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Hydrogen production using
photobiological methods 10
R.S. Poudyal1,2,#, I. Tiwari1,#, A.R. Koirala3, H. Masukawa4, K. Inoue4,
T. Tomo5, M.M. Najafpour6, S.I. Allakhverdiev7,8,9, T.N. Veziro�glu10
1Pusan National University, Busan, Republic of Korea; 2Tribhuvan University, Kirtipur,
Kathmandu, Nepal; 3Sogang University, Shinsu-dong, Seoul, Republic of Korea;
4Research Institute for Photobiological Hydrogen Production, Kanagawa University,
Tsuchiya, Hiratsuka, Kanagawa, Japan; 5Tokyo University of Science, Kagurazaka,
Shinjuku-ku, Tokyo, Japan; 6Institute for Advanced Studies in Basic Sciences (IASBS),
Zanjan, Iran; 7Institute of Plant Physiology, Russian Academy of Sciences, Moscow, Russia;
8Institute of Basic Biological Problems, Russian Academy of Sciences, Moscow Region,
Russia; 9M.V. Lomonosov Moscow State University, Moscow, Russia;
10International Association for Hydrogen Energy, Miami, FL, USA

10.1 Introduction

Hydrogen is a versatile energy carrier that can release energy through a number of
different processes such as direct combustion, catalytic combustion, steam produc-
tion, and fuel cell operations. In terms of environmental impact, hydrogen may be
the best alternative to fossil fuels because it drastically reduces the release of
climate-changing gases and compounds harmful to human health (Zattel et al.,
2008). Photobiological hydrogen production is an attractive option to generating
hydrogen by photoautotrophic organisms from sunlight and water. This process is
most effective and important for avoiding using fossil fuel (Ghirardi, Dubini, Yu,
& Maness, 2009; Kruse, Rupprecht, Mussgnug, Dismukes, & Hankamer, 2005;
Prince & Kheshgi, 2005). Photobiological hydrogen production consumes naturally
occurring carbon dioxide gas to produce oxygen and biomass; hence, it is renewable
and sustainable. Microorganisms such as green algae, cyanobacteria, purple non-
sulfur bacteria, and dark fermentative bacteria are used to generate biohydrogen. In
the light, solar energy is converted into adenosine triphosphate (ATP) and nicotin-
amide adenine dinucleotide phosphate (NADPH) as a source of energy and reduc-
tants, respectively. In the dark, organic compound is synthesized from CO2 and
H2O. There are two different methods for photobiological hydrogen production:
(1) direct photobiological hydrogen production, in which hydrogen gas is produced
directly by the activity of hydrogenase without intermediate molecules such as carbo-
hydrates; and (2) indirect photobiological hydrogen production, in which hydrogen

# These authors contributed equally to this work.

Compendium of Hydrogen Energy. http://dx.doi.org/10.1016/B978-1-78242-361-4.00010-8
Copyright © 2015 Elsevier Ltd. All rights reserved.
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gas is produced after the storage of carbohydrates or glycogen (Dasgupta et al., 2010;
Eroglu & Melis, 2011). For photobiological H2 production, microalgae require sun-
light to donate e� from electron-donating substances. This process can be categorized
as oxygenic and non-oxygenic photobiological H2 production, depending on oxygen
generation during the process.

Oxygenic photobiological H2 production is carried out during photoautotrophic
growth of eukaryotic microalgae and cyanobacteria in water. The former organisms
possess [FeFe] hydrogenases whereas the latter ones possess [NiFe] hydrogenases,
with ferredoxin and NAD(P)H, respectively, as a direct electron donor (Ghirardi
et al., 2009).

Although non-oxygenic photobiological H2 production is carried out by purple
non-sulfur bacteria (PNSB), these bacteria convert organic acids to produce H2 by us-
ing sunlight as a source of energy, in a reaction catalyzed by nitrogenase. In a non-
oxygenic or photofermentation process by PNSB, O2 is not produced, so there is no
debate about the repression of nitrogenase by oxygen.

Currently, several researchers are trying to achieve renewable hydrogen production
with environmentally safe resources by using molecular biology, biotechnology,
genetic engineering, and organometallic chemistry. Apart from this, artificial photo-
synthesis by biomimetic systems is a good candidate for generating hydrogen, and
knowledge of the biochemical or biophysical study of hydrogenase and nitrogenase
enzymes is exploited by organometallic chemists to synthesize biomimetic compounds
for artificial photosynthesis.

Biohydrogen is a potentially useful gas to fulfill energy consumption with a high
demand for hydrogen energy. Currently, around 80% of global energy is generated
by fossil fuels (Kim, Jo, Jo, & Cha, 2012; Quintana, der Kooy, de Rhee, Voshol,
& Verpoorte, 2011). However, the use of fossil fuels is comparatively costly and
requires more energy consumption to generate hydrogen gas. Owing to the high
demand for energy in the world, biohydrogen using microorganisms can be consid-
ered an alternative renewable source of energy, because it is estimated that energy
consumption will increase at the rate of 44% by 2030 (Nel & Cooper, 2009;
Rout et al., 2008).

10.2 Methods to generate photobiological
hydrogen production

Previously, biological hydrogen production was categorized into five different groups;
(1) direct biophotolysis of water, (2) indirect biophotolysis of water, (3) bio-
photofermentation, (4) hydrogen production by water gas reaction, and (5) dark
fermentation (Das & Veziro�glu, 2001; Hallenbeck & Benemann, 2002; Nandi &
Sengupta, 1998). The main available pathways to improved photosynthetic H2 produc-
tion have been summarized elsewhere (Allakhverdiev et al., 2009, 2010). Similarly,
available methods to generate biohydrogen by using microorganisms have been sum-
marized (Poudyal et al., in press). Although biohydrogen production is mediated by the

290 Compendium of Hydrogen Energy
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activity of two different enzymes, i.e., hydrogenase and nitrogenase, the activities of
these enzymes depend on the availability of molecular oxygen (Bothe, Schmitz, Yates,
& Newton, 2010; Ghirardi et al., 2007; Tsygankov, 2007). Hence, enhanced activation
of these two enzymes will be more interesting in the future. As we know, the produc-
tion of biohydrogen by microorganisms is inhibited by the presence of molecular ox-
ygen generated by photosynthesis. Therefore, researchers are trying to overcome the
inhibitory effect of molecular oxygen and enhance hydrogen production, which has
been considered a major focus of photobiological hydrogen production. The enzymes
are inactivated by molecular oxygen that diffuses into the catalytic center of the en-
zymes (Sundaram, Tripathi, & Gupta, 2010) to overcome this problem, some hypoth-
eses have been applied in cyanobacteria.

Cyanobacteria (or blue-green algae) have characteristic features of both algae and
bacteria. The algal character shows photosynthesis producing hydrogen; these cya-
nobacteria have [NiFe] hydrogenase but not an [FeFe] hydrogenase enzyme. NiFe
enzyme is less sensitive to molecular oxygen, and hence it is favorable for hydrogen
production. Based on this finding, an organism i.e., Rubrivivax gelatinosus CBS, has
been identified that has the capacity for oxygen-tolerant hydrogenase during non-
oxygenic photosynthesis (Ghirardi et al., 2005; Maness, Smolinski, Dillon, Heben,
& Weaver, 2002). Some cyanobacteria may yield more hydrogen by a genetically
engineered, optimized metabolic network (Quintana et al., 2011). Photobiological
hydrogen production uses sunlight, which algae and cyanobacteria use to produce
hydrogen as their metabolic processes. As these organisms grow in water, they
can easily split water into hydrogen and oxygen. Some technology has been devel-
oped to increase the conversion efficiency of sunlight. According to the current sta-
tus, the following photobiological methods are significantly applied to generate
biohydrogen.

10.2.1 Direct and indirect biophotolysis

Direct biophotolysis means the production of H2 gas under the illumination of light in
biological organisms. In the chloroplast of algae and cyanobacteria, the thylakoid
membranes consist of chlorophyll pigments in both photosystems, i.e., photosystem
I (PSI) and photosystem II (PSII). The light energy absorbed by these pigments raises
the energy level of electrons from water oxidation to PSII to PSI to ferredoxin, where a
portion of the light energy is directly stored in hydrogen gas. Direct photobiological
H2 production from water using solar energy is a good example of massive (large-
scale) production of hydrogen gas by photosynthesis, in which solar energy is used
to split water into H2 gas. Microorganisms include single-cell cyanobacteria (Syne-
chocystis), multicellular cyanobacteria (Nostoc sp.), and green algae (Chlamydomo-
nas sp.). Overall, the reaction of direct biophotolysis can be described as (Shaishav,
Singh, & Tripathi, 2013):

2H2Oþ light/2H2 þ O2 (10.1)

Hydrogen production using photobiological methods 291
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However, indirect biophotolysis refers to the production of H2 from intracellular
energy reserves including carbohydrates such as starch and glycogen in microalgae
and cyanobacteria (Antal & Lindblad, 2005; Dauvillée et al., 2006; Miura et al.,
1995). Hence, this process is composed of two stages: carbohydrates synthesis in the light
and dark fermentation of carbohydrates for H2 production (Lee, Klaus,Maness, & Spear,
2007; Melis &Melnicki, 2006; Miura et al., 1995; Skjånes, Rebours, & Lindblad, 2013).
Hence, indirect biophotolysis can be described as the following reactions:

6H2Oþ 6CO2 þ light/C6H12O6 þ 6O2 (10.2)

C6H12O6 þ 2H2O/4H2 þ 2CH3COOHþ 2CO2 (10.3)

2CH3COOHþ 4H2Oþ light/8H2 þ 4CO2 (10.4)

In overall, (Shaishav et al., 2013):

12H2Oþ light ¼ 12H2 þ 6O2 (10.5)

10.2.2 Photobiological H2 production by hydrogenase
and nitrogenase

Photobiological H2 production in algae and cyanobacteria is mediated by the activity
of two enzymes: hydrogenase and nitrogenase (Bothe et al., 2010; Ghirardi et al.,
2007; Tsygankov, 2007), both of which are sensitive to oxygen (Poudyal et al., in
press). Generation of hydrogen by algae and cyanobacteria employs the activity of
two distinct hydrogenases, i.e., [FeFe], also known as algal hydrogenase, and
[NiFe], also known as cyanobacterial bidirectional hydrogenase enzyme, which that
can consume and produce hydrogen (i.e., 2Hþ þ 2e� 4 H2).

The exact mechanism of algal [FeFe] hydrogenase for H2 production is not clear. It
is theorized that electrons from ferredoxin are delivered to the metallocluster, making
reduced iron atoms (Fe2). This reduced iron atom is stabilized by the presence of CO
and CN ligands and the proton pathway from the protein surface to the catalytic site is
deconvoluted, which acts as the final binding site for one proton. Simultaneously, the
second proton binds to Fe2, where is doubly reduced to a hydride anion. Finally, the
reaction involved in the process producing hydride anion recombines with the bound
proton to release H2 gas (Ghirardi et al., 2009).

In cyanobacteria, [NiFe] bidirectional hydrogenase has four different metal centers
in which an NiFe active site for the catalytic domain and three Fe-S clusters for elec-
tron transfer have been identified. The NiFe active site is composed of bimetallic nickel
and iron atoms; the nickel atom has four conserved cysteine residues, two of which
bridge to the iron ion (Shima et al., 2008). However, it has been reported that
[NiFe] hydrogenase is reversibly inactivated by molecular oxygen (Ogata et al.,
2009). The [NiFe] enzyme catalyzes both the uptake and evolution of H2. When the
bridge ligand of [NiFe] is removed, the enzyme is activated and molecular hydrogen
is produced. [NiFe] hydrogenases are bidirectional because they couple the reversible
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cleavage of hydrogen to the redox conversion of NAD(P)H (Horch, Lauterbach, Lenz,
Hildebrandt, & Zebger, 2012). In green algae, only hydrogenase is present whereas in
cyanobacteria two enzymes (hydrogenase and nitrogenase) work separately to catalyze
H2 production. A detailed scheme for two types of hydrogenases, uptake enzyme and
bidirectional one, and nitrogenase in the respective microalgae, is given in Figure 10.1.

Similarly, nitrogenase enzyme is present in both unicellular and heterocystous
nitrogen-fixing cyanobacteria and has a potential application for producing hydrogen.
However, because of the higher energetic reaction, hydrogen production by nitroge-
nase is not efficient during nitrogen fixation, because most of the energy consumed
by nitrogenase is used to produce ammonia (Tamagnini et al., 2002). The overall
reaction under conditions optimal for nitrogen fixation can be written as:

N2 þ 8Hþ þ 8e� þ 16ATP/2NH3 þ H2 þ 16ADPþ 16Pi (10.6)

However, in the absence of N2, all electrons and ATP are used for H2 production:

2e� þ 2Hþ þ 4ATP/H2 þ 4ðADPþ PiÞ (10.7)

10.2.3 Mechanism of photobiological H2 production

Two phases of photobiological hydrogen production in microalgae have been reported
previously: aerobic and anaerobic (Melis, Zhang, Forestier, Ghirardi, & Seibert, 2000).

Photons
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Ferredoxin ATPase

H+

H+e–

2H+1. Green algae 2. Cyanobacteria

2H+

Bidirectional -
hydrogenase

Uptake
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NitrogenaseHydrogenase

2H+ + 2e– 2H+ + 2e–

2H2O

O2

H2
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N2 + 8H+2NH3 + H2
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+ 4H+ + 2e–

Figure 10.1 Summary of mechanism of photobiological H2 production by algae. Light-
dependent electron transport pathway for hydrogen production is shown in green algae and
cyanobacteria with the involvement of their respective catalytic enzymes.
The figure is modified from Mathews and Wang (2009).
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These two phases have different reactions to the contribution of hydrogen. The overall
reactions are described as (Nguyen et al., 2008):

H2O/2Hþ þ 2e� þ 1
2
O2 ðAerobic phaseÞ (10.8)

2Hþ þ 2e�/H2 ðAnaerobic phaseÞ (10.9)

During the aerobic phase in microalgae, the H2O is split into protons (Hþ), electrons
(e�), and oxygen (O2). Hence, the H

þ and e� generated by water in PSII are stored as
different metabolic products, such as proteins and carbohydrates, and these Hþ and e�

are essential precursors for H2 production (Melis et al., 2000). During the anaerobic
phase, H2 is produced by hydrogenase. Mostly [FeFe] hydrogenase is rapidly activated
under anaerobic conditions that catalyze the reduction of Hþ to H2 using ferredoxin as
an e� donor. There, PSII contributes direct and indirect pathways for the source of e�. In
a direct pathway, e� driven from the water-splitting activity of PSII (Najafpour &
Allakhverdiev, 2012) is delivered into the electron transport chain (ETC) during state
transition (Lemeille, Turkina, Vener, & Rochaix, 2010) and finally reaches [FeFe]
hydrogenase, which reduces Hþ to H2. However, in an indirect pathway, proteins, car-
bohydrates, or starches that are stored during the aerobic phase are subsequently fer-
mented and enter into an ETC (Posewitz, Dubini, Meuser, Seibert, & Ghirardi, 2009).

The basic mechanism and biochemical pathway for photobiological H2 production
are shown in (Figure 10.1). The thylakoid membrane of algae and cyanobacteria con-
tains a photosystem with a light-harvesting protein complex, reaction center, and chlo-
rophyll. It has the ability to capture light energy, which facilitates water oxidation to
release protons (Hþ) and electrons (e�). These electrons are transported via the ETC,
and iron-sulfur protein ferredoxin (PetF) or NAD(P)H via FNR (ferredoxin/NAD(P)
H oxidoreductase) acts as an e� donor to [FeFe] or [NiFe] hydrogenase, respectively.
In algae, ferredoxin directly linked to synthesize H2 via the ETC and in cyanobacteria
NAD(P)H donates e� to [NiFe] bidirectional hydrogenase to synthesize H2 (Kufryk
et al., 2013). Adenosine triphosphate and NADPH generated by light reaction are
used to fix CO2 during a dark reaction. Based on current progress, three pathways
have been employed for biohydrogen production in cyanobacteria: (1) The first is
light-driven ETC from water via PSII to PSI, ferredoxin (Fd) to ferredoxin: NADPþ

oxidoreduction (FNR). Finally, H2 is produced by [NiFe] bidirectional hydrogenase
from the electrons supplied by reduced NADP. (2) Hydrogen is produced by the degra-
dation of lipids, starches, and carbohydrates. In this pathway, NAD(P)H is oxidized and
electrons are transported through plastoquinone (PQ) for H2 production. (3) The last is
cyanobacterial nitrogen fixation by nitrogenase, in which H2 is produced as a byproduct
under anaerobic conditions or in heterocysts that provide a microaerobic environment.

10.2.4 Hydrogen production by photofermentation

Hydrogen gas can also be produced by photofermentation. Some organic compounds
such as acetic acids, lactic acids, and butyric acids are converted into H2 and CO2 by
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photosynthetic bacteria in the presence of sunlight. However, this process also requires
anaerobic conditions. During photofermentation, both hydrogenase and nitrogenase
enzymes are involved in H2 production depending on the physiological conditions
of microorganisms. Five factors limit nitrogenase-mediated photofermentation in
PNSB: (1) the occurrence of an H2 uptake enzyme; (2) low photofermentation effi-
ciency for H2 production; (3) the low turnover rate of nitrogenase; (4) a low rate of
carbon conversion; and (5) the availability of organic acids (Akkerman, Janssen,
Rocha, & Wijffels, 2002). The overall reaction in photofermentation by PNSB for
the reduction of organic compounds can be summarized as:

C6H12O6 þ 12H2Oþ Light energy/12H2 þ 6CO2 (10.10)

The overall pathway is (Das, Khanna, & Veziro�glu, 2008):

ðCH2OÞ2 þ NADPH/Ferredoxinþ ATP/Nitrogenase/H2 (10.11)

These PNSB has some advantages owing to the lack of PSII, which creates diffi-
culties for H2 generation because of the presence of O2 (Das et al., 2008). Purple
non-sulfur bacteria have the action of nitrogenase and hydrogenase enzymes. Nitroge-
nase produces H2 under nitrogen-deficient conditions in PNS bacteria (Figure 10.2).
Thus, the question arises regarding the role of hydrogenase in PNS bacteria. Hence,
hydrogenase produces H2 under anaerobic conditions and hydrogenase oxidizes H2
to recycle e�, Hþ, and ATP for energy metabolism (Koku, Ero�glu, G€unf€uz, Y€ucel, &
T€urker, 2002; Mathews & Wang, 2009; Oh, Raj, Jung, & Park, 2011). Some hydrog-
enases consume H2 if a suitable e� acceptor is present, or produce H2 if anaerobic
conditions are favorable (Vignais, Magnin, & Willison, 2006).

Several factors such as light intensity, duration of light, temperature, and age of in-
oculums are important for photofermentative H2 production by photosynthetic bacte-
ria. For example, 31 �C and 36 �C are the optimum temperatures for Rhodobacter sp.
(Hey et al., 2013). These bacteria are able to convert organic acids into H2 and CO2
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Figure 10.2 Mechanism of photofermentative H2 production by PNSB by nitrogenase.
Hydrogen gas is generated by the activity of nitrogenase after the breakdown of organic acids.
The figure is modified from Androga, €Ozg€ur, Eroglu, G€und€uz, and Y€ucel (2012).

Hydrogen production using photobiological methods 295

─ 52 ─



under anaerobic conditions by using nitrogenase enzyme (Koku et al., 2002). It has
been reported that supplementing micronutrients such as iron (Fe) and molybdenum
(Mo) in a growth medium of some Rhodobacter increased photofermentative H2 pro-
duction (Kars, G€und€uz, Y€ucel, T€urker, & Ero�glu, 2006; €Ozg€ur et al., 2010; Uyar,
Schumacher, Gebicki, & Modigell, 2009). Apart from this, the role of other nutrients
such as iron (Fe), nickel (Ni), and magnesium (Mg) has been observed in Rhodopseu-
domonas sp (Liu, Ren, Ding, Xie, & Guo, 2009). Some strategies for the combination
of dark and photofermentation have been applied to enhance H2 production, because
dark fermentation can produce lower amounts (2e4 mol H2) from 1 mol of hexose. In
addition, this process produced acetate and butyrate, which are environmental pollut-
ants (Su, Cheng, Zhou, Song, & Cen, 2009a). To solve this problem, a combination of
dark and photofermentation processes has been applied to Rhodopseudomonas palust-
ris and greatly improved the production of H2 from 240 to 402 ml H2 per gram of
starch (Su, Cheng, Zhou, Song, & Cen, 2009b). It was also revealed that H2 production
by mixed bacteria through dark and photofermentation increased the productivity of
H2. Dark fermentation by mixed anaerobic bacteria (Clostridium species) produced
351 ml H2 per gram of starch, and during photofermentation by mixed photosynthetic
bacteria (Rhodopseudomonas palustris species) produced 489 ml H2 per gram of
starch. These data clearly demonstrate that mixed bacteria can be used to improve
dark and photofermentation (Cheng, Su, Zhou, Song, & Cen, 2011).

10.2.5 Hydrogen production by metabolic and genetic
engineering of green algae

Both metalloprotein hydrogenase and nitrogenase enzymes are capable of reducing Hþ

to H2. However, O2 molecules generated during photosynthesis inhibit the activity of
these enzymes. To overcome this problem, some researchers studied the different
biochemical mechanisms of algae and cyanobacteria. Genetic engineering of green
algae is considered as pioneering research to enhance H2 gas; genetic and other
biochemical modifications as well as the generation of new strains of cyanobacteria
to enhance H2 production have been applied (Bonenthe et al., 2011; Ghysels & Franck,
2010; Nguyen et al., 2011; Papazi, Andronis, Loannidis, Chaniotakis, & Kotzabasis,
2012; Philipps, Happe, & Hemschemeier, 2012; Tiwari & Pandey, 2012; Winkler,
Kuhlgert, Hippler, & Happe, 2009).

Some genetically modified cyanobacterial strains such as Synechococcus PCC 6301
and PCC 7942 and Synechocystis PCC 6803 have been considered good model organ-
isms to enhance H2 production (Thiel, 1994). Similarly, genetic transformation has
been conducted in filamentous algae such as Nostoc and Anabaena to enhance photo-
biological H2 production (Hansel & Lindblad, 1998). In addition, structural gene-
encoding FeFe hydrogenase from Clostridium pasteurianum has been transformed
into cyanobacterium strain, Synechococcus elongatus PCC 7942 for better H2 produc-
tion (Asada et al., 2000; Miyake, Schnackenberg, Nakamura, Asada, & Miyake,
2001). Genetic engineering was employed to obtain transformed strains to generate
renewable biofuel in some cyanobacterial strains such as Synechocystis sp PCC6803
(Lindberg, Park, & Melis, 2010).
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Genetic engineering has been conducted not only in cyanobacteria but also in some
photosynthetic bacteria such as Rhodobacter sphaeroides. For example, the mutation
of pucBA depleting B800e850 light-harvesting complex in R. sphaeroides RV
increased H2 production (Kondo et al., 2002, Kim, Kim, Kim, & Lee, 2006a), and mu-
tation of cyt cbb3 oxidase in Rhodobacter species enhanced hydrogen production
because the deletion of cyt cbb3 oxidase induced nitrogenase activity and inhibited up-
take hydrogenase (€Ozt€urk et al., 2006). Deletion of light-harvesting antenna com-
plexes in R. sphaeroides and of uptake hydrogenase showed higher H2 production
(Eltsova, Vasilieva, & Tsygankov, 2010; Liang et al., 2009). Similarly, the composi-
tion of gene-encoding pathways involved in pyruvate catabolism and end-product syn-
thesis pathways and genetic biomarkers were studied to identify potential methods for
optimizing hydrogen production and metabolic engineering for biofuel production in
bacteria (Carere et al., 2012; Cha, Chung, Elkins, Guss, & Westpheling, 2013).

10.2.6 Enhancement of photobiological H2 production
by repression of hydrogen uptake system
in microorganisms

As mentioned elsewhere, hydrogenases are key enzymes for biohydrogen production
and can be classified as H2 uptake hydrogenase and H2 production hydrogenase. Thus,
an uptake hydrogenase mostly consumes molecular H2 and gives protons (H

þ), result-
ing in the inhibition of H2 production. It is known that both aerobic and anaerobic mi-
croorganisms possess uptake hydrogenase to use H2 as a source of energy (Richau,
Kudahettige, Pujic, Kudahettige, & Sellstedt, 2013). Uptake hydrogenase oxidizes
H2 produced during nitrogen fixation by the activity of nitrogenase (Tamagnini
et al., 2007). When uptake hydrogenase is repressed, the activity of H2 production
is enhanced in several species of Nostoc and Anabaena (Happe, Sch€utz, & B€ohme,
2000; Lindberg, Sch€utz, Happe, & Lindblad, 2002; Masukawa, Mochimaru, &
Sakurai, 2002; Yoshino, Ikeda, Masukawa, & Sakurai, 2007).

Many photosynthetic microorganisms including cyanobacteria have nitrogenase
[FeFe], and/or [NiFe] bidirectional hydrogenases (Ghirardi et al., 2007; Prince &
Kheshgi, 2005; Rupprecht et al., 2006; Tamagnini et al., 2002, 2007; Vignais &
Billoud, 2007). Nitrogenase reduces Hþ to H2 as a side reaction of nitrogen fixation
and H2 produced by nitrogenase is consumed by uptake hydrogenase to yield protons
(Hþ). Although bidirectional hydrogenase catalyzes both uptake and evolution of H2,
it cannot replace the function of uptake hydrogenase (Masukawa et al., 2002). There-
fore, mutation of uptake hydrogenase is a good example for protecting generated H2

molecules by nitrogen-fixing microorganisms (Cournac, Guedeney, Peltier, &
Vignais, 2004; Tamagnini et al., 2007, Vignais & Billoud, 2007).

This uptake hydrogenase is a heterodimeric enzyme containing two functional sub-
units, i.e., HupS (small subunit) and HupL (large subunit). HupS, encoded by hupS,
contains three FeS clusters that have the role of transfering electrons from the active
site of HupL to ETC, whereas HupL, encoded by hupL, contains a bimetallic active
site composed of four conserved cysteine residues (Khetkorn, Lindbald, & Incharoen-
sakdi, 2012). In this way, uptake hydrogenase inhibits biohydrogen production by

Hydrogen production using photobiological methods 297

─ 54 ─



consuming molecular H2 (Figure 10.1). To overcome this problem, research has been
carried out to knock out uptake hydrogenase for better bihydrogen production. Liang
et al. (2009) knocked out membrane-bound [NiFe] hydrogenase (MBH) in photosyn-
thetic bacterium Allochromatium vinosum to improve the H2 production rate. Simi-
larly, H2 evolution activities were increased by the mutation of hupW, which
encodes putative hydrogenase-specific protease in Nostoc strain PCC 7120 of cyano-
bacterium (Lindberg, Devine, Stensj€o, & Lindblad, 2011), inactivation of functional
uptake hydrogenase (hupS) in nitrogen-fixing cyanobacterium Anabaena siamensis
TISTR 8012 (Khetkorn et al., 2012), and substitution of amino acid, which alters
the ligation of Fe-S clusters of [NiFe] uptake hydrogenase even in marine bacterium
Alteromonas macleodii (Yonemoto, Matteri, Nguyen, Smith, & Weyman, 2013).

10.2.7 Strategies for cultivation and growth of cyanobacteria
and green algae to enhance H2 production

In algae and cyanobacteria, physiological, biochemical, and environmental conditions
have an important role for biological H2 production. In addition, growth conditions,
light intensity, carbon source, nitrogen source, sulfur, salinity, oxygen, and tempera-
ture are also essential for improving biohydrogen production by microorganisms
(Poudyal et al., in press). Cyanobacteria are good sources for photobiological H2 pro-
duction and may be considered the most important microorganisms for a renewable
source of H2 gas (Dutta, De, Chaudhuri, & Bhattacharya, 2005). Among many micro-
organisms, cyanobacteria can grow with less nutrition and can use sunlight as a source
of energy. The autotrophic nature of cyanobacteria produces H2 as the final product of
photosynthesis. Therefore, it is urgent to conduct research on photobiological H2
production using cyanobacteria, because some species of Chlamydomonas such as
Chlamydomonas reinhardtii and Chlamydomonas noctigama produce more H2 under
sulfur-deprived photoheterotrophic conditions (Skjånes, Knutsen, K€allqvist, &
Lindblad, 2008). According to Kosourov, Tsygankov, Seibert, and Ghirardi (2002),
sulfur-deprived algal cultures have five phases: aerobic, anaerobic, O2 anaerobic con-
sumption, H2 production, and 5) end of H2 production. Research has been conducted in
these five phases in C. reinhardtii, including light intensity and the effect of pH on the
culture medium (Kosourov, Seibert, & Ghirardi, 2003), optimization of culture me-
dium (Jo, Lee, & Park, 2006), and the addition of a small amount of sulfate in
sulfur-deprived culture medium (Kosourov et al., 2005). Sulfur-deprived C. reinhard-
tii was able to produce photobiological H2 production under photoautotrophic, photo-
heterotrophic, and photomixotrophic growth conditions (Kosourov et al., 2005). The
remodeling of photosystem II light-harvesting complex, LHCBM9 in C. reinhardtii
for photobiological H2 production under sulfur starvation conditions was also identi-
fied (Nguyen et al., 2008). Different strategies have been applied for photobiological
H2 production by adding iron to the growth medium of Anabaena (Prabina & Kumar,
2010), depriving culture medium of nitrogen to enhance H2 production (Philipps et al.,
2012), and mechanistically modeling sulfur-deprived photobiological H2 production
by including dense C. reinhardtii in culture medium, as well as changing light intensity
and delaying the growth of cyanobacteria (Williams & Bees, 2013).
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In addition, the intensity of light is important for photobiological H2 production in
cyanobacteria; Kim, Kang, Park, Kim, and Sim (2006b) observed maximum H2 pro-
duction by C. reinhardtii at 200 mmol/m2 s. Oxygen molecules are thought to inhibit
H2 evolution by hydrogenase. To examine this phenomenon, Markov, Eivazova, and
Greenwood (2006) used high-intensity light to suppress oxygen evolution in C. rein-
hardtii to evaluate H2 generation. When 2000 mmol/m2 s light intensity was applied
for 30 s, and then 15 mmol/m2 s, H2 production increased, demonstrating that the pho-
toinhibition of photosynthetic O2 evolution leads to anaerobiosis favorable for H2 pro-
duction (Markov et al., 2006).

Hence, light intensity is required for better H2 evolution in cyanobacteria; however,
the effect of light intensity depends on the species of different cyanobacteria (Dutta
et al., 2005). For example, Arthrospira platensis produces H2 by day and night under
anaerobic conditions. However, Spirulina platensis and Synechococcus elongatus
PCC 7942 produce H2 only in the dark under anaerobic conditions (Asada & Miyake,
1999) some species (Azospirillum brasilense and A. lipoferum) produce H2 only in the
presence of light (Stal & Krumbein, 1985). Therefore, we need to focus on the role of
photoperiod and light intensity for H2 production in cyanobacteria. Generally,
30e40 �C is the optimal temperature for cyanobacterial H2 production. However, it
has been also demonstrated that species of cyanobacteria produce more H2 at 22 �C
and others at 30 �C or 40 �C (Datta, Nikki, & Shah, 2000; Ernst, Kerfin, Spiller, &
B€oger, 1979; Serebryakova, Shremetieva, & Lindbald, 2000). The nutrient present
in culture medium is also important for generating H2 from cyanobacteria. For
example, 8 mM NH4

þ, 1.11 mM PO4
3�, and 0.69 mM SO4

2� in Tris-acetate phosphate
medium was the optimal condition for H2 evolution in C. reinhardtii (Jo et al., 2006).

10.2.8 Designing bioreactors to harvesting green algae

After the identification of suitable strains of algae and cyanobacteria, various bioreac-
tors can be used for photobiological H2 production by microorganisms in which light
energy is converted into biochemical energy. Some factors such as areaevolume ratio,
temperature, agitation, and gas exchange also influence the performance of bioreactors
(Dasgupta et al., 2010). Bioreactors can be used to harvest light energy more easily and
minimize energy loss. A few decades ago, Sathiyamoorthy and Shanmugasundaran
(1994) developed a polypropylene bag that was a simple and inexpensive culture
vessel on which to grow cyanobacteria. Later, tubular, flat panel, and bubble column
types of major bioreactors had been designed for photobiological H2 production
(Akkerman et al., 2002). Several types of photobioreactors have been designed; a
typical dual photobioreactor that uses sunlight to generate electricity and produce
H2 is depicted in Figure 10.3.

Based on the growth conditions of microorganisms, bioreactors are classified as two
types: one-phase and two-phase. In a one-phase bioreactor, H2 is produced by PSII
turnover and the activity of HydA enzyme (chloroplast hydrogenase enzyme) under
microoxic condition. The microoxic condition does not inhibit hydrogenase for H2

production. Similarly, the two-phase bioreactor consists of both aerobic and anaerobic
conditions for H2 production. In the two-phase type, cells are grown under aerobic
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conditions to accumulate more biomass, and then cells are transferred into sulfur-
deprived medium to induce H2 production (Hankamer et al., 2007). The quality and
quantity of light are also important for growing phototrophic microorganisms within
the bioreactor. To achieve this goal, a tank bioreactor and high surface areaevolume
ratio bioreactor were developed. Owing to the shading effects of light, tank bioreactors
have been considered less effective (Hankamer et al., 2007).

In addition, based on the effective production of biomass and H2 by microorgan-
isms, bioreactors are classified into two types: open system and closed system
(Dasgupta et al., 2010). The open system bioreactor is a simple and traditional system
in which algae and cyanobacteria can grow under natural conditions such as small
ponds, lakes, or artificial containers for biomass production. However, the efficiency
and collection of H2 are inconvenient. Hence, closed-system bioreactors are consid-
ered safe reactors for improving the biomass and H2 production efficiency of microor-
ganisms in a modern way, because photobioreactors have been designed to multiply
rapidly with a high density of microalgae biomass production (Evens, Chapman,
Robbins, & D’Asaro, 2000). Some important points for designing bioreactors for
photobiological H2 production are summarized by (Dasgupta et al., 2010):

1. Temperature control and an agitation system in photobioreactors
2. Use of mixed microorganisms for better employment of solar energy
3. More research on genetic and metabolic engineering of microorganisms to improve better

yield for overall performance of photobioreactors
4. Bioreactor performance with the same volume but different areaevolume ratio for a given

microorganism for H2 production

In addition, the genetic study of microorganisms and the design of an effective pho-
tobioreactor for the long-term cultivation of microorganisms are essential because to
date, photobioreactors have been developed only for laboratory purposes (Rosner &
Wagner, 2012). Apart from this, two-stage culture strategies have been developed to
induce the productivity of microalgae such as Chlorophyta and Scenedesmaceae.
These processes consist of fast growth induction in stage 1 followed by lipid induction
in stage 2. With this strategy, overall productivity was improved and a better quality of
biodiesel was obtained (Xia, Ge, Zhou, Zhang, & Hu, 2013). Comparatively, two-
stage culture strategies were more effective than biomass production by microalgae
in open ponds (Lin & Lin, 2011) or vertical tank bioreactors (Chinnasamy, Bhatnagar,
Claxton, & Das, 2010).

10.2.9 Feedstocks for photobiological H2 production

Hydrogen is the most abundant element in the universe but it does not exist alone in
nature. Therefore, H2 can by produced from hydrogen-containing substances or feed-
stocks such as water (H2O), natural gas by CH4, biomass (cellulose, hemicellulose, or
lignin), and hydrocarbons such as coal. Because of inadequate research on the mass
production of H2 by photobiological methods, H2 has been produced from different
varieties of feedstocks, from fossils to coal and natural gases. It has been predicted
that H2 will have a major role in the energy supply by 2100. Therefore, feedstock

Hydrogen production using photobiological methods 301

─ 58 ─



for biohydrogen production has significant value for future generations (Saratale,
Chen, Lo, Saratale, & Chang, 2008).

In the fermentative process, carbohydrates such as cellulose, hemicellulose, and
starch are popular feedstocks that are freely available in plant biomass and agricultural
waste (Nowak et al., 2005). Normally, organic acids are transferred from dark fermen-
tation to photofermentation, and thus the feedstock must contain low nitrogen com-
pound for nitrogenase-mediated H2 production (Chen, Yang, Yeh, Liu, & Chang,
2008; €Ozg€ur et al., 2010).

Hydrogen production by lignocellulosic fermentation uses the feedstock of corn
stover and microbial electrolysis cells (MEC) use fermentation waste as a feedstock;
thus, integration of lignocellulosic fermentation and MEC consume the fermentative
waste of fermentation as the MEC feedstock. Three main systems have been examined
for a fermentative system (James, Baum, Perez, & Baum, 2009):

• H2 production using dark fermentation of algal waste
• H2 production using dark fermentation of lignocellulosic feedstock (corn stover)
• H2 production from MEC using fermentation waste as a feedstock

Biogas is generated by anaerobic digestion of algal waste combined with several
feedstocks (Weiss, Patyk, & Schebek, 2011). Research has been conducted into opti-
mizing feedstock for photobiological H2 production; to produce H2, photosynthetic
bacteria Rhodopseudomonas used sewage and wastewater (Sunita & Mitra, 1993),
Rhodopseudomonas and Cyanobacterium anacystis used dairy and sugarcane waste-
water (Thangaraj & Kulandaivelu, 1994), Rhodobacter sphaeroides used feedstock
tofu wastewater (Zhu, Suzuki, Tsygankov, Asada, & Miyake, 1999), R. sphaeroides
O.U. 001 used sugar refinery wastewater (Yetis et al., 2000), and R. sphaeroides
O.U. 001 used brewery wastewater (Seifert, Waligorska, & Laniecki, 2010). Because
several different feedstocks such as organic waste and algal biomass are used, both
photofermentation and dark fermentation are considered to have potential advantages
(Ferreira, Ribau, & Silva, 2011; Yang, Guo, Xu, Fan, & Luo, 2011). Similarly, the
highest production of H2 was produced using pretreated biomass of microalgae Nan-
nochloropsis sp. as substrates for fermentation by immobilized Clostridium acetobu-
tylicum cells among pretreated biomass of various microalgae such as Arthrospira
platensis, Nannochloropsis sp., Dunaliella tertiolecta, Galdieria partita, Chlorella vul-
garis, Cosmarium sp., and Nostoc sp. (Efremenko et al., 2012). Nobre et al. (2013)
found the Nannochloropsis sp. to be a potential feedstock for dark and photofermen-
tative H2 production.

10.2.10 Hydrogen production by artificial photosynthetic
systems

Artificial photosynthesis as a chemical process replicates natural photosynthesis to
reduce anthropogenic carbon dioxide (CO2), increase fuel security, and provide a sus-
tainable global economy (Faunce et al., 2013). Because of the development of some
suitable technologies, we can develop artificial photosynthesis using artificial leaves
for the efficient conversion of solar energy into H2 and other fuels (Centi & Perathoner,
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2010, 2011). This method may be a potential technology for H2 production by
mimicking natural photosynthesis by green leaves. Therefore, research has been car-
ried out to harvest solar energy to produce H2 by artificial photosynthesis (Lewis &
Nocera, 2006; Nocera, 2009). In artificial photosynthesis, the artificial leaf must be
able to use sunlight and water to reduce CO2 and water into H2 (Centi & Perathoner,
2010, 2011; Roy, Varghese, Paulose, & Grimes, 2010). Hence, artificial photosyn-
thesis has created great interest owing to the employment of photoelectrochemical
cells (PEC) to use sunlight to produce solar fuel (Bensaid, Centi, Garrone, Perathoner,
& Saracco, 2012; Listorti, Durrant, & Barber, 2009; Walter et al., 2010). In practice,
solar-driven electrochemical fuel generation needs the integration of light-absorbing
and electrochemical components able to separate product fuels (Modestino et al.,
2013). Natural photosynthesis synthesizes glucose and oxygen in the presence of sun-
light. In the presence of sunlight, the excitation of chlorophyll molecules in PSII and
PSI generates ATP and NADPH along the ETC with the involvement of different pro-
tein complexes. Similarly, in artificial photosynthesis, the use of solar energy to pro-
duce NADPH as an electron donor by PSI must be achieved (Amao, Hamano, &
Shimizu, 2012). Thus, we have to know all biochemical pathways before constructing
an artificial photosynthetic system, because natural photosynthesis consists of the
involvement of several pigments, proteins, and enzymes. The main barrier is produc-
ing artificial leaves for artificial photosynthesis to mimic the overall reactions of nat-
ural photosynthesis (Cogdel et al., 2010).

In artificial photosynthesis, model molecular systems, electron donor and acceptor
assemblies, solar energy conversion by photo-induced charge separation, examination
of photoelectrochemical cells to convert solar energy into fuels, light-harvesting
component, charge separation, and catalysis in photosynthesis have been compared
with natural photosynthesis. The three key components for solar energy conversion
in artificial photosynthesis are light harvesting, charge separation, and catalysis
(McConnell, Li, & Brudvig, 2010). According to Nocera (2012), a light-dependent
reaction is required to mimic photosynthesis. Hence, artificial leaves were constructed
by adding catalysts (Co-OEC and NiMoZn) to a light-harvesting silicon-based semi-
conductor to split water. Those silicon semiconductors in artificial leaves may be
considered photosynthetic membranes in natural photosynthesis. The silicon junction
harvests sunlight and converts it into a wireless current through Si. Then, Co-OEC is
integrated with Si that functionalizes single-junction PEC. Several photochemical re-
actions that occur in this solar cell generate the photovoltage used for the water-
splitting reaction to generate H2 (Figure 10.4). In addition, electrocatalysts have
been designed for a light-driven charge separation system for solar fuel production
(Tran, Wong, Barber, & Loo, 2012). Based on the current situation, the concept of
an artificial leaf has been developed as a source of clean fuel. An artificial leaf can
be developed using a silicon-coated sheet that splits water into hydrogen and oxygen.
Silicon has become an attractive material with which to design an artificial leaf because
silicone is cheap and abundant and such cells can capture and store energy. Although
the development of an artificial leaf is still a scientific challenge, some concepts have
been developed to overcome technical difficulties. To overcome those difficulties,
some researchers have focused on artificial leaves for artificial photosynthesis to
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generate clean hydrogen. Hybrid strategies for solar water splitting based on dye-
sensitized photoelectrosynthetic cells (Alibabaei et al., 2013), by proposing natural
to artificial photosynthesis with artificial photocatalysts, hybrid photocatalysts for wa-
ter oxidation/proton reduction and hydrogen evolution, as well as construction of com-
plete photocatalytic system for hydrogen and oxygen evolution from water (Barber
and Tang, 2013), used a photovoltaic reactor for artificial photosynthesis, based on wa-
ter electrolysis to produce high-energy hydrogen atoms (Nong et al., 2014). An artifi-
cial photosynthetic system using TiO2 was developed that has the features of
photosynthesis to overcome the challenge of solar-driven water splitting and CO2
reduction. In addition, the photoreduction of CO2 into hydrocarbon fuels (CO and
CH4) has been demonstrated, which solves the architectural model of artificial photo-
synthesis to produce solar cells, fuel cells, or battery electrodes (Zhou et al., 2013).

The Joint Center for Artificial Photosynthesis developed an idea for artificial photo-
synthesis using a water-splitting photoconversion system that produces H2 directly
from water. As in plants, water oxidation takes place in PSII with the help of visible
light and electrons are transferred to the PSI with the help of electron transport medi-
ators in which carbon dioxide is reduced to carbohydrates during a dark reaction.
Plants prepare food (carbohydrates) with the help of water and carbon dioxide in
the presence of visible light (Figure 10.5(a)). Scientists are trying to mimic the wonder-
ful work carried out by green leaves. In this regard, different concepts have been pro-
posed to prepare artificial leaves. The Joint Center for Artificial Photosynthesis
proposed a model to design artificial leaves, is illustrated in Figure 10.5(b).

According to this model, water oxidation and reduction half-reaction take place
separately in two different systems, as in natural photosynthesis. Semiconductor nano-
wires are used for water oxidation as well as the reduction half-reaction after modifi-
cation with water oxidation and reduction catalyst, respectively. Upon irradiation
of visible light, the nanowires absorb visible light and water is oxidized to produce
oxygen, electrons, and protons. Electrons travel through semiconductor wires to the
reduction side whereas protons are transferred to the reduction side with the help of

H2O

O2

2H2

NiMoZn for
Fd of PSI

4H+

Protective
barrier layer

Co-OEC for
PSII OEC

Si junction
(for photosynthetic membrane)

Figure 10.4 Construction of an artificial leaf. The photosynthetic membrane is replaced by an Si
junction that performs light capture and conversion to a wireless current. The oxygen-evolving
complex and ferredoxin reductase of the photosynthetic membrane are replaced by Co-OEC and
NiMoZn OER and HER catalysts, respectively, to perform water splitting.
Figure and legend adopted from Nocera (2012).
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proton-conducting membrane (Nafion), in which protons are reduced to hydrogen
gas. In this way, water splitting (generation of H2 and O2) can be achieved with
high efficiency separately in two different systems. The development of an efficient
catalyst for water oxidation to evolve O2 is a key task for yielding breakthrough water
splitting. Ruthenium- and iridium-based catalysts show better performance but they
are scarce and expensive (Liu & Wang, 2012; Singh & Spiccia, 2013). Thus, earth-
abundant elements are more promising (Hocking et al., 2011).

