化架橋なし四量体の合成．

表 1．チタン（Ⅳ）三置換 Dawson 型 POM 単量体の元素分析結果

H Cl Na O P Ti W Total (%)
calcd. 0.28 0.81 6.80 24.74 1.41 3.27 62.71 100
found 0.27 0.84 5.85 23.9 1.40 4.09 61.90 98.24

calcd. for Na12[P2W15Ti3O62]•NaCl•6H2O (MW: 4397.56)
Mikroanalytisches Labor Pascher (Remagen, Germany).
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Ti-O-Ti 結合の酸素原子に付加していない場合、中心

空間はアニオン性の高い状態になり、NH4
+ カチオン

が中心空間に取り込まれる。本合成法では、pH を

8.4 に調整するため、稜共有酸素は H+ 付加が起こら

ずカチオンである NH4
+ イオンを内包していた。31P 

NMR からは、Cl- カプセル化架橋なし四量体の化学

シフト ( δ = -7.6, -14.0 ppm, 図 3c)4) とは異なるピー

ク ( δ = -7.21, -14.2 ppm, 図 3b) を示し、これは従

来の方法で合成した NH4
+ カプセル化架橋なし四量

体のピーク ( δ = -7.15, -14.23 ppm)7) と良く一致し

た。NH4
+ カプセル化架橋なし四量体は、これまでに

(1) チタン (IV) 三置換ペルオキソ種 Na9[P2W15(TiO2)3 
O56(OH)3]•14H2O を固体状態で 200℃にて加熱し、

これに NH4Cl を加える方法と、(2) Cl- カプセル化架

橋なし四量体の 12 個の H+ をアンモニア水で中和す

る方法の 2 種類で合成が可能であったが 7)、本方法

は単量体を原料として NH4
+ 存在下で四量体へと縮

合する新しい方法である。

まとめ
チタン (IV) 置換 POM は分子間の Ti-O-Ti 結合を形

成しやすく、これまでは単量体ではなく Ti-O-Ti 結合

により縮合したテトラポッド型四量体として単離さ

れてきた。本研究では、チタン (IV) 三置換 Dawson

図 3．D2O 中での 31P NMR スペクトル．(a) 今回合成し
たチタン (IV) 三置換 Dawson POM 単量体，(b) NH4

+ を
内包した架橋なし四量体，(c) Cl－を内包した架橋なし四量
体，(d) 前駆体として用いた Cl－を内包した架橋あり四量
体．

型 POM 架橋あり四量体 [{P2W15Ti3O59(OH)3}4 {µ3-
Ti(H2O)3}4Cl]21- を塩基加水分解することにより、単

量体 Na12[P2W15Ti3O62]•NaCl•6H2O の合成に初め

て成功した。さらにチタン (IV) 三置換 Dawson 型

POM 単量体を前駆体に用いて、中心空間に NH4
+ カ

チオンをカプセル化した架橋なし四量体を合成する

新たな方法を見出すことができた。今回合成に成功

したチタン (IV) 三置換 Dawson 型 POM 単量体は、

これまで報告されてきたバナジウム (V) およびニオ

ブ (V) 三置換体 Dawson 型 POM 単量体に比べて高

い負電荷密度を有しているため、今後はカチオン性

有機金属種を担持した新たな機能性 POM の合成を

行う予定である。
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