10.3 Advantages and disadvantages of hydrogen
production using photobiological methods

Photobiological H2 production has several advantages as compared with other
methods such as petroleum refining, coal gasification, fossil fuel, and thermochemical
techniques because those processes are hazardous. Hence, photobiological H2 produc-
tion can be considered as an effective method for producing pure and clean H2 gas,
although it has some disadvantages; therefore, the advantages and disadvantages of
photobiological production are given below.

10.3.1 Advantages of hydrogen production
using photobiological methods

• Photobiological H2 production uses microorganisms to convert solar energy into hydrogen
gas.

• Photobiological H2 production, especially by photosynthetic microorganisms, has several
advantages because it requires simple techniques and low-cost energy (natural sunlight)
compared with electrochemical H2 production based on water splitting. Hence, these
methods only use sunlight and water as renewable sources of energy.

• Photobiological H2 production does not emit environmentally polluting gases and toxic
compounds.

• Pure and clean H2 can be produced by photobiological methods.
• Green algae, cyanobacteria, and photosynthetic bacteria are abundant everywhere and we can

easily grow them under suitable artificial conditions. Most of these microorganisms are not
environmentally harmful. Hence, we can easily grow such microorganisms to fulfill our goal.

• During photobiological H2 production, many photosynthetic bacteria can use wide-spectrum
light energy and organic waste (Hussy, Hawkes, Dinsdale, & Hawkes, 2003).

• Photobiological H2 production by microorganisms under anaerobic conditions produces
valuable metabolites such as lactic acid, butyric acid, and acetic acid as byproducts (Lay,
2000; Lin & Chang, 1999).

• The photon conversion efficiency to produce H2 from sunlight is high: w10e16% (Kruse
et al., 2005, Prince & Kheshgi, 2005).

• This method is useful for carbon sequestration. Solar-powered H2 production by microorgan-
isms has a unique process for CO2 sequester. In the aerobic phase, CO2 is converted into
biomass; in the anaerobic phase H2 is subsequently produced (Hankamer et al., 2007).

• Biohydrogen production by photosynthetic microorganisms requires the use of a simple solar
reactor such as a transparent closed box with a low energy requirement (Parmar, Singh,
Pandey, Gnansounou, & Madamwar, 2011).
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• Hydrogen production by sunlight is cheap compared with the current fossil fuel system and
the synthetic fossil fuel system for H2 production.

10.3.2 Disadvantages of hydrogen production using
photobiological methods

• Hydrogenase is inactivated in the presence of molecular oxygen in microorganisms.
• In green algae the simultaneous production of O2 and H2 inhibits hydrogenase activity by O2.

The presence of uptake hydrogenase in cyanobacteria and photosynthetic bacteria also de-
creases H2 production (Dasgupta et al., 2010).

• Production of H2 by photofermentation is low (Hussy et al., 2003).
• The exact metabolic pathway for H2 production by microorganisms is not clear. In addition,

there is no clear contender for a robust, industrially capable microorganism that can be meta-
bolically engineered to produce more H2. Several engineering issues need to be addressed,
including an appropriate bioreactor design for H2 production (Bhutto et al., 2011).

• Photosynthetic bacteria do not produce more H2 that will fulfill public demands (Bhutto
et al., 2011).

• The development of a new strain of microorganisms is required to enhance high solar con-
version efficiency for H2 production.

• Mass cultivation of green algae and cyanobacteria is difficult because it may require a large
surface area. Also, the yield of H2 production by these microorganisms is not high, which
may not fulfill demand.

• Scaling-up and materials for construction of several photobioreactors are costly, and there are
many disadvantages (Dasgupta et al., 2010).

• Storing hydrogen is expensive because it needs to be compressed.
• Construction of artificial leaves for artificial photosynthesis is an expensive method for

generating H2.

10.4 Future trends to improve photobiological H2
production

Photobiological H2 production using photosynthetic microorganisms such as bacteria,
algae, and cyanobacteria is an exciting topic for research. Currently, H2 is considered a
fuel for the future as a renewable source of energy that does not create greenhouse
gases. In addition, the method of photobiological H2 production using photosynthetic
microorganisms shows promise and great interest for generating carbon-free, clean,
and pure H2 from abundant natural resources such as water and sunlight. However,
feasible and commercial exploration for better yield of H2 is required. Further explo-
ration is needed to improve photosynthetic microorganisms by either metabolic or
genetic engineering. There are some ideas for improving photobiological H2 produc-
tion: (1) identifying the most suitable microorganisms and incorporating hydrogenase
and nitrogenase into selected microorganisms, (2) optimizing culture conditions,
(3) stabilizing photobioreactors, (4) improving feedstocks, (5) performing comparative
analyses of photobiological H2 production, (6) improving H2 yield using cheap or cost-
effective raw materials, (7) exploring novel species of photosynthetic microorganisms
that use better solar energy to improve H2 production, and (8) improving
photobioreactors for better propagation of microalgae for effective H2 production.
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List of acronyms

ATP Adenosine triphosphate
NADPH Nicotinamide adenine dinucleotide phosphate
NADH Nicotinamide adenine dinucleotide
CO2 Carbon dioxide
H2O Water
H2 Hydrogen
O2 Oxygen
PNSB Purple non-sulfur bacteria
eL Electron
HD Proton
PSII Photosystem II
PSI Photosystem I
Fd Ferredoxin
FNR Ferredoxin-NADPþ-reductase
PQ Plastoquinone
LED Light-emitting diode
MEC Microbial electrolysis cell
PEC Photoelectrochemical cell
Si Silicon
JCAP Joint Center for Artificial Photosynthesis
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CHAPTER 53

Crustacean Hyperglycemic
Hormone

Tsuyoshi Ohira

Abbreviation: CHH
Additional names: family members include molt-inhibiting
hormone (MIH), vitellogenesis-inhibiting hormone (VIH), and
mandibular organ-inhibiting hormone (MOIH)

Pleiotropic hormones referred to as eyestalk hormones are pro-
duced by the most important crustacean endocrine organ, the
X-organ sinus gland complex, and are members of the CHH
family peptides.

Discovery

A CHH regulating hemolymph glucose levels as a hyperglyce-
mic factor was first isolated and sequenced from the shore
crab Carcinus maenas in 1989 [1]. Subsequently, a MIH and a
VIH were isolated and characterized from C. maenas [2] and
from the American lobster Homarus americanus [3], respec-
tively. MIH controls molting by suppressing synthesis and/or
secretion of ecdysteroids by the Y-organ. VIH regulates the
onset of vitellogenesis by suppression of vitellogenin synthe-
sis. Later, MOIH, inhibiting methyl farnesoate synthesis and/or
secretion by the mandibular organ, was purified and
structurally determined from the crab Cancer pagurus [4]. In
C. maenus, it has been shown that CHH is produced in non-
eyestalk tissues such as the pericardial organ and the gut [5,6].

Structure

Structural Features
CHH, MIH, VIH, and MOIH are members of the CHH family
peptides. These peptides are mostly 72�78 aa residues in
length, having 6 conserved cysteine residues that form three
intramolecular disulfide bonds. CHH family peptides are
divided into two subtypes based on the absence (type I) or
presence (type II) of a glycine residue at position 12 in the
mature peptide (Figure 53.1).

Primary Structure
Most eyestalk CHH belongs to type I and consists of 72 aa
residues with a C-terminal amide. The C-terminal amide is
important for its hyperglycemic activity [5]. In H. americanus
and several crayfish species, stereoisomer isoforms (D-phe-
nylalanine) have been found [5]. Long-type CHH isoforms
(non-eyestalk type) produced by alternative splicing have
been found in C. maenas and the giant freshwater prawn
Macrobrachium rosenbergii [5]. N-terminal aa sequences of

eyestalk CHH and non-eyestalk CHH are common (positions
1�40), but the remaining C-terminal sequences differ consid-
erably. MIH, VIH, and MOIH are grouped as type II, because
they have a characteristic glycine residue at position 12 [6].
MIH, VIH, and MOIH are longer than CHH. All of the pep-
tides have a free N-terminus, and most of them are not ami-
dated at the C-terminus. The molecular weights of CHHs
range from 8,200 to 8,700, and those of MIHs, VIHs, and
MOIHs range from 9,000 to 9,500.

Synthesis and Release

Gene, mRNA, and Precursor
CHH genes occur in multiple isoforms of two-exon (Penaeus
monodon CHH1) [7], three-exon (Metapenaeus ensis CHHA
and CHHB) [6], or four-exon genes (C. maenas and M. rosen-
bergii CHHs) [5]. Four-exon CHH genes express multiple
mRNAs, eyestalk CHH mRNA (Exons 1, 2, and 4), and non-
eyestalk CHH mRNA (Exons 1�4) by alternative splicing. The
CHH precursor consists of a signal peptide, CHH-precursor
related peptide, dibasic cleavage site, mature CHH, and an
amidation signal (eyestalk CHH only). MIH and MOIH genes
consist of three-exon genes only. There have been no data
for VIH genes. Type II peptide (MIH, VIH, and MOIH) pre-
cursors consist of a signal peptide and mature peptide. The
organization of a type II peptide precursor is apparently dif-
ferent from that of type I (CHH).

Distribution of mRNA
Eyestalk CHH mRNA is detected most abundantly in the
X-organ, but also in non-eyestalk tissues such as the ventral
nerve cord and gut. Long-type CHH isoforms (non-eyestalk
type) are expressed in the pericardial organ in C. maenus,
and in the heart, gills, antennal glands, and thoracic ganglion
in M. rosenbergii [5]. Most type II peptide genes are expressed
only in eyestalk neurons.

Regulation of Synthesis and Release
CHH is secreted to hemolymph in response to stressful condi-
tions such as emersion, hypoxia, drastic thermal change, bac-
terial endotoxins, parasitism by dinoflagellates, and heavy
metal pollutants [5]. Exercise also stimulates CHH release
from the sinus gland. Serotonin (5-hydroxy-tryptamine; 5HT)
is a CHH-releasing agent, while Leu-enkephalin and glucose
are inhibitory chemicals.
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Receptors

CHH-, MIH-, VIH-, and MOIH-receptors have not yet been iden-
tified. Membrane-bound guanylate cyclase (GC) is presumed to
be a candidate as a CHH receptor, because cGMP is used as a
second messenger of CHH signaling [5]. Regarding second mes-
sengers involved in MIH signaling, both cAMP and cGMP are
implicated in the regulation of ecdysteroidogenesis in various
crustacean species [5]. Therefore, several reports suggest that
the MIH receptor is a GPCR but not a membrane-bound GC.

Biological Functions

Crustacean Hyperglycemic Hormone
Eyestalk CHH controls crustacean hemolymph glucose levels as
a hyperglycemic factor. Hyperglycemia is a result of mobiliza-
tion of glycogen in target tissues such as the hepatopancreas
and abdominal muscles. Steady CHH hemolymph levels of
Carcinus maenas are 25 fmol/ml in the winter and 50�55 fmol/
ml in the summer [8]. Recent studies have revealed that eyestalk
CHHs in many species have pleiotropic functions, such as MIH,
MOIH, and VIH activities [5,8,9]. Eyestalk CHH also possesses a
role in osmo/ionoregulation at the gill in euryhaline crustacean
species. CHH expressed in the gut, the aa sequence of which is
identical with that of eyestalk CHH, contributes as an another
osmoregulator in, for example, ion transport at the gills and
water uptake for the purpose of enlarging body size after molt-
ing. A few studies have shown that eyestalk CHH is probably
involved with inhibitory regulation of the androgenic gland
(AG). The biological functions of long-type CHH isoforms (non-
eyestalk type) have not yet been elucidated.

Molt-Inhibiting Hormone
MIH inhibits molting by suppressing synthesis and/or secre-
tion of the molting hormone (ecdysteroid) by the Y-organ,
except at the premolt stage when ecdysteroids are released to
trigger ecdysis. The MIH hemolymph level of the American
crayfish Procambarus clarkii is around 5�6 fmol/ml at the
intermolt stage and decreases to 1.28 fmol/ml at the early pre-
molt stage [10]. American lobster, H. americanus, CHH also
showed MIH activity [5].

Vitellogenesis-Inhibiting Hormone
VIH inhibits vitellogenin synthesis by the ovary and/or hepa-
topancreas as well as vitellin accumulation in the oocytes,
thus negatively controlling crustacean vitellogenesis. In some
penaeid shrimp species, CHHs decrease vitellogenin gene
expression in the cultured ovary in vitro [8].

Mandibular Organ-Inhibiting Hormone
The mandibular organ is the site of synthesis of methyl far-
nesoate (MF), the unepoxidated precursor of insect juvenile
hormone III. The biological functions of MF in crustaceans
have not yet been well defined. MOIH inhibits MF synthesis
and/or secretion by the mandibular organ. In the spider crab
Libinia emarginata, CHH showed both hyperglycemic activ-
ity and MF synthesis inhibition activity [5].
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Using a DC-driven Peltier device, we fabricated a DNA amplification system [polymerase chain reaction (PCR) system] with the aim of increasing
its speed and precision. The Peltier device had a well block sandwiched by Bi2Se0.37Te2.36 as an N-type thermoelectric material and Bi0.59Sb1.30Te3
as a P-type material. The well block was directly controlled by the electric current, leading to a high thermal response. Using the Peltier device with
the well block, we performed thermal cycles of a PCR, and we demonstrated that our PCR system produces a smaller amount of nonspecific
products for the genome DNA (gDNA) of Arabidopsis thaliana, leading to a more precise DNA amplification system.

© 2015 The Japan Society of Applied Physics

1. Introduction

The polymerase chain reaction (PCR) system is an extremely
important and well-established technique for DNA ampli-
fication, which is widely used in genome sequencing,
forensics, and the diagnosis of various diseases. For a
successful PCR, precise temperature control is required, and
during a PCR process, specimens are subjected to multiple
thermal cycles (∼25 cycles) typically at three temperatures:
94, 55, and 72 °C. Transitions between these temperatures
must be conducted rapidly and within a certain temperature
resolution (±0.2 °C). To perform these thermal cycles, com-
mercially available PCR systems include a Peltier module as
a thermal cycler. The Peltier modules have a structure called
the π-structure1) and they are widely used to precisely control
the temperature of devices such as infrared detectors, thermal
stabilizers for laser diodes, charge-coupled devices, and
cooling stage.2)

In commercially available PCR systems, the Peltier
module controls the temperature of the metallic blocks
embedded in the PCR system. This fact significantly means
that the thermal response of a PCR system cannot in principle
exceed that of the Peltier module itself. Consequently, to
overcome this problem, we have proposed and fabricated a
PCR system with a novel thermal cycler using a Peltier
device with a higher thermal response.

To realize rapid PCR systems, their miniaturization has so
far been performed using a microreactor, a capillary, or silicon
technology.3–20) However, the improvement of our novel
system compared with conventional systems in terms of the
reduction in the amount of nonspecific products cannot be
attributed to the miniaturization itself because reagents act
differently in a miniaturized space compared with in the space
of conventional tubes. To clarify the effect of our Peltier
device on the PCR, the use of conventional PCR tubes, in
which sufficient heat convection occurs, is necessary. In this
study, we used polypropylene tubes, which are commonly
used in PCR systems.

We previously fabricated devices with a PN sandwich
structure.21–24) Recently, we have incorporated such devices
into a customized PCR system. As shown in Fig. 1, the
device is characterized by a metallic tip directly sandwiched
between a P-type thermoelectric material and an N-type
material. The tip is cooled or heated directly by the Peltier

effect, resulting in a high thermal response. Using this
DC-driven Peltier device, we have recently fabricated a PCR
system with the ultimate aim of realizing a rapid and precise
PCR system for early diagnoses that can be used at home or
outside laboratories.

2. Experiment

2.1 Device structure
Figure 1 shows the schematic structure (inlet) and a photo-
graph of our Peltier device embedded in a thermal cycler. The
P- and N-type thermoelectric bulks are located between Cu
heat sinks, which also serve as electrodes. Our device has a
well block of copper placed between the P- and N-type bulks.
This well block is formed by transforming an electrode so
that it partially protrudes from the matrix bulks, and the well
block is used to directly cool or heat objects. A conventional
π-type Peltier device is difficult to modify or adapt, whereas
for our device, the block shape can be easily changed. Our
structure has the following advantages: (i) the absolute
absorption of heat at the well block is sufficiently large
because the matrix bulks are large; (ii) to apply the device to
different-size areas, the well block is simply exchanged for
one of an appropriate size; (iii) nanotechnology can be used
for the fabrication of the well block; (iv) efficient Peltier
heating can be applied, which has not been achieved so far;
and (v) its fabrication has a low cost. Advantage (i) has the
greatest importance when a very small object is cooled. If the

Fig. 1. (Color online) Photograph of our Peltier device and (inset)
schematic structure of our PN-sandwiched well block.
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size of the Peltier device is decreased, the absolute cooling
power will decrease markedly because it is strongly related to
the volume of the device, even when the absolute power per
unit area is unchanged.

The well block of copper between the P- and N-type bulks
has a square base of 3.5 × 3.5mm2 and a circular top with
a diameter of 5.5mm. The inner shape of the well block
was manufactured to fit the shape of the PCR tube used. The
thermoelectric materials were Bi2Se0.37Te2.36 for the N-type
material and Bi0.59Sb1.30Te3 for the P-type material. The
size of the materials was 3.2 × 3.2 × 1.7mm3. The use of
a metallic well block allows the Peltier effect to occur
thermally with high electrical efficiency at the interface
between the well block and the N- or P-type material.
Because our PCR system has a single well block of copper
directly sandwiched between the P- and N-type materials
mentioned above, the well block can be directly cooled or
heated by the Peltier effect.

2.2 Fundamental properties of the device
Here we describe the fundamental properties of our Peltier
device with a PN sandwich structure. The rate of heat absorp-
tion Qc and that of heat radiation Qh of our Peltier device are
expressed in terms of Qpc (heat absorption on cold side), Qph

(heat radiation on hot side), Qj (Joule heat), and Qk (heat by
thermal conduction). Thus, as follows:

Qc ¼ Qpc � Qj �Qk ¼ �TcI � 1

2
RI2 � KðT0 � TcÞ; ð1Þ

Qh ¼ Qph þQj �Qk ¼ �ThI þ 1

2
RI2 � KðTh � T0Þ: ð2Þ

Here α, R, K, and T0 are the Seebeck coefficient, electric
resistance, and thermal conductance of the device, and the
temperature of the radiation plates (equal to that of the
cooling water), respectively. The values for the Peltier device
are α = 400 × 10−6V=K, R = 3.4 × 10−5Ω, K = 0.0374
Wm−1 K−1, and T0 = 15 °C.21) On the basis of the above
values, the estimated values of Qc and Qh as a function of
current are plotted in Fig. 2. The maximum values of Qc and
Qh were 1.6 and 2.9W, respectively, at a current of 20A.

For an actual PCR system, a high thermal response is
required as well as high heat absorption and radiation. Using
the experimental data obtained from the transient character-
istics of the temperature of our Peltier device, the time con-
stants τc (for cooling) and τh (for heating) were estimated
using the expressions below, and their minima were 1.2 and
2.0 s, respectively, at a current of 20A.

The thermal time constants were evaluated through a
time-transient experiment, in which the temperature of the
well block was measured as a function of time. Then, the
thermal time constants were estimated using the following
equations:

T ¼ Tc þ �Tc exp � t

�c

� �
; ð3Þ

T ¼ Th þ�Th exp � t

�h

� �
ð4Þ

for the cooling operation and for the heating operation. Here,
Tc and Th are the saturated temperatures during cooling
and heating, and ΔTc and ΔTh are (T0 − Tc) and (Th − T0),
respectively.

The time constants for cooling (blue points) and heating
(red points) are plotted in Fig. 3. Note that these time con-
stants indicate the net thermal response of the Peltier device,
reflecting its controllability for an ideal thermal cycle.

For conventional Peltier devices, the thermal response is
limited by that of the PN elements themselves.

From this viewpoint, Fig. 3 shows the thermal response
of the PN elements of our Peltier device. For a conventional
Peltier device, the time constant is typically approximately
30 s.25)

Note that these time constants indicate the net thermal
response of the Peltier device, reflecting its controllability for
an ideal thermal cycle.

2.3 PCR system
The Peltier device with the above characteristics was set in a
thermal cycler that was electrically connected to a temper-
ature controller and a power supply as shown in Fig. 4. To
induce the radiation of the Peltier device, water flows in the
copper electrodes. The power supply (a driver in the case of
our Peltier device) was laboratory-built to make it suitable for
the low voltage and high current of the device. The structure
of the power supply is shown in Fig. 5. The resultant elec-
trical resistance of the device was as small as 10mΩ, and,
consequently, the typical applied voltage and current were
0.3V and 20A, respectively; no power supply that can drive
such a device is commercially available.

Conventional regulators are classified into two types:
switching regulators and linear regulators. Although a switch-
ing regulator has higher efficiency, it is impossible to apply
a voltage of 0.3V to a device as a current source. On the
other hand, although a linear regulator has the advantage
that a continuous voltage can be applied to a device as a
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current source, the loss between the input power and output
power is large, leading to heat generation. Consequently,
a radiator is necessary, and particularly in this case, a rather
large amount of radiation is inevitable; if a typical power
supply (±15V, ±5A) for a conventional commercially
available Peltier module is introduced into our Peltier device,
the heat produced is estimated to be as large as 294W. To
radiate such a large amount of heat, an extremely large
radiation system will be necessary, which is not practical.
To overcome this problem, as shown in Fig. 5, we have
developed and introduced our own power supply involving
the combination of a switching regulator and a linear
regulator to drive the device, where, depending on the output
voltage of the switching regulator, the roles of the two types
of regulator are changed: for lower voltages, the linear
regulator is used, and for higher voltages, the switching
regulator is used. The control signals were added through
analog current loops of 4–20mA. The switching regulator
is a DC–DC converter (Fujitsu FPLR12TR7530PA) and the
linear regulator is mainly composed of a MOSFET (Renesas
2SK3163).

Using the PCR system embedded together with the
PN-sandwiched Peltier device and the custom driver, 25
thermal cycles under the same conditions given below were
performed, and the first two cycles are shown in Fig. 6. It is
shown that almost rectangular thermal cycles were performed
using our Peltier device and system with a PCR tube
containing 30 µL water. The temperature was measured at
the well block. As shown in the next section, our system
showed clearer PCR amplification of the target DNA than a
commercially available system.

3. Results and discussion

To compare the performance between our thermal cycler
and an iCycler (BioRad), a PCR was performed using
genomic DNA (gDNA) of Arabidopsis thaliana (L.)
Heynh. (ecotype Columbia) as the template. The primer
sequences were 5A-GTCTGCGACTAGAGGCGGAG-3A and
5A-TCCTTGCTCACCACCACCG-3A. The target was a
1,000 bp region in the AT1G15830 gene on chromosome 1
(GenBank accession: CP002684). The gDNA was extracted
from Arabidopsis thaliana plants grown at 25 °C under a
short-day condition with a light period of 14 h. The gDNA
was prepared in accordance with the technique in Ref. 26.
Whole plants were crushed into a fine powder in liquid
nitrogen using a mortar and pestle. The powder was sus-
pended in an extraction buffer [100mM Tris–HCl, pH 8,
20mM EDTA, 3% (w=v) hexadecyltrimethylammonium
bromide, 1% (w=v) poly(vinyl pyrrolidone) (MW 40,000)].
The suspension was incubated at 65 °C for 30min. Then, an
equal volume of chloroform was added, which was followed
by mixing by gentle shaking at room temperature for 30min.
Following centrifugation at 17,000 g for 10min, the upper
aqueous layer was collected. The gDNA was separated by
2-propanol precipitation and resolved in 10mM Tris–HCl
(pH 8) and 0.1mM EDTA. The PCR solution was composed
of 0.5 ng=µl gDNA, 0.2 µM of each primer, 0.2mM of each
dNTP, 2.0mM MgCl2, 1× Ex Taq buffer, and 0.025 unit=µl
Ex Taq DNA polymerase (Takara Bio). The reaction
conditions for our PCR were as follows: 94 °C for 4min
for the initial denaturation, 25 cycles (94 °C for 30 s for
denaturation, 48–62 °C for 20 s for annealing, and 72 °C
for 60 s for extension steps), and then 72 °C for 3min for
additional extension.27,28) The maximum rate of ramping up
and down was 3 °C=s in all steps. The PCR using the iCycler
was carried out with the following program: 94 °C for 4min,
25 cycles (94 °C, 30 s for denaturation, 48–62 °C for 20 s for
annealing, and 72 °C for 60 s for extension), and 72 °C for
3min. Figure 7 shows that the primers caused several non-
specific amplifications and less amplification of the targets
for the iCycler, while the nonspecific products were less
amplified and the target was amplified by our system. The
blur in Fig. 7 indicates the generation of nonspecific pro-
ducts. Moreover, in Fig. 7, Ta is the annealing temperature, at
which primer bases combined with DNAs, and kb denotes
kilobases of DNA pairs. The intensity of blur for DNA
nonspecific products as a function of annealing temperature
Ta is shown in Fig. 8. PI and PNS correspond the conven-
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tional system used in this study and our system, respectively.
At any annealing temperature, the intensities for PNS are
much weaker than those for PI. In other words, the degree of
blur in DNA nonspecific products is outstandingly reduced
using our PCR system. The above results demonstrate that
the rapid thermal response of our PCR system leads to a
smaller amount of nonspecific products than that for the
commercially available PCR system; the temperature ramp-
ing rate significantly affects the annealing process of DNA.
This is because the apparently longer time for annealing proc-
ess causes primers to be annealed nonspecifically, namely,
the primers are mismatched: in other words, for our system,
before primers are nonspecifically annealed, the temperature
rapidly changes to the desired temperature. We intentionally
employed commonly used standard PCR tubes because the
experimental results for PCR products can be easily com-
pared between our PCR system and other systems.

Note that greatly superior results are expected when
smaller tubes are used. This can be easily achieved since the
well block is fabricated in accordance with the size of the
tube then is simply sandwiched between the P- and N-type
thermoelectric materials. Furthermore, if our PCR system is

linked to a microdevice, such as a microreactor, a portable
PCR system with high speed and precision will be realized in
the future.

4. Conclusions

Using our novel PCR system with a current-driven PN
sandwich structure, it was demonstrated that the thermal
response of the system produces a smaller amount of non-
specific products for the gDNA of Arabidopsis thaliana than
that for commercially available PCR systems.
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Complete Genome Sequence of the Bacteriochlorophyll b-Producing
Photosynthetic Bacterium Blastochloris viridis
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We report the complete genome sequence of the purple photosynthetic bacterium Blastochloris viridis belonging to
�-Proteobacteria. This is the first completed genome sequence of a phototroph producing bacteriochlorophyll b. The genome
information will be useful for further analysis of the photosynthetic energy conversion system and bacteriochlorophyll pigment
biosynthesis.
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Blastochloris viridis is a member of anoxygenic phototrophic
bacteria in the phylum Proteobacteria (�-2 subclass) (1, 2),

which are often called “purple bacteria.” This bacterium is unique
because it produces bacteriochlorophyll (BChl) b which has an
absorption maximum in the near-infrared light region (3, 4),
whereas most isolated purple bacteria produce BChl a (5, 6). Pho-
tochemical reaction center complexes of B. viridis were the target
proteins for the study revealing the first crystal structure of mem-
brane protein complexes (7), and three of the authors won the
Nobel Prize in Chemistry in 1988. In 2004, we sequenced the pho-
tosynthetic gene cluster of B. viridis using an inverse PCR and
Sanger method, and some genes in the cluster have already been
deposited at GenBank (accession no. AB738834). For the better
understanding of photosynthetic processes based on BChl b and
the biosynthetic pathways of the pigment, we determined the
complete genome sequence of B. viridis DSM 133 (1).

Genome sequencing was performed using the MiSeq system
(Illumina). An 800-bp paired-end library and an 8-kbp mate-pair
library were prepared using the TruSeq DNA PCR-free sample
preparation kit (Illumina) and Nextera mate-pair sample prepa-
ration kit (Illumina), respectively. The libraries were sequenced
with the MiSeq Reagent kit v3 (600-cycles; Illumina). The reads
were filtered using ShortReadManager based on 17-mer frequency
(8). A total of 198-Mbp paired-end reads and 218-Mbp mate-pair
reads were assembled using Newbler version 2.9 (Roche), yielding 1
scaffold and 58 large contigs (�1 kbp). Gap sequences between
the contigs were determined in silico using GenoFinisher and
AceFileViewer (8), followed by PCR and Sanger sequencing. We suc-
ceeded in determining the complete genome sequence of B. viridis
strain DSM 133, which comprises one circular chromosome of
3,861,362 bp. The G�C content of the genome was calculated to be
67%. Gene prediction and functional annotation were carried out
with Rapid Annotations using Subsystems Technology (RAST)

(9), revealing 3,576 protein-coding genes, 9 rRNAs, and 47
tRNAs.

Most of the genes related to photosynthetic activities were clus-
tered in a region on the genome forming the so-called photosyn-
thetic gene cluster (PGC) (10). The PGC of B. viridis includes
genes for photochemical reaction center complexes (pufLMC and
puhH), light-harvesting proteins (pufBA), bacteriochlorophyll
biosynthesis (bchPGFNBHLMIDCXYZ), and carotenoid biosyn-
thesis (crtIBE). A characteristic of the PGC of this organism is the
presence of genes for carbon fixation in the middle of PGC. The
bchE and bchJ genes are known to be involved in bacteriochlorophyll
biosynthesis (11, 12), but are not located in PGC. As we already re-
ported using the draft genome sequence (4), the bciA gene encoding
divinyl-chlorophyllide reductase found in BChl a-producing purple
bacteria are missing in the genome of B. viridis. This genome infor-
mation will contribute to our understanding of bacteriochlorophyll
biosynthetic pathways and photosynthetic apparatuses in B. viridis.

Nucleotide sequence accession number. The complete ge-
nome sequence of B. viridis DSM 133 has been deposited at the DNA
Data Bank of Japan (DDBJ) under accession number AP014854.
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Involvement of thioredoxin on the scaffold activity of NifU in
heterocyst cells of the diazotrophic cyanobacterium Anabaena
sp. strain PCC 7120
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The diazotrophic cyanobacterium Anabaena sp. strain
PCC 7120 (A.7120) differentiates into specialized het-
erocyst cells that fix nitrogen under nitrogen starvation
conditions. Although reducing equivalents are essential
for nitrogen fixation, little is known about redox sys-
tems in heterocyst cells. In this study, we investigated
thioredoxin (Trx) networks in Anabaena using TrxM,
and identified 16 and 38 candidate target proteins in
heterocysts and vegetative cells, respectively, by Trx
affinity chromatography (Motohashi et al.
(Comprehensive survey of proteins targeted by chloro-
plast thioredoxin. Proc Natl Acad Sci USA, 2001;98,
11224�11229)). Among these, the Fe�S cluster scaffold
protein NifU that facilitates functional expression of
nitrogenase in heterocysts was found to be a potential
TrxM target. Subsequently, we observed that the scaf-
fold activity of N-terminal catalytic domain of NifU is
enhanced in the presence of Trx-system, suggesting that
TrxM is involved in the Fe�S cluster biogenesis.

Keywords: cyanobacteria/heterocyst/nitrogen fixation/
redox regulation/thioredoxin.

Abbreviations: DTT, dithiothreitol; GSH, glutathione;
GSSG, oxidized glutathione; MALDI-TOF MS,
matrix-assisted laser desorption ionization time-of-
flight mass; NTR, NADPH-thioredoxin reductase;
PEO, maleimide-PEG11-Biotin; PMF, peptide mass
fingerprint; RbcL, ribulose-1,5-bisphosphatase large
precursor; SDS�PAGE, sodium dodecyl sul-
phate�polyacrylamide gel electrophoresis; TCA, tri-
carboxylic acid; Trx, thioredoxin.

Thioredoxin (Trx) is a ubiquitous redox protein that
contributes to a number of physiological processes by
controlling target enzyme activities and supplying

reducing equivalents to anti-oxidative stress proteins.
The dithiol/disulphide exchange active site of Trx
bears the sequence motif ‘WCGPC’ and was originally
characterized by Holmgren et al. (1). Subsequently, the
molecular mechanism for reduction of target proteins
by Trx was elucidated (2). In 2001, Motohashi et al.
developed a Trx affinity chromatography (3, 4) to cap-
ture potential Trx-targeted proteins by immobilizing
mutant Trx containing the substituted motif WCGPS
on chromatographic resin. The absence of the second
cysteine results in suspension of the dithiol/disulphide
exchange reaction at the mixed disulphide intermedi-
ate, allowing capture of Trx-targeted proteins on the
resin. Following biochemical studies revealed that en-
zymatic activities of various metabolic enzymes are ac-
tually regulated by Trx through the reduction of
disulphide bond in the enzyme in plant cells, chloro-
plasts, mitochondria and bacteria (5�9).

The filamentous cyanobacterium Anabaena sp. strain
PCC 7120 (A.7120) has an ability for nitrogen fixation
by forming specialized heterocysts under nitrogen star-
vation conditions, and is often used in studies on cell
differentiation as a model (10). Heterocysts are termin-
ally differentiated cells that contribute to microoxic en-
vironments, which are necessary for the function of
nitrogen-fixing enzyme, nitrogenase. Differentiation of
heterocysts from vegetative cells is established by a
number of morphological and biochemical changes,
including the disassembly of photosystem II, biosynthe-
sis of glycolipid or polysaccharide for formation of spe-
cialized envelopes and enhancement of oxidase activity
to protect nitrogenase from oxygen (11, 12).

The A.7120 genome encodes eight Trxs (alr0052,
all1866, all2367, alr2341, alr3955, all1893, asl7641
and alr2205), two NADPH-dependent Trx reductases
(all0737 and alr2204) and two ferredoxin-dependent
Trx reductases (alr4065 and asl2469). Based on se-
quence homology and the presence of conserved se-
quences, Trx genes have been classified into four
distinct types: TrxM (alr0052 and all1866), TrxX
(alr2341), TrxY (all1893) and TrxZ (alr3955), which
exclude asl7641 and alr2205 (13). However, few reports
demonstrate interactions between Trx and its binding
partners in A.7120 cells. Gleason et al. (14) demon-
strated that glucose-6-phosphate dehydrogenase,
which catalyses the first reaction in the oxidative pen-
tose phosphate pathway, was reductively inactivated
by TrxM (Alr0052) or TrxX (Alr2341). More recently,
Ehira and Ohmori (15) reported that TrxM (All1866)
reduces intramolecular disulphide bonds and restores
DNA-binding activity of the transcriptional regulator
RexT (Alr1867). However, the Trx system in A.7120
cells remains uncharacterized, and direct capture of
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Trx target proteins in A.7120 cells has been rarely at-
tempted. In this study, we used Trx affinity chroma-
tography to comprehensively investigate TrxM target
proteins in vegetative cells and heterocysts from
A.7120, and revealed 54 potential target proteins
including proteins involved in nitrogen fixation.
Within them, we focused on the heterocyst-specific
Fe�S cluster scaffold protein NifU, which plays an
important role in the maturation of nitrogenase, the
key enzyme for nitrogen fixation. NifU is composed
of three distinct domains, N-terminal catalytic
domain which is highly homologous to IscU and con-
tains three conserved cysteines critical to provide a
scaffold activity, the central domain containing four
conserved cysteines which coordinate one redox-
active [2Fe-2S] cluster (16). In addition, C-terminal
domain contains two conserved cysteines and possibly
provides a second transient cluster assembly site. Then
we studied the interaction between the N-terminal
catalytic domain of NifU (NifU1) and TrxM, and
showed that Trx-system is required to maintain the
scaffold activity of NifU1. Our results indicate hetero-
cyst-specific role of TrxM.

Materials and Methods

Cloning, expression and purification of TrxM and its variants
The coding region of trxM (alr0052) was amplified from A.7120
genomic DNA using polymerase chain reaction (PCR) with the pri-
mers alr0052-Nd-f1 (50-ATCATATGTCAGCAGCCGCACAAGT
TACAG-30) and alr0052-Xh-r1 (50-ATCTCGAGTTACAGATGC
TTTTCTAGGG-30) or pAsk3-Alr0052-f1 (50-AAAGGTGGTCTC
TAATGTCAGCAGCCGCACAAGTTAC-30) and pAsk3-
Alr0052-f1 (50-TTACTAGGTCTCCGCGCTTACAGATGCTTTT
CTAGGG-30). Restriction sites are underlined. Amplified DNA
fragments were cloned into the NdeI and XhoI sites of pET23c
(Novagen) or into the BsaI site of pAsk-IBA3+ to produce recom-
binant proteins with C-terminal 6�histidine tag or Strep-tag II, re-
spectively. The DNA sequences of the resulting plasmids were
confirmed by DNA sequencing (Prism 3100, Applied Biosystems).
The plasmids pET23c-TrxM and pAsk3-TrxM were then trans-
formed into the Escherichia coli BL21 (DE3) expression host and
the proteins were overexpressed.

Harvested cells overexpressing 6�His-tagged TrxM were sus-
pended in 25mM HEPES�KOH (pH 7.5) and were disrupted by
sonication. After centrifugation at 118,000�g for 1 h, supernatants
were loaded onto a Ni-NTA Sepharose column (10ml of Ni-NTA
Sepharose, QIAGEN) that had been equilibrated with wash buffer
containing 25mM HEPES�KOH (pH 7.5) and 20mM imidazole.
After washing, 6�His-tagged TrxM was eluted from the column
using a wash buffer containing 25mM HEPES�KOH (pH 7.5)
and 100�200mM imidazole. The protein solution was applied to a
Butyl-Toyopeal column (40ml; TOSOH, Japan), which had been
equilibrated with a solution containing 1.5M ammonium sulphate,
25mM HEPES�KOH (pH 7.5) and 2.5mM ethylenediaminetetraa-
cetic acid (EDTA). The protein was eluted from the column using a
1.5�0M inverse gradient of ammonium sulphate. Fractions contain-
ing proteins of interest were collected, and proteins were confirmed
using sodium dodecyl sulphate�polyacrylamide gel electrophoresis
(SDS�PAGE).

Harvested cells overexpressing TrxM with Strep-tagII were sus-
pended in a solution containing 100mM HEPES�KOH (pH 8.0),
150mM NaCl, 5mM EDTA and 5mM dithiothreitol (DTT) and
were disrupted by sonication. After centrifugation at 118,000�g
for 1 h, supernatants were loaded onto a Strep-Tactin Sepharose
column (4ml of Strep-Tactin Sepharose; IBA, Germany) that had
been equilibrated with wash buffer containing 100mM
HEPES�KOH (pH 8.0) and 150mM NaCl. The column was
washed with 40ml of wash buffer and Strep-tagged proteins were
then eluted using wash buffer containing 1.0mM desthiobiotin.

Protein concentrations were determined using the BCA method
(Protein Assay; Bio-Rad) using bovine serum albumin as a standard.

Preparation of the Trxmutant
The TrxMmutant plasmids TrxM-C35S and TrxM-C32S/C35S were
generated with WCGPS and WSGPS mutations in active site se-
quences, respectively, using pET23c-TrxM as a template.
Mutations were performed using PCR with the primers TrxM-
C35S-f (50-CTTGGTGTGGTCCTTCCAGA-30) and TrxM-C35S-r
(50-TCTGGAAGGACCACACCAAG-30) for the TrxM-C35S
mutant, or TrxM-C32S/C35S-f (50-CTTGGTCCGGTCCT
TCCAGA-30) and TrxM-C32S/C35S-r (50-TCTGGAAGGACC
GGACCAAG-30) for the TrxM-C32S/C35S mutant. Introduced nu-
cleotide substitutions are underlined. The mutant protein was ex-
pressed in E. coli and was purified by the method used for the
wild-type TrxM.

Cloning, expression and purification of NADPH-thioredoxin
reductase, IscS andNifU1
The coding region of NADPH-Trx reductase (NTR) from E. coli,
the coding region of cysteine desulfurase (IscS) from Azotobacter
vinelandii, and the N-terminus region of the NifU (NifU1) from
A.7120 were amplified using PCR with the following combinations
of primers: Ask3-EcNTR-f1 (50-ACTATGGGTCTCTAATGGGC
ACGACCAAACACAGTAAAC-30) and Ask3-EcNTR-r1 (50-TAC
TGAGGTCTCAGCGCTTTTTGCGTCAGCTAAACCATCG-30)
for NTR; AvIscS-Nd-f1 (50-AGAGACATATGAAGTTGCCGATT
TATCTGG-30) and AvIscS-Xh-r1 (50-GAAGGCTCGAGGTGGG
CCTGCCACTCGATC-30) for IscS; and Ask3-AnNifU-f1 (50-ACT
CGGGGTCTCTAATGTGGGACTACACAGATAAAG-30) and
Ask3-NifU-Nter-r1 (50-GAAGCAGGTCTCTGCGCTACCTTCG
TCATCTTC-30) for NifU1. Restriction sites are underlined. The
amplified DNA fragment encoding IscS was then cloned into NdeI
and XhoI sites of pET-23a (Novagen), and the fragments encoding
NTR and NifU were cloned into the BsaI site of pAsk-IBA3+ (IBA,
Germany). After confirmation of DNA sequences, the plasmids
pAsk3-EcNTR, pET23a-AvIscS and pAsk3-NifU1 were trans-
formed into the expression host E. coli BL21 (DE3) and the proteins
were overexpressed.

Harvested cells overexpressing 6�His-tagged IscS were sus-
pended in buffer containing 100mM Tris-HCl (pH 8.0) and
150mM NaCl and were disrupted by sonication. After centrifuga-
tion at 118, 000�g for 1 h, supernatants were loaded onto a Ni-NTA
Sepharose column (5ml of Ni-NTA Sepharose, QIAGEN) that had
been equilibrated with wash buffer containing 100mM Tris-HCl (pH
8.0), 150mMNaCl and 20mM imidazole. After washing with 100ml
of the wash buffer, 6�His-tagged IscS was eluted from the column
with elution buffer containing 100mM Tris-HCl (pH 8.0), 150mM
NaCl and 100mM imidazole.

Strep-tagged NTR and NifU1 were purified using the same
method used for strep-tagged TrxM. After isolation, NifU1 was
incubated with a 10-fold excess of dithionite and a 40-fold excess
of EDTA for 30min to remove transient Fe�S clusters and adven-
titiously-bound iron. Excess dithionite and EDTA were removed
using an Amicon ultra centrifugal filter unit 10K (Merck-
MilliPore, Germany). Prior to use in IscS-mediated cluster assembly
experiments, samples were oxidized with 5mM oxidized glutathione
(GSSG), and were again desalted to remove GSSG using the Amicon
ultra centrifugal filter unit (Merck-MilliPore).

Preparation of the Trx-immobilized resin
The TrxM-C35S mutant was incubated with cyanogen bromide-acti-
vated Sepharose 4B in 100mM sodium carbonate buffer (pH 8.3)
containing 500mM NaCl according to the manufacturer’s instruc-
tions. After termination of the coupling reaction, unreacted side
chains on the resin were blocked by incubation with 100mM Tris-
HCl (pH 8.0) for 12 h at 4�C. Trx-immobilized resin was incubated
with 100mM Tris-HCl (pH 8.0) containing 10mM DTT for 30min,
and was then washed with 100mM sodium carbonate buffer (pH
8.3) containing 500mM NaCl. The amounts of immobilized Trx
on the gel were calculated as the difference between that added
and that remaining in solution after the coupling reaction.

Preparation of cytosolic fraction fromA. 7120 vegetative cells
A.7120 cultures were photo-autotrophically grown at 31�C under
continuous illumination with white light at an intensity of 30 mmol
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photons m�2 s�1. BG11 growth medium was supplemented with 1 g/l
NaHCO3 and was bubbled with 1% (v/v) CO2 in air. Cells at an
optical density of 0.6�0.8 at 730 nm were harvested and suspended in
a buffer containing 50mM Tris-HCl (pH 8.0), 100mM EDTA (pH
8.0) and lysozyme (1mg/ml) and were incubated for 1 h at room
temperature. Cells were then disrupted by sonication and unbroken
cells were pelleted by centrifugation at 5,000�g for 10min.
Collected unbroken cells were again disrupted by sonication and
cell debris was removed by centrifugation at 118,000�g for 1 h,
yielding a supernatant containing vegetative cytosolic proteins.

Isolation and preparation of cytosolic fraction fromA. 7120 het-
erocyst cells
A.7120 cultures were grown as described above. Cells at an optical
density of 0.3�0.5 at 730 nm were harvested and resuspended into
the BG11 medium without combined nitrogen sources. After 48 h,
cells were harvested and suspended in a buffer containing 50mM
Tris-HCl (pH 8.0), 50mM EDTA (pH 8.0) and 8% sucrose (SET
buffer) with lysozyme (1mg/ml) and were incubated for 1 h at 35�C.
Vegetative cells were disrupted by sonication and remained hetero-
cyst cells were pelleted by centrifugation at 3,000�g for 5min. After
washing with SET buffer, heterocyst cells were washed two times
with 25mM HEPES�NaOH (pH 7.5) and were lysed using a
French pressure cell (Ohtake, Tokyo) in the same buffer. Cell
debris was removed by centrifugation at 118,000�g for 1 h, yielding
a supernatant containing heterocyst cytosolic proteins.

Immunoblotting
Heterocyst purity was initially estimated using optical microscopy.
Because heterocysts contain very little Rubisco (17, 18), purity was
confirmed using immunoblotting with an anti-ribulose-1,5-bispho-
sphatase large precursor (RbcL) antibody.

Isolation of Trx target proteins
Cytosolic fractions from vegetative cells or heterocysts contained
55mg of proteins, and were incubated with 2ml of Trx-immobilized
resin (a total of 5mg of TrxM was immobilized) for 1 h. The resin
was completely washed as previously described (Motohashi et al.
(3)), and the resin incubated with vegetative cell lysates was
washed with SDS-free buffer. The resin was then suspended in a
solution containing 50mM Tris-HCl (pH 7.5), 200mM NaCl and
10mM DTT, and was incubated for 30min at 25�C with gentle
stirring. The eluted proteins were then fractionated from the resin
by centrifugation.

Protein identification
Eluted proteins were separated using two-dimensional (2D)
SDS�PAGE with IPG strips (Bio-Rad, pH 3�10) and 15% (w/v)
polyacrylamide gels for the second dimension. Separated protein
bands were visualized by Coomassie brilliant blue (CBB) staining.
Protein spots were then excised from the gel, were in-gel digested
with trypsin, and were extracted as previously described (9). The
resulting peptides were desalted using a ZipTipC18 pipette (Merck-
MilliPore, Germany) and were analysed using matrix-assisted laser
desorption ionization time-of-flight mass (MALDI-TOF MS) spec-
trometry (AXIMA-CFR, SHIMADZU, Japan). Proteins were iden-
tified using the MASCOT peptide mass fingerprint (PMF) search
engine (Matrix Science, London, UK) with a monoisotopic peptide
mass tolerance of 0.2 Da, a peptide charge state of 1+, and a max-
imum of 1 missed cleavage.

Trx-dependent reduction of NifU1
Oxidized NifU1 was incubated with ascorbate, glutathione (GSH),
or the combination of NTR, NADPH and TrxM as indicated in the
figure legends. The redox states of NifU1 protein were then deter-
mined as follows. The protein was precipitated with 10% (w/v) tri-
chloroacetic acid and was collected by centrifugation. Protein
precipitates were then washed with prechilled ethanol and were dis-
solved in a freshly prepared solution containing 1% (w/v) SDS,
50mM Tris-HCl (pH 7.5) and 5mM maleimide-PEG11-Biotin
(PEO). Labelled proteins were then separated using SDS�PAGE
with 12% (w/v) polyacrylamide gel. Protein bands were visualized
by CBB staining.

Trx-associated Fe�S cluster assembly onNifU
All procedures for the cluster assembly study were performed under
anaerobic conditions (51 ppm O2) in an anaerobic chamber (model
A; Coy Laboratory Products). The cluster assembly reaction mixture
is composed of 90�125 mM oxidized-NifU1, 0.63mM IscS, 1mM L-
cysteine, 1mM Fe2+, 1.4 mM TrxM, 1.4 mM NTR and 1.4mM
NADPH. Assays were initiated by addition of IscS and were per-
formed at 25�C for 2.5 h. To monitor changes in absorption of the
NifU1 reaction mixture, the assay mixture was prepared in a cuvette
with an air-tight screw cap in the anaerobic chamber, and absorption
spectra were recorded using a JASCO V-550 spectrophotometer
(JASCO, Japan). After incubation, NifU1 was repurified using
Strep-Tactin Sepharose as described above. The iron content of
repurified NifU1 was determined using a metallo assay kit Fe
(Metallogenics, Japan).

Results

Preparation of heterocyst extracts.
To identify potential Trx targets in heterocysts, intact
heterocysts were isolated from A.7120.
Phycobiliprotein degradation is increased during het-
erocyst differentiation (19). A decrease of absorption
at 620 nm is therefore a good indicator of the purity of
the heterocysts (Fig. 1A). Because heterocysts contain
very low levels of Rubisco proteins, heterocyst cell
purity was also assessed using western blotting ana-
lyses of the Rubisco large subunit (RbcL) (17, 18).
Although RbcL was detected in cell lysate of vegetative
cells, no band was observed in the isolated heterocyst
fraction (Fig. 1B).

Trx affinity chromatography and identification of
possible Trx target proteins
To identify potential cytosolic target proteins of TrxM
in vegetative cells and heterocysts, Trx affinity chro-
matography using TrxM-C35S was examined (3).
After the chromatography, captured proteins were
analysed using conventional SDS�PAGE (Fig. 2)
and 2D gel electrophoresis (Fig. 3). A TrxM-C32S/
C35S double mutant, in which both cysteine residues
were substituted with serine, was used as a negative
control. SDS-PAGE profiles of DTT-eluted fractions
(Fig. 2A) showed multiple-specific bands of possible
TrxM target proteins when heterocyst lysates were
used. In contrast, the profile of eluted fractions from
vegetative cell lysates showed more various target can-
didate proteins (Fig. 2B). Protein spots were excised
from 2D SDS�PAGE gels, and trypsin-mediated in-
gel digestion was performed. The obtained peptides
were then analysed using PMF analyses with
MALDI-TOF MS spectroscopy. Among proteins cap-
tured by the immobilized TrxM mutant, 16 and 38
cytosolic proteins were identified from heterocyst and
vegetative cell lysates, respectively (Tables I and II).
These were then classified as (i) nitrogen fixation (3
proteins), (ii) glycolytic pathway (3 proteins), (iii) tri-
carboxylic acid (TCA) cycle (5 proteins), (iv) nitrogen
assimilation (2 proteins), (v) protein synthesis and
folding (10 proteins), (vi) antioxidant (3 proteins),
(vii) sulphur metabolism (1 protein), (viii) amino acid
metabolism (3 proteins), (ix) CO2 fixation (1 protein),
(x) light-harvesting (5 proteins) and (xi) hypothetical
(15 proteins) proteins. Although five phycobiliproteins
were captured from vegetative cell lysates, their
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interaction with Trx should be further investigated as
they were captured by TrxM-C32S/C35S double
mutant immobilized resin as well (Fig. 2B).

Trx-dependent reduction of the N-terminal catalytic
domain of NifU
As shown in Table I, the nitrogenase-maturating pro-
tein NifU, was identified as a possible target of TrxM
(Table I). As a scaffold protein, NifU is involved in the
assembly of Fe�S clusters, and activates Fe and MoFe
proteins by providing [4Fe�4S] clusters or Fe�S clus-
ter precursors (20, 21). Although no published reports
describe interaction between Trx and NifU so far, their
interaction is worth to be elucidated judging from the
significance of reducing equivalents for NifU function.
Thus, to confirm the interaction between NifU and
TrxM in A.7120, recombinant NifU was expressed in
E. coli and protein�protein interaction was examined
in vitro. However, these analyses were complicated by
the labile [2Fe�2S] cluster in the central domain of
NifU, which is bound to cysteine residues that are
exposed as free thiols during degradation of the

cluster. Thus, the N-terminal catalytic domain of
NifU was expressed and isolated from E. coli with a
C-terminal Strept-tag II (first 141 residues; NifU1).
Interactions of NifU1 with TrxM were confirmed by
biochemical analyses. Because NifU1 contains three
catalytic cysteine residues (Cys41, Cys68 and Cys112)
as mentioned, the redox state of NifU1 was initially
determined by SDS�PAGE mobility shifts after modi-
fication with the thiol-binding maleimide compound,
PEO (Fig. 4A). Under these conditions, disulphide
bonds within the NifU1 molecule were reduced in the
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presence of TrxM, NADPH�Trx-reductase from E.
coli (NTR), and NADPH but were not reduced in
the absence of one of these components (Fig. 4A).
Additions of reduced GSH or ascorbate did not

significantly affect the reduction of NifU1. In addition,
the PEO-labelling study indicated that oxidized NifU1
forms intermolecular disulphide bond(s). To confirm
the intermolecular disulphide bond formation and re-
sulted NifU1-dimer, CuCl2- or GSSG-oxidized NifU1
was analyzed by non-reducing SDS�PAGE (Fig. 4B,
ox). Subsequently, the oxidized NifU1 was treated
with 2-mercapthoethanol and separated by non-redu-
cing SDS-PAGE (Fig. 4B, red). Oxidized and re-
reduced NifU1 showed the apparent molecular mass
of 36 and 17 kDa, respectively.

Biochemical assay of NifU1
Ding et al. (22) reported that Trx-system (TrxM, NTR
and NADPH) promotes the Fe�S cluster assembly in
the scaffold protein IscU from E. coli. We then deter-
mined whether Trx-system affected the scaffold activ-
ity of recombinant NifU1. Fe�S cluster assembly with
NifU1 was monitored using UV-VIS absorption spec-
troscopy under anaerobic conditions, which showed an
increase in absorption in the presence of IscS, cysteine,
Fe2+ ions and Trx-system (Fig. 4C). After 2.5-h incu-
bation, NifU1 was repurified under anaerobic condi-
tions and spectra were measured (Fig. 4C). Based on
colorimetric determination by using Nitroso-PSAP
method, quantitative determinations of iron in the
repurified NifU1 showed 3.8 Fe atoms per NifU1
monomer when NifU1 was incubated with the Fe2+,
IscS, and L-cysteine in the presence of the Trx-system
(Fig. 4D, Trx). If Trx-system was omitted from the
reaction mixture, only very little clusters were
assembled in NifU1 (Fig. 4D, NC). Addition of GSH
into the reaction mixture did not affect the number of
Fe atoms in NifU1.
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Identified proteins are numbered and presented in Tables I and II.

Table I. TrxM target candidates identified by PMF analysis followed by MALDI�TOF MS spectroscopy in A.7120 heterocysts

Category Spot No.a ORF Annotation MW No. of cyst

No. of
peptide
matched

Sequence
coverage
(%)

Nitrogen fixation 1 all1440 Nitrogenase molybdenum-iron protein
beta chain NifK

57,851 6 27 47

2 all1455 Nitrogenase iron protein NifH 32,574 5 12 40
3 all1456 Nitrogen fixation protein NifU 32,625 9 15 54

Glycolytic
pathway

12 all3538 Enolase 45,994 1 11 42

TCA cycle 13 all1267 Aconitate dehydratase 95,217 11 24 29
14 alr0222 Citrate synthase 43,078 3 17 39

Nitrogen
assimilation

11 alr2328 Glutamate ammonia ligase 53,314 6 16 28

Protein synthesis
and folding

4 all4191 RNA polymerase alpha subunit 35,165 2 6 26
5 all4337 Translation elongation factor EF-Tu 44,840 1 16 41
6 all4338 Translation elongation factor EF-G 76,268 3 17 26
7 alr1742 DnaK-type molecular chaperone 68,037 3 7 13
8 alr3662 Chaperonin GroEL 57,973 1 28 51
10 all3822 Two-component response regulator ycf27 27,134 1 13 49

Anti-oxidative
stress system

9 alr4641 Peroxiredoxin 22,731 2 7 55

Other/
hypothetical

6b all4396 Polyribonucleotide nucleotidyltransferase 77,856 2 20 34
15 alr4550 Hypothetical protein 60,658 2 15 35

aSpot numbers correspond to those presented in Fig. 3A.
bTwo proteins were identified from spot 6 presented in Fig. 3A.
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Discussion

A proteomic study of Trx-interacting proteins
fromA.7120
The cyanobacterium Anabaena sp. PCC 7120 forms
heterocysts that fix nitrogen under nitrogen-deficient
conditions. Although this process requires a large
amount of ATP and reducing power, little is known
about the redox systems that provide energy and redox
metabolites in heterocysts. In this study, we performed
Trx affinity chromatography to identify proteins that
are involved in the Trx network, and captured 16 and
38 candidate Trx-interacting proteins from heterocysts
and vegetative cells, respectively. Among these, the
nitrogenase component of NifH and NifK, the scaffold
protein NifU, aconitate dehydratase, citrate synthase
and enolase were captured only from heterocysts,

suggesting the involvement of Trx system in nitrogen
fixation, glycolysis, and the TCA cycle in heterocysts.

Assistance of the scaffold activity of NifU by TrxM
It is striking that we captured two subunits of nitro-
genase and NifU as potential Trx targets from hetero-
cysts lysate (Table I). The nitrogen-fixing protein
nitrogenase contains Fe protein and MoFe protein
components (23), which are specifically expressed in
heterocysts (17). Maturation of Fe protein and MoFe
protein requires the participation of at least 15 pro-
teins, including NifU (24, 25). Moreover, this process
requires biosynthesis of [4Fe�4S] clusters, FeMo co-
factors and P clusters. To date, there have been no
reports describing the interaction between Trx and
nitrogenase or its maturating protein components. In
this study, we focused on the possible involvement of

Table II. TrxM target candidates identified by PMF analysis followed by MALDI�TOF MS spectroscopy in A.7120 vegetative cells

Category Spot No.a ORF Annotation MW No. of cyst

No. of
peptide
matched

Sequence
coverage
(%)

Glycolytic
pathway

9 all4563 Fructose-1,6-bisphosphate aldolase 38,764 3 6 20
10 alr1041 Fructose-1,6-bisphosphatase 37,056 6 8 33
26 all4008 Pyruvate kinase 63,037 4 14 38

TCA cycle 16 all0122 Pyruvate dehydrogenase E1 beta chain 36,387 1 10 38
20 alr2708 Pyruvate dehydrogenase E1 alpha chain 38,193 3 6 22

Anti-oxidative
stress system

6 alr4404 AhpC/TSA family protein 23,740 1 6 34
7 alr4641 Peroxiredoxin 22,731 2 8 55

Sulphur
metabolism

8 all4464 Phosphoadenosine phosphosulphate
reductase

27,596 1 9 44

Amino acid
metabolism

18 alr1890 Phosphoglycerate dehydrogenase 55,921 2 9 32
11 all3555 Acetolactate synthase 59,830 8 12 34

Protein synthesis
and folding

14 alr3662 Chaperonin GroEL 57,973 1 23 54
15 all3822 Two-component response regulator ycf27 27,134 1 9 55
38 all4338 Translation elongation factor EF-G 76,268 3 8 18
21 all0723 Probable GTP-binding protein 39,345 2 15 61

CO2 fixation 31 alr1524 Ribulose 1,5-bisphosphate carboxylase/
oxygenase large chain

53,411 7 17 36

Nitrogen
assimilation

37 alr2328 Glutamate ammonia ligase 53,136 6 10 30
12 all2906 Molybdopterin biosynthesis protein 42,969 6 10 43

Phycobillisome 1 alr0529 Phycoerythrocyanin alpha chain 17,504 1 8 59
2 alr0523 Phycoerythrocyanin beta chain 18,500 4 8 57
3 alr0524 Phycoerythrocyanin alpha chain 17,615 3 5 40
4 alr0021 Allophycocyanin alpha chain 17,392 1 7 49
5 alr0022 Allophycocyanin beta chain 17,351 1 5 43

Other/
hypothetical

13 all0982 Thiamin biosynthesis protein 51,180 7 14 46
17 alr0657 dTDP-glucose 4-6-dehydratase 35,593 4 14 63
19 alr4380 Delta-aminolevulinic acid dehydratase 35,792 4 7 35
27 alr1207 Uridylate kinase 26,140 2 7 50
29 alr1675 Protein-methionine-S-oxide reductase 24,571 4 7 42
30 all4358 ATP-dependent Clp protease proteolytic

subunit
24,203 2 5 26

32 alr3343 3-oxoacyl-ACP synthase beta chain 44,335 8 12 53
33 alr2880 Bicarbonate transport ATP-binding pro-

tein cmpD
1E+05 3 8 43

34 alr3809 Carbamoyl phosphate synthetase large
chain

22,670 11 14 15

35 alr1238 ATP-dependent Clp protease proteolytic
chain

48,300 2 5 27

22 alr4550 Hypothetical protein alr4550 60,658 2 11 32
23 alr0882 Hypothetical protein alr0882 30,875 5 11 59
24 asl0060 Hypothetical protein asl0060 10,645 1 4 53
25 alr0893 Hypothetical protein alr0893 39,766 3 8 33
28 alr2001 Hypothetical protein alr2001 30,004 1 7 33
36 all5218 Hypothetical protein pmbA 53,445 1 7 25

aSpot numbers correspond to those presented in Fig. 3B.
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TrxM in the heterocyst-specific Fe�S cluster assembly
by NifU. The present data show that NifU interacts
with TrxM in a functional manner, and analyses of the
catalytic domain of NifU (NifU1) using PEO-labelling
assays showed reduction of NifU1 disulphide bonds in
the presence of TrxM, NTR and NADPH, indicating
involvement of the Trx system for the function of
NifU (Fig. 4A). Also, disulphide-linked dimer forma-
tion of NifU1 was examined by non-reducing
SDS�PAGE (Fig. 4B). CuCl2- or GSSG-oxidized
NifU1 forms dimer (Fig. 4B, ox) and both dimers are
dissociated upon reduction (Fig. 4B, red), indicating
that NifU1 forms dimer via intermolecular disulphide
bond(s). Moreover, analyses of NifU1 scaffold activity
using absorption spectra of re-purified NifU1 indicates
the enhanced formation of Fe�S clusters on NifU1
when Trx-system was supplemented (Fig. 4C).
Determination of iron contents in the re-purified
NifU1 showed the presence of a 3.8 Fe/NifU1
monomer (Fig. 4D), indicating that a single [4Fe�4S]

cluster is assembled on the reduced NifU1 monomer
(26). Although this spectrum is somehow
different from the typical spectrum of 4Fe-4S cluster
containing protein, it was very similar with that of
diazotrophic bacterium A. vinelandii (24, 25). Because
the iron contents of NifU1 monomer was slightly
lower, the re-purified NifU1 may partially
contain 2Fe-2S clusters, which is emerged during
the 4Fe-4S assembly process, and it makes the spec-
trum slightly different. These data suggest that
the NifU protein is a novel TrxM-targeted protein,
and its scaffold activity is enhanced by Trx-system.
It was demonstrated previously that Trx-system
promotes the [2Fe�2S] cluster assembly in apo-IscU
from E. coli (22). Also, Achebach et al. (27) showed
that glutaredoxin (Grx) system stimulates the
[4Fe�4S] cluster formation of oxygen sensor
fumarate nitrate reductase regulator. Taken together,
our results imply that TrxM is involved in the Fe�S
cluster assembly in NifU1. In addition to the
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disulphide bond reduction of NifU1, TrxM possibly
provides a reductant for Fe�S cluster assembly in
NifU. This finding warrants further biochemical stu-
dies on the Trx-dependent Fe�S cluster assembly and
the physiological role of TrxM in Fe�S cluster biosyn-
thesis as well.

Conclusions

For more than 10 years, proteomic studies using Trx
affinity chromatography and biochemical analyses
have revealed numerous roles of Trx in various organ-
isms. In this study, we identified 16 and 38 proteins
from heterocyst and vegetative cells, respectively, as
potential targets of TrxM in A.7120. Among these,
six were involved in nitrogen fixation, glycolysis or
the TCA cycle, and were only captured from hetero-
cyst lysates. In addition, several proteins were captured
only from the vegetative cells, and were not related to
nitrogen fixation or redox pathways. Given that het-
erocysts metabolism is highly adapted to nitrogen fix-
ation, the captured proteins might be up-regulated to
sustain the energy requirements of nitrogen fixation in
heterocysts. Indeed, proteomic analysis by Ow e al.
(28) showed that the abundance of aconitate dehydra-
tase was more prominent in the heterocyst than that in
the vegetative cells. Moreover, the present biochemical
analyses suggest that Fe�S cluster assembly in NifU1
is enhanced by TrxM-mediated reduction in hetero-
cysts. These data suggest the significance of the Trx-
system in nitrogen fixation. Thus, further biochemical
studies on the Trx-dependent reduction or the redox
regulation of the proteins that were captured in this
study must demonstrate significant roles of TrxM in
heterocysts.
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on polyoxometalates
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The development of metal oxide-based molecular wires is important for fundamental

research and potential practical applications. However, examples of these materials are

rare. Here we report an all-inorganic transition metal oxide molecular wire prepared by

disassembly of larger crystals. The wires are comprised of molybdenum(VI) with either

tellurium(IV) or selenium(IV): {(NH4)2[XMo6O21]}n (X¼ tellurium(IV) or selenium(IV)).

The ultrathin molecular nanowires with widths of 1.2 nm grow to micrometre-scale crystals

and are characterized by single-crystal X-ray analysis, Rietveld analysis, scanning electron

microscopy, X-ray photoelectron spectroscopy, ultraviolet–visible spectroscopy, thermal

analysis and elemental analysis. The crystals can be disassembled into individual molecular

wires through cation exchange and subsequent ultrasound treatment, as visualized by atomic

force microscopy and transmission electron microscopy. The ultrathin molecular wire-based

material exhibits high activity as an acid catalyst, and the band gap of the molecular

wire-based crystal is tunable by heat treatment.
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N
anowires, in which two dimensions of the materials are on
a scale of tens of nanometres or less and the length of the
remaining dimension can be increased without confine-

ment, have been attracting attention because of their large surface
area and quantum mechanical effects that result in unique
material properties. Different compounds, such as metallic
compounds1, semiconducting compounds2–10, metal oxides11–13

and organic polymers14–17, can be grown to form nanowires for
use in functional materials and devices that have been successfully
applied as sensors13, transistors2,5, semiconductors3, photonics
devices7,11 and solar cells4,6.

Among the various types of nanowires, molecular wires,
which grow by repeating a single molecular unit along a certain
axis, have garnered much interest. The most common
type of molecular wire is an organic or organometallic
polymer14–17, which has been widely applied in nano-
technology, semiconductors, electrochemistry and cell biology.
A more interesting material is a molecular wire with an
all-inorganic composition; inorganic compounds have various
advantages over organic molecular wires, including stable
structures, tunable chemical compositions and tunable
properties. However, all-inorganic molecular wires are rare,
leaving a field that is full of challenges. One example of an
inorganic molecular wire is the Mo6S9-xIx molecular wire18,19,
which was assembled with molecular units of Mo6S9-xIx along
its c axis to form a nanowire. The material exhibits excellent
electron transport, magnetic, mechanical, tribological and optical
properties and has been applied in chemisensors, biosensors, field
emission devices, composites, lubricants, nonlinear optical
limiting materials, Li batteries and molecular-scale connectors
for molecular electronics.
Assembly of transition metal–oxygen octahedral building

blocks is an attractive approach to form nanostructured
materials20. Both zero-dimensional molecular nanodots, which
are known as polyoxometalates (POMs)21,22, and two-
dimensional molecular nanosheets23,24 can be obtained by this
approach. However, no isolated molecular nanowire assembled
with transition metal oxide octahedra has been reported to date.
POMs are ideal subunits for constructing one-dimensional

(1D) metal oxides that are based on transition metal–oxygen
octahedra, and a few examples of all-inorganic POM-based chain
structures in crystals have been reported25–27. However, isolation
of individual ultrathin molecular wires that are based on
transition metal oxides has not yet been realized to the best of
our knowledge.
Herein, we report an isolable transition metal oxide-based

molecular wire that is formed by repeating a hexagonal molecular
unit of [XIVMoVI6O21]2� along its c axis, where X¼Te or Se and
denoted as Mo–Te oxide and Mo–Se oxide, respectively. These
molecular wires assemble in a hexagonal manner on interaction
with water and ammonium cations to form crystals, and the
molecular wires are isolable from the crystal. The ultrathin
molecular wire-based material acts as an active acid catalyst, and
the band gap of the molecular wire-based crystal is easily altered,
indicating its potential application in catalysis and electronic
devices28.

Results
Material synthesis and characterization. Crystalline transition
metal oxide molecular wires were synthesized using a
hydrothermal method. The starting materials contained
(NH4)6Mo7O24 � 4H2O as a source of Mo, and SeIV or TeIV ions
were assembled into the materials, forming Mo–Se oxide or Mo–
Te oxide, respectively. The Se or Te ions with IV oxidation state
were essential in obtaining these samples. Mo–Se oxide was easily

obtained via hydrothermal synthesis of (NH4)6Mo7O24 � 4H2O
and a SeIVO2 solution. For Mo–Te oxide, soluble TeVI(OH)6 was
used with a reducing agent (VOSO4 � 5H2O) to form TeIV ions.
X-ray photoelectron spectroscopy (XPS) with curve fitting
(Supplementary Fig. 1a–d) was used to confirm that the Mo, Te
and Se ions in both materials were present as MoVI, TeIV and
SeIV, respectively. Ultraviolet–visible (ultraviolet–vis) spectra of
Mo–Te oxide and Mo–Se oxide are presented in Supplementary
Fig. 2. No absorption was detected over a range of 500–600 nm,
which was attributed to MoV and confirmed that the Mo ions in
the materials were present as MoVI. Elemental analysis, XPS
and energy dispersive X-ray spectroscopy analysis confirmed
that there was no vanadium present in the Mo–Te oxide
(Supplementary Fig. 3); vanadium was therefore not a building
block of the material and only acted as a reducing agent to reduce
TeVI(OH)6 to TeIV ion. Elemental analysis of Mo–Te oxide and
Mo–Se oxide revealed that the ratio of Mo:Te:NH4

þ :H2O and
Mo:Se:NH4

þ :H2O was 6:1:2:3 and 6:1:2:2, respectively.
Powder X-ray diffraction (XRD) patterns of Mo–Te oxide and

Mo–Se oxide are shown in Fig. 1 and Supplementary Fig. 4. The
powder XRD peaks of Mo–Te oxide and Mo–Se oxide could be
indexed by a trigonal cell with lattice parameters of a¼ 12.48Å
and c¼ 3.94Å for Mo–Te oxide and a¼ 12.51 Å, c¼ 3.93Å for
Mo–Se oxide (Supplementary Table 1). Similar unit cells
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indicated that the structures of the two materials were similar.
The Fourier transform infrared (FTIR) spectra (Supplementary
Fig. 4) of Mo–Te oxide and Mo–Se oxide were similar, indicating
that water (1,620 cm� 1) and NH4

þ (1,400 cm� 1) were present in
the materials and that the molecular structures were the same.
The presence of water and NH4

þ were also confirmed by
thermogravimetric-differential thermal analysis (TG-DTA)
(Supplementary Fig. 5) and temperature-programmed desorption
mass spectrometry (TPD-MS) (Supplementary Fig. 6).
Morphologies of the as-synthesized materials were character-

ized by scanning electron microscopy (SEM). Interestingly, the
morphologies of the Mo–Te and Mo–Se oxides were completely
different. Mo–Te oxide was a rod-like material (Fig. 2), whereas
Mo–Se oxide was a plate-shaped material.
The hydrothermally synthesized Mo–Te and Mo–Se oxides

were too small to perform single-crystal analysis (Fig. 2a,b). A
large single crystal of Mo–Te oxide was obtained by low-
temperature crystallization (see Methods section). The SEM
images in Fig. 2a,c show that the Mo–Te oxide synthesized by the
low-temperature method was much larger than that synthesized
by the hydrothermal method. XRD and FTIR confirmed that the
basic structure of the material obtained from the low-temperature
synthesis was identical to that of the material obtained from
hydrothermal synthesis (Supplementary Fig. 4b).
Single-crystal X-ray structural analysis combined with ele-

mental analysis showed that six Mo–O octahedra surrounded one
Te ion in the a–b plane, forming a molecular unit of
[TeIVMoVI6O21]2� . The Mo–O octahedra units were connected

to each other through two edge-sharing oxygen atoms on one side
with equatorial Mo–O bond lengths of 1.97(4)–1.99(6) Å and a
corner-sharing oxygen atom on another side with equatorial
Mo–O bond lengths of 1.79(6)–1.84(5) Å (Fig. 3a,b). The Te ion
inside of the Mo–O cluster was coordinated to three oxygen
atoms (Te–O bond lengths of 2.05(3)–2.05(4) Å), and a lone pair
of Te ions was directed parallel along the c direction. The distance
between the Te ions was 3.94Å, and thus there was no interaction
between the Te ions. The hexagonal [TeMo6O21]2� units were
stacked along the c axis through sharing of the axial oxygen atoms
with Mo (axial Mo–O bond lengths of 1.90(5)–2.15(5) Å) to form
prismatic clusters (Fig. 3c) as molecular wires. The molecular
wires were further packed parallel in a hexagonal manner to form
the material (Fig. 3d), and ammonium cations and water were
present in between the molecular wires. The nanowires were ca.
1.2 nm in width and micrometre scale in length. The size
distribution of the Mo–Te oxide crystals based on SEM images
(Fig. 4) showed that most of the particles had widths of 50–
200 nm and lengths of 500–3,000 nm with distribution maxima at
150 nm in width and 1,500 nm in length, indicating that over
3,800 hexagonal [TeMo6O21]2� units accumulated along the c
direction to form the material. The Mo–Te oxide crystal typically
terminated at a sharp tip with a size of 150� 150 nm in the a–b
plane, with each bundle containing over 14,000 ordered single
molecular wires.
The Mo–Se oxide structure was proposed on the basis of

powder diffraction Rietveld analysis and elemental analysis
(Mo:Se¼ 6:1), showing that the basic structure of the material

b ca

Figure 2 | SEM images. (a) Mo–Te oxide, scale bar, 3mm; (b) Mo–Se oxide, scale bar, 800 nm; and (c) Mo–Te oxide synthesized under refrigeration , scale

bar, 5 mm.
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Figure 3 | Structural representations. (a) Polyhedral representation of a hexagonal unit of [TeIVMoVI6O21]
2� or [SeIVMoVI6O21]
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representation of a hexagonal unit of [TeIVMoVI6O21]
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2� with labels. (c) A single molecular wire of Mo–Te oxide. The bridge oxygen
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was the same as that of Mo–Te oxide. The structures of Mo–Te
oxide and Mo–Se oxide were refined with Rietveld refinement.
The resulting simulated patterns of the materials were similar to
those of the experimental data, and the Rwp values of the Mo–Te
and Mo–Se oxides were 7.06% and 7.49%, respectively, indicating
that the proposed structures were correct (Fig. 1). The powder
samples were pure because no obvious additional peaks were
observed.
According to the structural analysis, ultraviolet–vis spectra,

and elemental analysis, the chemical formulae were estimated
to be (NH4)2[TeIVMoVI6O21] � 3H2O for Mo–Te oxide and
(NH4)2[SeIVMoVI6O21] � 2H2O for Mo–Se oxide.

The molecular wires of Mo–Te oxide and Mo–Se oxide
were inorganic polymers formed by accumulation of the
[XIVMoVI6O21]2� (X¼Te or Se) monomers along the c
direction; their monomers, with the same or iso-structural
molecular structure, have been previously synthesized using
bidentate organic ligands, such as carboxylates, to stabilize the
monomer structure29,30.

Isolation of molecular wire from crystals. The order of the
molecular wires in the Mo–Te oxide and Mo–Se oxide crystals
were observed by high-resolution transmission electron micro-
scopy (HR-TEM) as shown in Fig. 5. Because of the different
crystal orientations of Mo–Te oxide and Mo–Se oxide, different
lattice planes were observed. In the case of Mo–Te oxide, the
molecular wires were packed parallel to the c direction with dis-
tances of ca. 1.1 nm, and the hexagonal [TeMo6O21]2� building
blocks were accumulated with distances of ca. 0.4 nm, which
corresponded to d values of (100) and (001) planes, respectively
(Fig. 5a). The HR-TEM image of Mo–Se oxide showed a

hexagonal arrangement of the molecular wires in the a–b plane
(Fig. 5b). The HR-TEM images were in good agreement with the
crystal structures from the structural analysis.
The molecular wire arrays in the crystals were readily

disassembled to form single molecular wires by a simple process
(Fig. 6a). Ion exchange with protons made the molecular wire
isolated from the crystal easily. Ammonium cations in Mo–Te
oxide and Mo–Se oxide were replaced by protons to form proton-
exchanged materials, denoted as H–Mo–Te oxide and H–Mo–Se
oxide, after reaction at room temperature for 15 h. The resulting
solids were characterized by powder XRD and FTIR. The
diffraction peaks of both materials broadened after proton
exchange, indicating that the size of the materials decreased
(Supplementary Fig. 4). Furthermore, all characteristic infrared
bands of the materials were retained in the materials after proton
exchange, demonstrating that the molecular structures of the
materials did not change after ion exchange with protons
(Supplementary Fig. 4). Elemental analysis confirmed that
approximately half of the ammonium cations were replaced
by protons, and formulae of the proton-exchanged materials
were estimated to be (NH4)1.1[H0.9TeMo6O21] � 5H2O and
(NH4)1.1[H0.9SeMo6O21] � 6H2O.
Proton exchange helped to crack the materials. H–Mo–Te

oxide remained a rod-shaped material after proton exchange, and
several open gaps could be observed in the crystal surface
(Fig. 6b). Crystal breakage after proton exchange was more
evident in H–Mo–Se oxide. The material was no longer a plate-
like shape compared with the as-synthesized material. The
crystals were broken into several small rods (Fig. 6h).
H–Mo–Te oxide could be disassembled into thin rod-like

particles and even single molecular wires by dispersion in ethanol
with ultrasound. The material was characterized by HR-TEM,
which confirmed that nanowires with smaller sizes were
generated after ultrasound, and some isolated molecular wires
with widths of 1.5 nm (Fig. 6c; Supplementary Fig. 7) were
observed. The isolated nanowires were further characterized by
atomic force microscopy (AFM). An AFM image of H–Mo–Te
oxide after isolation experiments revealed wire-shaped particles.
Some ultrathin nanowires were observed in the AFM image, and
the thicknesses of typical particles in Fig. 6d were ca. 1.2 nm
(particle i) and ca. 4.8 nm (particle ii). The thickness of particle (i)
was consistent with that of a single H–Mo–Te oxide molecular
wire deduced from the crystallographic data on Mo–Te oxide
(Fig. 6e), and particle (ii) was ascribed to a structure with four
layers of molecular wires (Fig. 6e). One possible structure is
shown in Fig. 6f. The width of the particles appeared to be much
larger than that of a single molecular wire (1.2 nm) in the AFM
image, which resulted from the large size of the AFM cantilever
compared with that of the particles (Supplementary Fig. 8).
The size distribution of the H–Mo–Te oxide nanowires (Fig. 4;

Supplementary Fig. 9) indicated that most of the nanowires had
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widths o10 nm and length between 20 and 80 nm, which were
much smaller than those of the Mo–Te oxide crystals.
The H–Mo–Te oxide nanowires were recovered from ethanol

by evaporating the ethanol. The recovered material was
characterized by XRD (Supplementary Fig. 10). The diffraction
peak positions of the recovered H–Mo–Te oxide were similar to
those of the as-synthesized Mo–Te oxide, but the peaks of the
recovered H–Mo–Te oxide had broadened; this indicated that the
basic structure of the wires did not change, but the ordering of the
nanowires decreased during the isolation process. These results
indicate that the material dispersed in ethanol was a mixture of
single molecular wires and nanowires with hexagonally packed
molecular wires. The crystallite size estimated by the Scherrer
equation using the (100) peak was 16 nm, the order of which was
the same as that obtained from the TEM observations.
TEM (Fig. 6i) and AFM (Fig. 6j) images showed that the

H–Mo–Se oxide colloid was composed of small nanoplates, which
was different from H–Mo–Te oxide. The thickness of the

hexagonal-shaped nanoplates was B1.6 nm (Fig. 6k), which
corresponded to four layers of (NH4)1.1[H0.9SeMo6O21] along the
c axis (Fig. 6l).

Acid catalysis of the H–Mo–Te oxide nanowires. Nanomaterials
are anticipated to have applications in catalysis, because nano-
materials have a large surface area due to their small particle size.
Approximately half of the ammonium cations in Mo–Te oxide
were able to be replaced by protons, and the material was thus
acidic. H–Mo–Te oxide was used to esterify ethanol with acetic
acid at 365K, and the results are summarized in Fig. 7. The acetic
acid conversion of large H–Mo–Te oxide particles before ultra-
sound treatment (17%) was close to that in the reaction without a
catalyst (11%), indicating that large H–Mo–Te oxide particles
before ultrasound treatment had low catalytic activity under the
present conditions. The catalytic activity of the H–Mo–Te oxide
nanowires after ultrasound treatment (58%) was much higher
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than that of the large H–Mo–Te oxide particles due to the smaller
particle size of the former, as well as the catalytic activities of
other homogeneous acid catalysts such as H3PW12O40 (30%) and
H3PMo12O40 (38%). The catalyst was recyclable and reused three
times with only a slight decrease in activity (Supplementary
Fig. 11).

Altering the band gap of Mo–Te oxide. 1D nanostructured
materials have potential applications in the emerging field
of nanoelectronics, including applications as functional compo-
nents and as conductive connections31–33. Nanostructured
molybdenum oxides have been reported as good candidates for
applications in electronic devices.28 As a molybdenum oxide-
based molecular wire, Mo–Te oxide is also expected to have
applications in electronic devices. Electroconductivity of a
material is important for electronic applications. However, bulk
molybdenum (VI)-based oxides, such as a-MoO3, were shown to
have poor electroconductivity because of the large band gap of the
material (42.7 eV)34, and the material was therefore not suitable
as a semiconductor28. Reducing the MoVI ions by reaction under
reducing conditions decreased the band gap of the material28,33.

For Mo–Te oxide, the use of heat treatment without an
additional reducing agent enables easy manipulation of the

oxidation states of the Mo ions in the material, and the band gap
of the material can thus be tuned continuously. Mo–Te oxide was
calcined under N2 (180mlmin� 1, 1 h, 473–573K). Powder XRD
patterns and FTIR spectra of the calcined samples were similar to
those of the as-synthesized material, indicating that the basic
structure did not change (Supplementary Fig. 12). Further heating
of the material damaged its structure (Supplementary Fig. 12g,h).
The diffraction peaks shifted to a higher angle after the material
had been treated at a high temperature, and this shift in
diffraction peaks was caused by a decrease in the distances
between the molecular wires after removal of some water or
ammonia from the material. The calcined Mo–Te oxide at 573K
was further characterized, and it remained a rod-shaped material
(Supplementary Fig. 13a). The particle size and morphology did
not change with calcination, which was indicated by the size
distribution (Supplementary Fig. 14). The arrangement of the
molecular wire was observed by TEM (Supplementary Fig. 13b)
and was in good agreement with the powder XRD patterns. Thus,
calcination did not affect the morphology of the material.
Photo images of the Mo–Te oxide showed that the colour of

the material gradually changed to blue with an increase in the
treatment temperature (Supplementary Fig. 15), indicating that
reduced Mo species were generated in the material. The resulting
materials were further characterized by ultraviolet–vis spectro-
scopy, which revealed that Mo ions in the material were reduced
by heating (Fig. 8a). The band gap calculated from the
ultraviolet–vis spectra indicated that the band gap had decreased
with the reduction of Mo ions in the material (Fig. 8b). The band
gap of the original Mo–Te oxide was 2.93 eV. After calcination,
the band gap of the material decreased to 2.28 eV. The oxidation
states of the Mo and Te ions in the material were further studied
by XPS. Most of the MoVI ions were reduced to MoV ions after
heat treatment at 573K under N2, whereas the Te ions in the
material were not oxidized (Supplementary Fig. 1f–h). TPD-MS
profiles (Supplementary Fig. 6a) of Mo–Te oxide revealed that N2

had desorbed from the material during heat treatment, indicating
that the NH3 in the material had been oxidized to N2, whereas the
MoVI ions had been reduced to MoV ions. Therefore, the Mo ions
were reduced in their reaction with NH3 in the material. It has
been reported that any charge transfer or n-type electron doping
in a conduction band causes lattice distortion of Mo-based oxides
and consequently a reduction in the band gap35. Regarding Mo–
Te oxide under heat treatment, electrons were transferred from
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NH4
þ to the conduction band of the material (formed in the

molecular wires from the d-orbitals of Mo), and therefore the
band gap could be reduced. The XRD peak at ca. 22 degree shifted
after calcination (Supplementary Fig. 12C), which was ascribed to
lattice distortion of the molecular wire.

Discussion
It is interesting that Mo–Te oxide and Mo–Se oxide had similar
basic structure, but different morphologies. The lattice parameters
of Mo–Te oxide and Mo–Se oxide were similar, and the negative
charge and counter cation were the same. Mo–Te oxide was a
rod-like material that exhibited preferential crystal growth along
the c direction. By contrast, Mo–Se oxide was a hexagonal plate-
shaped material that preferred crystal growth along the a–b plane.
Several factors affecting this difference in morphology were
considered.
First, the difference in the central elements, TeIV and SeIV, was

considered. In a-Keggin-type POMs, [XnþW12O40](8� n)�
(X:Si(n¼ 4), Ge(n¼ 4), P (n¼ 5), As (n¼ 5), Co(n¼ 2) and
Zn(n¼ 2)), properties such as the redox potential and affinity for
protons depend on the identity of the central element. These
differences result from the ionic size and electronegativity of the
central element36. Differences in the ionic radii and
electronegativity of TeIV and SeIV might have affected the
morphology of the Mo–Te oxide and Mo–Se oxide crystals.
Second, the synthetic preparations of the materials were

different. Soluble SeO2 was used as a SeIV source in Mo–Se
oxide, whereas Te(OH)6 with a reducing reagent (VOSO4) was
used as a TeIV source in Mo–Te oxide. An obvious difference is
that a large amount of Mo–Se oxide (ca. 10% of the yield) was
formed within 10min at room temperature (material character-
ization in Supplementary Fig. 16 and Supplementary Methods),
whereas nearly no solid was observed in the Mo–Te oxide
system even after 1 day. Only a small amount of Mo–Te oxide
(ca. o0.06% of the yield) was produced after 2 days at room
temperature (Supplementary Fig. 17; Supplementary Methods).
This indicates that formation rate of Mo–Se oxide was faster than
that of Mo–Te oxide. Mo–Se oxide was produced immediately
after mixing the Mo and Se sources, which might result from the
high concentration of SeIV species in the initial solution due to
the soluble SeO2. In Mo–Te oxide, TeIV was produced slowly
in situ by reduction of Te(OH)6 by VOSO4 (Supplementary
Fig. 18). Furthermore, TeIV is typically insoluble in water
compared with SeIV, which might affect the concentration of
TeIV (Supplementary Fig. 19). These factors could result in the
slow generation of Mo–Te oxide. Therefore, the different
synthetic conditions and formation processes might also affect
the morphology of the materials.
Mo–Se oxide can also be synthesized through reduction of

Se(OH)6 with VOSO4 (synthesis and characterization in Supple-
mentary Methods, Supplementary Fig. 20 and Supplementary
Fig. 21), which slowly generated SeIV (Supplementary Fig. 18).
FTIR (Supplementary Fig. 20b) indicated that the structures of
the molecular wires in the resulting material were identical to that
obtained using SeO2. Powder XRD Rietveld analysis indicated an
identical molecular structure in the molecular wires with slightly
different packing (Supplementary Fig. 20; Supplementary Fig. 21).
SEM images and size distributions (Supplementary Fig. 22)
showed that the a–b plane of the material using Se(OH)6 was
much smaller than that using SeO2. This result also supports the
fact that synthetic conditions affected the morphology of the
products.
Proton exchange facilitates the isolation of the molecular wires

from the Mo–Te oxide crystal. The density functional theory
(DFT) calculation was used to further understand the process.

In the Mo–Te oxide crystals, there were three main interactions
organizing the molecular wires into the crystal: electrostatic
interactions between anionic molecular wires and ammonium
cations, hydrogen bond interactions and van der Waals
forces. Generally, the electrostatic interaction is stronger than
the other two interactions. Weakening the electrostatic
interaction through proton exchange drove isolation from the
crystal to form the molecular wires, as demonstrated by the DFT
calculation.
Single-crystal structure analysis revealed that the distance of

the N in NH4
þ and the O in the Mo¼O terminal bond

(O(Mo¼Ot)) was ca. 2.669–2.814Å, indicating the presence of
electrostatic interactions in the materials. After optimizing the
geometry with the DFT calculation, the distance of the N in NH4

þ
and O(Mo¼Ot) was 2.753–2.762Å, similar to the single-crystal
data. Moreover, the DFT calculation demonstrated that the
distance between the H in NH4

þ (H(NH4
þ )) and O(Mo¼Ot) was

1.825–1.831Å (Fig. 9a,b), indicating no covalent bond between
H(NH4

þ ) and O(Mo¼Ot). Therefore, electrostatic interactions
existed in the material. The chemical formula of molecular wire
was (NH4)2n[TeMo6O21]n, indicating that [TeMo6O21]2� inter-
acted with two NH4

þ .
In the second model, all ammonium cations were ideally

replaced by protons. The DFT calculation showed that two
Mo¼Ot bonds were protonated because the O–H bond length
was 0.987–0.989Å (Fig. 9c,d). Protonation of the terminal M¼O
is common in POMs. Therefore, after proton exchange, the
anionic molecular wire was neutralized by protons, destroying the
electrostatic interactions.
The third model is the closest to the proton-exchanged

material (Fig. 9e,f), in which half of the ammonium cations were
replaced by protons. After geometry optimization only one
Mo¼Ot was protonated in a cell. The anionic molecular wire was
partly neutralized by proton exchange. The chemical formula of
the molecular wire was (NH4)n[HTeMo6O21]n, indicating that
one [HTeMo6O21]� interacted with only one NH4

þ . Therefore,
the electrostatic interaction was weakened by proton exchange.
The energy to isolate of the crystal and form the molecular wire

(DEiso), denoted as DEiso¼Emolecular wire�Ecrystal, was calculated;
DEiso decreased with increasing protons in the material (Fig. 9g).
Thus, proton exchange decreased the electrostatic interaction
(DEiso), which caused the crystal to crack into small molecular
wires.
Furthermore, Raman spectra and FTIR spectra (Supplementary

Fig. 23) contained shifts in the Raman band at 964 cm� 1 and the
IR band at 939 cm� 1 after proton exchange, indicating that the
Mo¼O bond lengths were altered after proton exchange and
protonation of Mo¼O37.

In summary, self-assembly of Mo–O octahedra with SeIV or
TeIV formed the transition metal oxide-based molecular wires.
The structures of Mo–Te oxide and Mo–Se oxide were
determined by single-crystal X-ray analysis and powder XRD
Rietveld analysis combined with XPS, FTIR and elemental
analysis. The materials were composed of [XIVMoVI6O21]n (X¼
Se and Te) hexagonal-shaped 1D molecular wires with water and
NH4

þ . Because of their unique structural properties, these
materials will give rise to new transition metal oxide nanowire
technologies based on their 1D properties.
The metal oxide molecular wires exhibited acid-catalyst

activities, which will open up a new field of heterogeneous
catalysts based on molecular wires. Moreover, the band gap of the
material can be easily manipulated, which may alter the
electroconductivity of the material. These molecular wire-based
materials are expected to have applications in the fields of
thermochromic materials and semiconductors, as well as other
related fields.
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Methods
Synthesis of Mo–Te oxide. (NH4)6Mo7O24 � 4H2O (1.766 g, 10mmol based on
Mo) was dissolved in 20ml of water, followed by addition of Te(OH)6 (0.391 g,
1.7mmol) to the (NH4)6Mo7O24 � 4H2O solution to form solution A. Then,
VOSO4 � 5H2O (0.6438 g, 2.5mmol) was dissolved in 20ml of water to form
solution B. Solution B was poured rapidly into solution A. The mixture was stirred
at room temperature for 10min and degassed by N2 bubbling for 10min (pH 2.8).
The mixture was introduced into the 50-ml Teflon-liner of a stainless-steel auto-
clave, which was heated at 448 K for 24 h. After the autoclave had cooled to room
temperature, the resulting solid was recovered from the solution by filtration. The
obtained solid was washed with 10ml of water three times and dried at 353 K
overnight. Then, 1.07 g of Mo–Te oxide was obtained (yield of 58% based on Mo).
Elemental analysis: calculated for N2Mo6Te1O24H14: N, 2.48; Mo, 50.98; Te, 11.30;
H, 1.24; V, 0, found: N, 2.49; Mo, 51.59; Te, 11.13; H, 1.22; V, 0.

Synthesis of large Mo–Te oxide crystals. (NH4)6Mo7O24 � 4H2O (1.766 g,
10mmol based on Mo) was dissolved in 20ml of water, followed by addition of
Te(OH)6 (0.391 g, 1.7mmol) to the (NH4)6Mo7O24 � 4H2O solution to form solu-
tion A. Then, VOSO4 � 5H2O (0.6438 g, 2.54mmol) was dissolved in 20ml of water
to form solution B. Solution B was poured rapidly into solution A. The mixture was
stirred at room temperature for 10min and degassed by N2 bubbling for 10min
(pH of 2.8). The solution was sealed and stored in a refrigerator for B3 months.
The large well-crystallized Mo–Te oxide was collected by centrifugation
(3,500 r.p.m., 5min). Then, 5mg of Mo–Te oxide was obtained (yield of 0.3% based
on Mo).

Synthesis of Mo–Se oxide. (NH4)6Mo7O24 � 4H2O (1.766 g, 10mmol based on
Mo) was dissolved in 20ml of water, followed by addition of SeO2 (0.189 g,
1.7mmol) to the (NH4)6Mo7O24 � 4H2O solution. The pH of the solution was
adjusted to 2.8 by H2SO4 (1M), and the solution was stirred at room temperature
for 10min (yellow solid was generated during this process) and degassed by N2

bubbling for 10min. The mixture was introduced into the 50-ml Teflon-liner of a

stainless-steel autoclave, which was heated at 448 K for 24 h. After the autoclave
had cooled to room temperature, the resulting solid was recovered from the
solution by filtration. The obtained solid was washed with 10ml of water three
times and dried at room temperature overnight. Then, 0.17 g of Mo–Se oxide
was obtained (yield of 9.6%). Elemental analysis: calculated for N2Mo6Se1O23H12:
N, 2.64; Mo, 54.17; Se, 7.43; and H, 1.13, found: N, 2.72; Mo, 54.19; Se, 7.58;
and H, 1.25.

Ion exchange with protons. Mo–Te oxide or Mo–Se oxide (0.6 g) was dispersed in
24ml of water. HCl (36%, 2ml) was added to the solution. The mixture was
stirred for 15 h. The resulting solid was recovered by filtration and dried at room
temperature. Elemental analysis: calculated for N1.1Mo6Te1O26H15.3 (denoted as
H–Mo–Te oxide): N, 1.34; Mo, 50.06; Te, 11.10; and H, 1.33, found: N, 1.44; Mo,
50.34; Te, 11.18; and H, 1.51. Elemental analysis: calcualted for N1.1Mo6Se1O27H17.3

(denoted as H–Mo–Se oxide): N, 1.38; Mo, 51.43; Se, 7.05; and H, 1.55, found: N,
1.52; Mo, 51.68; Se, 7.05; and H, 1.58.

Separation of molecular wires. H–Mo–Te oxide or H–Mo–Se oxide (5mg) was
dispersed in 5ml of ethanol, followed by ultrasonication (200W, 37 kHz) for 1 h.
The solution was centrifuged for 2 h (3,500 r.p.m.). The upper 50% of the colloid
was used in further characterization. Approximately 2 wt% of H–Mo–Te oxide
formed nanoparticles, as determined by measuring the weight of remaining solid in
the solution.

Catalytic activity. A catalyst (0.1 g) was dispersed in 5ml of ethanol. Acetic acid
(0.1ml) and decane (0.1ml) were added to the ethanol solution. The mixture was
heated at 365 K. The reaction was monitored by gas chromatography with flame
ionization detector. Conversion was calculated based on acetic acid. The selectivity
was calculated by n(ethyl acetate)/n(all products), and the carbon balance was
calculated by n(all products)/n(acetic acid), where n is the molar amount. The
carbon balance was over 95% and the selectivity of ethyl acetate was 99% in
all cases.

1.825–1.831 Å 0.987–0.989 Å
1.830–1.846 Å

0.986 Å

(1) (1) (1)

(2) (2)(2)

a

b

a c e

b d f

200

150

100

50

0
0 2 1

Number of proton per one unit cell

ΔE
is

o 
(k

J 
m

ol
–1

)

g

c

Figure 9 | Structure in unit cells after geometry optimization. (a) Mo–Te oxide with two ammonium cations in a unit cell. (b) Magnified image of a

hexagonal unit of [TeMo6O21] with an ammonium cation. (c) Mo–Te oxide with two protons in a unit cell. (d) Magnified image of a hexagonal unit of

[TeMo6O21] with a proton. (e) Mo–Te oxide with a ammonium cation and a proton in a unit cell. (f) Magnified image of a hexagonal unit of [TeMo6O21]

with an ammonium cation and a proton. (g) Calculated DEiso.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms8731

8 NATURE COMMUNICATIONS | 6:7731 | DOI: 10.1038/ncomms8731 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

─ 100 ─



Calcination. Mo–Te oxide (0.1 g) was calcined in a glass tube that was set into a
furnace under N2 flow (180mlmin� 1) at 473, 498, 523, 548 and 573K for 1 h with
a rate of increase in temperature of 10 Kmin� 1.

Characterization. XRD patterns were obtained on RINT2200 (Rigaku, Japan) with
Cu Ka radiation (tube voltage: 40 kV, tube current: 20 and 40mA for structural
analysis). FTIR spectroscopy was carried out on a Perkin Elmer PARAGON 1000
(Perkin Elmer, USA). Diffuse reflectance ultraviolet–vis spectra were obtained
using a JASCO V-570 spectrophotometer equipped with an ISN-470 reflectance
spectroscopy accessory (JASCO, Japan). The band gap of the material was obtained
from the figure of hn versus (ahn)2 via the equation of (ahn)2¼ k(hn�Eg), where
Eg is the band gap; a is the absorption coefficient; hn is the incident light energy;
and k is a constant38. XPS was performed on a JPS-9010MC (JEOL, Japan). The
spectrometer energies were calibrated using the Au 4f7/2 peak at 84 eV. Raman
spectra were recorded on a Renishaw inVia Raman Microscope (Renishaw, UK).

TPD-MS measurements were carried out from 313 to 893K at a heating rate of
10Kmin� 1 under He flow (flow rate: 50mlmin� 1). Samples were set up between
two layers of quartz wool. A TPD apparatus (BEL Japan, Inc., Japan) equipped with
a quadrupole mass spectrometer (M-100QA. Anelva) was used to detect NH3

(m/z¼ 16), H2O (m/z¼ 18), N2 (m/z¼ 28) and O2 (m/z¼ 32). TG-DTA was
carried out up to 773K at a heating rate of 10Kmin� 1 under nitrogen flow (flow
rate: 50mlmin� 1) on a Thermo plus TG-8120 (Rigaku, Japan).

SEM images were obtained with a HD-2000 (HITACHI) and a JSM-6360LA
(JEOL, Japan). TEM images were taken with a 200-kV TEM (JEOL, JEM-2010F,
Japan). AFM images were obtained on an Agilent 5500 scanning probe microscope
(Agilent Technologies, USA) in air by a silicon cantilever with a 7-nm radius.

Elemental compositions were determined using an inductively coupled plasma
atomic emission spectroscopy method (ICPE-9000, Shimadzu, Japan). The CHN
elemental compositions were determined in the Instrumental Analysis Division,
Equipment Management Center, Creative Research Institution, Hokkaido University.

Single-crystal X-ray analysis of Mo–Te oxide. The crystals obtained at room
temperature were still too small for the diffractometer in the laboratory single-
crystal analysis system, and data collection was performed on a high-precision
diffractometer installed in the SPring-8 BL40XU beamline39,40. The synchrotron
radiation emitted from a helical undulator was monochromated by an Si(111)
channel cut monochromator and focused with a Fresnel zone plate. A Rigaku
Saturn724 charge-coupled device 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)41, where the unweighted and weighted agreement factors of
R¼S||Fo|� |Fc||/S|Fo| (I42.00s(I)) and wR¼ [Sw(Fo2� Fc2)2/Sw(Fo2)2]1/2

were used. Crystallographic data, atom position and bond lengths for Mo–Te oxide
are shown in Supplementary Tables 2–4. The Cif file is available in Supplementary
Data 1.

Structure determination by powder X-ray diffraction. The structure of Mo–Se
oxide was determined from powder XRD. A powder XRD pattern for structural
analysis was obtained on a RINT2200 (Rigaku, Japan) with Cu Ka radiation (tube
voltage: 40 kV, tube current: 40mA, scan speed: 1�min� 1, step: 0.01�). First, the
powder XRD pattern was indexed by the DICVOL06 (ref. 42) and X-cell
programs43. After performing Pawley refinement, the most reasonable space group
was obtained. Then, the Le Bail method44 was applied for intensity extraction with
the EdPCR program. The initial structure was solved by a charge-flipping
algorithm45. The positions and types of atoms were obtained by analysing the
generated electron density maps (Supplementary Table 5). The initial structure was
refined by Rietveld analysis.

Rietveld refinement. The structures of Mo–Te oxide (from single-crystal analysis)
and Mo–Se oxide (from powder XRD) were refined by powder XRD Rietveld
refinement46. Pattern parameters and lattice parameters of the materials were
refined by the Pawley method. The atomic temperature factor of Mo–Te oxide was
from the single-crystal analysis. Then, isotropical temperature factors were given
for every atom in the initial structure of Mo–Se oxide. Rietveld analysis was
initiated with the initial models of the materials, and lattice parameters and pattern
parameters were from the Pawley refinement. Every atom position was refined.
Occupancy of atoms in the framework was fixed without further refinement, and
occupancies of atoms in water and the cations were refined with consideration of
elemental analysis results. Finally, the pattern parameters were refined again to
obtain the lowest Rwp value. The crystallographic parameters, atom positions and
bond lengths of Mo–Se oxide are shown in Supplementary Table 2, Supplementary
Table 6 and Supplementary Table 7, and the Rietveld analysis parameters of
Mo–Te oxide and Mo–Se oxide are shown in Supplementary Table 1.

DFT calculations. The structures of the Mo–Te oxide crystals and the
Mo–Te oxide molecular wires were optimized using the DMol3 program47,48.
The Perdew–Burke–Ernzerhof generalized gradient functional and DND basis sets

were employed. The lattice parameters and atom coordination of the initial
structure of the Mo–Te oxide crystal were from the single-crystal analysis. For the
Mo–Te oxide molecular wires, the structure was optimized in a cell with lattice
parameters of a¼ b¼ 30Å, c¼ 3.944 Å and a¼b¼ g¼ 90�, which insured that the
interaction between each molecular wire was negligible. The relative positions of
the atoms in the molecular wires were the same as that from the single-crystal
analysis.
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Abstract: Complex Mo,V-based mixed oxides that crystallize
in the orthorhombic M1-type structure are promising candi-
dates for the selective oxidation of small alkanes. The oxygen
sublattice of such a complex oxide has been studied by annular
bright field scanning transmission electron microscopy. The
recorded micrographs directly display the local distortion in
the metal oxygen octahedra. From the degree of distortion we
are able to draw conclusions on the distribution of oxidation
states in the cation columns at different sites. The results are
supported by X-ray diffraction and electron paramagnetic
resonance measurements that provide integral details about the
crystal structure and spin coupling, respectively.

In the past 25 years, high-resolution transmission electron
microscopy (HRTEM) has been developed to a powerful tool
for direct imaging of atomic structures.[1] However, direct
imaging of elements with low atomic number, such as oxygen,
nitrogen, and hydrogen is difficult due to their low scattering
power. For instance, in high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) the
intensity is due to Rutherford scattering by the nuclei and,
therefore, approximately proportional to Z2.[2] As a result, the
intensity of heavy elements generally overwhelms the signal
of light ones. Nonetheless, individual oxygen columns have
been observed by advanced techniques, such as exit wave
reconstruction,[3] spherical aberration corrected TEM,[4] and

high voltage HRTEM.[5] Although these methods show
concepts to pinpoint the oxygen columns, their utilization is
limited.

Pioneering work on the direct imaging of oxygen columns
was mainly accomplished on structures derived from thermo-
dynamically stable, high-temperature perovskites character-
ized by negligible beam sensitivity.[4b,5] In catalysis and energy
conversion, however, metastable and specifically beam-sensi-
tive phases exhibiting defects and distortions in the metal–
oxygen polyhedra are generally used. Direct imaging of light
elements in beam-sensitive materials is, however, possible by
using an annular bright field (ABF) detector[6] in combination
with STEM. Small-angle scattering occurs at the edge of the
atoms where all elements have comparable charge densities.
Thus the scattering intensities of light and heavy elements are
more balanced.[7] Here we present the direct imaging of the
oxygen sublattice in beam-sensitive, binary orthorhombic
(Mo,V)Ox. Images were recorded with a double corrected
JEOL ARM 200F equipped with a cold field emission gun
(CFEG) using HAADF and ABF detectors.

(Mo,V)Ox crystallizes in an orthorhombic structure
(Pba2) closely related to the so-called M1 phase of
MoVTeNbOx (ICSD no. 55097, Figure 1).[8] It has been
considered as catalyst in the oxidative activation of short-
chain alkanes in the light of prospected raw material changes
from crude oil to natural gas.[9] The obtained ABF-STEM
images enable a direct measurement of the metal–oxygen
bond angles for the different metal sites. Although the
measured distortions correspond to a projection onto the
basal plane, they give a hint on the oxidation state of each
metal site.[10] Our findings are compared with Rietveld refined
X-ray diffraction (XRD) data and electron paramagnetic
resonance (EPR) spectroscopy.

Aberration-corrected HAADF-STEM imaging has been
used before[2,11] to directly observe the characteristic metal
framework of the orthorhombic (Mo,V)Ox structure in the
[001] projection. It provided valuable insights on different
metal site occupancies and defect structures.[2, 12] In the case of
highly crystalline (Mo,V)Ox (Figure SI1), the analysis of
HAADF images (Figure 2A) showed a similar trend in the
Mo site occupancy (Figure SI2). Using the labeling scheme
suggested by DeSanto[8] et al. , the Mo content in the
respective sites decreases in the order S9⇡ S5⇡ S6> S8⇡
S10⇡S11> S2> S4⇡ S3⇡S7> S1. This result is in good
agreement with the preferential positions of Mo and V
obtained by Rietveld refinement of the XRD data (Figure 1,
Table 1, and Table SI1). However, occupancies diverge
slightly from observations reported previously, thus indicating
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a certain chemical flexibility of orthorhombic (Mo,V)Ox.
Variations in the Mo and V distribution could be related to
the fact that thermal treatment after hydrothermal synthesis
was omitted. It is important to note here that STEM is a very
local method and therefore allows resolving statistic occupa-
tion of inequivalent sites for individual unit cells (Figure SI3),
whereas XRD averages over the whole sample.

The simultaneously recorded annular bright field (ABF)-
STEM image is depicted in Figure 2B. In ABF, channels

Figure 1. Polyhedron model of the orthorhombic (Mo,V)Ox structure
viewed along [001] obtained from Rietveld refined XRD pattern
(Figures SI4 and SI5). Mo- or V-dominated, channel and oxygen sites
are denoted by blue or green polyhedra/atoms, yellow and red atoms,
respectively.

Figure 2. A) Atomic resolution HAADF-STEM image and simultane-
ously recorded ABF-image (B) of (Mo,V)Ox. The white rectangles in
(A) and (B) display the orthorhombic unit cell. The white dashed lines
in (A) and (B) denote a trigonal intergrowth. In (B) Mo-, V-dominating
metal, channel, and oxygen sites are highlighted in blue, green, yellow,
and red, respectively. In addition, metal sites with high, intermediate,
and no distortions are indicated by blue circles, orange squares, and
green triangles, respectively. Original ABF images are given in the
Supporting Information (Figures SI7 and SI8).

Table 1: Measured oxygen-metal-oxygen bond angles within the basal
plane of a low, medium, and high distorted metal site, preferred metal
site occupation, and proposed oxidation states of Mo and V in the
orthorhombic (Mo,V)Ox structure. Additional bond angles for various
metal sites are listed in the Supporting Information (Table SI1).

Oxygen
site[a]

Metal
site

Oxygen
site[a]

Bond
angle [8][b]

Metal[c] Population
[at.%][d]

d1 (OS)[e]

O26 S1 O13 90[f ] V 87 high
O13 S1 O26’ 90⌃1 (4+)
O26’ S1 O13’ 90[f ]

O13’ S1 O26 90⌃1

O30 S3 O17 88⌃4 V 69 low
O17 S3 O14 97⌃3 (5+)
O14 S3 O15 89⌃4
O15 S3 O30 85⌃3

O19 S5 O30 109⌃2 Mo 90 low
O30 S5 O18 83⌃4 (6+)
O18 S5 O22 73⌃4
O22 S5 O19 95⌃4

[a] An oxygen site map is given in the Supporting Information (Fig-
ure SI11). [b] Measured metal–oxygen bond angles in the basal plane.
Given numbers are averages of different spots. [c] Preferred metal at the
corresponding metal site as determined from the XRD data (Figures 1
and SI5) and HAADF-STEM image (Figures 2A and SI2). [d] Occupancy
of the dominating metal as obtained from XRD. The difference to 100%
corresponds to the minor element. [e] Probability of realizing a d1 state
and proposed oxidation state. [f ] Symmetry centers: The angle of
neighboring metal–oxygen bonds has to be 1808.
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appear bright, whereas individual metal and oxygen sites
appear dark. As opposed to HAADF, the oxygen columns in
the vicinity of the metal sites can clearly be observed in the
ABF images. In agreement with the XRD measurements
(Figures 1, SI4, and SI5), ABF shows that heptagonal[14] and
hexagonal channels exhibit additional electron density indi-
cating at least a partial occupancy of both channels. Interest-
ingly, the highly localized contrast due to the oxygen columns
indicates a relative confined distribution of O atoms, suggest-
ing an equal distortion of the MO6 octahedra stacks along
[001] columns, regardless of the mixed Mo/V ratio. If the
distortion at one site would vary, a diffuse contrast of the
oxygen atoms would be expected. The direct imaging of the
metal oxygen polyhedra provides information about bond
angles that can otherwise only be obtained by a combination
of different physical methods. However, direct measurement
of structural parameters requires distortion-free imaging. To
validate the absence of scan distortions a Pt reference sample
was investigated using the same settings (see Figure SI6).
Improved room design and the high stability of modern TEM
platforms allow distortion-free imaging and abstraction of
structural parameters as demonstrated in several recent
publications.[15] The STEM images in Figure 2 and the
measured angles correspond to a 2D projection of
(Mo,V)Ox. Thus, the apical MˇO bonds are not accessible.
The measured bond angles of the different metal sites in
(Mo,V)Ox are listed in Tables 1 and SI1 and are schematically
illustrated in Figure 2B. Almost no distortion was obtained in
the basal plane of the S1 and S2 sites, medium distortions
were measured at the S3, S4, and S7 sites, and the highest
distortions were observed for the metal sites S5, S6, S8, S9,
S10, and S11, which are located in the pentagonal units.

The distortion in transition metal oxides is a result of
symmetry breaking due to energy minimization and depends
on the spin configuration of the central cation[10] and the local
surrounding.[16] Fully oxidized polyhedra consisting of Mo or
V are known to always show a high out-of-center distortion
tendency toward various directions[8,10] due to their ability to
form stable “molybdenyl” or “vanadyl” (M=O; M=Mo,V)
species. Structurally, the M1 phase represents a group of
nonstoichiometric oxides such as Mo5O14, Mo8O23, and
Mo17O47.

[17] Mo8O23 for instance also exhibits a complex
framework, composed of distorted edge-shared octahedra
hosting Mo=O species and less distorted bands of corner-
shared polyhedra.[18] In the case of vanadium, V5+ polyhedra
are generally distorted through one shortened bond length
forming the characteristic V=O bond.[10b,19] While the strong
distortion in highly oxidized Mo generally arises from a short-
ening of two metal oxygen bonds, in vanadium only one bond
is compressed.[18,19] It has further been highlighted that the
majority of Mo6+ cations tend to shift toward edges of the
corresponding octahedra,[10b] leading to the occurrence of
significant changes in the projected metal–oxygen bond
angles. In the case of fully oxidized V, the metal centers are
known to be mostly shifted toward the vertices,[10b] thus
resulting in lower projected bond distortions. This is reflected
in our measured metal–oxygen bond angles which are highest
for the molybdenum oxide octahedra (Tables 1 and SI1) in the
pentagonal building block.

Based on the measured projected distortions we therefore
propose that medium and highly distorted sites (S3, S4, S7, S5,
S6, S8, S10, and S11) contain empty d-orbitals and accom-
modate highly charged V and Mo cations, respectively. In
contrast, almost no distortions are observed for symmetric S1
and S2 sites. Thus, these sites might exhibit an increased
probability for hosting one d-electron at the respective metal
centers. Finally, in the case of the pentagonal bipyramidal S9
site, no strong distortions were observed, although XRD data
and HAADF-STEM analysis indicate that it is mainly
occupied by Mo (Figure 2B, Table 1) and, according to
charge neutrality, should be in a d0 oxidation state. Hence,
we cannot draw conclusions on the relation between dis-
tortion and d-occupancy in the case of the pentagonal
bipyramid.

To verify the presence of unpaired electrons an EPR
measurement was conducted. The corresponding spectrum
(Figure SI9) can be fitted by two broad featureless signals and
two signals containing hyperfine splitting (Figure SI10). The
g-factors for the broad signals are typical for strongly
interacting V (or Mo) species with 3d (or 4d) electrons.
These features are indicating the presence of two distinguish-
able metal sites in the bulk phase and were therefore used for
correlation. The signals with resolved hyperfine structure
correspond to isolated 51V4+ in an axial crystal field. Quan-
tification of the spin numbers in the sample under the
assumption that only d0 and d1 cations are present, reveals
that at least 1–2% of the metals carry unpaired d-electrons
(Tables SI2–SI5). In line with our assignment, the results
could be translated to the presence of d1 electrons at the S1
and S2 site. It should be mentioned that the EPR-detected
amount of unpaired electrons represents a minimum value for
d1 electrons present in the unit cell of (Mo,V)Ox.

Our assignments of the metal site occupancy, distortion in
the oxygen sublattice and oxidation state based on STEM
micrographs are in very good agreement with XRD and EPR
measurements. The combination of edge- and corner-shared
M–O polyhedra (M=Mo, V) with different degrees of
distortion relieve lattice strain and lead to the realization of
this energetically favored, complex network structure. Such
structures can be obtained by Mo or V because they are able
to form discrete molybdenyl (Mo=O) and vanadyl (V=O)
species, respectively. As the distortions are also affected by
the electronic configuration, imaging of distortions in the
oxygen sublattice enables a way to conclude on the oxidation
state. The knowledge of the oxidation state of each single
metal site will contribute to a better understanding of the
redox chemistry of these materials and their function as
prospective catalysts. Contrary to the HAADF-STEM image
which gives the impression of empty channels which cannot
be found by gas adsorption, the ABF image shows occupied
channels. This result further underlines the power of modern
chemical TEMs equipped with an ABF detector to verify the
filling of nominal channels in inorganic structures. This report
demonstrates that we are getting closer to Feynman�s wish of
understanding the atomic arrangement by just looking at it.

In conclusion, we have demonstrated that modern elec-
tron microscopy provides detailed chemical information that
could otherwise only be obtained by a combination of
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different analytical methods and could therefore be labeled as
chemical electron microscopy (ChemEM). Abstracting local
oxidation states from the atomic position in images provides
an alternative to electron energy loss spectrometry for cases
of beam-sensitive materials.

Experimental Section
The (Mo,V) oxide (FHI-SN: 11345) was prepared by hydrothermal
synthesis and analyzed without further thermal treatment.[14] Details
regarding synthesis and the applied analytical techniques are
summarized in the Supporting Information.

Keywords: annular bright field microscopy · bond angles ·
electron microscopy · light elements ·
transmission electron microscopy
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ABSTRACT: Redox treatments of an orthorhombic
Mo29V11O112 catalyst (MoVO) were conducted and its crystal
structure, microporosity, and catalytic activity were inves-
tigated. TPR and TG revealed that MoVO evolved two kinds
of lattice oxygen (α-oxygen and β-oxygen) from the structure
by reduction treatment. In the early stage of reduction, α-
oxygen was evolved from the structure, causing expansion of
the micropore channel. With further reduction, the atoms in
the pentagonal [Mo6O21]

6− unit moved toward the micropore
channel, resulting in a decrease in micropore size. Expansion of
the micropore drastically increased catalytic activity for
selective oxidation of ethane, but the activity was decreased
by a reduction in the micropore channel size. Strong
relationships were found between crystal structure, micro-
porosity, and catalytic activity for selective oxidation of ethane.

1. INTRODUCTION

Orthorhombic Mo3VOx oxide (MoVO) has attracted much
attention because of its outstanding catalytic performance for
selective oxidation of ethane1−8 and acrolein.3,9−12 A structural
model of MoVO constructed on the basis of HAADF-STEM
images is shown in Figure 1.13,14 The a−b plane is composed of
pentagonal [Mo6O21]

6− units (shown by purple) and {MO6}
(M = Mo, V) octahedra which stacks on each other to form
layered material of MoVO. In the a−b plane, the network
arrangement of the pentagonal [Mo6O21]

6− units and Mo/V
octahedra forms the framework unit (shown by the blue
enclosure). Voids in the framework are filled with pentamer
units comprised of five octahedra (shown by a red circle),
resulting in the formation of hexagonal and heptagonal
channels. In these channels, the heptagonal channel provides
molecular sieving properties on the basis of the channel size
(0.40 nm) and can adsorb small molecules such as N2 or light
alkanes.15−18

We have reported that the sorption behavior of MoVO
derived from the heptagonal channel is continuously and
reversibly tunable by redox treatment.17 This is a unique feature

of this material since it is impossible for other crystalline porous
materials such as zeolites and MOFs, because zeolites are
comprised of elements that are redox-inactive, and the organic
moiety of MOFs is unstable under redox conditions. Apart
from the sorption behavior, we have reported that the
heptagonal channel converts ethane to ethene in the channel
without diffusion effects, resulting in outstanding catalytic
performance.2,3 This fact suggests that the catalytic perform-
ance for selective oxidation of ethane should depend on the
properties of the heptagonal channel. More specifically, the
microporosity derived from the heptagonal channel may be a
key factor for the catalysis of ethane. It is important to reveal
the relationship of microporosity and catalytic activity for
selective oxidation of ethane in order to understand the
catalysis of this reaction at the molecular level. We also believe
that such findings will lead to a deep understanding of general
selective oxidations.
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In this study, we carried out redox treatments of MoVO and
we evaluated the relationships between crystal structure,
microporosity, and catalytic activity for selective oxidation of
ethane.

2. EXPERIMENTS
2.1. Catalyst Preparation. The orthorhombic

Mo29V11O112 oxide (MoVO) was synthesized by the hydro-
thermal method. First, 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. At
this stage, the pH value of the solution was 3.2. 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 indispensable for obtaining well-crystallized
samples. After the introduction, N2 was fed into the solution
in the vessel to remove residual oxygen. The hydrothermal
reaction was started at 175 °C for 48 h under static conditions
in an electric oven. The gray solid formed on the Teflon sheet
was separated by filtration, washed with 1000 mL of distilled

water, and dried at 80 °C overnight. Since the ontained solid
contained amorphous types of materials as an impurity phase,
so the dried sample was treated with oxalic acid for purification.
To 25 mL of an aqueous solution (0.4 mol l−1, 60 °C) of oxalic
acid (Wako), 1 g of the dried material was added, and the
mixture was stirred for 30 min and then washed with 500 mL of
distilled water. The obtained solid was dried at 80 °C overnight.
MoVO was ground for 5 min with an agate mortar before heat
treatment under air as an oxidative gas at 400 °C for 2 h with a
10 °C min−1 ramp in a muffle furnace. The oxidized MoVO is
abbreviated as MoVO(0). The formula from elemental analysis
was Mo28.8V11.2O112(N2)2(O2)0.5(H2O)4.5 (Anal. Calcd: Mo,
52.7; V, 11.0; O, 35.8; N, 1.0; H, 0.2. Found: Mo, 52.3; V, 10.8;
O, 35.6; N, 1.1; H, 0.2; total, 100.7).

2.2. Redox Treatment. Redox treatment for MoVO was
carried out by heat treatment under an oxidative or reductive
gas atmosphere. As a reduction treatment, the oxidized sample
(MoVO(0)) was heat-treated under 70 mL min−1 of 5% H2/Ar
flow with a fixed bed Pyrex tubular furnace equipped with a
TPR apparatus. The temperature was increased from room
temperature to 400 °C with a 10 °C min−1 ramp rate and was
kept for x h (0, 0.2, 0.5, 1.0, 1.5, and 2.0), 0 h meaning that the
temperature was decreased soon after the temperature had
reached 400 °C. The obtained samples are abbreviated as
MoVO(δ) (δ = 0.8, 2.9, 4.2, 5.4, 6.1, 6.8), where δ represents
the amount of lattice oxygen evolved from the unit cell of
MoVO (Mo29V11O112‑δ) and was estimated by a TCD equipped
with a TPR apparatus. As an oxidative treatment, MoVO(2.9)
and MoVO(6.8) were heat-treated under air atmosphere at 400
°C for 2 h with a 10 °C min−1 ramp in a muffle furnace, and the
obtained samples are abbreviated as MoVO(2.9)-AC and
MoVO(6.8)-AC, respectively.

2.2. Characterization of Synthesized Materials. The
obtained catalysts were characterized by the following
techniques. TPR was conducted by using CHEMBET 3000
(Quantachrome). First, 1.7 g of MoVO(0) was put into a U-
type quartz tube and was set in a furnace equipped with a TPR
apparatus. The temperature was increased to 400 °C with a 10
°C min−1 ramp and kept for x h (0, 0.2, 0.5, 1.0, 1.5, 2.0) under
70 mL min−1 of 5% H2/Ar flow. The amount of lattice oxygen
evolved was estimated from the signal area of TPR from 200 °C
to the signal end. Prior to the calculation, the TPR signal area
was calibrated with CuO (99.9%, Wako). The amount of lattice
oxygen evolved was calculated by assuming that consumed H2
is used to reduce MoVO and consumed H2 was removed as
H2O, which is confirmed by TG-DTA measurements. TG
analysis was conducted with a TG/DTA 7200 (SEIKO
Instrument). After placing 0.01 g of Al2O3 as a reference and
0.01 g of MoVO(0) in a furnace equipped with a TG, the
temperature was increased to 400 °C with a 10 °C min−1 ramp
and kept for 2 h under 70 mL min−1 of 5% H2/Ar flow or 70
mL min−1 Ar flow. After holding for 2 h at 400 °C, the gas was
switched to air and kept for another 2 h at the same
temperature. The amount of lattice oxygen evolved was
estimated from the weight loss from 200 °C. Powder XRD
patterns were recorded with a diffractometer (RINT Ultima+,
Rigaku) using Cu−Kα radiation (tube voltage, 40 kV; tube
current, 40 mA). For XRD measurements, 0.16 g of the catalyst
was mixed with 0.04 g of Si, as an external standard to correct
the peak positions, and was set in a rotation attachment
(Rigaku). Diffractions were recorded in the range of 4−80°
with 1° min−1 at a rotation rate of 10 rpm. Unit cell parameters
were refined by the Rietveld program with Materials Studio 6.1

Figure 1. Structural model of MoVO. The blue enclosure represents a
framework structure comprised of pentagonal [Mo6O21]

6− units. The
red circle represents pentamer units embedded in the framework
structure. Key: purple, pentagonal unit (Mo); gray, linker of two
pentagonal units (mixture of Mo and V); green, pentamer unit
(mixture of Mo and V).
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(Accelrys) using the XRD patterns after the peak positions had
been corrected. In situ XRD experiments were carried out to
evaluate the structural behavior upon redox treatment. After
0.20 g of MoVO(0) had been set in a furnace attachment, the
temperature was increased from room temperature to 400 °C
with a 10 °C min−1 ramp under 50 mL min−1 air flow
(oxidative gas). When the temperature had reached 400 °C, the
gas was switched to 100 mL min−1 of 5% H2/N2 mixture
(reductive gas) and kept for 1 h. Then the gas was switched to
50 mL min−1 of air (oxidative gas) and kept for 0.5 h, and the
gas was again switched to 100 mL min−1 of 5% H2/N2 mixture
(reductive gas) and kept for 1 h. This cycle was repeated 4
times. In-situ XRD measurement by using 100 mL min−1 of
10% C2H6/N2 mixture as a reductive gas instead of 100 mL
min−1 of 5% H2/N2 mixture was also performed at 300 °C. In
addition, in situ XRD measurement at 300 °C using C2H6/O2/
N2 = 10/10/80 mL min−1 mixture was conducted for 12 h to
evaluate the structural behavior of MoVO during the reaction.
Molecular adsorption (N2, CO2, CH4, C2H6, C3H8) experi-
ments were performed to estimate the external surface area and
the micropore volume. When CO2, CH4, C2H6, and C3H8 were
used, isotherms were obtained at 25 °C using an
autoadsorption system (BELSORP MAX, Nippon BELL). N2
adsorption isotherms at liquid N2 temperature were obtained
by using the same apparatus. Prior to the adsorption, the
catalysts were evacuated under vacuum at 300 °C for 2 h. FT-
IR spectra were obtained using a spectrometer (Paragon 1000,
PerkinElmer) at room temperature in the range of 500−2000
cm−1. Raman spectra (inVia Reflex Raman spectrometer,
RENISHAW) were obtained in air on a static sample with an
Ar laser (532 nm). Elemental compositions of the bulk were
determined by ICP-AES (ICPE-9000, Shimadzu). Complete
elemental analysis for MoVO(0) was carried out by
Mikroanalytisches Labor Pascher (Remagen, Germany). Single
crystal analysis was carried out for MoVO(0). Crystals of
MoVO(0) are too small (cross-sectional size, <1 μm; length,
more than 10 μm; Figure S1) to perform single-crystal
structural analysis using a laboratory system. Therefore, X-ray
single-crystal structure analysis was performed using synchro-
tron radiation. Data collection was performed on a high-
precision diffractometer installed in the SPring-8 BL40XU
beamline.19,20 Synchrotron radiation emitted from a 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. 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 and SHELX-2014),21,22 where
the unweighted and weighted agreement factors of R = Σ||F0| −
|Fc||/Σ|F0| (I > 2.00σ(I)) and wR = [Σw(Fo2 − Fc

2)2/
Σw(Fo2)2]1/2, respectively, were used. Nitrogen atoms of a
nitrogen molecule, oxygen atoms of an oxygen molecule, and
oxygen atoms of water were modeled as oxygen atoms because
nitrogen atoms could not be distinguished from oxygen atoms.
All oxygen atoms were refined isotropically, and Mo and V
atoms were refined anisotropically. Obtained crystallographic
data of MoVO(0) are shown in Table 1. The Mo/V atom ratio
(The numbers of Mo and V atoms were 7.2 and 2.8,
respectively.) estimated by complete elemental analysis was
different from that obtained by single crystal structure analysis
(the numbers of Mo and V atoms were 7.6 and 2.4,

respectively), due to the difference in the crystal sample and
bulk sample. The total number of oxygen atoms of water,
oxygen atoms, and nitrogen atoms was smaller than the total
number of oxygen atoms of water, oxygen atoms and nitrogen
atoms estimated by elemental analysis. This is also due to the
difference in the crystal sample and bulk sample. The sample
for elemental analysis may contain surface waters. CIF files are
available in Supporting Information. CSD-428978 contains
crystallographic data for MoVO(0) (data available from ref 50).
In order to obtain structural models of the catalysts with
various reduction states, Rietveld refinement was carried out by
using the structural model of MoVO(0) obtained by single
crystal analysis as a base structure. The Rietveld program with
Materials Studio 6.1 (Accelrys) was used for refinement. The
XRD patterns after peak position corrections were subjected to
the refinement. The occupancy of metals in the framework and
temperature factors of all atoms were fixed without further
refinement from those of MoVO(0). As shown the Results and
Discussion, there are two kinds of lattice oxygen in the
structure (α-oxygen and β-oxygen). α-oxygen was assumed to
be O29 (Figure 8, Tables S1−S10) and β-oxygen was assumed
to be axial oxygen (Tables S1−S10: O1−O3, O15, and O17−
O23). Occupancies of these oxygen atoms were calculated based
on the results of TPR, assuming that the evolution oxygens
from MoVO(6.8)-AC was all attributed all to β-oxygen. All
metal atom positions were refined. After the refinement of
metal positions, oxygen atom positions were refined to set a
proper metal−oxygen length. The pattern parameters were
refined for obtaining the lowest Rwp value. Atom positions are
shown in Tables S3−S10, and Rietveld analysis parameters are
shown in Tables S11−S19.

2.3. Catalytic Test. 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. After
0.50 g of the catalyst had been diluted with 2.30 g of SiO2, the
mixture was 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 300 °C under a nitrogen flow (40 mL
min−1 from the top of the reactor). The temperature was
measured with a thermocouple inserted in the middle of the

Table 1. Crystallographic Data for Orthorhombic MoVO(0)

MoVO(0)

formula Mo7.62V2.38O29.23

formula weight 1320.25
crystal system orthorhombic
space group Pba2
a (Å) 20.9864(5)
b (Å) 26.4023(6)
c (Å) 3.98755(9)
volume (Å3) 2209.46(9)
temperature (K) 100(2)
Z 4
ρcalcd (g cm−3) 3.969
F000 2435
λ (Å) 0.83077
absorption coefficient (mm−1) 7.986
measured reflections 38157
unique reflections 4016
R1 (I > 2σ(I)) 0.0351
wR2 (all data) 0.0832
goodness of fit 1.049

The Journal of Physical Chemistry C Article

DOI: 10.1021/jp512848w
J. Phys. Chem. C 2015, 119, 7195−7206

7197

─ 109 ─



catalyst zone. When the temperature had reached 300 °C, a
reactant gas with the composition of C2H6/O2/N2 = 10/10/80
(mol %) was fed in at a total flow rate of 50 mL min−1 and the
catalytic test was started at that temperature. 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 an FID detector). Blank
runs showed that homogeneous gas-phase reactions were
negligible under the experimental conditions used in this study.
Carbon balance was always ca. 98−100%. After catalytic
oxidation, the catalysts were cooled down to room temperature
under an N2 flow and were subjected to various character-
izations.

3. RESULTS AND DISCUSSION

3.1. Single Crystal Analysis of MoVO. First, we introduce
the detailed crystal structure of MoVO(0) as a base structure
for redox treatments. Single crystal structural analysis revealed
the detailed structure of MoVO(0), and metal coordinates,
occupancies, and metal−oxygen bond lengths are summarized
in Tables S1 and S2. It was shown that the pentagonal units
consist exclusively of Mo atoms and that V prefers linking
polyhedra connecting the pentagonal units. Both Mo and V
atoms occupy nonpentagonal unit metal sites (M7, M8, M9,
M10, and M11) with Mo occupancy ranging from 0.11 to 0.75,
which is consistent with HAADF-STEM results for ortho-
rhombic Mo29V11O112 and single crystal structure analysis
results for orthorhombic Mo−V−Sb oxide.13,23 Mo and V in
octahedral sites have out-of-center distortions with significant
elongation of one apical M−O bond and with subsequent
shortening of the other apical M−O bond. These findings are
similar to the results of a previous study obtained by using
combined Rietveld analysis of synchrotron X-ray and neutron
powder data for orthorhombic Mo−V−Nb−Te oxide and
results of single crystal structure analysis of orthorhombic Mo−
V−Sb oxide.23,24 The apical short distance ranged from 1.63 to
1.73 Å, the long distance ranged from 2.28 to 2.36 Å, and
equatorial M-O bonds ranged from 1.76 to 2.08 Å; these
distances are reasonable for molybdenum oxides containing
pentagonal units.24−29 Disordering of some metal sites (M7,
M8, and M9) along the z direction was detected (black balls
and gray balls in Figure 2). Such disordering is often observed
in single-crystal structural analyses of polyoxomolybdates and

molybdenum oxides.25,30−34 Neither Mo atoms nor V atoms
were found in the hexagonal and heptagonal channels, being
consistent with HAADF-STEM results for orthorhombic
Mo29V11O112.

13

3.2. Physicochemical Properties of MoVO after Redox
Treatment. Table 2 shows the physicochemical properties of
MoVO catalysts after redox treatment. The redox treatment
caused no change in the V/Mo ratio, which was in the range of
0.37−0.39. TPR spectra and TG spectra of MoVO(0) are
shown in Figures S2 and S3, respectively, and the estimated
amounts of lattice oxygen evolved (δ) from the unit cell
(shown as Mo29V11O112‑δ) are shown in Table 2. For TG,
weight loss was measured under 70 mL min−1 of Ar or 70 mL
min−1 of 5% H2/Ar. Under Ar flow, weight loss was only
observed below 150 °C and the weight loss was due to
desorption of N2, O2, and H2O trapped in the heptagonal
channel.17 On the other hand, under 5% H2/Ar flow, as well as
the weight loss at 150 °C, weight loss was observed from 250
°C and proceeded when the temperature was held at 400 °C.
This weight loss corresponds to the evolution of lattice oxygen
from the structure since weight increase was observed when 5%
H2/Ar was switched to air at the same temperature because of
the incorporation of gaseous O2 into the structure.
For TPR, the peak around 150 °C was derived from the

desorption of N2, O2, and H2O from the heptagonal channel as
was also observed by TG. With increase in the temperature, the
TPR signal rapidly increased and the signal rapidly decreased
and became flat when the temperature was held at 400 °C. As
indicated earlier, this TPR signal corresponds to the evolution
of lattice oxygen by the reduction.17 The values of δ estimated
from TPR and TG were almost the same. Therefore, for further
experiments, δ estimated from TPR was used. Figure 3 shows
TPR spectra of MoVO(0), MoVO(2.9)-AC, and MoVO(6.8)-
AC. The temperature was increased to 400 °C with a 10 °C
min−1 ramp and kept at 400 °C for 2 h under 70 mL min−1 of
5% H2/Ar flow. As already shown in Figure S3, the TPR signal
of MoVO(0) rose rapidly with increase in temperature and was
maximum when the temperature reached 400 °C. The signal
decreased and became flat when the temperature was held at
400 °C. The TPR spectrum of MoVO(2.9)-AC was similar to
that of MoVO(0), but a small decrease in the initial rise at 400
°C was observed. MoVO(6.8)-AC showed no initial rise in the
TPR signal. These experimental results suggest that there are
two kinds of lattice oxygen in the structure. One is evolved in
the early stage of the reduction and hardly returns to the
structure even with reoxidation. The other is evolved
continuously by the reduction and reversibly comes back to
the structure with reoxidation. We abbreviated the former
oxygen as α-oxygen and the latter oxygen as β-oxygen. We
calculated the total amount of α-oxygen to be 2.7 on the basis
of the TPR signal area by assuming that the TPR signal area of
MoVO(6.8)-AC is all attributed to the evolution of β-oxygen.
Based on this assumption, it was implied that the evolution of
α-oxygen was almost completed by the reduction at
MoVO(4.2).
Figure 4 shows XRD patterns, lattice parameters, and peak

intensity ratios of the catalysts. All of the catalysts showed peaks
at 6.6°, 7.9°, 9.0°, and 22.1°, corresponding to diffractions of
(020), (120), (210), and (001) in MoVO, respectively.1 No
XRD peaks related to impurities appeared during the reduction.
With increase in δ, XRD peaks attributed to (020), (120), and
(210) were shifted to lower degrees, but the XRD peak
attributed to (001) was shifted to a higher degree.

Figure 2. Site map of an asymmetric unit in MoVO(0) obtained from
single crystal structural analysis: metals with high occupancy (black
ball), low occupancy (gray ball), and oxygen (small white ball).
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Lattice parameters of the catalysts were calculated by
Rietveld refinement and are shown in Figure 4 (B) and
Table 2. With increase in δ, the lattice parameters in the a−b
plane continuously increased and the lattice parameter in the c

axis continuously decreased. The lattice parameter changes are
due to cation size changes of Mo and V, which were suggested
by UV analysis to be changes in the oxidation states of Mo and
V (Figure S4).17,35−40 A drastic increase in the lattice parameter
to a axis between MoVO(0) to MoVO(0.8) was observed. The
reduction of MoVO(0) may cause desorption of oxygen
incorporated in the heptagonal channel (see Figure S10). This
drastic change in the lattice parameter to the a axis between
MoVO(0) to MoVO(0.8) is thought to be caused by the
desorption of oxygen in the heptagonal channel as well as
cation size changes. It is notable that the lattice parameters of
MoVO(2.9)-AC and MoVO(6.8)-AC were almost the same as
that of MoVO(0) (Table 2). The difference between
MoVO(2.9)-AC and MoVO(6.8)-AC is only the amount of
α-oxygen in the structure. This experimental fact clearly
indicates that the evolution of α-oxygen does not cause any
change in lattice parameters. Therefore, the change in lattice
parameters with reduction would be caused solely by the
evolution of β-oxygen. As shown in Figure 1, MoVO is
composed of the framework and pentamer units. It has been
reported that the pentamer unit is structurally less stable than
the framework unit.41 Therefore, we propose that evolution of

Table 2. Physicochemical Properties of MoVO

δb/− lattice parametere /nm micropore volume/10−3 cm3 g−1

catalyst bulk V/Moa TPRc TGd a b C external surface areaf/m2 g−1 VN2

f VCO2

g VCH4

g VC2H6

g VC3H8

g

MoVO(0) 0.38 − − 2.100 2.645 0.4015 5.8 13.0 27.7 27.8 15.8 3.7
MoVO(0.8) 0.39 0.8 1.0 2.109 2.646 0.4010 5.8 15.4 26.1 25.0 20.5 2.8
MoVO(2.9) 0.37 2.9 1.8 2.112 2.653 0.4004 5.7 13.3 26.2 23.6 22.1 6.2
MoVO(4.2) 0.37 4.2 2.8 2.114 2.662 0.3998 6.5 17.6 25.5 23.0 22.0 13.8
MoVO(5.4) 0.38 5.4 5.1 2.118 2.668 0.3988 5.8 4.4 15.1 1.8 1.5 1.6
MoVO(6.1) 0.37 6.1 6.6 2.121 2.671 0.3979 6.2 1.3 2.6 0.3 0.7 0.1
MoVO(6.8) 0.38 6.8 7.3 2.122 2.674 0.3977 6.3 1.2 0.0 0.0 0.0 0.0
MoVO(2.9)-AC 0.39 0.5 − 2.099 2.645 0.4013 5.7 11.2 24.3 25.4 16.3 5.5
MoVO(6.8)-AC 0.37 2.7 − 2.100 2.647 0.4010 5.8 10.7 23.9 23.0 20.8 10.0

aDetermined by ICP. bNumber of lattice oxygen atoms evolved from the unit cell. cEstimated from the TPR signal area from 200 °C. dEstimated
from the weight loss based on the weight loss at 200 °C. eMeasured by XRD and calculated by Rietveld refinement. fMeasured by N2 adsorption at
liquid N2 temperature and calculated by a t-plot. VN2

represents the micropore volume measured by using N2.
gMicropore volume measured by CO2,

CH4, C2H6, and C3H8 adsorption and estimated by the DA method.

Figure 3. TPR spectra of MoVO(0) (black solid line), MoVO(2.9)-
AC (brown solid line), and MoVO(6.8)-AC (blue solid line).
Temperature (green dotted line) was increased at a 10 °C min−1

ramp rate and was held at 400 °C for 2 h.

Figure 4. (A) XRD patterns of MoVO: (a) MoVO(0), (b) MoVO(0.8), (c) MoVO(2.9), (d) MoVO(4.2), (e) MoVO(5.4), (f) MoVO(6.1), (g)
MoVO(6.8), (h) MoVO(2.9)-AC, and (i) MoVO(6.8)-AC. Lattice parameters (B) and peak intensity ratios based on (120) (C) of MoVO as a
function of δ.
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oxygen from the framework strongly affects the lattice
parameters rather than the pentamer units. Based on this
idea, β-oxygen should be located in the framework unit and α-
oxygen should be located in the pentamer unit.
The peak intensity ratios of (020) to (120), Int(020)/Int(120),

and (210) to (120), Int(210)/Int(120), are shown in Figure 4 (C).
Small differences in Int(020)/Int(120) were observed in the range
of MoVO(0)−MoVO(4.2) and the ratio was continuously
decreased by reduction above MoVO(5.4). The change in
Int(020)/Int(120) implies a continuous structural change in the a−
b plane above MoVO(5.4). In the case of Int(210)/Int(120), the
ratio was almost the same in the range of MoVO(0)−
MoVO(2.9). The ratio was decreased and became constant by
reduction above MoVO(4.2). In the TPR part, it was implied
that the evolution of α-oxygen was almost completed by
reduction up to MoVO(4.2). The change in Int(210)/Int(120)
may be related to the structural change caused by evolution of
α-oxygen from the structure.
Figure 5 shows IR and Raman spectra of the catalysts.

Characteristic IR absorption at 915 cm−1 attributed to VO,
874, 800, 720, and 652 cm−1 to Mo−O−Mo, 604 cm−1 to V−
O−Mo, and 458 cm−1 to Mo−O were observed. All of those
were characteristic absorption of MoVO.1,42−44 For the band at
874 cm−1, the wavenumber rapidly decreased in the range of
MoVO(0) to MoVO(0.8), possibly due to the desorption of
oxygen incorporated in the heptagonal channel. In the range of
MoVO(0.8) to MoVO(4.2), there was almost no peak shift, but
the continuous downward shift of the wavenumber was
observed with reduction above MoVO(5.4) (Figure 5C).
This wavenumber was reversibly shifted from 862 to 874
cm−1 by reoxidation. For the Raman spectrum, the Raman band
at 873 cm−1 was shifted in a lower direction by reduction above
MoVO(5.4) and was restored by reoxidation in the same
manner as IR. The band around 873−874 cm−1 found by IR
and Raman is attributed to the Mo−O−Mo bond in the
pentagonal [Mo6O21]

6− unit.44−46 This band shift indicates that
the strength of the Mo−O−Mo bond in the pentagonal
[Mo6O21]

6− unit was weakened when MoVO was reduced
above MoVO(5.4). The continuous structural change by
reduction above MoVO(5.4), suggested by XRD, is thought
to be involved in the decrease in strength of the Mo−O−Mo
bond in the pentagonal [Mo6O21]

6− unit.

In this section, we showed that (1) MoVO has two kinds of
lattice oxygen (denoted as α-oxygen and β-oxygen) and (2) the
evolution of lattice oxygen with reduction treatment causes a
partial structural change in the a−b plane that is involved in the
decrease in strength of the Mo−O−Mo bond in the pentagonal
[Mo6O21]

6− unit.
3.3. Microporosity Changes Caused by Redox Treat-

ment. It has been reported that the heptagonal channel of
MoVO works as a micropore with a size of 0.40 nm.1,15−17 The
change in microporosity of MoVO caused by redox treatment
was evaluated by means of molecular adsorption using N2, CO2,
CH4, C2H6, and C3H8. The kinetic diameters of N2, CO2, CH4,
C2H6, and C3H8 have been reported to be 0.36, 0.33, 0.38, 0.40,
and 0.43 nm, respectively.15,47 N2 adsorption was performed at
liquid N2 temperature (−196 °C), and CO2, CH4, C2H6, and
C3H8 adsorptions were performed at room temperature (25
°C). Micropore volumes were estimated by the DA method for
CO2, CH4, C2H6, and C3H8 adsorptions (VCO2

, VCH4
, VC2H6

,

VC3H8
) and by the t-plot method for N2 adsorption (VN2

). The
adsorption isotherms and t-plots are shown in Figures S5−S9.
Micropore volumes estimated from molecular adsorptions are
shown in Table 2 and Figure 6.

Figure 5. IR (A) and Raman (B) spectra of MoVO: (a) MoVO(0), (b) MoVO(0.8), (c) MoVO(2.9), (d) MoVO(4.2), (e) MoVO(5.4), (f)
MoVO(6.1), (g) MoVO(6.8), (h) MoVO(2.9)-AC, and (i) MoVO(6.8)-AC. (C) IR (circle) and Raman (triangle) bands attributed to the Mo−O−
Mo bond in the pentagonal [Mo6O21]

6− unit as a function of δ.

Figure 6. Micropore volumes of MoVO estimated by the Dubinin−
Astakhov (DA) method using CO2 (circle), CH4 (triangle), C2H6
(lozenge), and C3H8 (square) plotted against δ.
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External surface areas obtained by N2 adsorption are also
shown in Table 2. External surface areas of MoVO were not
changed by redox treatment and were in the range of 5.7−6.5
m2 g−1. As observed in our previous study, MoVO(0) showed
micropore adsorption.16 Reduction treatment of MoVO(0)
caused small changes in measured micropore volumes, possibly
due to the desorption of oxygen incorporated in the heptagonal
channel. VCO2

, VCH4
, VC2H6

, and VN2
were almost unchanged in

the range of MoVO(0.8)−MoVO(4.2) and were 20−25 × 10−3

cm3 g−1. VN2
was slightly lower than those volumes and was

13.3−17.6 cm3 g−1. It is well-known that N2 adsorption at
liquid N2 temperature gives unrealistically small pore volumes
due to the diffusional limitations of N2 into the pore if the pore
mouth diameter is small (less than 0.60 nm).48,49 Actually, the
micropore volume expected from the crystallographic data
(23.4 × 10−3 cm3 g−1) matches well with VCO2

, VCH4
, and VC2H6

of MoVO(0.8)−MoVO(4.2).2 When the catalyst was reduced
up to MoVO(5.4), VCO2

became about half of those of

MoVO(0.8)−MoVO(4.2) and VCH4
, VC2H6

, and VN2
became

almost 0. With further reduction above MoVO(6.1), all of the
estimated micropore volumes became almost 0. This is due to
the decrease in size of the heptagonal channel by the
reduction.15,17 As discussed in XRD, IR, and Raman analyses,
reduction above MoVO(5.4) causes continuous structural
change in the a−b plane, which is involved in the decrease in
strength of the Mo−O−Mo bond in the pentagonal
[Mo6O21]

6− unit. This continuous structural change may be
related to the decrease in heptagonal channel size. In the case of
propane adsorption, VC3H8

increased up to MoVO(4.2) and
then decreased with further reduction (Figure 6). The kinetics
diameter of C3H8 is 0.43 nm and is slightly larger than that of
the size of the heptagonal channel (0.40 nm). Since the
moderately reduced catalyst is able to adsorb C3H8, the size of
which is larger than the size of the heptagonal channel, the size
of the heptagonal channel was found to be increased by
reduction. With further reduction, the heptagonal channel size
decreased. As implied in TPR, the evolution of α-oxygen was

completed at MoVO(4.2). In conjunction with TPR and C3H8
adsorption, the evolution of α-oxygen is thought to be related
to the enlargement of the heptagonal channel. As mentioned in
the XRD part, we proposed that α-oxygen is located in the
pentamer unit of the structure. Since the evolution of α-oxygen
affected the microporosity, we speculated that α-oxygen is the
bridging oxygen between the metals in the pentamer unit that
faced the heptagonal channel. For reoxidized catalysts, the
micropore volumes of MoVO(2.9)-AC estimated by various
molecules were almost the same as those of MoVO(0). For
MoVO(6.8)-AC, the micropore volumes were drastically
increased from MoVO(6.8) and were almost the same as
those of MoVO(4.2). This astonishing result indicates that the
decreased heptagonal channel size by reduction is restored by
the reoxidation most probably due to the reversible structural
change.17 VC3H8

of MoVO(6.8)-AC was close to that of
MoVO(4.2) since no α-oxygen came back with reoxidation of
MoVO(6.8). These adsorption results together with IR and
Raman band shifts and XRD profile changes support the
suggestion that evolution of α-oxygen is completed at
MoVO(4.2).
In this section, we showed that the partial structural change

of the a−b plane strongly affects microporosity. Results of
detailed structural analysis are presented in the next section.

3.4. Structural Refinement. As demonstrated above,
continuous structural change in the a−b plane suggested by
XRD may be strongly related to the microporosity change. In
order to understand the relationship between crystal structure
and microporosity, Rietveld refinement was carried out. At this
time, the crystal structures of the catalysts after redox
treatments were refined on the basis of the crystal structure
of MoVO(0) obtained by single crystal analysis. Actually, the
simulated XRD pattern fitted well with the obtained XRD
pattern in MoVO(0) (Rwp value =7.8%), indicating that the
crystal structure obtained by single crystal analysis is applicable
for Rietveld refinement. An occupancy of oxygen in the unit cell
was set on the basis of δ estimated from TPR. At that time, α-
oxygen was assumed to be located in the pentamer unit that

Figure 7. (A) Structural model of MoVO(Mo, light green; V, gray; O, red). Fractional coordinates of (B) Mo1, (C) Mo2, (D) Mo3, (E) Mo4, (F)
Mo5, and (G) Mo6 as a function of δ. Atomic numbers are represented in the structural model. Circle, x (a axis); triangle, y (b axis).
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faced the heptagonal channel, and β-oxygen was assumed to be
located in the framework unit in the XRD part. Since the
evolution of β-oxygen is involved in the lattice parameter
change not only for the a−b plane but also for the c-axis, β-
oxygen was assumed to be the axial oxygen bridging to the c
direction. An occupancy of the α-oxygen and β-oxygen was
determined on the basis of the TPR signal area. In this time,
evolved oxygen of MoVO(6.8)-AC was assumed to be all
attributed to the β-oxygen. The results of Rietveld refinements
for the catalysts are shown in Figures S10−S18. The weighted
agreement factors that represent a difference between the
observed XRD pattern and simulated pattern obtained from the
structural model were in the range of 7.1−8.2%, indicating that
the crystal structure was adequately refined for all of the
catalysts. We evaluated the detailed structure at each reduction
state of MoVO. Figure 7 shows the structural model (A) and
structural coordinates in x and y of the pentagonal [Mo6O21]

6−

unit as a function of δ ((B−G)). The atomic number of oxygen
is marked in the structural model.
Mo1−Mo5 are edge-shared octahedra and Mo6 is the center

of the [MoO7] pentagonal bipyramidal in the pentagonal
[Mo6O21]

6− unit. The fractional coordinates of Mo1, Mo5, and
Mo6 were greatly changed between MoVO(0) to MoVO(0.8),
suggesting that the desorption of oxygen in the heptagonal
channel cause changes in the metal positions. The fractional
coordinates of Mo2, Mo3, Mo5, and Mo6 were substantially
increased in the x and y directions (a and b axes, respectively)
by reduction above MoVO(5.4). These movements indicate
that these metals are close to the heptagonal channel (Figure 7,
parts C, D, F, G). On the other hand, the fractional coordinates
of Mo1 and Mo4 slightly decreased with increase in δ (Figure 7,
parts B, E). The different movements of Mo1 and Mo4 from
those of Mo2, Mo3, Mo5, and Mo6 expand the pentagonal
[Mo6O21]

6− unit due to the increase in bond length. This is in
good agreement with results of IR and Raman analyses
indicating that the strength of the Mo−O−Mo bond in the
pentagonal [Mo6O21]

6− unit is weakened by reduction above
MoVO(5.4). The fractional coordinates of these atoms, of the
reoxidized catalysts, were almost the same as those of
MoVO(0) (Tables S1, S9, and S10). The expanded pentagonal
[Mo6O21]

6− unit was found to shrink with reoxidation.
Figure 8 shows the structural model (A) and the diameters of

the heptagonal channel in the short axis (D1) and long axis
(D2) (B) obtained by Rietveld refinement. The diameters of the
heptagonal channels were determined on the basis of the
atomic positions of oxygen. The atomic number of oxygen is
marked in the structural model.

The size of the heptagonal channel was changed by the
movement of metals. The diameter in the long axis (D1)
increased with increasing δ due to the lattice expansion (from
0.652 nm for MoVO(0) to 0.663 nm for MoVO(6.8)) and
decreased with reoxidation (Figure 8B, red bar). As well as D1,
the diameter in the short axis (D2) increased with increasing δ
in the range of MoVO(0) (0.605 nm)−MoVO(4.2) (0.612
nm), but it drastically decreased with further reduction and D2
of MoVO(6.8) was 0.582 nm (Figure 8 (B), blue bar). It was
found that the movements of Mo2, Mo3, Mo5, and Mo6 toward
the heptagonal channel decreased D2. The decrease of D2
should be related to the loss of microporosity of the catalysts
above MoVO(5.4). Actually, D2 was increased by reoxidation,
which explains the recovery of the microporosity as observed in
the adsorption analyses. For enlargement of the heptagonal
channel by reduction up to MoVO(4.2), MoVO was found to
release α-oxygen, which is assumed to be located at O29, in the
early stage of the reduction. The evolution of O29 should
increase the heptagonal channel size. Therefore, C3H8, the size
of which is larger than that of the heptagonal channel, may be
able to enter the heptagonal channel due to the generation of a
void space by evolution of α-oxygen (O29).
Based on the above results, we propose that the structural

change involving the evolution of α-oxygen and the expansion
of the pentagonal [Mo6O21]

6− unit is strongly related to the
microporosity. From the next section, we discuss the
relationship between microporosity and catalytic activity for
selective oxidation of ethane.

3.5. Selective Oxidation of Ethane. Based on the
Rietveld refinement, we proposed that the microporosity of
MoVO is strongly related to the structure around the
heptagonal channel. We have reported that ethane is converted
not on the crystal surface but in the heptagonal channel.2,3 This
situation suggests that the microporosity change caused by the
partial structural change around the heptagonal channel affects
the catalytic activity for selective oxidation of ethane. We tested
the catalysts for selective oxidation of ethane in order to
understand the relevance of crystal structure, microporosity,
and catalytic activity for selective oxidation of ethane.
Ethane conversion of the catalysts at 300 °C over the course

of the reaction time is shown in Figure 9 (A). Ethane
conversion and product selectivity at 10 min and at 69 h from
the start of the reaction are shown in Table S20. The products
detected were ethene, acetic acid, and COx. The initial ethane
conversion of MoVO(0) was 13.7% and was slightly increased
with increase in reaction time, showing 17.9% ethane
conversion at 69 h from the start of the reaction. The product

Figure 8. (A) Structural model of MoVO(Mo, light green; V, gray; O, red). (B) Diameters of the heptagonal channel. Diameters were determined
on the basis of atomic positions of oxygen. Red bar, D1 (O24−O26, long axis); blue bar, D2 (O6−O27, short axis).
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selectivity to ethene was almost unchanged during the reaction
and was 88.5% at the start of the reaction and 87.1% at 69 h.
When the catalyst was slightly reduced, MoVO(0.8) showed
15.4% initial ethane conversion with 87.1% ethene selectivity.
The conversion was slightly increased with increase in reaction
time and reached 17.9% at 69 h. The selectivity to ehene was
almost unchanged during the reaction and was 87.3% at 69 h.
With further reduction, ethane conversion was substantially
increased. The initial conversion rates of MoVO(2.9) and
MoVO(4.2) were 24.1% and 33.0% and the conversion rates at
69 h were 23.6% and 35.7%, respectively. The selectivities to
ehene were decreased by reduction and were 79.6% and 76.8%
at the initial stage and 82.9% and 81.4% at 69 h for MoVO(2.9)
and MoVO(4.2), respectively. These decreases in ethene
selectivity were due to the increase in COx selectivity. For
more reduced catalysts, the initial conversion of MoVO(5.4)
was 8.8%, which was far less than that of MoVO(4.2), but the
conversion was increased drastically with increase in reaction
time and 41.6% conversion was achieved at 69 h. The selectivity
to ethene of MoVO(5.4) was higher than that of MoVO(4.2)
for all reaction times and was 88.3% at the initial stage and
88.5% at 69 h, due to the decrease in COx selectivity. In the
case of MoVO(6.1) and MoVO(6.8), the initial ethane
conversion rates were both negligible, but their conversion
rates were increased with increase in reaction time and the

conversion rates reached 34.5% and 24.6% at 69 h, respectively.
The selectivities to ethene were 92.4% and 93.3% at the initial
stage and 89.8% and 89.7% at 69 h. For the reoxidized catalysts,
the initial conversion of MoVO(2.9)-AC was 10.0%. The
conversion was slightly increased with increase in reaction time
and was 12.7% at 69 h. The selectivities to ethene were 89.4%
at the initial stage and 86.5% at 69 h. For MoVO(6.8)-AC, the
initial ethane conversion was 31.2% and that at 69 h was 34.6%,
and the selectivities to ethene were 84.4% at the initial stage
and 87.1% at 69 h. Surprisingly, the conversion of MoVO(6.8)-
AC was about 3-times higher than that of MoVO(2.9)-AC,
although both of them were calcined in air under the same
conditions after the reduction. As discussed above, the
difference between MoVO(2.9)-AC and MoVO(6.8)-AC was
only the presence of α-oxygen in the structure. Therefore, the
evolution of α-oxygen is one of the main reasons for the
increase in catalytic activity for selective oxidation of ethane.
Ethane conversion at 10 min from the start of the reaction as

a function of δ is shown in Figure 9B. The initial ethane
conversion was increased with increasing δ in the range of
MoVO(0)−MoVO(4.2), but the conversion drastically de-
creased with further reduction. As discussed for the catalytic
activity difference between MoVO(2.9)-AC and MoVO(6.8)-
AC, the evolution of α-oxygen should strongly contribute to the
increase in catalytic activity. Therefore, the increase in catalytic
activity in the range of MoVO(0)−MoVO(4.2) should be due
to the evolution of α-oxygen. In the case of MoVO(5.4)−
MoVO(6.8), structural analysis showed that Mo2, Mo3, Mo5,
and Mo6 in the pentagonal [Mo6O21]

6− unit moved toward the
heptagonal channel, resulting in the loss of microporosity.
Taking into account the fact that ethane is converted in the
heptagonal channel, the drop in the initial ethane conversion
with reduction above MoVO(5.4) would be due to the
inaccessibility of ethane into the heptagonal channel.
We then investigated the reasons why the ethane conversion

of MoVO(5.4), MoVO(6.1), and MoVO(6.8) increased
drastically with increase in reaction time despite the fact that
only small increases in catalytic activity were found for the
other catalysts. Figure S19 and Figure S20 show the results of
in situ XRD under 100 mL min−1 of 5% H2/N2 and 50 mL
min−1 of air at 400 °C or under 100 mL min−1 of 10% C2H6/
N2 and 50 mL min−1 of air at 300 °C. Measurements were
carried out on the (210) plane because this plane was especially
active for redox treatment. The gas atmosphere was switched
for each, 1 h under the reductive condition and 0.5 h in the

Figure 9. (A) Ethane conversion as a function of reaction time: closed
circle, MoVO(0); closed triangle, MoVO(0.8); closed square,
MoVO(2.9); closed lozenge, MoVO(4.2); open circle, MoVO(5.4);
open triangle, MoVO(6.1); open square, MoVO(6.8); open circle in
closed square, MoVO(2.9)-AC; cross mark in open square,
MoVO(6.8)-AC. (B) Ethane conversion at 10 min from the start of
the reaction as a function of δ. Reaction conditions: catalyst weight, 0.5
g; reaction temperature, 300 °C; reaction gas feed, C2H6/O2/N2 = 5/
5/40 mL min−1.

Table 3. Physicochemical Properties of MoVO after Selective Oxidation of Ethane

lattice parameterb/nm micropore volume/10−3 cm3 g−1

catalyst bulk V/Moa a b c external surface areac/m2 g−1 VN2

c VCO2

d VCH4

d VC2H6

d VC3H8

d

MoVO(0) 0.39 2.102 2.647 0.4008 3.6 9.0 23.5 20.8 19.3 5.7
MoVO(0.8) 0.39 2.106 2.647 0.4005 3.5 10.7 25.1 22.9 19.9 5.3
MoVO(2.9) 0.39 2.104 2.647 0.4008 3.5 9.5 21.9 18.1 17.1 6.2
MoVO(4.2) 0.39 2.108 2.649 0.4005 4.8 11.9 22.6 23.8 22.5 16.1
MoVO(5.4) 0.39 2.108 2.654 0.4002 4.6 13.8 22.1 17.9 20.4 21.2
MoVO(6.1) 0.39 2.109 2.654 0.4003 5.4 12.2 17.9 15.8 17.0 16.9
MoVO(6.8) 0.39 2.109 2.655 0.4001 4.8 9.2 16.1 13.1 12.3 13.9
MoVO(2.9)-AC 0.38 2.103 2.647 0.4007 4.9 13.9 23.2 21.0 20.2 5.4
MoVO(6.8)-AC 0.39 2.107 2.651 0.4002 4.8 12.0 21.3 23.3 20.5 18.9

aDetermined by ICP. bMeasured by XRD and calculated by Rietveld refinement. cMeasured by N2 adsorption at liquid N2 temperature and
calculated by a t-plot. VN2

represents the micropore volume measured by using N2.
dMicropore volume measured by CO2, CH4, C2H6, and C3H8

adsorption and estimated by the DA method.
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oxidative condition, in order to elucidate the partial structural
change in the a−b plane. The d value and the peak intensity of
(210) increased under 5% H2/N2 flow and decreased under air
flow. This d value change and intensity change were reversible
for the redox treatment, being in agreement with the results of
ex situ XRD analysis (Figure 4). The same trend was observed
when 10% C2H6/N2 was used as a reductive gas instead of 5%
H2/N2. The experimental results clearly show that ethane can
cause partial structural change in the a−b plane. Therefore,
partial structural change of the catalysts may occur during the
selective oxidation of ethane. Structural analysis of the catalysts
after the reaction was therefore carried out.
Figure S21 shows the XRD, IR, and Raman results, and

Table 3 shows the physicochemical properties of the catalysts
after selective oxidation of ethane. No elemental composition
changes were observed. The external surface areas of the
catalysts used were slightly smaller than those before the
reaction and were in the range of 3.5−5.4 m2 g−1. After the
reaction, no peaks related to impurities were observed in XRD,
indicating high stability of the catalyst structures under the
catalytic test. However, slight changes in peak positions and in
peak intensity ratios were observed, particularly in the low angle
region (2θ = 4−10°). This finding indicates that the structure,
especially that in the a−b plane, is changed during selective
oxidation of ethane. At the same time, IR or Raman bands
attributed to the Mo−O−Mo bond in the pentagonal
[Mo6O21]

6− unit were shifted and the band positions of the
catalysts became almost the same, suggesting that bond lengths
in the pentagonal [Mo6O21]

6− units were almost the same in all
of the catalysts. Rietveld refinement performed on the catalysts
after the catalytic test revealed that the lattice parameters of the
catalysts were almost the same regardless of the initial reduction
states (Table 3). This implies that the amount of β-oxygen was
almost the same for all of the catalysts used, because of the
evolution of β-oxygen (for MoVO(0), MoVO(0.8),
MoVO(2.9), MoVO(2.9)-AC, and MoVO(6.8)-AC) or incor-
poration of gaseous oxygen into the framework structure as β-
oxygen (for MoVO(4.2), MoVO(5.4), MoVO(6.1), and
MoVO(6.8)). This can be speculated from the lattice parameter
change of the catalysts before the reaction. The structural
models obtained by Rietveld refinement indicated that the
diameter of the heptagonal channel in the short axis (D2 in
Figure 8A) was increased in MoVO(5.4), MoVO(6.1), and
MoVO(6.8) after the reaction. D2 values of the MoVO(5.4),
MoVO(6.1), and MoVO(6.8) catalysts were 0.608, 0.608, and
0.606 nm, respectively (data not shown). By the increase in D2,
the micropore volumes estimated from adsorption of various
molecules of MoVO(5.4), MoVO(6.1), and MoVO(6.8) were
significantly increased (Table 3). We concluded that the partial
structural change around the heptagonal channel during the
catalysis restored the microporosity of MoVO(5.4),
MoVO(6.1), and MoVO(6.8), contributing to the increase in
catalytic activity. For further confirmation of the partial
structural change during the reaction, in situ XRD analysis
was carried out. Figures S22, S23, and S24 show the results of
in situ XRD analysis for MoVO(0), MoVO(4.2), and
MoVO(6.8) at 300 °C under C2H6/O2/N2 = 10/10/80 mL
min−1 gas flow. Peak intensities of (020), (120), and (210) are
plotted as a function of holding time at 300 °C. Figures S22 and
S23 show that the peak intensities of MoVO(0) and
MoVO(4.2) were almost unchanged, indicating almost no
structural change in the a−b plane during the in situ XRD.
However, clear change in peak intensity was observed for

MoVO(6.8) in the early stage of analysis, suggesting partial
structural change in the a−b plane as indicated by ex-situ XRD
analyses. It is notable that the partial structural change was
almost completed at about 360 min after the start of the
reaction, although the catalytic activity at 360 min was still very
low. Detailed investigation of this difference is now in progress.
The experimental results further confirmed that the increase in
catalytic activity of the catalysts above MoVO(5.4) during the
reaction is surely derived from the structural change in the a−b
plane.
Hence, we investigated the active structure for selective

oxidation of ethane. As discussed above, the evolution of α-
oxygen increases VC3H8

. Therefore, if the evolution of α-oxygen
contributes to the increase in catalytic activity, a proportional
relationship should be found between catalytic activity and
VC3H8

. Figure S25 shows ethane conversion at 69 h as a function

of VC2H6
or VC3H8

obtained after the catalytic test. Although no

relationship between ethane conversion and VC2H6
was found,

there was a positive correlation between ethane conversion and
VC3H8

. This implies that the void space produced by the
evolution of α-oxygen contributes to the catalysis for selective
oxidation of ethane. Figure S26 shows the Arrhenius plot of
MoVO(2.9)-AC and MoVO(6.8)-AC. The difference between
these two catalysts is only the number of α-oxygen atoms in the
structure. The slopes of the lines were almost the same,
indicating that the activation energy of ethane was almost the
same and was ca. 82 kJ mol−1, being in agreement with our
previous report.1 However, the intercepts were very different.
Calculated frequency factors of MoVO(2.9)-AC and
MoVO(6.8)-AC were 0.86 × 109 mmol s−1 gcat

−1 and 2.20 ×
109 mmol s−1 gcat

−1, respectively. The frequency factor of
MoVO(6.8)-AC was three times higher than that of
MoVO(2.9)-AC. These results indicate that the catalytically
active site for ethane activation is the same regardless of the
presence of α-oxygen; however, the number of active sites is
increased by the evolution of α-oxygen. These results support
our proposal that the space produced by the evolution of α-
oxygen contributes to the catalysis. Based on these results, the
void space generated by evolving α-oxygen should be the active
site for the reaction. The space produced by the evolution of α-
oxygen may moderately activate molecular oxygen, leading to
high catalytic activity for selective oxidation of ethane.
Investigation of the active oxygen species is now in progress.

4. CONCLUSION

Redox treatments of orthorhombic Mo29V11O112‑δ catalyst
(MoVO) were carried out in order to obtain catalysts with
different reduction states. Single crystal analysis combined with
Rietveld refinement provided a detailed structural model of
MoVO for each reduction state that revealed partial structural
change in the a−b plane caused by the redox treatment. The
microporosity of MoVO was strongly dependent on the crystal
structure in the a−b plane. The change in microporosity
significantly affected the catalytic activity for selective oxidation
of ethane. Strong dependence was found between the crystal
structure, microporosity, and catalytic activity for the selective
oxidation of ethane. This work has provided a comprehensive
understanding for the catalysis of ethane involving the
micropore as the catalysis field and has enabled us to express
the catalytic reaction at the molecular level.
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a b s t r a c t

TiO2 with tailored anatase/rutile composition has been prepared from the supercritical antisolvent (SAS)
precipitation of a range of titanium alkoxides. The calcination of the SAS TiO2 was monitored by in situ
powder X-ray diffraction to determine the optimal calcination conditions for the formation of a mixed
anatse/rutile phase TiO2. The SAS precipitated material calcined at 450 ◦C produced a predominantly
anatase support while calcination at 750 ◦C resulted in a 90 wt% anatase and 10 wt% rutile TiO2. 5 wt%
AuPd was added to the SAS TiO2 using an impregnation technique, with exceptional dispersion of the
metals being observed by transmission electron microscopy. Mean metal particle sizes were determined
to be below 1 nm for both anatase and anatase/rutile SAS TiO2 materials. These catalysts were found
to be highly active for the selective oxidation of benzyl alcohol and the direct synthesis of hydrogen
peroxide. In addition the anatase/rutile SAS TiO2 was found to have comparable activity to commercial
anatase/rutile mixed phase TiO2 for the photocatalytic splitting of water for hydrogen production.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Heterogeneous catalysis is a key tenant of green chemistry and
modern life, with direct involvement in the remediation of haz-
ardous compounds, in addition to the manufacture of many bulk
and fine chemicals. The use of catalysts in processes is fundamen-
tally green, facilitating the replacement of stoichiometric reagents,
enhanced reaction rates and improved atom efficiency.

Heterogeneous photocatalysis has become a promising green
technology for contributing to global energy demand and for envi-
ronmental remediation. Photocatalysis offers a sustainable source
of energy by taking full advantage of sunlight to drive chemical
reactions using semiconductors to harvest the photon flux from
solar energy to generate an electron-hole pair. During light exci-
tation, an electron is promoted into the conduction band of a
semiconductor leaving a hole in the valence band. The photogen-
erated electron migrates to the surface and is trapped by water or

∗ Corresponding author. Tel.: +44 029 2087 4059.
E-mail address: hutch@cf.ac.uk (G.J. Hutchings).

organic substrates. The most promising semiconductor that offers
stability, high activity and low toxicity is TiO2, with a 3.2 eV band
gap energy that is able to adsorb photons with the wavelength less
than ∼380 nm. Fujishima and Honda initiated the interest in pho-
tocatalytic water splitting as a sustainable route to produce H2 [1]
with promising activity demonstrated for TiO2 impregnated with
noble metal co-catalysts such as Pd and Pt [2].

Gold dispersed on metal oxide supports has been shown to
be effective for the selective oxidation of carbon monoxide [3,4],
alcohols[5], alkenes[6,7] and the direct synthesis of hydrogen
peroxide[8]. Alloying of gold with palladium and platinum has been
shown in multiple studies to enhance activities and selectivities for
alcohol oxidations [9–11] and increase hydrogen peroxide yields in
the direct synthesis reaction [12–14].

The catalytic properties of these gold and gold alloy supported
catalysts have been shown to be highly dependent on the support
material and the procedure used to deposit the metal. A mul-
titude of methods, including various wet impregnation [15–17],
deposition precipitation [9,18], sol-immobilisation [19], vapour
deposition [20] and mechanochemical [21] methods have been
shown to give different metal particle sizes, alloy compositions and

http://dx.doi.org/10.1016/j.apcata.2015.02.023
0926-860X/© 2015 Elsevier B.V. All rights reserved.
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metal–support interactions. Analogous changes in particle compo-
sition and morphology can be achieved with different metal oxide
and carbon supports [22]. In addition, metal oxide supports them-
selves can dramatically change activity [23] and reaction selectivity
profiles, with the latter shown in a study by Sankar et al. where the
undesired production of toluene in the oxidation of benzyl alcohol
could be eliminated by using supports with basic sites, such as MgO
and ZnO [24].

A multitude of procedures for making metal oxide supports have
also been reported [25]. The effect of the different support syn-
thesis methods are often observed as differences in the crystalline
phases, morphology, surface area, porosity, crystallite size and the
number of defect sites. These support properties can have a dra-
matic influence on the catalytic properties of noble metal supported
catalysts, as observed by Corma et al. for Au/CeO2 catalysed CO
oxidation [26,27]. It was found that nanocrystalline CeO2 greatly
enhanced the activity of the catalysts for CO oxidation when com-
pared to CeO2 comprised of larger crystallites. More recently we
have demonstrated that Au and AuPd supported on CeO2 cata-
lysts prepared by supercritical anti-solvent (SAS) precipitation had
exceptional activity for both CO oxidation [28] and the solvent free
oxidation of benzyl alcohol [29]. The high activity of these SAS
catalysts was attributed to the exceptional dispersion of Au and
Pd facilitated by the highly defective CeO2 produced by the SAS
technique.

Further studies into oxidation catalysts synthesised using SAS
precipitation, such as vanadium phosphates, Co3O4 and CuMnO4,
have shown that poorly crystalline nanocrystalline materials with
good redox properties and high activity for a range of reactions
[30–32]. Studies have also been performed on the SAS preparation
of TiO2 in both batch and semi-continuous modes using acetylace-
tonate and alkoxide precursors [33–36]. These studies include the
use of supercritical CO2 to induce hydrolysis of alkoxides [33] and
also to facilitate the polymerisation of alkoxides with acetic acid,
akin to a sol-gel process [36]. Calcination of these precursors has
resulted in various TiO2 morphologies and significantly different
anatase/rutile compositions. However, with the exception of one
investigation into CO oxidation using Au/TiO2 catalysts, prepared
by SAS precipitation of titanium acetylacetonate [37], these studies
have not explored the potential of the prepared TiO2 for catalytic
applications.

Here we show the SAS preparation of TiO2 from titanium
alkoxides and titanium acetylacetonate, the optimisation of the
calcination conditions and a comparison of the resulting materials
performance as a catalyst support for the photocatalytic splitting
of water, the selective oxidation of benzyl alcohol and the direct
synthesis of hydrogen peroxide. We report for the first time the
polymerisation of titanium alkoxides with acetic acid in a SAS con-
tinuous set up and their use as catalyst support precursors.

2. Experimental

2.1. Preparation of TiO2 support

Initial studies into the effect of using different titanium alkox-
ides and titanium acetylacetonate precursors (listed in Table 1) was
performed using a small scale SAS reactor, described in detail previ-
ously [38]. The following provides a summary of the SAS procedure:
A precursor solution was prepared containing 30 mg mL−1 of tita-
nium salt dissolved in 2 vol% H2O/MeOH and 0.01 g mL−1 acetic
acid to prevent alkoxide hydrolysis in solution. This solution was
then pumped at 0.5 mL min−1 into a precipitation vessel held at
40 ◦C, 120 bar. CO2 (BOC), was pumped concurrently at 12 L min−1.
Contact between the precursor solution and the supercritical CO2
results in rapid extraction of the solvent and precipitation of the

Table 1
Properties of SAS precipitated titanium precursor salts before and after calcination
at 450 ◦C.

Ti precursor Surface area (m2 g−1) Phaseb Crystalite
sizec (nm)

Precipitated Calcineda

Ti-ethoxide 304 76 (30%) Anatase 16
Ti-isopropoxide 254 91 (35%) Anatase (2% rutile) 13
Ti-butoxide 180 54 (25%) Anatase 21
TiO-acetylacetonate 87 33 (38%) Anatase (2% rutile) 14
Anatase – 20 Anatase 61

a Values in brackets show percentage retention of surface area on calcination.
b Determined by XRD analysis.
c Calculated from XRD using the Scherrer equation.

precursor. The precipitation was carried out for an hour, before
the system was flushed with CO2 to remove residual solvent on
the precipitate. The apparatus was depressurised and the precip-
itate recovered, characterised and then calcined to form the TiO2.
The most promising materials were then prepared on a larger scale
using apparatus manufactured by Separex using the same temper-
ature and pressure but with higher solvent and CO2 flow rates to
produce a greater quantity of product [31].

2.2. Preparation of catalysts

Supported metal catalysts were then prepared using the
SAS precipitated TiO2 materials as the support. Catalysts were
also prepared on P-25 (Degussa) and anatase (Sigma Aldrich
99.8%) standards. 0.5 wt% Pt/TiO2 photocatalysts were prepared
by impregnation with an aqueous solution of 10 mg mL−1 H2PtCl6
(Alfa Aesar 99.9%). The resultant slurry was then dried in an oven
at 120 ◦C for 2 h before being calcined at 300 ◦C for 3 h. 2.5 wt% Au-
2.5 wt% Pd/TiO2 catalysts were used for alcohol oxidation and the
direct synthesis of hydrogen peroxide and these were prepared by
wet impregnation using HAuCl4 and PdCl2 (Alfa Aesar). The resul-
tant slurry was dried at 110 ◦C for 16 h before being calcined at
400 ◦C for 2 h.

2.3. Characterisation

The SAS precipitated materials, supports following calcination
and final catalysts were characterised using a combination of
infrared spectroscopy, X-ray diffraction, thermogravimetric anal-
ysis.

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was carried out using a Bruker Tensor 27 spectrometer
equipped with a Harrick praying mantis cell and MCT detector. Sur-
face areas were determined by multi-point N2 adsorption at 77 K
using a Micromeretics Gemini 2360 instrument according to the
Brauner Emmet Teller method. Transmission electron microscopy
(TEM) was performed using a Jeol 2100 microscope fitted with a
LaB6 filament operating at 200 kV. Samples were prepared by dis-
persing the powder catalyst in ethanol and dropping the suspension
onto a lacey carbon film over a 300 mesh copper grid. Thermal
gravimetric analysis (TGA) was performed using a SETARAM Labsys
thermogravimetric analyser using 100 �l alumina crucibles.

Powder X-ray diffraction (XRD) was performed using a PANa-
lytical X’Pert Pro diffractometer fitted with a monochromatic Cu
K� source (� = 0.154 nm) operated at 40 keV and 40 mA. The scans
were recorded in the 2� range 10–80◦ using a step size of 0.016◦ and
scan step time of 55 s. Anatase (ICDD 03-065-5714) (XA) and rutile
(ICDD 03-065-1118) (XR) phase composition was determined using
the relative intensity ratio method with the following equation.
XA = 1/(1 + 1.26 (IR/IA)), where IR is the intensity of the rutile (110)
reflection and IA is the intensity of the anatase (101) reflection.
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To study the calcination temperature dependence on rutile for-
mation, SAS prepared TiO2 precursors, which had been pre-calcined
at 400 ◦C for 2 h, were heated to 750 ◦C and monitored using an
X’pert Pro XRD with an Anton-Parr XRK900 in situ cell. Experiments
were performed under a flow of 1 mL min−1 air to replicate the con-
ditions in the tube furnace used for the ex situ calcination. Two sets
of in situ XRD experiments were performed. Initial experiments
under conditions that replicated the TGA (heating to 750 ◦C) with
diffraction patterns collected every 25 ◦C from 23-30◦, and a heat-
ing rate of 10 ◦C min−1. The second set of isothermal experiments,
with 10–80◦2� scans, were then performed at the various temper-
atures of 450, 650, 700 and 750 ◦C. Scans were continuously taken
in the isothermal experiments, with each scan taking 30 min (i.e.
each data point is at 30 min increments). Flow and ramp rates were
the same for all experiments.

2.4. Catalyst testing

2.4.1. Photocatalytic water splitting
Liquid phase photocatalytic water splitting experiments were

carried out using methanol as sacrificial agent to enhance hydrogen
production. The catalyst (0.2 g), methanol (100 �l, Aldrich 99.9%)
and water (deionised, 100 mL) were added directly to the stirred
reaction vessel. The methanol/water mixture was purged with Ar
for 30 min to remove air and the flask illuminated by a 400 W Xe arc
lamp (Oriel model 66921). Gas samples were taken every 30 min
and analysed using a Varian 3900 GC fitted with a 2 m MS 13X
column. Control experiments were carried out under identical con-
ditions, but in the absence of the catalyst no significant hydrogen
evolution was observed.

2.4.2. Benzyl alcohol oxidation
Catalyst testing was performed using a stainless steel auto-

clave (Autoclave Engineers In-line MagneDrive III) with a nominal
volume of 100 mL and a maximum working pressure of 140 bar.
The vessel was charged with benzyl alcohol (40 mL) and catalyst
(25 mg). The autoclave was then purged three times with oxy-
gen before the vessel was pressurised at 10 bar. The pressure was
maintained at a constant level throughout the experiment; as the
oxygen was consumed in the reaction, it was replenished. The stir-
rer speed was set at 1500 rpm and the reaction mixture was raised
to the required temperature of 140 ◦C. Samples from the reactor
were taken periodically via a sampling pipe, ensuring that the vol-
ume purged before sampling was higher than the tube volume, and
analysed by GC (Varian 3800) using a CP-wax column.

2.4.3. Direct H2O2 synthesis
Synthesis of H2O2 from H2 and O2 was performed using a Parr

Instruments stainless steel autoclave with a nominal volume of
100 mL and a maximum working pressure of 140 bar. The reactor
was charged with CH3OH (5.6 g), H2O (2.9 g) and catalyst (0.01 g).
The charged autoclave was then purged three times with 5% H2/CO2
(7 bar) before filling with 5% H2/CO2 to a pressure of 29 bar at 20 ◦C.
This was followed by the addition of 11 bar of 25% O2/CO2. The reac-
tor was then cooled to 2 ◦C and the reaction started with stirring at
1200 rpm. The reaction was then carried out for 30 min. The amount
of hydrogenated H2O2 was determined by titrating aliquots with
acidified Ce(SO4)2 (0.0288 M) in the presence of a ferroin indicator.

2.4.4. H2O2 hydrogenation
Hydrogen peroxide hydrogenation was evaluated using the

same Parr Instruments stainless steel autoclave. To test each cat-
alyst for H2O2 hydrogenation, the autoclave was charged with
catalyst (0.01 g) and a solution containing 4 wt% H2O2 (5.6 g CH3OH,
2.22 H2O and 0.68 g H2O2 50% w/w). The charged autoclave was
then purged three times with 5% H2/CO2 (7 bar) before filling with

5% H2/CO2 to a pressure of 29 bar at 20 ◦C. The temperature was
then allowed to decrease to 2 ◦C followed by stirring the reac-
tion mixture (1200 rpm) for 30 min. The amount of hydrogenated
H2O2 was determined by titrating aliquots with acidified Ce(SO4)2
(0.0288 M) in the presence of a ferroin indicator.

3. Results and discussion

3.1. Characterisation of SAS precipitated materials

As observed in previous studies, the SAS precipitates were all
found to be amorphous, attributable to the fast nucleation rate
achieved by SAS [39]. DRIFTS analysis (Fig. 1) of the SAS precursors
prepared from the alkoxides had clear �s(CCO) and �as(COO) bands
at ca. 1540 and 1450 cm−1 (��as − �s 90 cm−1), along with a band
at 1415 cm−1, that are indicative of chelating bidentate titanium
acetate complexes [39]. The bands at ca. 1385 and 1050 cm−1 are
associated with alkoxides (CH3 deformation and �(Ti–O–C)), that
in addition to the strong oxo bands below 800 cm−1, suggest that a
sol–gel condensate was produced, as seen previously [40]. Similar
bands were observed in the acetylacetonate precipitate, although
there were bands at 1585 and 1360 cm−1, that can be assigned to
the original acetylacetonate ligand rather than the alkoxide [37].
In addition, there are bands associated with hydroxyl groups at
ca. 3386 and 1630 cm−1 associated with water and evidence of a
free carboxylic acid determined from the band at 1720 cm−1 in the
isopropoxide sample.

Surface areas of the SAS precipitates (Table 1) were high, which
is typical of SAS precipitated materials, due to the high nucleation
rates that leads to small (<100 nm) particles [34]. Surface areas of
the poly-condensates from the alkoxides were found to be higher
than the precipitate from the titanium acetylacetonate, with an
observable relationship between the alkoxide chain length and the
surface area of the precipitated material. This trend culminates
in the highest surface area of 304 m2 g−1, being observed for the
ethoxide derived precursor. This surface area is comparable to that
found by Sui et al. in their report of the batch synthesis of TiO2
using a CO2 sol–gel procedure, although it is interesting to note
that their operating pressure was almost 300 bar higher than in the
SAS precipitation methodology [36].

Thermal gravimetric analysis (TGA) was performed on the SAS
precipitates to determine an optimal calcination temperature to

Fig. 1. Diffuse reflectance infrared Fourier transform spectroscopy of SAS precipi-
tates. Precursors used: (a) Ti-ethoxide, (b) Ti-isopropoxide, (c) Ti-butoxide and (d)
TiO-acetylacetonate.
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Fig. 2. Thermogravimetric analysis of SAS precipitates. Precursors used: (solid black
line) Ti-ethoxide, (dotted line) Ti-isopropoxide, (dashed line) Ti-butoxide and (grey
line) TiO-acetylacetonate.

form TiO2 (Fig. 2). All samples showed a multiple stage decom-
position, with an initial mass loss centred around 80 ◦C, that is
attributable to the removal of residual solvent observed by DRIFTS.
Two further mass losses, centred at 215 and 305 ◦C could be
observed prior to a mass gain starting at 350 ◦C that must be associ-
ated with an oxidation process. The extent of this mass gain varied
considerably between samples, with the ethoxide and isopropoxide
samples experiencing a far less significant mass gain compared to
the butoxide and acetylacetonate samples. An explanation for this
could be that the mass loss events at 215 and 305 ◦C are associ-
ated with decomposition of acetate compounds, which are known
to cause partial reduction of transition metals [21], with the sub-
sequent mass gain due to the rapid re-oxidation of any reduced
species. Finally, a high temperature mass loss was observed, with
the extent and temperature depending on the precursor salt used.
For the alkoxide derived samples the percentage mass loss of this
final step correlated with the size of the alkyl group, the small-
est mass loss being associated with the ethoxide precursor and the
largest from the butoxide. The mass loss associated with the ace-
tylacetonate precursor was the most significant of all the samples.
Clearly the thermal decomposition of the SAS precipitates is highly
complex, with the exact nature of many of the individual steps
being difficult to assign with confidence. From the perspective of
choosing an optimal calcination temperature for TiO2 formation the
onset of final mass loss, which is associated with residual organic
compounds, was chosen as the calcination temperature. The high-
est temperature final mass loss was associated with the titanium
isopropoxide derived sample starting at 450 ◦C, consequently all
precursors were calcined at this temperature.

3.2. Characterisation of SAS TiO2

After calcination at 450 ◦C the resultant TiO2 materials were
characterised by XRD to determine the phase composition and
crystallite size (Fig. 3 and Table 1). All the samples were found to
predominately be anatase, although residual rutile (ca. 2 wt) was
observed in the isopropoxide and acetylacetonate derived sam-
ples, as determined by a relative intensity ratio method detailed
in Section 2. The other alkoxide derived TiO2 materials also con-
tain traces of rutile, but the peak area was so low that it could
not be suitably fitted. The prevalence of the metastable anatase
phase can be expected given the lower surface free energy and
less constrained molecular construction of anatase relative to rutile,
which results in this phase being frequently observed as the initial

Fig. 3. XRD of SAS precipitates calcined at 450 ◦C for 2 h. Derived from precursors:
(a) TiO-acetylacetonate (b) Ti-ethoxide, (c) Ti-isopropoxide, and (d) Ti-butoxide. R
indicates (110) rutile reflection.

Fig. 4. Photocatalytic reactivity of Pt/TiO2 of SAS derived TiO2 in the water splitting
reaction. TiO2 prepared from SAS precursors with 450 ◦C calcination � Ti-ethoxide,
� Ti-isopropoxide, � i-butoxide, ♦ TiO-acetylacetonate and � anatase standard.
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Fig. 5. In situ XRD analysis of SAS precipitated Ti-isopropoxide calcined from 400 to 750 ◦C. Ramp rate of 10 ◦C min−1 with scans every 25 ◦C. The sample was held at each
desired temperature for 15 min prior to the scan over the range 2� = 23–30◦ . (a) Diffraction patterns with A denoting anatase (101) and R rutile (110). (b) Peak area analysis
of (101) anatase and (110) rutile. (c) Evolution of anatase crystallite size with temperature.

crystalline TiO2 phase formed [41]. The observed crystallite size for
the anatase phases (Table 1) showed that the smallest crystallite
size was observed for the isopropoxide and acetylacetonate derived
samples. It is notable that the final decomposition temperature
observed by TGA (Fig. 2) of these two materials was highest of those
investigated. Potentially the slower evolution of the residual organ-
ics within these two samples could have slowed TiO2 crystal growth
rates and so yielded smaller crystallite sizes. Surface area of the cal-
cined TiO2 samples derived from the alkoxides correlate well with
observed crystallite sizes from XRD, with higher surface area cor-
responding to lower crystallite size. The apparent exception is the
acetylacetonate derived sample, which has quite a low final surface
area. However, this was due to the relatively low surface area of the
uncalcined SAS acetylacetonate precursor compared to the alkox-
ide derived samples. When looking at the percentage retention of
surface area after calcination it was observed that the acetylace-
tonate and isopropoxide derived samples were moderately better
than the other two alkoxide samples.

3.3. Photocatalytic activity

The activity of the SAS prepared TiO2 for photocatalytic water
splitting, with methanol as sacrificial agent, was performed and
compared to an anatase standard. As discussed in detail in the

experimental section, Pt nanoparticles were dispersed on the TiO2
to help maintain separation of charge carriers. Fig. 4 shows the vol-
ume of hydrogen produced in a 3 h reaction. TiO2 produced from
the SAS isopropoxide precursor produced the most hydrogen fol-
lowed by the ethoxide derived catalyst and the anatase reference
sample, which showed similar activity, whilst the catalysts derived
from the butoxide and acetylacetonate salts gave very little hydro-
gen production (<0.1 mL of hydrogen in 3 h). Degussa P-25 titania
(anatase 80% rutile 20%) is a standard semiconductor commonly
used in the photocatalytic water splitting reaction, and it has been
proposed that its excellent activity is a result of synergistic effects
occurring between the anatase and rutile phases [42,43]. The higher
activity of the TiO2 derived from the isopropoxide precursor, rela-
tive to the anatase standard, could be associated with the relatively
high surface area in conjunction with the presence of small quan-
tities of rutile. The benefit of rutile is that it has a narrow band gap
energy (3.0) eV with the conduction band being −0.2 eV below the
conduction band of anatase [42]. During light excitation, rutile acts
as an electron sink to accept the photogenerated electron from the
anatase conduction band, thus increasing the charge carrier life-
time. The charge carrier must then travel to the surface to react,
or otherwise undergo recombination. The benefit of a high surface
area is that for most of the metal oxides, such as TiO2, the surface is
covered with hydroxyl groups, which are thought to play a role in
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enhancing surface reaction by trapping the photogenerated holes,
producing OH• radicals as shown below [44].

TiO2 + hv → e− + h+

h+ + OH− → OH•

The number of surface hydroxyl groups is proportional to the
surface area of the TiO2, where the Ti–O dangling bond is compen-
sated by a proton that mostly comes from water molecules during
the synthesis, or when annealing at high temperature. Since the
surface area of the TiO2 produced from the SAS method vary in the
range 33–91 m2 g−1, it is useful to compare the specific activity of
the catalysts by normalising the volume of hydrogen produced to
the surface area of the TiO2 as shown in Fig. 4b. TiO2 produced from
isopropoxide and acetylacetonate precursors have the highest sur-
face area normalised H2 production, consistent with the mixture
of anatase and rutile crystalline phases in these catalysts. Despite
the higher activity of the rutile containing catalysts it is important
to note that their activity was still vastly inferior to the commonly
used P-25 titania supported catalysts [42,43].

3.4. Optimisation of SAS prepared TiO2

Given the reasonable activity for the water splitting reaction of
the TiO2 derived from the isopropoxide precursor, we decided to
optimise the calcination procedure of this precursor. The purpose
of this was to increase the rutile content, as the phase composition
of TiO2 has significant consequences on the catalytic performance
for photocatalysis and many other different reactions. Thermal
treatment is the most common method of inducing phase change
between anatase and rutile, and so the effect of calcination tem-
perature on the phase composition of the titanium isopropoxide
derived sample was investigated. Fig. 5 shows the evolution of the
anatase (101) and rutile (110) reflections in an in situ XRD study
from 400 to 750 ◦C with a ramp rate of 10 ◦C min−1, with a short
2.5 min XRD scan every 25 ◦C. From this initial experiment it was
evident that some crystalline anatase was present at 400 ◦C, prior to
the final mass loss observed at 450 ◦C by TGA. The peak area of the
(101) anatase reflection then dramatically increases up to 450 ◦C,
which correlates with the mass loss observed in the TGA, indicat-
ing increasing crystallinity of the anatase phase. The crystallinity
then increases at a slower rate, with a maximum (101) peak area
observed at 600 ◦C. Above this temperature the peak area slightly
decreases with increasing temperature, with an appreciable rate
of change becoming apparent at temperatures above 700 ◦C. The
loss in anatase peak area can be attributed to the growth of the
rutile phase, although by 750 ◦C the size of the characteristic (110)
rutile reflection is very small, indicating that only trace amounts of
crystalline rutile were present.

As the phase transformation from anatase to rutile is recons-
tructive the formation is not instantaneous and will be kinetically
limited. Therefore, it was not surprising that no appreciable
amounts of rutile were observed during the temperature ramp
experiment. However, the study does highlight potential temper-
atures for further investigation. Monitoring the 450 ◦C calcination
temperature would be useful, as there is clearly an increase in the
crystallinity of the sample at this temperature, but without fur-
ther transformation to rutile, whilst experiments at 650, 700 and
750 ◦C would be expected to show the evolution of rutile at dif-
ferent rates. Consequently, these four temperatures were chosen
for iso-thermal in situ XRD experiments with the resulting diffrac-
tion patterns being shown in Figs. 6 and 7, with the summarised
crystallite size and rutile content shown in Fig. 8.

As anticipated from the initial in situ XRD experiment, holding
the calcination temperature at 450 ◦C did not result in the growth

Fig. 6. In situ XRD analysis of SAS precipitated Ti-isopropoxide isothermal heat treat-
ment experiments at (a) 450 ◦C and (b) 650 ◦C. Scans between 10 and 80◦ 2� were
taken every 30 min.

of the rutile phase within the 20 h duration of the experiment,
with the exception of the small amount of rutile present from the
start. Peak area analysis of the anatase (101) reflection showed an
increase in crystallinity, with crystallite size growing from an ini-
tial 12–16 nm over 5 h, after which the crystallite size stabilised.
While it is generally considered that the phase transition tempera-
ture for anatase to rutile is 600–700 ◦C [41], there have been reports
of rutile formation at temperatures as low as 465 ◦C in systems
with very small anatase crystallite sizes (4–6 nm) [45]. The rela-
tionship between small anatase crystallites and the nucleation of
rutile observed, in very pure TiO2 systems, was attributed to small
crystallites having many interfaces for rutile to nucleate on. Poten-
tially this can explain the small amounts of rutile (ca. 2%) observed
at the start of the reaction, as we have confirmed that there are
significant amounts of poorly crystalline TiO2 initially. However,
the anatase crystallites quickly grow to larger sizes that are not
conducive to rutile formation at low temperatures.

At 650 and 700 ◦C it was expected that there would be apprecia-
ble growth of rutile over the 20 h calcination period. However, no
increase in rutile content from the initial 2% was observed at 650 ◦C
and a modest growth to 6% rutile was seen at 700 ◦C, during the 20 h
experiment. In both cases the crystallite size of anatase stabilises
at ca. 25 nm after 10 h. This can still be considered in the nanocrys-
talline region, so it is quite surprising that rutile growth was only
observed at the upper end of the temperature range expected for
macrocrystalline anatase reconstruction to rutile. Small anatase
crystallites thermodynamically have a lower total free energy than
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Fig. 7. In situ XRD analysis of SAS precipitated Ti-isopropoxide isothermal heat treat-
ment experiments at (a) 700 ◦C and (b) 750 ◦C. Scans between 10 and 80◦ 2� were
taken every 30 min.

rutile, due to the greater contribution of the low surface energy in
nanoparticles relative to macroparticles [46]. This could potentially
explain why the anatase derived from SAS precipitation has a rel-
atively high transition temperature. However, this effect was not
observed experimentally in the general literature with nanocrystal-
lites being shown to have the opposite effect (i.e. enhancing rutile

Fig. 9. XRD pattern of (a) Ti-isopropoxide, (b) Ti-isopropoxide ex situ calcined 450 ◦C,
and (c) Ti-isopropoxide ex situ calcined 750 ◦C. R denoting rutile (110).

formation) as discussed previously. An alternative rationale for sta-
bility of the anatase could be the effect of carbon impurities from
the SAS precipitation method, although it has been predicted that
carbon doping would in fact enhance phase transformation and not
hinder it [41].

In contrast to the slow phase transformation observed at 700 ◦C,
the in situ XRD experiment at 750 ◦C showed a dramatic degree of
phase change within 2.5 h, with the phase composition of rutile
growing to ca. 50%. Most successful photo catalysts reported con-
tain mixtures of anatase and rutile, with rutile compositions of
20–30%. In addition both the selective oxidation of alcohols and the
direct synthesis of H2O2 generally use Degussa P-25 as the support
(which consists of 80% anatase and 20% rutile). Therefore, the SAS
prepared materials were calcined at 750 ◦C for 90 min in an attempt
to produce TiO2 with a desirable rutile content. This material was
then doped with 0.5 wt% Pt and tested for the photocatalytic split-
ting of water and compared with the SAS Ti-isopropoxide derived

Fig. 8. (A) Crystal size of SAS precipitated Ti-isopropoxide derived TiO2 obtained by in situ XRD and estimated by Sherrer method. Closed circle, 450 ◦C; closed square, 650 ◦C;
closed lozenge, 700 ◦C; closed triangle, 750 ◦C; open triangle, crystal size of rutile phase at 750 ◦C. (B) Rutile phase content. Closed circle, 450 ◦C; closed square, 650 ◦C; closed
lozenge, 700 ◦C; closed triangle, 750 ◦C.
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Fig. 10. Representative TEM images of (a) Ti-isopropoxide SAS precipitate and after (b) 450 ◦C calcination, (c) 650 ◦C calcination, (d) 750 ◦C calcination.

material calcined at 450 ◦C. In addition, the 450 ◦C and 750 ◦C cal-
cined SAS Ti-isopropoxide was tested for selective oxidation of
benzyl alcohol and the direct synthesis of H2O2, after AuPd impreg-
nation.

3.5. Characterisation of optimised TiO2 catalysts

Fig. 9 shows the XRD of the TiO2 prepared from the isopropoxide
precursor calcined at 450 and 750 ◦C. Interestingly, the conditions
that gave ca. 30 wt% rutile in the in situ XRD cell resulted in only
10 wt% rutile when calcined in a tube furnace. This demonstrates
the effect of heat treatment conditions on the phase transforma-
tion. The amount and packing of the samples were two differences
that have been shown to affect the anatase to rutile phase trans-
formation [41]. Despite the less than expected rutile content, the
750 ◦C ex situ calcined sample still had a fivefold increase in rutile
content compared to that found from 450 ◦C calcination.

TEM of these TiO2 precursors calcined at 450, 650 and 750 ◦C
along with the uncalcined material was performed to provide
information on the morphology of the materials obtained from
SAS precipitation (Fig. 10). As predicted from previous SAS stud-
ies, the uncalcined isopropoxide precursor comprised of ∼50 nm
semi-spherical particles that were bridged to form agglomer-
ates. Interestingly this morphology mostly survives the 450 ◦C

calcination, with no apparent growth in particle size. Another
observation is the areas of light contrast observed within the parti-
cles, which can be ascribed to voids within the materials. A similar
phenomenon was observed for CeO2 prepared via SAS precipita-
tion and was ascribed to densification calcination of the amorphous
precursor into the crystalline phase [28]. Calcination at higher tem-
perature (650 and 750 ◦C) resulted in the formation of slightly larger
and more faceted particles, normally associated with TiO2. The
voids were still found to be present within these more crystalline
catalysts, although their frequency decreased with increasing cal-
cination temperature.

Fig. 11 provides representative TEM images of the sup-
ports following the addition of the active metal. These catalysts
can be compared with gold and palladium supported on P-
25 (AuPd/TiO2(P-25)), which has been reported multiple times
[9,10,12]. AuPd/TiO2(P-25) has been shown to have a bimodal metal
particle size distribution, with small particles of 1–8 nm as well as
large 40–70 nm particles. In contrast, no particles bigger than 2 nm
were observed on the isopropoxide derived TiO2 calcined at 450 ◦C
(AuPd/TiO2(isopropoxide-450 ◦C)). In fact the majority of particles
observed were of a size that was on the limit of accurate quantifica-
tion for the microscope used, with only a small number of definable
particles. As the catalysts were prepared by an impregnation
technique, the full 5 wt% metal must have been deposited,
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Fig. 11. Representative TEM images of 5 wt% AuPd/TiO2 prepared from Ti-isopropoxide SAS precipitate calcined at (b) 450 ◦C, (b) 750 ◦C calcination. The highlighted areas
in red highlight a metal nanoparticle. (c) Particle size distribution of 5 wt% AuPd/TiO2 450 ◦C calcination (grey bar) and 5 wt% AuPd/TiO2 750 ◦C calcination (dashed bar). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. Photocatalytic reactivity for water splitting with Pt/TiO2 of Ti-isopropoxide
SAS derived TiO2 calcined at different temperatures and comparable data for a
standard Pt/P-25 TiO2 catalyst. SAS Ti-isopropoxide calcined at 450 ◦C (�) contain-
ing 2 wt% rutile and 750 ◦C (�) containing 10 wt% rutile. (♦) Catalyst prepared with
commercial P-25 containing 20 wt% rutile.

suggesting that a significant proportion of the metal is of a particle
size below the detection limit of the TEM. Despite this, a sufficient
number of particles could be counted to give a mean particle size of
0.8 nm, although the associated error can be expected to be quite
high. Such an exceptional dispersion of metals has previously been
reported for SAS prepared CeO2 where no definable particles could
be observed, but EDS analysis confirmed the presence of the metals
[29]. The rational for the high dispersion on the current and previ-
ously reported SAS supports is that the process imbues the supports
with a large number of surface defects that provide nucleation sites
for the impregnated metals. Calcination of the SAS support at 750 ◦C
(AuPd/TiO2(isopropoxide-750 ◦C)) resulted in a greater number of
larger discernable metal particles (up to 4 nm) than observed in the
450 ◦C sample. However, the majority of the particles were still sub
nanometer, giving a mean particle size of 1 nm. This indicates that
there are still a high number of metal nucleation sites, although a
smaller number than in the 450 ◦C calcined support.

XPS characterisation was carried out to analyse the surface com-
position of the different catalysts and the quantified XPS data is
shown in Table 2. The Ti/O ratios for all the catalysts are lower than
the expected 0.5 for stoichmetric titania, which is likely to be due
to the formation of surface species such as hydroxyl groups formed
in wet impregnation of metals. It was noted that the SAS prepared
TiO2 had a greater surface oxygen deficiency than P-25, which could
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Table 2
XPS determined atomic concentrations, Pd/Au and Ti/O ratios.

Element %At Conc Pd/Au Ti/0

Pd 3d 3.11
O 1s 64.57

AuPd/TiO2(P-25) Ti 2p 29.08 17.79 0.45
Cl 2p 3.04
Au 4f 0.17
Pd 3d 2.56
O 1s 66.74

AuPd/TiO2(isopropoxide-450 ◦C) Ti 2p 28.36 11.69 0.42
Cl 2p 2.14
Au 4f 0.21
Pd 3d 4.26
O 1s 65.24

AuPd/TiO2(isopropoxide-750 ◦C) Ti 2p 26.93 32.27 0.41
Cl 2p 3.43
Au 4f 0.13

reflect the defective nature of these materials. All Au/Pd catalysts
were found to have significantly higher Pd surface concentration
relative to Au, suggestive of a core shell morphology. This interpre-
tation is not definitive, as increases in Pd/Au ratios above the nom-
inal Pd/Au molar ratio have previously been shown not to correlate
with core-shell morphologies by detailed electron microscopy
[47]. Despite all catalysts having a Pd rich surface, the Pd/Au
ratio differs significantly between samples with the lowest Pd
surface enrichment being observed for AuPd/TiO2(isopropoxide-
450 ◦C) (Pd/Au of 11.69). The Pd/Au ratio then rises dramatically for
AuPd/TiO2(isopropoxide-750 ◦C) to 32.27, while AuPd/TiO2(P-25)
ratio lies in-between the SAS prepared materials at 17.79.

3.6. Optimised photocatalyst

Fig. 12 shows the hydrogen production of the Pt/TiO2 catalyst
prepared using the isopropoxide derived catalyst calcined at 450 ◦C
(Pt/TiO2(isopropoxide-450 ◦C)) and 750 ◦C (Pt/TiO2(isopropoxide-
750 ◦C)), compared with a catalyst prepared using P-25 (Pt/TiO2(P-
25)). The dramatically lower activity of the predominantly anatase
Pt/TiO2(isopropoxide-450 ◦C) relative to Pt/TiO2(P-25) is clear with
an order of magnitude difference in the hydrogen production after
3 h. However, for the Pt/TiO2(isopropoxide-750 ◦C) containing 90%
anatase and 10% rutile the photocatalyic water splitting activity

Fig. 13. The conversion of benzyl alcohol AuPd/TiO2(P-25), squares;
AuPd/TiO2(isopropoxide450 ◦C), open diamonds; AuPd/TiO2(isopropoxide450 ◦C)
closed diamonds.

increases significantly. The final volume of hydrogen produced
from this catalyst was comparable to Pt/TiO2(P-25). Interestingly
the time on line data shows that the initial activity of the SAS
derived material was greater than Pt/TiO2(P-25) although there is
deactivation over time. The initial high activity is interesting as the
material has a lower rutile content than P-25 (10% vs 20% rutile) and
also a lower surface area of 25 m2 g−1 compared to the 55 m2 g−1 for
P-25. Clearly a third factor must be responsible for the high activity
of the catalyst. This is most likely to be a more intimate Pt–TiO2
interaction in the SAS prepared material, due to the high number
of nucleation sites present.

3.7. AuPd/TiO2 catalyst activity for redox reactions

Having demonstrated that the supercritical antisolvent precip-
itation method can be used to synthesise titania that is effective
for photocatalytic water splitting, the most active materials (pre-
pared from the isoporopoxide precursor) were also tested as
conventional catalyst supports. We have previously reported
gold-palladium supported on titania is an affective catalyst for
both the oxidation of benzyl alcohol to benazaldyhde and the
direct synthesis of hydrogen peroxide [9,10,12]. For comparison
AuPd/TiO2(P-25) was also tested for these reactions. The results
of the oxidation of benzyl alcohol are shown in Fig. 13, with
AuPd/TiO2(isopropoxide-450 ◦C) displaying very similar activity
to catalysts supported on commercially sourced P-25, which has
been reported to have particularly high turnover numbers for
alcohol oxidation reactions [10]. However, isopropoxide-750 ◦C
was, at all points of the reaction, more active than the P-25
supported catalyst. As shown in Fig. 14 the selectivity towards
benzaldehyde was very similar for all three catalysts tested.
Whilst the activity was similar AuPd/TiO2(isopropoxide-450 ◦C)
and AuPd/TiO2(P-25), the particle size distribution was quite dif-
ferent, suggesting that small particle size cannot be the only
factor responsible for activity. In addition, it was found that AuPd/
TiO2(isopropoxide-750 ◦C) had a slightly larger mean particle size
than AuPd/TiO2(isopropoxide-450 ◦C), but it was significantly more
active. Au-Pd alloy morphology could potentially have a significant
effect on the activity of the catalysts, with XPS analysis (Table 2)
showing that AuPd/TiO2(isopropoxide-750 ◦C)had a substantially
higher Pd/Au ratio than the other catalysts.

Fig. 14. The selectivity towards benzaldehyde during the oxidation of benzyl alco-
hol, AuPd/TiO2(P-25), squares; AuPd/TiO2(isopropoxide450 ◦C), open diamonds;
AuPd/TiO2(isopropoxide450 ◦C) closed diamonds.
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Table 3
The results of the synthesis and hydrogenation of hydrogen peroxide by gold-palladium supported on various titania.

Catalyst Calcination temperature (◦C) Calcination time (h) H2O2 productivity (mol kg−1 h−1) H2O2 hydrogenation (%)

AuPd/TiO2(P-25) As received As received 64 12
AuPd/TiO2(isopropoxide-450 ◦C) 450 2 135 7
AuPd/TiO2(isopropoxide-750 ◦C) 750 1.5 108 14

The results of the direct synthesis of hydrogen perox-
ide are shown in Table 3, with a different trend to the
benzyl alcohol oxidation data being observed. We have previ-
ously reported that AuPd/TiO2(P-25) has a hydrogen peroxide
product synthesis activity of 64 mol H2O2 mol−1 cat h−1, while
AuPd/TiO2(isopropoxide-450 ◦C) had an improved activity of
135 mol H2O2 mol−1 cat h−1. In contrast to the benzyl alcohol data,
AuPd/TiO2(isopropoxide-750 ◦C) had a lower peroxide produc-
tivity (108 mol H2O2 mol−1 cat h−1), although this is still higher
AuPd/TiO2(P-25). Small particles are thought to be most active
for the reaction and so the trend in productivity correlates well
with the particle size distributions observed by TEM analysis. Often
more active catalysts which are active for the formation of hydro-
gen peroxide are usually also active for the over hydrogenation to
form water. To try to further understand the observed productiv-
ities, hydrogenation tests were carried out as described in Section
2 (Table 3). Under our standard hydrogenation conditions with the
that AuPd/TiO2(P-25) catalyst 12% of the starting H2O2 was hydro-
genated, whereas only 7% of the H2O2 was hydrogenated over that
AuPd/TiO2(isopropoxide-450 ◦C), which could explain the higher
productivity values. The slight reduction in observed peroxide pro-
ductivity of AuPd/TiO2(isopropoxide-750 ◦C) can be related to the
higher H2O2 hydrogenation of 14%. We have previously shown
that acid washing a support can lead to almost complete suppres-
sion of the hydrogenation reaction [48], and that the acid washed
catalysts exhibit significantly less pure palladium sites. The XPS
Pd/Au ratios of the TiO2 catalysts (Table 2) can act as an indi-
cator of the presence of such hydrogenating palladium species.
In this case the Pd/Au ratio correlates with the hydrogenation
activity of the catalysts, indicating that there are more palladium
rich species on AuPd/TiO2(P-25) and AuPd/TiO2(isopropoxide-
750 ◦C) than on AuPd/TiO2(isopropoxide-450 ◦C). This could imply
that these species are preferentially formed on the rutile phase
of titania, however further studies are required to confirm this
hypothesis.

4. Conclusion

We have prepared TiO2 as a support for Pt and AuPd nanopar-
ticles by precipitation with a supercritical CO2 antisolvent. A range
of titanium precursor salts were screened for their physical proper-
ties and activity for the photocatalytic splitting of water. The most
successful precursor was found to be titanium isopropoxide, which
gave the highest surface area and contained a mixture of anatase
and rutile phases. Although this material was found to contain rutile
after calcination at 450 ◦C, this made up only ca. 2 wt% of the mate-
rial. Therefore, we investigated the effect of calcination tempera-
ture and duration using in situ XRD. It was discovered that, although
a small amount of rutile could be produced at low temperature,
calcination at 750 ◦C was required to substantially enhance rutile
composition. Supported metal catalysts were prepared with the
SAS precipitated titanium isopropoxide calcined at 450 and 750 ◦C,
which contained 2 wt% and 10 wt% rutile respectively. Exceptional
dispersion of sub nanometre AuPd was found on the SAS prepared
catalyst calcined at 450 ◦C, and this dispersion was also present on
the support calcined at 750 ◦C. High activity was observed for the
10% rutile containing SAS prepared TiO2 for the oxidation of benzyl
alcohol to benzaldehyde and the photocatalytic splitting of water.

While the predominantly anatase containing SAS prepared TiO2
was found to be most active for the direct synthesis of hydrogen
peroxide.
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Selective Synthesis of Primary Amines by Reductive
Amination of Ketones with Ammonia over Supported Pt
catalysts
Yoichi Nakamura,[a] Kenichi Kon,[a] Abeda Sultana Touchy,[a] Ken-ichi Shimizu,*[a, b] and
Wataru Ueda[c]

Supported platinum catalysts are studied for the reductive
amination of ketones under ammonia and hydrogen. For
a model reaction with 2-adamantanone, Pt-loaded MoOx/TiO2

(Pt-MoOx/TiO2) shows the highest yield of primary amine. The
catalyst is effective for the selective transformation of various
aliphatic and aromatic ketones to the corresponding primary
amines, which demonstrates the first example of the selective
synthesis of primary amines by this reaction. The yield of the
amine increases with increase in the negative shift of the C=O
stretching band in the infrared spectra of adsorbed acetone on
the catalysts, suggesting that Lewis acid sites on the support
material play an important role in this catalytic system.

Primary amines are important intermediates in the bulk and
fine chemical industries.[1] The reductive amination of carbonyl
compounds[2–6] and borrowing-hydrogen type amination of al-
cohols[7–10] can be practical synthetic methods of amines. How-
ever, amination of carbonyl compounds by NH3 generally pro-
duces secondary amines,[11–15] because primary amines are
more reactive than NH3, resulting in the conversion of the pri-
mary amines to secondary amines. As for the synthesis of pri-
mary amines from aldehydes, a few catalysts such as heteroge-
neous Ru catalysts[16,17] and a homogeneous Rh catalyst[18] are
available. The selective synthesis of primary amines by reduc-
tive amination of ketones is more challenging. Reductive ami-
nation of a ketone with NH3 and H2 by Cu-[11] and zeolite[12]-
based heterogeneous catalysts resulted in selective formation
of a secondary amine as a major product together with a pri-
mary amine as a minor product. Recently reported homogene-
ous methods for the selective synthesis of primary amines
from ketones with NH3 did not use H2 but used less atom-effi-
cient reductants such as HCO2NH4,

[19] the Hantzsch ester,[20]

silane,[21] and NaBH4.
[22] To our knowledge, there are no reports

on the selective synthesis of primary amines by the reductive
amination of ketones with NH3 and H2. During a course of our

efforts on the reductive C�N bond formation reactions by het-
erogeneous Pt catalysts,[23,24] we found that Pt and MoOx co-
loaded TiO2 (Pt-MoOx/TiO2) was effective for this catalytic reac-
tion. We report herein the first example of the selective synthe-
sis of primary amines by the reductive amination of ketones
under 4 bar NH3 and 2 bar H2. We also show the relationship
between Lewis acidic nature of the support oxides and the cat-
alytic efficiency.

First, we screened Pt catalysts supported on various support
materials (MoOx/TiO2, Nb2O5, q-Al2O3, ZrO2, TiO2, MgO, SiO2,
ZSM-5, C, and CeO2) for a model reaction of 2-adamantanone
(1a) in o-xylene under 4 bar NH3 and 2 bar H2. Table 1 summa-

rizes the yields of the corresponding primary amine (2a), alco-
hol (3a), and secondary amine (4a) with 0.5 mol% of Pt cata-
lysts. The catalytic tests were performed under the same condi-
tions (0.5 mol% Pt with respect to 2-adamantanone, 100 8C,
20 h). Pt-MoOx/TiO2 exhibited the highest yield (75%) of the
desired product, 2-adamantlyamine (2a). Other Pt catalysts ex-
hibited low to moderate yields for 2-adamantlyamine (16–
64%). The Pt catalysts supported on Lewis acidic oxides
(MoOx/TiO2, TiO2, Nb2O5, q-Al2O3, ZrO2)

[24,25] showed higher
yields of the primary amine 2a than the Pt-loaded basic (MgO,
CeO2), neutral (SiO2, C), and Brønsted acidic (HZSM-5) supports.

Table 1. Amination of 2-adamantanone over various catalysts.[a]

Catalysts Conv. [%] Yield [%]
2a 3a 4a

Pt-MoOx/TiO2 100 75 7 11
Pt/Nb2O5 100 64 6 14
Pt/q-Al2O3 100 62 13 9
Pt/ZrO2 100 56 13 15
Pt/TiO2 100 54 6 10
Pt/MgO 100 45 43 <1
Pt/SiO2 100 44 6 32
Pt/HZSM-5 100 41 24 10
Pt/C 100 38 6 39
Pt/CeO2 100 16 58 <1

[a] Conversion of 1a and yields of 2a, 3a and 4a were determined by GC
based on 1a.

[a] Y. Nakamura, Dr. K. Kon, Dr. A. S. Touchy, Dr. K.-i. Shimizu
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Hokkaido University, N-21, W-10, Sapporo (Japan)
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[b] Dr. K.-i. Shimizu
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For the amination of 1a with Pt-MoOx/TiO2, we established
some control experiments. First, the amination of 1a under
4 bar NH3 and 1 bar N2 resulted in no formation of 2a and
30% yield of the corresponding imine. This suggests that H2 is
necessary for the reduction of the imine to the primary amine.
Next, we tested the borrowing-hydrogen type amination of 2-
adamantanol under 4 bar NH3 and 1 bar N2, which resulted in
no formation of 2a. The amination of 1a with aqueous NH3

(4 equiv) under 2 bar H2 gave lower yield of 2a (19%) than the
standard conditions with gaseous NH3.
To quantify the degree of Lewis acid-base interaction be-

tween the catalyst and a substrate, we performed IR experi-
ments of a model ketone compound, acetone, adsorbed on
the Lewis acidic catalysts. As shown in Figure 1, the C=O

stretching band of the acetone adsorbed on Pt-MoOx/TiO2, Pt/
Nb2O5, Pt/ZrO2, and Pt/q-Al2O3 showed peaks at lower wave-
number than that on the non-Lewis acidic catalyst, Pt/C. This
result indicates that the Lewis acid sites on the catalysts inter-
act with carbonyl oxygen of the ketone. Especially, the C=O
stretching band for Pt-MoOx/TiO2 was centered at the lowest
wavenumber (1691 cm�1), which indicates the highest Lewis
acidity of the Pt-MoOx/TiO2 catalyst. As shown in Figure 2, we
examined a correlation between the Lewis acidity of catalysts
and the yield of the primary amine 2a for the reductive amina-
tion of 2-adamantanone. There is a fairly good relationship be-

tween the yields of 2a and the wavenumber of C=O adsorbed
acetone on catalysts; the yield linearly increases with decrease
of the wavenumber, or in other words, increase in the Lewis
acid strength of the catalysts. This suggests that stronger
Lewis acidity of the catalyst leads to the higher yield of the pri-
mary amine. Previous studies on the reductive amination of
carbonyl compounds by heterogeneous catalysts[13–17] suggest-
ed that imines, formed by condensation of a carbonyl com-
pound and NH3, can be an intermediate, which is hydrogenat-
ed to produce the corresponding primary amine (Scheme 1).

Assuming this pathway, we can propose two possible roles of
the Lewis acid; the acid-base interaction can activate C=O
and/or C=N groups and promotes the formation of the imine
and/or the reduction of the imine.

Next, we studied the scope and limitation of the present cat-
alytic system. Table 2 shows that the reductive amination of
various carbonyl compounds (ketones and benzaldehyde)
under 4 bar NH3 and 2 bar H2 with 0.5 mol% of Pt-MoOx/TiO2

at 80–150 8C. Cyclic and linear aliphatic ketones (entries 1–7)
and an aromatic ketone (acetophenone, entry 8) were selec-
tively transformed to the corresponding primary amines (2)
with moderate to good yields (59–75%). Small amounts of by-
products such as secondary amines (4), alcohols (3) were also
observed by the GC analysis. After the reaction of 2-adamanta-
none (entry 1), the catalyst was easily separated from the reac-
tion mixture by a centrifugation, and the column separation of
the mixture gave 2-adamantlyamine in 71% of isolated yield.
Notably, the primary amines were selectively produced at high
conversions (>90%). We tested the amination of a ketone
with C=C group, 4-methyl-3-penten-2-one, but the reaction
gave a mixture of the corresponding primary amine, alcohol,
and ketone without C=C group (Scheme 2), indicating that hy-
drogenation of the C=C group is preferential.

Similar to the previous heterogeneous catalysts,[13–17] the re-
ductive amination of benzaldehyde by Pt-MoOx/TiO2 (entry 9)
resulted in the selective formation of the secondary amine in
70% yield, while the yield of the primary amine was only 9%.

In conclusion, we reported an unprecedented selective syn-
thesis of primary amines by the reductive amination of ketones
with ammonia and hydrogen by the Pt-MoOx/TiO2 catalyst. Var-
ious aliphatic and aromatic ketones were transformed to the
corresponding primary amines. The yield of the primary amine

Figure 1. IR spectra of the acetone adsorbed on the catalysts at 40 8C.

Figure 2. Relationship between the IR band position of the acetone ad-
sorbed on the catalysts (from Figure 1) and the yield of 2a (from Table 1).

Scheme 1.

Scheme 2.

ChemCatChem 2015, 7, 921 – 924 www.chemcatchem.org � 2015 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim922

Communications

─ 132 ─



depended on the Lewis acid strength of the support materials,
suggesting that Lewis acid sites on the support material could
play an important role in this catalytic system.

Experimental Section

Commercially available organic compounds (from Tokyo Chemical
Industry and Wako Pure Chemical Industries) were used without
further purification. TiO2 (JRC-TIO-4), MgO (JRC-MGO-3), and CeO2

(JRC-CEO-3) were supplied by the Catalysis Society of Japan. SiO2

(Q-10, 300 m2g�1) was supplied from Fuji Silysia Chemical Ltd.
HZSM-5 zeolite with a SiO2/Al2O3 ratio of 22.3 was supplied by
Tosoh Co. Active carbon (C) was purchased from Kanto Chemical.
q-Al2O3 was prepared by calcination of g-AlOOH (Catapal B Alumina
purchased from Sasol) at 1000 8C for 3 h. Nb2O5 was prepared by
calcination of Nb2O5·nH2O (supplied by CBMM) at 500 8C for 3 h.
ZrO2 was prepared by hydrolysis of zirconium oxynitrate 2-hydrate
by an aqueous NH4OH solution, followed by filtration, washing

with distilled water, drying at 100 8C for 12 h, and by cal-
cination at 500 8C for 3 h.

According to the method in our previous studies,[23,24]

the Pt-MoOx/TiO2 catalyst (with Pt loading of 5 wt% and
Mo loading of 7 wt%) was prepared by sequential im-
pregnation method. First, the MoO3-loaded TiO2 as the
support material was prepared as follows; the mixture of
TiO2 (5 g), (NH4)6Mo7O24·4H2O (0.88 mmol), and citric acid
(0.88 mmol) in H2O (50 mL) was evaporated at 50 8C, fol-
lowed by drying at 100 8C for 12 h, and by calcination in
air at 350 8C for 2 h. The MoO3-loaded TiO2 was mixed
with an aqueous HNO3 solution of Pt(NH3)2(NO3)2, and
the mixture was evaporated at 50 8C, followed by drying
at 100 8C for 12 h. To prepare the catalyst (Pt-MoOx/TiO2)
before each catalyst test, this precursor was reduced at
300 8C under the hydrogen flow (0.5 h). Other supported
Pt catalysts (with Pt loading of 5 wt%) were prepared by
a similar impregnation method using various support
materials and the solution of Pt(NH3)2(NO3)2.

A typical method of catalytic tests is as follows. After the
pre-reduction at 300 8C, the Pt-MoOx/TiO2 catalyst
(19.5 mg, containing 0.005 mmol of Pt) in the closed
glass tube with a septum inlet was cooled to room tem-
perature under H2, followed by injection of the mixtures
of substrates (1.0 mmol), dodecane (0.5 mmol) in o-
xylene (3.0 mL) to the reduced catalysts inside the glass
tube through the septum inlet. The septum was re-
moved, and a magnetic stir was put into the glass tube
under air. The glass tube was put into the stainless auto-
clave with a dead space of 33 mL. Subsequently, the au-
toclave was purged by flushing of NH3 and was filled
with 4 bar NH3 and 2 bar H2. The autoclave was heated
at 80–150 8C under stirring (300 rpm). Conversion and
yields of products were determined by GC (Shimadzu
GC-14B) with Ultra ALLOY capillary column UA+-1 (Fron-
tier Laboratories Ltd.) using n-dodecane as an internal
standard. The products were identified by GC-MS (Shi-
madzu GCMS-QP2010) equipped with the same column
as GC. GC yields of primary amines were determined by
GC adopting the GC-sensitivity estimated using commer-
cial amines or the amines isolated after the catalytic re-
actions. For the reaction of 2-adamantanone (Table 2,
entry 1), a separate experiment was performed to deter-

mine the isolated yield of 2-adamantlyamine as follows. After the
reaction, the catalyst was removed by filtration and then the reac-
tion mixture was concentrated under vacuum evaporator to
remove the volatile compounds. The residue thus obtained was
subjected to column chromatography (silica gel 60, Kanto Chemi-
cal) with CH2Cl2/n-hexane (4:1) mixture as the eluting solvent, fol-
lowed by analyses by 1H NMR (JEOL ECX-600), 13C NMR and GCMS.
2-Adamantlyamine (0.71 mmol) was identified by the following
data: 1H NMR (600.17 MHz, CDCl3 with TMS): d=2.98 (s, 1H), 1.97
(d, J=13.1 Hz, 2H), 1.82–1.80 (m, 3H), 1.77–1.74 (m, 3H), 1.70–1.68
(m, 4H), 1.52 (d, J=13.08 Hz, 2H), 1.45 ppm (br s, 2H); 13C NMR
(150.92 MHz, CDCl3): d=55.43, 38.02, 37.62 (C�2), 35.10 (C�2),
30.71 (C�2), 27.71, 27.50 ppm; GC-MS m/e 151.14.

IR spectra were recorded at 40 8C by using a JASCO FT/IR-4200
with an MCT detector. The catalyst disc (30 mg, f=2 cm) was
mounted in the IR cell with CaF2 windows connected to a flow re-
action system. Spectra were measured accumulating 15 scans at
a resolution of 4 cm�1. A reference spectrum of the catalyst disc in
flowing He was subtracted from each spectrum. Prior to the experi-

Table 2. Reductive amination of various ketones and an aldehyde by Pt-MoOx/TiO2

catalyst.[a]

Entry Reactants Conv. [%] Yield [%]
2 3 4

1 100 75 (71)[b] 7 11

2[c] 98 70 13 10

3 97 68 4 7

4 95 64 3 <1

5 100 71 10 10

6 98 60 8 14

7 95 77 3 3

8[d] 96 74 <1 6

9 92 9 <1 70

[a] Conversion and yields were determined by GC based on 1. [b] Isolated yield.
[c] T=80 8C. [d] T=150 8C.
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ment the catalyst wafer was heated in H2 flow (20 mLmin�1) at
300 8C for 0.5 h, followed by cooling to 40 8C and purging with He.
Then, 1 mL of acetone was injected to He flow preheated at 150 8C,
which was fed to the IR cell. Then, the IR cell was purged with
flowing He (40 mLmin�1) for 500 s, and IR measurement was per-
formed. Note that the spectra for Pt-MoOx/TiO2, Pt/TiO2, and Pt/C
in Figure 1 were reported in our previous study,[24] and the spectra
for Pt/Nb2O5, Pt/ZrO2 and Pt/q-Al2O3 were newly measured under
the same conditions.
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Abstract Crystalline Mo–V–W–O complex oxides

with the orthorhombic or trigonal structure were

synthesized by a hydrothermal method. Those Mo–

V–W–O samples with various amounts of tungsten

were characterized by inductively coupled plasma

atomic emission spectroscopy, TEM, STEM–EDX, X-

ray diffraction, Rietveld analysis and a N2 adsorption

method. It was found for the first case that an

additional metal such as W can be successfully

incorporated into the trigonal Mo–V–O structure

by using (CH3CH2NH3)2Mo3O10. The alkylammonium

cation acted as a structural stabilizer that was requisite for the formation of a trigonal structure when additional metal

ions were present. For the orthorhombic Mo–V–W–O structure, introduction of W into the orthorhombic structure

caused a rod segregation effect by which nanoscale crystals formed and the external surface area greatly increased.

Additionally, these Mo–V–W–O materials were applied as catalysts for the gas phase selective oxidation of acrolein to

acrylic acid. The best catalyst was assigned to the orthorhombic Mo–V–O–W7.5, which possessed an ordered

arrangement of heptagonal and hexagonal channels and a large external surface area.

Keywords Crystalline Mo–V–W–O, Selective oxidation, Acrolein, Acrylic acid
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Introduction

Mo–V based complex oxides catalysts have a long history of
use in selective oxidation and ammoxidation of light alkanes
since the 1960s.1–5 Numerous metal components such as Te,
Nb, Cu, W and Fe have been applied to optimize the struc-
ture and catalytic performance.6–8 One of the representative
catalysts is MoVTe(Sb)NbO, which was developed by Mitsu-
bishi Chemical Corp. It showed good catalytic performance
for oxidation of propane to acrylic acid and ammoxidation of
propane to acrylonitrile.9,10 Additional metals modified the
structure and improved the catalytic activity; however,
multiple components increased the complexity of structure
and composition.
Recently, we have reported the single crystalline Mo–V–O

with an orthorhombic or trigonal structure.11–13 These

Mo–V–Os with microporosity were layered in the direction
of the c axis and contained pentagonal {Mo6O21} building
units and {MO6} (M ¼ Mo, V) octahedra that were arranged
to form heptagonal and hexagonal channels but with
different arrangements in the a–b plane. The simplicity of
the component and uniformity of the crystalline structure
provide a suitable opportunity to investigate the effects of
additional metals and the structure– function relationship.
For molecular sieve type porous materials, the incorpor-

ation of a transition metal into the framework could modify
properties such as acidity, thermal stability and especially
catalytic activity.14,15 However, introduction of heteroatom
usually affects the normal crystalline growth process, and it
is a challenge to introduce a heteroatom metal while
maintaining the crystal structure. In this work, we succeeded
in introducing tungsten into the framework of the orthor-
hombic and trigonal structure. We obtained a trigonal
structure with an additional metal for the first time by using*Corresponding author, email: murayama@cat.hokudai.ac.jp
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an organic molybdenum source. Moreover, it was found that
the introduction of W into the orthorhombic structure
caused crystal splitting that contributed to exposure of more
active phase. Activity for oxidation of acrolein to acrylic acid
over those M–V–W–Os was further investigated.

Experimental

Synthesis of three distinct Mo–V–O complex
oxides

The catalysts were synthesized according to a previous
report.13,16 For orthorhombic Mo–V–O (denoted as Orth-
MoVO–W0), a solution of VOSO4 (3.28 g, Mitsuwa Chemicals)
in deionized water (120mL) was added to a solution of
(NH4)6Mo7O24 (8.82 g, Wako) in deionized water (120mL)
with stirring. The mixture was stirred for 10min and then
transferred into an autoclave with a Teflon inner tube and a
Teflon sheet enough length for filling about half of Teflon
inner tube space. This sheet is necessary for formation of
well crystallized sample, because solids are formed on the
sheet. The mixture was purged with N2 for 10min (pH ¼ 3.2)
and then hydrothermally treated at 1758C for 48 h. The
procedure for synthesis of trigonal Mo–V–O (denoted as Tri-
MoVO–W0) was the same as that for Orth-MoVO–W0 except
that the pH value of the mixture was adjusted to 2.2 with
H2SO4. As synthesized Orth-MoVO–W0 and Tri-MoVO–W0
were purified by treatment in a solution of oxalic acid
(0.4mol L21) at 608C for 30min to remove amorphous impu-
rities. Amorphous Mo–V–O (denoted as Amor-MoVO–W0)
was obtained by the same procedure as that for
Orth-MoVO–W0 synthesis but with twofold higher precursor
concentrations, without the use of a Teflon sheet, and no N2

bubbling.

Synthesis of amorphous and orthorhombic
Mo–V–W–O complex oxides

Orthorhombic Mo–V–W–O catalysts (denoted as Orth-
MoVWO) with various contents of W were synthesized with
(NH4)6Mo7O24, VOSO4 and (NH4)6[H2W12O40].6H2O under a
hydrothermal condition. Firstly, solution A was obtained

with 8.82 g of (NH4)6Mo7O24 and a certain amount of
(NH4)6[H2W12O40].6H2O (with adjustment of W content to
2.5, 5.0, 7.5 and 10 at.-% in the synthesized Mo–V–W–O)
being dissolved in 120mL of deionized water and solution B
was obtained with 3.28 g of VOSO4 being dissolved in
another 120mL of deionized water. Secondly, solution B was
poured into solution A under a stirring condition. The
obtained mixed solution was introduced into an autoclave
with a Teflon sheet in the Teflon inner vessel. The reaction
mixture was purged with N2 for 10min (pH ¼ 3.2) and then
hydrothermally treated at 1758C for 48 h. As synthesized
Orth-MoVWO catalysts (denoted as Orth-MoVO–W2.5, Orth-
MoVO–W5.0, Orth-MoVO–W7.5 and Orth-MoVO–W10,
respectively) were treated with oxalic acid solution
(0.4mol L21) 2 times at 608C. The treatment was maintained
for 30min each time.
Amorphous Mo–V–W–O catalysts (denoted as Amor-

MoVWO) with various contents of W (denoted as Amor-
MoVO–W2.5, Amor-MoVO–W5.0, Amor-MoVO–W7.5 and
Amor-MoVO–W10, respectively) were also synthesized with
the same precursor at a twofold higher concentration and by
the same procedure but without a Teflon sheet.

Synthesis of trigonal Mo–V–W–O complex
oxides

A trigonal Mo–V–W–O (denoted as Tri-MoVWO) catalyst
was obtained by the same procedure as that for Orth-
MoVWO synthesis except that ethylammonium trimolybdate
(EATM: (CH3CH2NH3)2Mo3O10) was used as an Mo source
instead of (NH4)6Mo7O24. The synthesis procedure for EATM
was as follows. MoO3 (0.15mol, 21.594 g, Kanto) was dis-
solved in 28.0mL of 70% ethylamine solution (ethylamine:
0.30mol, Wako) diluted with 28.0mL of deionized water.
After being completely dissolved, the solution was evapor-
ated under a vacuumed condition at 708C and then solid
powder was obtained. The powder was dried in air at 808C
overnight. As synthesized materials were denoted as Tri-
MoVO–W2.5, Tri-MoVO–W5.0, Tri-MoVO–W7.5 and Tri-
MoVO–W10, respectively.

Table 1 Chemical compositions, external surface areas and lattice parameters of Mo–V–W–O

Sample

Composition*/at.-%

External surface
area†/m2 g21

Lattice parameter/nm

Mo V W a b c

Amor-MoVO–W0 76.1 23.9 0.0 4.7 . . . . . . 0.3998
Amor-MoVO–W2.5 74.0 23.3 2.7 4.7 . . . . . . 0.3993
Amor-MoVO–W5.0 70.5 23.6 5.9 4.7 . . . . . . 0.3991
Amor-MoVO–W7.5 70.1 21.9 8.0 3.9 . . . . . . 0.3990
Amor-MoVO–W10 67.9 21.8 10.3 4.0 . . . . . . 0.3989
Orth-MoVO–W0 71.5 28.5 0.0 5.0 2.1279 2.6634 0.4002
Orth-MoVO–W2.5 71.8 25.6 2.6 15.6 2.1205 2.6631 0.3999
Orth-MoVO–W5.0 70.0 25.2 4.8 23.3 2.1203 2.6629 0.3995
Orth-MoVO–W7.5 69.7 23.1 7.2 31.4 2.1183 2.6612 0.3994
Orth-MoVO–W10 68.2 21.6 10.2 35.5 2.1053 2.6592 0.3991
Tri-MoVO–W0 74.8 25.2 0.0 17.4 2.1382 . . . 0.4030
Tri-MoVO–W2.5 74.9 22.1 3.0 17.5 2.1382 . . . 0.4022
Tri-MoVO–W5.0 73.2 21.4 5.4 14.4 2.1381 . . . 0.4018
Tri-MoVO–W7.5 71.6 20.7 7.7 18.3 2.1381 . . . 0.4014
Tri-MoVO–W10 69.8 20.1 10.1 18.9 2.1380 . . . 0.4011

*Determined by ICP–AES.
†Measured by N2 adsorption and determined by t plot method.
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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. Crystallite size broading analysis of
Rietveld program with Powder Reflex (Material Studio 5.5.3,
Accelrys) was utilized to fit the experimental X-ray diffraction
(XRD) pattern of Orth-MoVWO. Raman spectra (inVia Reflex
Raman spectrometer, RENISHAW) were taken in air on a
static sample with Ar laser power. Scanning transmission
electron microscopy (STEM) images and metal element
mapping of Mo, W and V were obtained on an HD-2000
(HITACHI). Transmission electron microscopy (TEM) images
were taken with a 200 kV transmission electron microscope
(JEOL JEM-2010F). The chemical composition of the catalysts
was determined by the inductively coupled plasma atomic
emission spectroscopy (ICP–AES) method with a VISTA–PRO
apparatus (Varian). N2 adsorption–desorption isotherm
measurements were carried out on an auto-adsorption
system (BELSORP MAX, Nippon BELL) to obtain the external
surface area and micropore volume using the t-plot method.
Before adsorption measurements, the samples were treated
at 4008C for 2 h under air and out gassed at 3008C under
vacuum for 2 h.

Gas phase catalytic oxidation

Gas phase catalytic oxidation of acrolein to acrylic acid was
performed using a fixed bed stainless tubular reactor at at-
mospheric pressure. The catalysts (0.25 g) were firstly ground
for 5min, then diluted with 2.5 g Carborundum and pre-
treated at 4008C under N2 of 50mLmin21 for 2 h. Reactant
gas was conducted with change in the water content from 0
to 25.2 vol.-% while keeping other feeding gases constant:
acrolein ¼ 2.5mLmin21, O2 ¼ 8mLmin21 and N2 balance
(total: 107.6mLmin21). Quantitative analysis was performed
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 balance was
always over 95% and selectivity was calculated on the basis
of products of sum.

Results and discussion

Structural characterization of Mo–V–W–O
catalysts

Location of W in Mo–V–W–O

Table 1 shows the chemical compositions of the Mo–V–W–O
complex oxides determined by the ICP–AES method. Atomic

ratios of tungsten in the Amor-, Orth- and Tri-MoVWO groups
were adjusted approximately to 2.5, 5.0, 7.5 and 10 at.-%,

respectively. Different Mo and V atomic ratios derived from
the distinction of structure requisite. Element mapping of Mo,

V and W of Amor-, Orth- and Tri-MoVO–W2.5 showed that
metal elements were distributed evenly along the rod shaped

materials (Fig. 1). In the Raman spectra (Fig. 2), the main band

Figure 1 a STEM images and element mapping of b Mo, c

V and d W of Amor-MoVO–W2.5 (I), Orth-MoVO–W2.5 (II)

and Tri-MoVO–W2.5 (III)

Figure 2 Raman spectra of Amor-MoVWO (I), Orth-MoVWO

(II) and Tri-MoVWO (III) with different W contents. a W0; b

W2.5; c W5.0; d W7.5; e W10
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at 872 cm21 that was ascribed to pentagonal units16 gradu-
ally shifted to a low wave number. All of the results indicated
that W was successfully introduced into the three different
structures.
The crystalline structure of the materials was investigated

by XRD characterization (Fig. 3). Diffraction peaks at 22.2 and
45.48 were ascribed to (001) and (002) plane reflections, re-
spectively. Concentrated at the (001) peak, an obvious peak
shift in a high angle direction was observed in all of the three
different types of Mo–V–W–O, after being calibrated with
silicon as an internal standard (Fig. 2). With increasing W
content, the lattice parameter decreased gradually (Table 1),
implying that lattice contraction happened with the incor-
poration of W. Based on the above results, W was considered
to be incorporated into the framework. Orthorhombic,
trigonal and amorphous Mo–V–O contained the same

pentagonal {Mo6O21} units and {MO6} (M ¼ Mo, V) octahe-
dra. The pentagonal unit was constructed with Mo only and
octahedra contained V as well as Mo.16,17 It is notable that, as
shown in Table 1, with an increase in tungsten content, the
ratio of V in Mo–V–W–O decreased gradually, strongly
suggesting that tungsten replaced not only Mo but also the
V ions. Therefore, there was a high probability that W formed
{WO6} octahedra and acted as linkers connecting {Mo6O21}
pentagonal units.

Influence of W on Mo–V–O structure

In the XRD pattern of Amor-MoVWO (Fig. 2-I), there were two
broad peaks centered at 8 and 278, implying that Amor-
MoVWO was only crystalline along the c axis, while a dis-
ordered arrangement of pentagonal {Mo6O21} and {MO6}
octahedra was formed in the a–b plane. This is the most

Figure 3 X-ray diffraction patterns of Amor-MoVWO (I), Orth-MoVWO (II) and Tri-MoVWO (III) with different W contents. a

W0; b W2.5; c W5.0; d W7.5; e W10
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distinct difference from the orthorhombic and trigonal
structures. With an increase in W content, the XRD patterns of
Amor-MoVWO barely changed except for a shift of the (001)
peak in a higher angle direction. This revealed that although
lattice contraction occurred, the disordered arrangement in
the a–b plane was not affected by the introduction of
W. Therefore, crystal size (see Fig. S2-I and Table S1 in
Supplementary Material on ManeyOnline here http://
dx.doi.org/10.1179/2055075814Y.0000000009) and external
surface area (Table 1) of Amor-MoVWO slightly changed.
In the XRD pattern of Orth-MoVWO (Fig. 3-II), main dif-

fraction peaks corresponding to the orthorhombic structure
emerged at 6.6, 7.9, 9.0 and 27.38, etc., which were ascribed
to the planes of (020), (120), (210) and (630), respectively.18

The emergence of diffraction peaks at a low angle below 108
indicated that Orth-MoVWO was well crystallized along the a
and b axes. However, with an increase in W content, the rod
segregation effect proceeded. That could be clearly
observed from the TEM image (Fig. S1 in Supplementary
Material). Orth-MoVWO crystals partially split into smaller
rods and those nanoscale rods had sizes of only several tens
of nanometers or even smaller (Average crystal size was
calculated and is shown in Fig. S2-II and Table S1 in Sup-
plementary Material). For crystalline materials, lattice
expansion or contraction usually results in an unstable
structure. Lattice contraction occurred with the incorpor-
ation of W and that might have caused cleavage of Mo–O
and V–O bonds and decrease in the long range order of the
a–b plane, thus facilitating dehiscence. The diffraction peaks

(especially below 108) of Orth-MoVWO decreased and
broadened gradually with increasing W content. Rietveld
analysis using the crystallite size broadening procedure was
carried out and results are shown in Fig. 4. It was confirmed
that broadening of diffraction peaks was not caused by the
formation of an amorphous phase but by the dehiscence of
orthorhombic crystals. Although the addition of W affected
the crystallinity of the orthorhombic structure, a decrease in
crystal size contributed to a larger external surface area
(Table 1) and more active sites were exposed, which is par-
ticularly important for the activity of acrolein oxidation to
acrylic acid.13 When W content rose to 10 at.-%, external
surface area increased to 35.5m2 g21, almost 6 times larger
than that of the well crystallized Orth-MoVO–W0.
Different from the synthesis process of Amor- and Orth-

MoVWO, an organic Mo source (CH3CH2NH3)2Mo3O10

(EATM) was used to synthesize Tri-MoVWO (the section on
‘Synthesis of trigonal Mo–V–W–O complex oxides’). As
noted above, additional metal ions usually affect the self-
assembly process. In the trigonal structure, there is a linker
unit of triple-octahedron and the occupancy of this triple-
octahedron is only 0.6, while in the orthorhombic structure,
the occupancy of quintuple-octahedron (instead of triple-
octahedron) is 1.0.11,12 This revealed that the trigonal
structure is not as stable as the orthorhombic structure.
Therefore, simply adding W and other metal precursors into
the hydrothermal process only resulted in amorphous
phase instead of trigonal structure. The diameter of the
heptagonal channel is about 0.4 nm, thus being limited to

Figure 4 Rietveld analysis of Orth-MoVWO catalysts: Orth-MoVO–W2.5 (I), Orth-MoVO–W5.0 (II), Orth-MoVO–W7.5 (III) and

Orth-MoVO–W10 (IV)
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counter cation with a small molecular size such as an
ammonium cation with a size of 0.28 nm. In the self-
assembly process, an ethylamine cation with a larger size
than that of an ammonium cation balanced the trigonal
framework and played an important role as a structure
directing agent and stabilizer for the trigonal structure and
it could be easily removed by calcination in air. In the XRD
pattern of Tri-MoVWO (Fig. 3-III), peak intensity of W-con-
taining trigonal Mo–V–W–O was higher than that of Tri-
MoVO–W0, suggesting that the use of EATM as Mo source
can provide trigonal Mo–V–W–O crystals with better
crystallinity (average crystal size shown in Fig. S2-III and

Table S1 in Supplementary Material). Due to the good
crystallinity of Tri-MoVWO, only a slight difference in the
external surface area of Tri-MoVWO was observed (Table 1).

Catalytic activity for oxidation of acrolein to
acrylic acid over Mo–V–W–O

Acrylic acid has become a widely used chemical in recent
years because of its extensive applications in super absor-
bent materials, coatings and additives in textile pro-
duction.19–21 It can be acknowledged that the crystalline
structure was maintained and a much larger external surface
was achieved for Orth-MoVWO, which was expected to show
excellent performance in the selective oxidation of acrolein
to acrylic acid.
Catalytic performance without H2O feeding was investi-

gated in order to eliminate the effect of H2O (Figs. S3, S4,
S5 and S6 in Supplementary Material). Crystalline Mo–V–
W–O catalysts had more active sites because the a–b
plane of orthorhombic and trigonal structures was con-
structed into a high degree of ordered arrangement.
Therefore, for acrolein oxidation, crystalline Mo–V–W–O
catalysts showed much higher activity than amorphous
catalysts did, while selectivity to acrylic acid was almost the
same. Figure 5 shows reaction temperatures of 50% acro-
lein conversion over Amor-, Orth- and Tri-MoVWO catalysts
under different H2O partial pressure and W content con-
ditions. There is no doubt that water acts as an important
promoter for the conversion of acrolein. Under the same
water feeding condition, Orth- and Tri-MoVWO catalysts
always showed higher catalytic activity than that of Amor-
MoVWO. Moreover, a positive effect on acrolein conversion
was observed when W was incorporated into the orthor-
hombic structure. However, in the case of trigonal and
amorphous structures, W did not show any positive effect
because of the slight changes in structure and morphology.
The highest catalytic activity was achieved over the Orth-
MoVO–W7.5 catalyst, which had a crystalline structure and
large external surface area. Therefore, crystalline structure is
the guarantee for good catalytic performance and external
surface area is another important factor for oxidation of
acrolein to acrylic acid.

Conclusion

We succeeded in introducing W into the trigonal structure
using EATM as Mo source. For Orth-MoVWO, tungsten acted
as a structural promoter that resulted in a rod segregation
effect and increase in external surface area. Crystalline Orth-
and Tri-MoVWO achieved showed very high catalytic activity
compared with that of Amor-MoVWO. It was found that
crystalline structure and external surface area were respon-
sible for good catalytic activity.

To access the supplementary material for this article please
follow www.maneyonline.com/doi/suppl/10.1179/20550758
14Y.0000000010.S2
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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.
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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 .

This journal is © The Royal Society of Chemistry 2015 J. Mater. Chem. A, 2015, 3, 746–755 | 751
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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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1 G. Férey, C. Serre, T. Devic, G. Maurin, H. Jobic,
P. L. Llewellyn, G. De Weireld, A. Vimont, M. Daturi and
J.-S. Chang, Chem. Soc. Rev., 2011, 40, 550–562.

2 K. Sumida, D. L. Rogow, J. a. Mason, T. M. McDonald,
E. D. Bloch, Z. R. Herm, T.-H. Bae and J. R. Long, Chem.
Rev., 2012, 112, 724–781.

3 N. Du, H. B. Park, M. M. Dal-Cin and M. D. Guiver, Energy
Environ. Sci., 2012, 5, 7306–7322.

4 N. A. Khan, Z. Hasan and S. H. Jhung, J. Hazard. Mater., 2013,
244–245, 444–456.

5 A. M. Kierzkowska, R. Pacciani and C. R. Müller,
ChemSusChem, 2013, 6, 1130–1148.

6 Y. Kamiya, M. Sadakane, W. Ueda and J. Reedijk, Heteropoly
Compounds in Comprehensive Inorganic Chemistry II, ed. K.
Poeppelmeier, Elsevier, Oxford, 2013, vol. 7.

7 Special thematic issue on polyoxometalates. C. L. Hill, Chem.
Rev., 1998, 98, 1–390.

8 Special thematic issue on polyoxometalates. L. Cronin and
A. Müller, Chem. Soc. Rev., 2012, 41, 7325–7648.

9 D.-L. Long, R. Tsunashima and L. Cronin, Angew. Chem., Int.
Ed., 2010, 49, 1736–1758.

10 M. Sadakane, K. Kodato, T. Kuranishi, Y. Nodasaka,
K. Sugawara, N. Sakaguchi, T. Nagai, Y. Matsui and
W. Ueda, Angew. Chem., Int. Ed., 2008, 47, 2493–2496.

11 M. Sadakane, K. Yamagata, K. Kodato, K. Endo, K. Toriumi,
Y. Ozawa, T. Ozeki, T. Nagai, Y. Matsui, N. Sakaguchi,
W. D. Pyrz, D. J. Buttrey, D. A. Blom, T. Vogt and W. Ueda,
Angew. Chem., Int. Ed., 2009, 48, 3782–3786.

12 M. Sadakane, N. Watanabe, T. Katou, Y. Nodasaka and
W. Ueda, Angew. Chem., Int. Ed., 2007, 46, 1493–1496.

13 S. G. Mitchell, C. Streb, H. N. Miras, T. Boyd, D.-L. Long and
L. Cronin, Nat. Chem., 2010, 2, 308–312.

14 D. Liu, Y. Lu, H.-Q. Tan, W.-L. Chen, Z.-M. Zhang, Y.-G. Li
and E.-B. Wang, Chem. Commun., 2013, 3673–3675.

15 A. Dolbecq, C. Mellot-Draznieks, P. Mialane, J. Marrot,
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Marine cyanobacteria are known as important creators of novel
natural products. From this valuable source, various bioactive
compounds have been found and characterized in terms of their
pharmacological and toxicological activities.1 In the previous work, we
have reported on the isolation and structure determination of potent
cytotoxic compounds, lyngbyacyclamide A and B;2 an inhibitor of
osteoclastogenesis, biselyngbyaside;3 and a protein kinase inhibitor,
bisebromoamide.4 In the recent work, we have reported the new
marine γ-pyrones yoshinone A, B1 and B2 from Leptolyngbya sp., and
determined their planar structures using NMR spectral analysis.5

Yoshinone A, as the major compound among them, showed inhibitory
activity against the adipogenic differentiation of 3T3-L1 cells with an
half maximal inhibitory concentration (IC50) value of 420 nM without
cytotoxicity (IC50450 μM). On the other hand, the yoshinone B1 and
B2 showed only limited activity against 3T3-L1 cells, with higher
concentrations compared with yoshinone A. Further studies of the
structure–activity relationship lead us to conclude that the position of
a pyrone ring and an olefin in the side chain will be important for the
inhibition of adipogenic differentiation. These γ-pyrones have olefins
in their side chain at positions 7 and 6 in the cases of yoshinones A
and B1/B2, respectively. To express the effects on adipocyte, the olefin
should not be conjugated with γ-pyrone moiety, such as yoshinone A
(Figure 1). In the previous studies, kalkipyrone6 isolated from
cyanobacteria, aureothin,7 and actinopyrones A and B8 isolated from
streptomyces fell into the same 7-en γ-pyrones. Then, we confirmed
that kalkipyrone and aureothin showed this activity, with IC50 values
of 67.5 and 54.2 nM, respectively. On the basis of these data, we are
focusing on the 7-en γ-pyrone (unconjugated type) compounds. These
pyrones are expected to be candidates for novel lead compounds for
the treatment of obesity and related diseases.9 Studies on useful tools
that regulate adipocytes will contribute to the prevention and
treatment of these diseases. At the present stage of our research,

we have evaluated the anti-obesity activities of the 7-en γ-pyrones
using in vitro and in vivo experiments. In this study, we report on the
interesting properties of these pyrones.
Marine cyanobacteria as sources of γ-pyrone compounds have been

collected from Ishigaki and Okinawa islands, Japan, and extracted with
aqueous methanol. The isolating procedures of the γ-pyrones were
performed according to the original reports with minor modifications.
Their purity and structures were confirmed by NMR analysis. From
the collected cyanobacteria, we noted that got only a trace amount of
yoshinone A (o1.0 mg) and 35.7 mg of kalkipyrone, as purified
γ-pyrones for the present experiments.
As the in vitro experiments, the reducing effects on accumulated

triglyceride (TG) in the mature 3T3-L1 adipocyte were investigated
with yoshinone A. In Figure 2a, typical images of mature 3T3-L1
adipocytes stained TG with oil red O were shown. As shown in
Figure 2b, TG amount in mature 3T3-L1 adipocyte-treated yoshinone
A significantly decreased with the dose-dependent manner. On the
other hand, a significant increase of lactate (LA) in the culture fluid
was observed by yoshinone A treatment of the adipocyte, as shown in
Figure 2c. These changes in TG and LA were induced with
0.1–0.01 μM of yoshinone A with no effect on cell viability. These
results revealed that the 7-en γ-pyrones showed TG reduction
activities in mature 3T3-L1 adipocyte, in addition to its inhibitory
activities on adipose differentiation. As the differentiation ratio in
preadipocyte was evaluated with TG amount in the cells, the
findings are acceptable for the previous experimental perceptions in
3T3-L1 cells.
In the following experiment, to verify whether or not the LA

production is limited in 3T3-L1 cells, we have repeated the experiment
with the same conditions using HeLa cells, the most widely used
human cultured cells. After treatment with yoshinone A (0, 0.01 and
0.1 μM) for 48 h, the culture fluids were supplied for HPLC analysis to
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determined LA and glucose (Glc) concentrations. As shown in
Supplementary Figure 1, the enhancement of LA production and
Glc consumption were observed clearly with dose-dependent manner
of yoshinone A even in HeLa cells without cytotoxicities. These results
suggested that yoshinone A induced energy metabolic changes relating
to Glc via relatively common pathway in cells. On the basis of these
in vitro experiments, the induced changes in metabolism will affect the
utilization of accumulated TG in mature 3T3-L1 adipocyte with direct
or indirect pathway(s). Due to a deficiency of these marine γ-pyrones,
further experiments to analyze the mechanism in detail are still needed
at this stage.

As with the in vivo experiments, kalkipyrone as a 7-en γ-pyrone was
provided to the experiment with a small preliminary sample size.
To confirm the anti-obesity activity in vivo, we performed two
experiments as described below.
The IC50 value of kalkipyrone was reported as 120 nM in HeLa

cells,5 but there are no information about the toxicity in vivo. In the
first experiment using mice, the evaluation for acute toxicity of
kalkipyrone with oral administration was determined. Male ddY mice
(5 weeks old) were divided into three groups (n= 3 each); they
received 16.5 and 5.5 mg kg− 1 per day of kalkipyrone, and vehicle
(3% dimethyl sulfoxide solution) orally for 3 days. The physical

Figure 1 Chemical structures and biological activities of the two types of marine γ-pyrones. The 7-en γ-pyrone is defined as an unconjugated olefin bond
(red) at 7 position in the side chain such as yoshinone A and kalkipyrone, and the 6-en γ-pyrone is defined as a conjugated olefin bond (blue) at 6 position
in the side chain such as yoshinone B1 and B2. Inhibitory activities against adipogenic differentiation in 3T3-L1 cells were expressed as half maximal
inhibitory concentration (IC50) values in the parenthesis. The yoshinone B1 and B2 showed only moderate inhibition even at 5 μM.

Figure 2 The decrease of accumulated triglyceride in 3T3-L1 cells and enhancement of lactate contents in culture fluid treated with yoshinone A (0, 0.01
and 0.1 μM). The mature 3T3-L1 adipocytes were treated with yoshinone A for 7 days. Typical adipocytes were stained with oil red O (a), the % of
triglyceride level in the cells (b) and lactate concentration in the culture fluid after 48 h (c) were shown. Data are presented as the mean± s.d. for triplicate
samples. *Po0.05 vs control (0 μM).
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measurements, autopsy findings and behavior observations did not
indicate a difference among these groups during 7 days from first
ingestion. Then, we planned a long-period treatment test in mice with
a dosage of 5 mg kg− 1 per day of kalkipyrone.
For the second experiment in vivo, the anti-obesity effects of

kalkipyrone in vivo were examined by feeding mice a high-fat diet
(HFD) for 5 weeks. Mice were fed a normal diet (ND, n= 6), a HFD
(n= 6) and HFD with oral ingestion of kalkipyrone at a dosage of
5 mg kg− 1 per day (HFD+KAL, n= 3) during the experiment. The
transitional changes of body weight gain, food intake and water intake
of the groups are shown in Supplementary Figure 2. After the
experimental period, measured parameters were summarized in
Table 1. The body weights of mice in the ND and HFD groups
showed significant differences, with the values of 39.5± 0.2 and
43.4± 0.7 g, respectively. The HFD+KAL group (40.6± 2.8 g) exhib-
ited pronounced suppressed body weight gain, but no significant
differences, owing to the limited sample size for the experiment.
Meanwhile, the weight of adipose tissue was significantly suppressed
(Po0.05) with the kalkipyrone treatment: 0.93± 0.23 g in the HFD
+KAL group vs 1.62± 0.15 g in the HFD group. The other tissues’
weight did not show significant changes with kalkipyrone treatment
(Supplementary Figure 3). These results suggest that oral ingestion of
kalkipyrone is effective for suppressing adipose tissue weight gain
in mice.
As food intake during the experimental period in the HFD

(227.9± 19.3 g per head) and HFD+KAL (212.8± 31.3 g per head)
groups were similar, the suppression of adipose tissue gain was not
affected by food consumption or appetite in mice. Another main
possible mechanism for anti-obesity is the inhibition of TG absorption
in the small intestine. For example, orlistat, a lipase inhibitor in
clinical use,10 suppresses the weight gain in vivo to avoid absorption of
TG from small intestine. Also, tea polyphenol reduces fat absorption
by decreasing emulsification,11 and hot-water extract of Houttuynia
cordata suppressed adipose tissue weight gain in mice by inhibiting the

absorption of fatty acids and glycerol.12 These suppressive effects on
TG absorption will result in the intact TG undergoing a transition to
feces, accompanied increasing fecal TG levels. However, fecal TG in
the HFD+KAL group (43.6± 6.0 mg g− 1) was not increased, as
compared with that in the HFD group (41.3± 7.4 mg g− 1). Thus, it
was suggested that the suppression of adipose tissue gain by
kalkipyrone treatment is caused by consumption and/or excretion of
absorbed TG in the body.
Some changes in plasma parameters were induced by the treatment

of kalkipyrone in mice for 5 weeks. As shown in Table 1, the
parameter relating to lipid metabolism (TG, total cholesterol and non-
esterified fatty acid) in the HFD+KAL group did not show significant
differences against those of the HFD group. On the other hand, the
Glc level (155.1± 28.2 mg dl− 1) was relatively higher than that of the
HFD group (135.7± 16.6 mg dl− 1), and the plasma LA level
(95.4± 2.4 mg dl− 1) in the HFD+KAL group was significantly
increased (Po0.05) when compared with that of the HFD group
(68.8± 6.1 mg dl− 1). These characteristic changes in plasma LA levels
and adipose tissue are supported by the results of the in vitro
experiments with yoshinone A, as described above. Incidentally, the
enhancement of LA production will have the potential for causing the
physiological problem by lactic acidosis, but our autopsy studies and
behavior observations did not find any abnormal changing and health
hazard in the kalkipyrone-treated mice during experiment for 5 weeks.
In the near future, further studies including physiological pH
monitoring will elucidate that there are no adverse impact by elevated
blood lactic level induced by these γ-pyrone treatment in mice.

To summarize, anti-obesity activities of the 7-en γ-pyrone have
been shown in experiments in both cultivated cells and in mice. In the
mature 3T3-L1 adipocytes, the reducing effects of yoshinone A on
accumulated TG amounts accompanied with the enhancement of LA
production in the culture fluid were observed in vitro. In the HFD
feeding mice, the suppressive effects of orally ingested kalkipyrone on
adipose tissue weight gain for 5 weeks was accompanied with an
enhancement of plasma LA level in vivo. On the basis of these
preliminary results, it was suggested that the 7-en γ-pyrone expresses
an anti-obesity effect in vivo with oral administration, and the
enhancement of LA production will be a key phenomenon in the
reduction of accumulated TG in adipocytes. LA is a major end product
of Glc metabolism by the glycolytic system in the cytosol, but, as usual,
the citric acid cycle in the mitochondria suppresses LA production by
the consumption of Glc metabolites to produce energy. Ubiquinone
distributing in the mitochondrial inner membrane has an important
role in the mitochondrial respiratory chain, mediating electron
transport between NADH and succinate dehydrogenase, and the
cytochrome system.13 The molecule of ubiquinone contains unconju-
gated olefin with a quinone ring similar to the 7-en γ-pyrone, such as
yoshinone A. We speculate that this unconjugated type of pyrone acts
as a mimic of ubiquinone in the mitochondrial membrane to suppress
functions, including the citric acid cycle. As a result, yoshinone A
induced the accumulation of LA produced as a metabolite from the
glycolytic system, and promoted fat utilization by compensating for
the deficient energy supplying in vitro and in vivo. These speculations
about bioactivities of the 7-en γ-pyrone have been not yet established
due to a lack of supply of these compounds from natural sources. We
are currently synthesizing the yoshinopyrones to determine their
stereochemistries and to elucidate their detailed activity via further
experiments in vitro and in vivo.

Table 1 Effects of kalkipyrone on high-fat diet received mice for
5 weeks

Experimental groups

Measured parameter

ND

(n=6)

HFD

(n=6)

HFD+KAL

(n=3)

Body weight (g) 39.5±0.2 43.4±0.7 40.6±2.8

Food intake (g)a 168.2±4.1 227.9±19.3 212.8±31.3

Water intake (g)a 205.1±7.1 192.0±9.5 194.3±14.7

Adipose tissue (g) 1.01±0.12 1.62±0.15 0.93±0.23*

Liver (g) 1.31±0.03 1.41±0.07 1.35±0.11

Hepatic TG (mg g−1 liver) 38.2±6.0 41.3±5.7 34.7±5.8

Feces (g)b 1.4±0.2 2.5±0.6 1.8±0.2

Fecal TG (mg g−1 feces) 9.8±0.2 41.3±7.4 43.6±6.0

Plasma Glc (mg dl−1) 133.4±13.7 135.7±16.6 155.1±28.2

Plasma LA (mg dl−1) 65.6±6.1 68.8±6.1 95.4±2.4*

Plasma TG (mg dl−1) 134.5±34.5 132.1±25.5 88.0±16.1

Plasma TC (mg dl−1) 159.3±18.3 141.2±22.0 130.0±31.5

Plasma NEFA (mEq l−1) 0.88±0.17 0.74±0.06 0.70±0.10

Abbreviations: ANOVA, analysis of variance; Glc, glucose; HFD, high-fat diet; HFD+KAL,
high-fat diet with kalkipyrone (5 mg kg−1 per day per os); LA, lactate; ND, normal diet;
NEFA, non-esterfied fatty acid; TC, total cholesterol; TG, triglyceride.
aAccumulated values during experiments.
bTotal values for 3 days.
*Po0.05 vs HFD.
Data are presented as the mean± s.e. and analyzed by ANOVA followed by Dunnett’s test.
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EXPERIMENTAL PROCEDURE
In vitro experiments in 3T3-L1 adipocyte
The reducing effect of yoshinone A on accumulated TG in adipocytes was
evaluated using 3T3-L1 cells after differentiation. The murine preadipiocyte
3T3-L1 cells (Riken BRC, Tsukuba, Japan) were cultured in Dulbecco’s
modified Eagle’s medium (Gibco, Thermo Fisher Scientific, Inc., Waltham,
MA, USA) supplemented with 10% fetal bovine serum (Gibco) in two 96-well
plates at 37 °C, 5% CO2. Two days after confluence, the differentiation was
induced by Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum, 0.5 mM of 3-isobutyl-1-methylxanthine, 0.25 μM of
dexamethasone each from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan)) and 10 μg ml− 1 insulin (Gibco) for 7 days.
The differentiated 3T3-L1 adipocytes in a 96-well plate were treated with 2%

Triton-X 100 for 30 min at room temperature followed by sonication.
Accumulated TG amounts and cell viability were evaluated referring to the
method with by Inuzuka et al.5

Anti-obesity test in mice
Male ddY mice were obtained from Japan SLC, Inc. (Shizuoka, Japan). They
were housed in individual cages under a 12-h/12-h light/dark cycle (lights from
0800 to 2000 hours) in a room with controlled temperature and humidity
(25± 1 °C and 60± 5%, respectively). For the experiment, we formulated
experimental diets based on the AIN-93M diet.14 To mimic a westernized diet
rich in animal fat, we used HFD-60 (Oriental Yeast Co., Ltd., Tokyo, Japan)
including lard as fat (62.2 kcal%) in the experimental HFDs. Male mice
(5 weeks old) were fed a ND for 1 week and then divided into the following
three groups: ND (n= 6); HFD (n= 6); and HFD+KAL (n= 3). Kalkipyrone
(5 mg kg− 1 per day) was administered orally to the mice fed a HFD (HFD
+KAL group). Other mice received vehicle (10 ml kg− 1 per day) orally. Body
weight, food intake and drinking water were measured every days. After the
mice were fed these diets for 5 weeks. The feces were collected for the last
3 days and dried to weigh. The mice were killed by anesthetic overdose with
isoflurane. And then, blood was collected from the abdominal vein to prepare
plasma, and the epididymal adipose tissue and liver were dissected and weighed.
The TG in the liver and feces were extracted with methanol–chloroform
solution following homogenization. The plasma TG, total cholesterol, non-
esterified fatty acid, Glc and LA levels were measured using the commercially
clinical assay kit (Wako Pure Chemical Industries, Ltd.) for each. Data were
presented as mean± s.e. and analyzed by one-way analysis of variance and the
Dunnett’s test. Differences between groups were considered to be statistically
significant at Po0.05.
Animal studies were performed in accordance with notification number 88

of the Ministry of the Environment, Japan, (2006) and the Guidelines for
Animal Experimentation of the Tokyo University of Marine Science and
Technology, with the approval of the Animal Care and Use Committee of the
Tokyo University of Marine Science and Technology.
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The rhizomes and roots of Valeriana fauriei were extracted with 80% aqueous ethanol. This extract was found to exhibit potent inhibitory effects on fat 
accumulation in 3T3-L1 murine adipocytes. After several steps of chromatographic purification, we succeeded in identifying monovalerianester A as an 
inhibitor of fat accumulation. Thus, monovalerianester A and the crude extract of the rhizomes and roots of V. fauriei may have therapeutic potential for the 
treatment of obesity. 
 
Keywords:  Valeriana fauriei, Monovalerianester A, 3T3-L1 murine adipocytes, Inhibitor, Fat accumulation. 
 
 
 
Lifestyle-related diseases such as cancer, cardiovascular disease, 
hypertension, hyperlipidemia, and diabetes are rapidly growing 
epidemics in developed countries. Obesity is a contributing factor of 
these diseases [1]. In Japan, the Ministry of Health, Labor and 
Welfare report that 30% of men and 20% of women are overweight 
and the number of obese men has increased. Although many anti-
obesity initiatives such as aerobic exercise have been proposed, we 
have focused on finding inhibitors of fat accumulation because they 
could be applied to the development of anti-obesity drugs. 
 
In our previous study, we screened various sources for inhibitors of 
fat accumulation. We found that a mushroom, Coriolus versicolor, 
and a plant, Valeriana fauriei, exhibited potent inhibition of fat 
accumulation in 3T3-L1 murine adipocytes. A highly N-methylated 
cyclic heptapeptide, (-)-ternatin, was successfully isolated from     
C. versicolor as a novel inhibitor of fat accumulation [2-4].            
V. fauriei, a Chinese herbal medicine, is used to treat 
hysteroepilepsy and cardiac palpitation. The clinical effects are 
mediated by terpenoid glycosides such as kessoglycol diacetate and 
kessoglycol -monoacetate [5, 6]. A novel iridoid glycoside and a 
sesquiterpenoid isolated from V. fauriei showed NGF-potentiating 
activity [7]. We previously isolated 9-hydroxy-10E,12Z-
octadecadienoic acid (9-HODE) from V. fauriei as an inhibitor of 
fat accumulation [8]. In addition, other active fractions were found 
in extracts from V. fauriei. Here we report the isolation and 
identification of an inhibitor of fat accumulation other than            
9-HODE from V. fauriei. To isolate fat accumulation inhibitors, we 
applied an assay system using 3T3-L1 murine adipocytes, as 
described previously [2]. To determine the amount of triglycerides 
in 3T3-L1 cells, LabAssayTM Triglyceride (Wako Pure Chemical 
Industries, Ltd., Japan) was used. At the same time, Cell Counting 
Kit-8 (Dojindo Laboratories, Inc., Japan) was used to determine cell 
viability. To calculate both fat accumulation (FA) and cell viability 
(CV) rates, the absorbance values of the samples were divided by 
the value of the control, which was treated only with vehicle.  
 
The rhizomes and roots of V. fauriei (2 kg), purchased from 
Tochimoto Tenkaido Co., Ltd. (Japan), were extracted with 80% 

aqueous ethanol for 2 weeks. The concentrated extract (125 g) was 
partitioned with ethyl acetate and water, and the ethyl acetate layer 
was then partitioned with 90% aqueous methanol and hexane. Since 
the 90% aqueous methanol layer showed inhibitory effects on fat 
accumulation (FA rate, 66%; CV rate, 93%; conc., 100 g/mL), it 
was separated by ODS column chromatography with stepwise 
elution by 70% aqueous MeOH to MeOH. The 70% aqueous 
MeOH fraction (FA rate, 69%; CV rate, 112%; conc., 50 g/mL) 
was then subjected to fractionation using silica-gel column 
chromatography with stepwise elution by CHCl3/MeOH (100:1, 
20:1, 9:1, 2:1, 0:1). The 9:1 CHCl3/MeOH fraction (FA rate, 9%; 
CV rate, 33%; conc., 50 g/mL) was chromatographed on silica-gel 
with stepwise elution by n-hexane/AcOEt (1:1, 1:9, 1:19, 0:1) and 
MeOH. The 1:19 n-hexane/AcOEt fraction (FA rate, 8%; CV rate, 
42%; conc., 25 g /mL) and the AcOEt fraction (FA rate, 16%; CV 
rate, 54%; conc., 25 g/mL) were combined and applied to a silica-
gel column for chromatography with stepwise elution by 
CHCl3/MeOH (9:1, 2:1, 0:1). The 9:1 CHCl3/MeOH fraction (FA 
rate, 11%; CV rate, 53%; conc., 12.5 g/mL) was finally purified 
by preparative reversed phase HPLC (50% aqueous MeOH; 
Cosmosil 5C18-AR-II (Nacalai Tesque Inc., Japan), 10×250 mm; 
UV, 220 nm) to yield 0.7 mg of an active compound.  
 
The active compound was analyzed by 1H and 13C NMR (300 MHz, 
CDCl3) and electrospray ionization mass spectrometry (ESI-MS) to 
determine the structure. The spectral data are shown in the 
experimental section. Based on the spectral data, the active 
compound was identified as a known iridoid, monovalerianester A 
(1, Figure 1A). Assignment of the 1H and 13C NMR peaks of the 
active compound was in good agreement with those of 
monovalerianester A, which have been previously reported [9]. The 
isolated compound was demonstrated to inhibit fat accumulation in 
3T3-L1 murine adipocytes in a dose-dependent manner (Figure 1B). 
FA rate of 50% (EC50 value) and CV rate of 50% (IC50 value) were 
determined to be 3.5 g/mL (11.1 M) and 6.0 g/mL (19.1 M), 
respectively. The compound showed potent activity compared with 
the control compound, (-)-noradrenaline (EC50=260 M) [10]. 
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Figure 1: (A) Structures of monovalerianester A (1) and kanokoside A (2). (B) 
Inhibitory effects of monovalerianester A on fat accumulation in 3T3-L1 cells. 3T3-L1 
cells were treated with monovalerianester A and vehicle (control) for 1 week during 
differentiation. Fat accumulation (solid circles) and cell viability (open circles) were 
then determined. Data represent the means and standard deviations (SD) of four tests 
and are shown as a percentage of the control. The mean values were analyzed by t-test. 
*p < 0.01; fat accumulative rates versus cell viability rates.  
 
Monovalerianester A was isolated from Valeriana officinalis, a 
species related to V. fauriei [9]. It is the aglycone of kanokoside A 
(2, Fig. 1), which had been identified from the same plant [11]. No 
studies have evaluated their biological activities in mammalian cells 
to assess therapeutic potential. In this study, monovalerianester A 
was found to inhibit fat accumulation in 3T3-L1 murine adipocytes. 
This finding generated the possibility that its glycoside, kanokoside 
A, also possesses such function, and its biological activity may 
contribute to the anti-obesity effect. In our previous study, 9-
hydroxy-10E,12Z-octadecadienoic acid (9-HODE) was also isolated 
from the extract of V. fauriei using the same bioassay system [8]. 
Meanwhile, the roots and bulbs of V. fauriei have long been used as 
a traditional herbal medicine, and thus its extract must be safe. 
Since monovalerianester A, as well as 9-HODE, were shown to 
suppress fat accumulation selectively, they and the crude extract of 
the rhizomes and roots of V. fauriei may have therapeutic potential 
for the treatment of obesity. 

In conclusion, we searched for a new plant component that could 
inhibit fat accumulation in 3T3-L1 murine adipocytes, and isolated 
monovalerianester A from the rhizomes and roots of V. fauriei. 
Monovalerianester A was shown to inhibit fat accumulation           
in a dose-dependent manner. These results suggested that 
monovalerianester A and the crude extract of the rhizomes and roots 
of V. fauriei may be useful as anti-obesity agents.  
 
Experimental 
 

General: 1H and 13C NMR spectra were recorded with a JEOL JNM 
AL300 FT NMR spectrometer. HR-ESI mass spectra were recorded 
on a Waters LTC premier EX spectrometer. 
 
Measurement of fat accumulation and cell viability: The 
preadipocyte cell line 3T3-L1, purchased from Human Science 
Research Resources Bank, Japan Health Sciences Foundation 
(Osaka, Japan), was cultured in DMEM with 10% FBS in two     
96-well plates at 37°C, 5% CO2 for 4–7 days [12-14]. After the  
cells reached confluence, the culture buffer was changed to a 
differentiation buffer (DMEM containing 10% FBS, 1 M 
dexamethasone, 0.5 mM IBMX, 90 U/mL penicillin, 90 g/mL 
streptomycin, and 10 g/mL insulin) and the samples were added 
[15,16]. After 7 days, the differentiated 3T3-L1 adipocytes in a    
96-well plate were treated with 2% Triton-X 100 for 30 min at room 
temperature followed by sonication for 1 min. Fat accumulation was 
determined by measuring liberated triglyceride using LabAssayTM 
Triglyceride (Wako Pure Chemical Industries, Ltd., Japan). To 
determine the cell viability of differentiated 3T3-L1 adipocytes, 
another 96-well plate was treated with a Cell Counting Kit-8 Test 
(Dojindo Laboratories, Inc., Japan), and the absorbance at 450 nm 
was measured. Values are means ± SD for triplicate samples.  
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Stereodivergent Synthesis and Stereochemical Reassignment of
the C79–C104 Fragment of Symbiodinolide

Hiroyoshi Takamura,*[a] Takayuki Fujiwara,[a] Yohei Kawakubo,[a] Isao Kadota,[a] and
Daisuke Uemura[b]

Abstract: We have synthesized eight possible diastereoiso-

mers 3a–h of the C79–C97 fragment of symbiodinolide (1)
in a stereodivergent manner by utilizing a dithiane addition
to the aldehyde as a key step. Comparison of the 13C NMR

chemical shifts of the natural product 1 and the synthetic
products 3a–h indicated that the relative stereostructure of

this fragment in symbiodinolide (1) is that represented in 3a
or f. We have stereodivergently synthesized eight possible

diastereoisomers of the C94–C104 fragment 4a–h, and we

have compared their 13C NMR chemical shifts with those of
the natural product, which established the relative stereo-

chemistry of this fragment to be that described in diastereo-

isomers 4a or e. By combining the stereostructural out-

comes of the C79–C97 and C94–C104 fragments, we have

proposed four candidate compounds of the C79–C104 frag-
ment 2a–d. We also synthesized diastereoisomers 2a and

b (2a in the preceding article; Chem. Eur. J. 2015, DOI:
10.1002/chem.201503880) by a Julia–Kocienski olefination

and diastereoisomers 2c and d by a Wittig reaction. By com-
paring the 13C NMR chemical shifts of natural symbiodinolide

(1) with those of the synthetic products 2a–d, we have reas-

signed the stereostructure of the C79–C104 fragment of nat-
ural product 1 to be that depicted in diastereoisomer 2b.

Introduction

In the preceding article,[1] we described the stereoselective syn-

thesis of the C79–C104 fragment 2a, which bears the originally
proposed stereochemistry of symbiodinolide (1, Figure 1). In

addition, we compared the 13C NMR chemical shifts of the nat-
ural product 1 and the synthetic derivative 2a, which indicated

that the stereostructure of the C91–C99 carbon chain domain
of natural product 1 should be reinvestigated. In this article,

we report our synthetic approach toward the stereochemical

elucidation of the C91–C99 moiety, which led to the stereo-
structural reassignment of the C79–C104 fragment of symbio-

dinolide (1).

Results and Discussion

Strategy for the stereostructural elucidation of the C79–
C104 fragment

In the C91–C99 moiety, there are seven stereogenic centers ;
therefore, the number of possible diastereoisomers of this

Figure 1. Structures of symbiodinolide (1) and the proposed C79–C104 frag-
ment 2a.
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domain is 26=64.[2] If we could synthesize all 64 diastereoiso-
mers that correspond to the C79–C104 fragment, we could

then compare the NMR data of natural symbiodinolide (1) and
the synthesized products and subsequently elucidate the ster-

eostructure of the C79–C104 fragment. This approach toward
the configurational determination of this moiety is undoubted-

ly reliable; however, the supply of 64 possible diastereoisomers
by chemical synthesis would require a substantial amount of

work. Therefore, with the intention of devising a more efficient

and practical method for the structural elucidation of the C79–
C104 fragment, we divided the C79–C104 fragment 2 into two

fragments: C79–C97 fragment 3 and C94–C104 fragment 4
(Scheme 1). The C79–C97 fragment 3 possesses three unde-

fined stereocenters (C93, C94, and C95); therefore, there are
eight possible diastereoisomers of this fragment. We planned
to synthesize these eight diastereoisomers in a stereodivergent

manner; subsequently, the candidate compound, which pos-
sessed the stereochemistry that corresponded to the natural

product, would be identified by comparison of the NMR data

of natural symbiodinolide (1) and the eight diastereoisomers.
As three stereogenic centers are involved in the acyclic portion

of the C94–C104 fragment 4 (C95, C97, and C98), this fragment
also has eight possible diastereoisomers. In a similar way to

the strategy proposed for the structural elucidation of frag-
ment 3, comparison of the NMR data of the natural product

and the eight synthetic products would lead to the identifica-
tion of the C94–C104 candidate compound. Because the chiral

center at the C95 position is contained in both fragments 3
and 4, the relative stereostructures of these fragments would
be connected by the C95 stereochemistry. Finally, we could

propose the relative configuration of the C79–C104 fragment
2. At the stage of the structural determination of fragments 3
and 4, we might suggest more than one candidate compound
owing to no significant difference between the NMR data for

the diastereoisomers. In this case, we would synthesize the

possible diastereoisomers of fragment 2, which would come
from the combination of the stereostructures of fragments 3
and 4. Hence, comparison of the NMR data of these synthetic
products with those of natural symbiodinolide (1) would also

establish the stereostructure of fragment 2.

Stereodivergent synthetic plan for the C79–C97 fragment

Our stereodivergent synthetic plan for the eight possible dia-

stereoisomers of the C79–C97 fragment 3a–h is outlined in
Scheme 2.[3] Two a-hydroxy ketones 7 and 8, which have an

epimeric relationship at the C93 position, could be synthesized

by the addition of dithiane 6 to aldehyde 5. Diastereoselective
reduction of the protected compound of alcohol 7, which is

under the control of a Felkin–Anh model[4] that is effected by
the C93 stereogenic center, would afford syn-diol 3a. In con-Scheme 1. Strategy for the stereostructural elucidation of the C79–C104

fragment 2.

Scheme 2. Stereodivergent synthetic plan for diastereomeric compounds 3a–h. Bn=benzyl, TBS= tert-butyldimethylsilyl.
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trast, the chelation-controlled diastereoselective reduction of
a-hydroxy ketone 7 would provide the anti-diol 3b. In a similar

way, syn-diol 3c and anti-diol 3d could be synthesized from
the a-hydroxy ketone 8. The other four possible diastereoiso-

mers 3e–h, which are the C95 epimers of 3a–d, could be sup-
plied by using the enantiomer of the dithiane 6 as a coupling

precursor.

Synthesis of 3a–d

We first examined the synthesis of the C79–C97 fragment 3a.
Alcohol 9, which was reported in the preceding paper,[1] was
oxidized with SO3·pyr

[5] to give aldehyde 5 (Scheme 3). Depro-

tonation of dithiane 6[6] with nBuLi and subsequent reaction
with the aldehyde 5 furnished the desired two alcohols 10
and 11 both in 33% yield. Hydrolysis of the dithiane moieties
of alcohols 10 and 11 with N-chlorosuccinimide (NCS)/AgNO3/
2,6-lutidine[7] provided a-hydroxy ketones 7 and 8.[8] The abso-

lute configuration at the C93 position of ketone 7 was deter-
mined by the modified Mosher method.[9] Thus, treatment of

a-hydroxy ketone 7 with a-methoxy-b-(trifluoromethyl)phenyl-
acetyl chloride (MTPACl)/Et3N/4-dimethylaminopyridine (DMAP)

yielded MTPA esters 12 and 13 (Scheme 4). The chemical shift

differences (DdS�R) of diastereoisomeric compounds 12 and 13
in the 1H NMR data were calculated and the results are sum-

marized in Figure 2. The signs at the left side of the C93 posi-
tion were positive and those at the right side were negative;

therefore, the absolute configuration at the C93 position of a-
hydroxy ketone 7 was elucidated.

After the alcohol 7 was converted to the tert-butyldimethyl-

silyl (TBS) ether 14, we examined the diastereoselective reduc-
tion of this compound (Scheme 5). As shown in Table 1, the re-

duction of TBS ether 14 with NaBH4 proceeded smoothly at

�78 to 0 8C; however, the diastereomeric ratio (d.r.) of the de-
sired alcohol 15 and the undesired alcohol 16 was 1.2:1

(entry 1).[10] Changing the reducing reagent to L-Selectride,
which is a more bulky reagent, decreased both of the chemical
yield and the d.r. , and the starting material 14 was recovered

in 69% yield (entry 2). When we treated ketone 14 with diiso-
butylaluminum hydride (DIBAL-H) at �100 8C, we quantitatively

obtained alcohol 15 as a single diastereoisomer (entry 3). The
stereochemical outcome of the formation of alcohol 15 could

Scheme 3. Synthesis of a-hydroxy ketones 7 and 8. Pyr = pyridine, DMSO =

dimethylsulfoxide, THF = tetrahydrofuran, rt = room temperature, NCS = N-
chlorosuccinimide.

Scheme 4. Synthesis of MTPA esters 12 and 13 for the stereochemical deter-
mination. MTPA=a-methoxy-b-(trifluoromethyl)phenylacetyl, DMAP=4-di-
methylaminopyridine, quant=quantitative.

Figure 2. Chemical shift differences (DdS�R) between diastereomeric com-
pounds 12 and 13.

Scheme 5. Synthesis of diastereoisomer 3a. Tf= trifluoromethanesulfonyl,
DIBAL-H=diisobutylaluminum hydride, CSA=camphorsulfonic acid.
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be rationalized by the Felkin–Anh model,[4] which is induced

by the C93 configuration. By using the conditions of entry 3,
the alcohol 15 was obtained in 88% yield from a-hydroxy

ketone 7 over two steps of TBS protection and DIBAL-H reduc-

tion, as described in Scheme 5. Finally, removal of the two TBS
moieties of compound 15 with camphorsulfonic acid (CSA)

and the benzyl group by hydrogenation conditions furnished
the tetraol 3a.

We next investigated the diastereoselective reduction of the
a-hydroxy ketone 7, which led to anti-diol 17, and the further

transformation to the tetraol 3b. As shown in Table 2, the che-

lation-controlled reduction of ketone 7 with Zn(BH4)2
[11] provid-

ed the expected anti-diol 17 and syn-diol 18 in a 1.6:1 d.r. and

87% combined yield (entry 1). This unsatisfactory result of the
diastereoselectivity prompted us to explore the use of a chelat-

ing reagent as an additive. After investigation of the reaction
conditions, it was proven that the use of L-Selectride as a re-

ducing reagent and ZnCl2 as a chelating reagent was effec-

tive,[12] and the diol 17 was obtained in 83% yield and 9.4:1
d.r. (entry 2). When the reaction was carried out at �100 to

0 8C, the chemical yield and the d.r. were improved to 86%
and >20:1, respectively (entry 3). The TBS and benzyl protec-

tive groups of compound 17 were removed to give the tetraol
3b quantitatively over two steps (Scheme 6).[13]

From the results of the synthesis of diastereomeric com-

pounds 3a and b, we could synthesize the C93,94-syn-diol and
the corresponding anti-diol in a stereoselective manner by the

Felkin–Anh controlled reduction of the a-siloxy ketone with
DIBAL-H and the chelation-controlled reduction of the a-hy-

droxy ketone with L-Selectride/ZnCl2. We envisioned that these
reaction conditions could be applied to the synthesis of the
other target molecules 3c–h. The stereoselective synthesis of

3c and d is depicted in Scheme 7. Silylation of the a-hydroxy
ketone 8 with TBSOTf and subsequent diastereoselective re-
duction of the resulting a-siloxy ketone with DIBAL-H afforded
alcohol 19 as the sole product in 84% yield over two steps.[10]

In parallel, the chelation-controlled reduction of a-hydroxy

Table 1. Diastereoselective reduction of ketone 14.

Entry Conditions Yield[a] Ratio (15 :16)[b]

1 NaBH4, MeOH, �78 to 0 8C quant 1.2:1
2[c] L-Selectride, CH2Cl2, �78 to 0 8C 25% 1:3.2
3 DIBAL-H, CH2Cl2, �100 8C quant >20:1

[a] Yield of isolated product. [b] Based on the isolation. [c] 69% recovery
of starting material 14.

Table 2. Diastereoselective reduction of a-hydroxy ketone 7.

Entry Conditions Yield[a] Ratio (17:18)[b]

1 Zn(BH4)2, Et2O, �78 to 0 8C 87% 1.6:1
2 L-Selectride, ZnCl2, CH2Cl2, �78 to 0 8C 83% 9.4:1
3 L-Selectride, ZnCl2, CH2Cl2, �100 to 0 8C 86% >20:1

[a] Yield of isolated product. [b] Based on the isolation.

Scheme 6. Synthesis of diastereoisomer 3b.

Scheme 7. Synthesis of diastereoisomers 3c and d.
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ketone 8 with L-Selectride in the presence of ZnCl2
[12] gave

anti-diol 20 in 91% yield as a single diastereoisomer. Finally,

the tetraols 3c and d were produced by the global deprotec-
tion of compounds 19 and 20, respectively.[14]

Synthesis of 3e–h

Having synthesized four diastereoisomers 3a–d with the (R)-

configuration at the C95 position, we next tried to synthesize
the other four possible diastereoisomers 3e–h, the C95 epi-

mers of 3a–d, by using dithiane 21[6] and a similar transforma-
tion to that used for the synthesis of 3a–d. Thus, the coupling
of the aldehyde 5 and the dithiane 21 by using nBuLi gave al-

cohols 22 and 23 both in 36% yield (Scheme 8). Treatment of
alcohols 22 and 23 with NCS/AgNO3/2,6-lutidine in aqueous
MeCN[7] afforded a-hydroxy ketones 24 and 25.
The synthetic transformation from ketone 24 to tetraols 3e

and f is illustrated in Scheme 9. Protection of a-hydroxy
ketone 24 with TBSOTf followed by diastereoselective reduc-

tion with DIBAL-H afforded alcohol 26 as a single diastereoiso-

mer. Subsequent removal of the two TBS moieties and selec-
tive silylation of the primary alcohol provided diol 27,[15,16]

which underwent the TBS and benzyl deprotection to furnish
the tetraol 3e. Treatment of the a-hydroxy ketone 24 with L-
Selectride/ZnCl2

[11] afforded anti-diol 28 as the sole diastereo-
isomer in 88% yield.[10] Removal of the TBS and benzyl protec-

tive groups of diol 28 gave the tetraol 3 f. The synthesis of 3g
and h, which are the C93-epimers of 3e and f, is shown in
Scheme 10. The alcohol 25 was transformed into the diol 30[10]

by the following four-step sequence: 1) TBS protection, 2) dia-
stereoselective reduction with DIBAL-H, 3) deprotection of the
bis-TBS ether, and 4) selective TBS protection of the primary al-
cohol. Removal of the protective groups of diol 30 afforded
the tetraol 3g in 95% over two steps. The a-hydroxy ketone
25 reacted with L-Selectride/ZnCl2

[12] to produce anti-diol 31,[10]

which was converted to the tetraol 3h after deprotection.

Relative configuration of the C79–C97 fragment

With all of the eight possible diastereoisomers of the C79–C97
fragment 3a–h in hand, we performed 2D NMR analysis on

each sample. Figure 3 graphically displays the deviations of the
13C NMR chemical shifts at the C91, C93, C94, and C95 posi-

tions between symbiodinolide (1) and the synthetic 3a–h.[17]

From these results, it was found that the chemical shift charac-

teristics of the two diastereoisomers 3a and f were more simi-

lar to those of the natural product than those of the other six
diastereoisomers. Therefore, we judged the relative configura-

tion of the C79–C97 fragment to be that described in either
3a or f.

Synthesis of 4a–d

There are eight possible diastereoisomers of the C94–C104
fragment, as shown in Figure 4. As in the case of the C79–C97

fragment, we pursued the stereodivergent synthesis of all pos-

sible diastereoisomers 4a–h. The hexaol 4a was synthesizedScheme 8. Synthesis of a-hydroxy ketones 24 and 25.

Scheme 9. Synthesis of diastereoisomers 3e and f.
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from compound 32, which was reported in the preceding arti-

cle,[1] through the removal of the p-methoxybenzyl (PMB)
group by hydrogenation and the acetonide and TBS moieties

with CSA in MeOH (Scheme 11). The hexaol 4b, which is the
C97 epimer of 4a, was synthesized by utilizing the diastereose-

lective reduction of the a-siloxy ketone. Thus, after alcohol
33[1] was silylated to give the corresponding TBS ether, the a-

siloxy ketone was treated with DIBAL-H, which led to the de-

sired alcohol 34 as a single diastereoisomer in 84% yield over

two steps (Scheme 12).[10] Felkin–Anh controlled,[4] diastereose-
lective reduction with DIBAL-H, which was utilized in the syn-

thesis of the C79–C97 fragment, was also effective for the in-
troduction of the stereogenic center at the C97 position. Com-

plete deprotection of alcohol 34 furnished the hexaol 4b in
75% yield over two steps.

Scheme 10. Synthesis of diastereoisomers 3g and h.

Figure 3. Differences of the 13C NMR chemical shifts between natural sym-
biodinolide (1) and the synthesized products 3a–h (Dd=d1�d3 in ppm).
The x and y axes represent the carbon number and Dd, respectively.

Figure 4. Eight possible diastereoisomers of the C94–C104 fragment 4a–h.

Scheme 11. Synthesis of diastereoisomer 4a. PMB=p-methoxybenzyl.
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We next tried to synthesize the hexaols 4c and d, which are

the C98 epimers of 4a and b. As shown in Scheme 13, hydroly-
sis of the dithiane moiety[7] of compound 35[1] followed by

chelation-controlled diastereoselective reduction of the resul-

tant a-hydroxy ketone 36 with Zn(BH4)2
[11] provided the desired

anti-diol 37.[18] In contrast, the a-siloxy ketone derived from

ketone 36 was reduced with DIBAL-H to yield alcohol 38 as
a single diastereoisomer.[10] Finally, deprotection of compounds

37 and 38 afforded the hexaols 4c and d, respectively.

Synthesis of 4e–h

We next examined the synthesis of hexaols 4e–h, which are

the C95 epimers of 4a–d. The stereoselective synthesis of 4e
and f is described in Scheme 14. Aldehyde 39[1] was reacted
with the anion prepared from dithiane 40[19] to produce alco-

hol 41 as a single diastereoisomer.[10] Oxidation of alcohol 41
with Dess–Martin periodinane (DMP),[20] reduction with DIBAL-

H, and hydrolysis of the dithiane group[7] afforded a-hydroxy
ketone 43, which is the common synthetic intermediate

toward hexaols 4e and f. The a-hydroxy ketone 43 was deriv-
atized stereodivergently and stereoselectively to diol 44[21] by

the chelation-controlled reduction with Zn(BH4)2
[11] and alcohol

45[10] by silylation and subsequent Felkin–Anh type[4] reduction
with DIBAL-H. Global removal of the protective groups of com-

pounds 44 and 45 gave the hexaols 4e and f, respectively. The
hexaols 4g and h were synthesized in a similar sequence
(Scheme 15); thus, the dithiane 41 was hydrolyzed to give a-
hydroxy ketone 46.[7] The key synthetic intermediate 46 was

transformed to the tetraols 4g and h by the diastereoselective
reduction with Zn(BH4)2 and DIBAL-H, respectively, and subse-

quent global deprotection.[22]

Relative configuration of the C94–C104 fragment

Having completed the stereodivergent synthesis of all of the

eight possible diastereoisomers of the C94–C104 fragment
4a–h, we submitted these synthetic products to 2D NMR anal-

ysis and compared their 13C NMR characteristics with those of
natural symbiodinolide (1). Deviations of the 13C NMR chemical

shifts at the C95, C97, C98, and C99 positions between the nat-
ural product and the synthetic diastereoisomers 4a–h are de-

picted graphically in Figure 5.[17] As a result of the comparison

among all of the eight diastereoisomers, the chemical shift dif-
ferences of 4a and e were found to be smaller than those of

the other six diastereoisomers. Therefore, we judged the rela-
tive stereochemistry of the C94–C104 fragment to be that

drawn in either 4a or e.

Scheme 12. Synthesis of diastereoisomer 4b.

Scheme 13. Synthesis of diastereoisomers 4c and d.
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Possible stereostructures of the C79–C104 fragment

We could propose the candidate compounds for each C79–

C97 fragment (3a and f) and C94–C104 fragment (4a and e)
by the stereodivergent synthesis of all possible diastereoiso-

mers and subsequent comparison of their 13C NMR chemical
shifts with those of the natural product (Scheme 16). Therefore,

by connecting the relative configuration of these two frag-

ments through the C95 stereogenic center, we have suggested
the possible relative stereostructures of the C79–C104 frag-

ment, as shown in 2a (3a+4a), 2b (ent-3a+4e), 2c (ent-
3 f+4a), and 2d (3 f+4e). Toward the stereostructural elucida-

tion of the C79–C104 fragment, we next tried to synthesize
these four diastereoisomers 2a–d in a unified manner.[23]

Synthesis of 2b–d

We first examined the stereocontrolled synthesis of the alcohol

52 that bears an enantiomeric relationship at the spiroacetal
C83–C91 moiety with compounds 3a and f, which are required

in the synthesis of compounds 2b and c. We tried to synthe-
size compound 52 by the Mitsunobu reaction[24] through ster-

eoinversion of a compound that had been prepared in the pre-

ceding paper.[1] Thus, hydrogenation of alkyne 49[1] followed
by protection as the tert-butyldiphenylsilyl (TBDPS) ether and

selective removal of the three TBS groups with CSA afforded
triol 50 in 90% yield over three steps (Scheme 17). The stereo-

chemistry at the C83 and C91 positions of compound 50 were
inverted under the Mitsunobu conditions[24] with p-nitrobenzo-

Scheme 14. Synthesis of diastereoisomers 4e and f. DMP=Dess–Martin periodinane.

Scheme 15. Synthesis of diastereoisomers 4g and h.
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ic acid/diethyl azodicarboxylate (DEAD)/PPh3
[25] to provide tris-

p-nitrobenzoate 51. Deprotection of the TBDPS ether 51 with

CSA and oxidation of the resulting alcohol with tetra-n-
propylammonium perruthenate (TPAP)[26] furnished the corre-

sponding ketone. Hydrolysis of the three p-nitrobenzoate
groups with NaOMe and subsequent spiroacetalization of the
resulting trihydroxyketone with CSA were performed in one-

pot to produce the desired product 52 as a single diastereoiso-

mer in 64% yield over four steps. Stereochemical inversion in
the Mitsunobu reaction of alcohol 50 to give compound 51
was confirmed at this stage. Thus, the 1H and 13C NMR data of
spiroacetal 52 were identical to those of the enantiomeric alco-

hol 9,[1] and the specific rotation of spiroacetal 52 was [a]23D =

�52.4 (c=1.02 in CHCl3).
[27] The optical purity (>95%) of com-

pound 52 was determined by derivatization to its (S)- and (R)-

Figure 5. Differences in the 13C NMR chemical shifts of natural symbiodino-
lide (1) and the synthesized products 4a–h (Dd=d1�d4 in ppm). The x and
y axes represent the carbon number and Dd, respectively.

Scheme 16. Four possible diastereoisomers of the C79–C104 fragment 2a–d.

Scheme 17. Synthesis of PT-sulfone 53. TBDPS= tert-butyldiphenylsilyl,
DEAD=diethyl azodicarboxylate, TPAP= tetra-n-propylammonium per-
ruthenate, NMO=N-methylmorpholine oxide, MS=molecular sieves, PT=1-
phenyl-1H-tetrazol-5-yl.
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MTPA esters and subsequent comparison of their 1H NMR spec-
tra. The alcohol 52 was transformed to PT-sulfone 53 (PT=1-

phenyl-1H-tetrazol-5-yl) by sulfenylation and subsequent oxida-
tion with H2O2/MoVI.[28]

With the coupling precursor 53 in hand, we next tried to
synthesize the C93,94-syn-diol 2b by using a similar transfor-

mation to that which was used for the synthesis of diastereo-
meric compound 2a : a combination of a Julia–Kocienski olefi-
nation and a Sharpless asymmetric dihydroxylation.[1] Aceto-

nide protection of the diol 44 and removal of the PMB moiety
gave alcohol 54, which was oxidized to aldehyde 55
(Scheme 18). The PT-sulfone 53 and the aldehyde 55 were suc-

cessfully coupled though a Julia–Kocienski olefination[29] under
the conditions that had been optimized in the synthesis of dia-

stereoisomer 2a[1] to give the desired (E)-alkene 56 as the sole

diastereoisomer in 75% yield. The alkene 56 was subjected to
the Sharpless asymmetric dihydroxylation[30] with AD-mix-a to

afford syn-diol 57 with the desired stereochemical configura-
tion.[10] Debenzylation of syn-diol 57 by hydrogenation and

subsequent removal of the acetonide and TBS moieties with
HCl in MeOH furnished diastereoisomer 2b.

Our final task was the synthesis of diastereoisomers 2c and
2d that possess the C93,94-anti-configuration, which we plan-
ned to introduce by dihydroxylation of the corresponding (Z)-
alkenes. Phosphonium salt 58, which is the coupling precursor
for the synthesis of 2c, was prepared from the alcohol 52 by
iodination followed by reaction with PPh3 (Scheme 19). Depro-

tonation of the phosphonium salt 58 with sodium hexamethyl-

disilazide (NaHMDS) and subsequent Wittig reaction with the
aldehyde 59 were successfully performed to afford the desired

(Z)-alkene 60 as a single diastereoisomer in 89% yield
(Scheme 20). As a result of detailed investigation on the dihy-

droxylation of alkene 60, it was proven that the dihydroxyla-
tion of (Z)-alkene 60 with AD-mix-b provided the desired anti-
diol 61 in 80% yield.[10,31] Removal of the benzyl, acetinide, and

TBS protective groups of compound 61 produced diastereoiso-
mer 2c in 97% yield over two steps. The stereoselective syn-

thesis of diastereoisomer 2d is illustrated in Scheme 21. The al-
dehyde 55 was coupled with phosphonium salt 62,[32] which is

Scheme 18. Synthesis of diastereoisomer 2b. KHMDS=potassium hexame-
thyldisilazide.

Scheme 19. Synthesis of phosphonium salt 58.

Scheme 20. Synthesis of diastereoisomer 2c. NaHMDS= sodium hexamethyl-
disilazide.

Chem. Eur. J. 2016, 22, 1984 – 1996 www.chemeurj.org  2016 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim1993

Full Paper

─ 171 ─



the enantiomer of 58, to furnish (Z)-alkene 63 as the sole dia-
stereoisomer in 68% yield. Treatment of the alkene 63 with

AD-mix-a afforded the desired anti-diol 64 in 56% yield along
with 27% recovery of the starting material 63.[10,33] Complete

deprotection of compound 64 produced a quantitative yield of

diastereoisomer 2d.

Relative configuration of the C79–C104 fragment

With all of the four suggested diastereoisomers 2a–d in
hand,[23] we next analyzed their 2D NMR spectra carefully and

compared their 13C NMR chemical shifts with those of natural
symbiodinolide (1). As shown in Figure 6, only the diastereoiso-

mer 2b was found to exhibit similar NMR characteristics to
those of the natural product.[17] Significant differences were de-

tected in the 13C NMR chemical shifts of diastereoisomers 2a,
c, and d, especially in the C91–C99 carbon chain domain.
Therefore, we concluded that symbiodinolide (1) has the rela-
tive stereostructure in the C79–C104 fragment, as represented
in diastereoisomer 2b.

Conclusion

Toward the stereostructural reassignment of the C79–C104
fragment of symbiodinolide (1), which was suggested in the

preceding paper,[1] we have carried out a two-phase approach:
1) stereostructural elucidation of the respective C79–C97 and

C94–C104 fragments and 2) stereostructural determination of

the C79–C104 fragment by using the results obtained in the
first phase. Thus, we first synthesized all of the eight possible

diastereoisomers of the C79–C97 fragment 3a–h by using the
dithiane addition to an aldehyde and a diastereoselective re-

duction as the key transformations in the unified route. Com-
parison of the 13C NMR chemical shifts of the natural product

1 and the synthetic derivatives 3a–h led to the proposal of

diastereoisomers 3a and f as the candidate compounds for
the C79–C97 fragment. Next, all of the eight possible diaste-

reoisomers of the C94–C104 fragment 4a–h were stereodiver-

Scheme 21. Synthesis of diastereoisomer 2d.

Figure 6. Differences of the 13C NMR chemical shifts of natural symbiodinolide (1) and the synthesized products 2a–d (Dd=d1�d2 in ppm). The x and y axes
represent the carbon number and Dd, respectively.

Chem. Eur. J. 2016, 22, 1984 – 1996 www.chemeurj.org  2016 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim1994

Full Paper

─ 172 ─



gently synthesized, and comparison of their 13C NMR data with
those of the natural product 1 led to the proposal of diastereo-

isomers 4a and e as the candidate compounds for this frag-
ment. In addition, all four possible diastereoisomers of the

C79–C104 fragment 2a–d, which were raised by the combina-
tion of 3a/f and 4a/e, were synthesized by the Julia–Kocienski

and Wittig olefination and subsequent Sharpless asymmetric
dihydroxylation (2a in the preceding paper[1]). Upon compari-
son of the 13C NMR chemical shifts of the natural product

1 and the synthesized products 2a–d, we found that only the
diastereoisomer 2b displayed similar NMR characteristics to
those of the natural product 1. Therefore, the relative configu-
ration of the C79–C104 fragment of symbiodinolide (1) was re-
assigned to be that depicted in diastereoisomer 2b. Our re-
sults obtained in this work indicate that the C91–C99 carbon

chain portion of symbiodinolide (1) does not possess the

zigzag conformation, which was proposed in our original
report on the structural determination of this natural prod-

uct.[34] As there are seven stereogenic centers in the C91–C99
carbon chain moiety, the number of possible diastereoisomers

for this portion is 64. It is noteworthy that the relative stereo-
structure of the C79–C104 fragment was elucidated by synthe-

sizing only 20 diastereoisomers instead of 64, that is, eight

possible diastereoisomers for the C79–C97 fragment, eight
possible diastereoisomers for the C94–C104 fragment, and

four possible diastereoisomers for the C79–C104 fragment.
Further synthetic study toward the complete structural elucida-

tion of symbiodinolide (1) is currently underway and will be re-
ported in due course.
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Stereoselective Synthesis of the Proposed C79–C104 Fragment of
Symbiodinolide

Hiroyoshi Takamura,*[a] Takayuki Fujiwara,[a] Yohei Kawakubo,[a] Isao Kadota,[a] and
Daisuke Uemura[b]

Abstract: Stereoselective and streamlined synthesis of the

proposed C79–C104 fragment 2 of symbiodinolide (1),
a polyol marine natural product with a molecular weight of
2860, was achieved. In the synthetic route, the proposed

C79–C104 fragment 2 was synthesized by utilizing a Julia–
Kocienski olefination and subsequent Sharpless asymmetric

dihydroxylation as key transformations in a convergent

manner. Detailed comparison of the 13C NMR chemical shifts

between the natural product and the synthetic C79–C104
fragment 2 revealed that the stereostructure at the C91–C99

carbon chain moiety of symbiodinolide (1) should be rein-
vestigated.

Introduction

A variety of biologically active secondary metabolites have
been isolated from marine origin.[1] Among them, polyether

and polyol marine natural products, such as brevetoxins, cigua-
toxins, halichondrins, and palytoxins, are attractive molecules

in natural product, synthetic, and medicinal chemistry due to
their extraordinary structures and potent biological activities.[2]

Their structural feature is a long carbon backbone that is

highly functionalized by oxygen atoms.
We previously reported the isolation of symbiodinolide (1,

Figure 1) from the symbiotic marine dinoflagellate Symbiodini-
um sp. in 2007.[3] Symbiodinolide (1) is a 62-membered polyol

macrolide with a molecular weight of 2860 and 61 stereogenic
centers. This natural product displays voltage-dependent N-
type Ca2+ channel-opening activity at 7 nm and COX-1 inhibito-

ry effect at 2 mm (65% inhibition). In addition, 1 ruptures the
tissue surface of the acoel flatworm Amphiscolops sp. at
2.5 mm. The gross structure of 1 was established by extensive
2D NMR analysis[3] and partial stereochemistries of 1 were elu-
cidated by the degradation of the natural product[3,4] and
chemical synthesis of each fragment[5] by our group. However,

the complete configurational elucidation of 1 remains an un-
solved issue because of its huge and complicated molecular
structure. In the C91–C99 carbon chain moiety, the stereoche-

mistries were determined by the analysis of 3JH,H coupling con-

stants and NOE observations.[3] In this article, we first describe
the stereoselective synthesis of the C79–C104 fragment 2 pos-
sessing the proposed stereostructure. Furthermore, the
13C NMR chemical shifts were compared between the natural
product and the synthetic product 2, which indicates that the

stereochemical determination of the C91–C99 carbon chain
domain of 1 needs to be re-examined.[6]

Results and Discussion

Retrosynthetic analysis of 2

Our retrosynthetic analysis of the proposed C79–C104 frag-
ment 2 is shown in Scheme 1. We envisioned that the target

Figure 1. Structure of symbiodinolide (1).

[a] Prof. Dr. H. Takamura, T. Fujiwara, Y. Kawakubo, Prof. Dr. I. Kadota
Department of Chemistry, Graduate School of Natural Science
and Technology, Okayama University
3-1-1 Tsushimanaka, Kita-ku, Okayama 700-8530 (Japan)
E-mail : takamura@cc.okayama-u.ac.jp

[b] Prof. Dr. D. Uemura
Department of Chemistry, Faculty of Science, Kanagawa University
2946 Tsuchiya, Hiratsuka 259-1293 (Japan)

Supporting information and ORCID(s) from the author(s) for this article are
available on the WWW under http://dx.doi.org/10.1002/chem.201503880.

Chem. Eur. J. 2016, 22, 1979 – 1983  2016 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim1979

Full PaperDOI: 10.1002/chem.201503880

─ 175 ─



molecule 2 could be synthesized by the Julia–Kocienski olefi-
nation[7] between 1-phenyl-1H-tetrazol-5-yl (PT)-sulfone 3 and

aldehyde 4 and subsequent stereoselective introduction of the
syn-diol moiety at the C93- and C94-positions by utilizing

Sharpless asymmetric dihydroxylation.[8] The carbon framework

of the coupling precursor 3 could be stereoselectively con-
structed through the thermodynamically controlled spiroace-

talization of dihydroxyketone 5. On the other hand, tetrahydro-
pyran fragment 4 could be synthesized by the reaction of di-

thiane 6 and aldehyde 7.

Synthesis of PT-sulfone 15

First, we investigated the stereoselective synthesis of the C79–

C93 fragment PT-sulfone 15.[9] The synthesis commenced from

optically pure epoxide 8, which was prepared from l-aspartic
acid by the known procedure (Scheme 2).[10] The epoxide 8
was treated with 3-butenylmagnesium bromide/CuI[11] to afford
the desired secondary alcohol. The resulting alcohol was pro-
tected with TBSCl to provide silyl ether 9. Alkene 9 was oxi-
dized with mCPBA to give terminal epoxide 10 as a 1:1 diaste-

reomeric mixture. The coupling between epoxide 10 and
alkyne 11[5a, 12] with nBuLi/BF3·OEt2

[13] proceeded smoothly to

produce alcohol 12 in 92% yield. Hydrogenation of alkyne 12
followed by tetra-n-propylammonium perruthenate (TPAP) oxi-
dation[14] of the resulting alcohol gave ketone 13. Global de-
protection of the three TBS groups of 13 and spiroacetalization
with CSA in MeOH were performed in one-pot to provide alco-

hol 14 in 95% yield in three steps as a single stereoisomer.[15]

The absolute configuration of 14 was unambiguously estab-

lished by the NOE correlations between H-83 and H-91. The

stereochemical outcome in the spiroacetalization can be ra-
tionalized by the thermodynamic stability of 14 due to its

double anomeric effect. Treatment of the alcohol 14 with
1-phenyl-1H-tetrazole-5-thiol/diethyl azodicarboxylate (DEAD)/

PPh3 and subsequent oxidation of the resulting PT-sulfide with
H2O2/MoVI[16] furnished PT-sulfone 15 in 95% yield in two steps.

Synthesis of aldehyde 29

With the coupling precursor 15 in hand, we next examined the

stereocontrolled synthesis of the C94–C104 fragment aldehyde
29,[17] which is the coupling partner of 15. We first investigated

the stereoselective construction of the tetrahydropyran moiety.
Thus, deprotonation of furan 16[18] with nBuLi and subsequent
reaction with aldehyde 17[19] gave racemic furyl alcohol 18
(Scheme 3). Oxidation of the alcohol 18 with Ac2O/DMSO[20]

followed by asymmetric transfer hydrogenation of the result-

ing furyl ketone by using HCO2H/Et3N as the hydrogen source
in the presence of 2 mol% of (S,S)-ruthenium catalyst 19[21]

provided optically active furyl alcohol 20 quantitatively as
a single stereoisomer.[22] Achmatowictz rearrangement[23] of 20
was initiated with NBS in aqueous THF at 0 8C to yield the cor-
responding hemiacetals as a 1:1 diastereomeric mixture at the
C103-position, which were quite unstable and, therefore, react-

ed immediately with (MeO)3CH/BF3·OEt2 in Et2O at 0 8C to
afford the desired methyl acetal 21 and its 103-epimer in 67

and 10% yields in two steps, respectively. Next, the stereose-
lective introduction of the vicinal diol moiety at the C101- and

C102-positions was examined. We first carried out the OsO4-

catalyzed dihydroxylation of enone 21; however, unfortunately,
the reaction did not proceed at all and the enone 21 was re-

covered quantitatively. Plietker et al. reported that RuO4-cata-
lyzed dihydroxylation in the presence of a Lewis acid was effi-

cient for the electron-deficient alkenes.[24] Therefore, according
to their protocol, enone 21 was treated with RuCl3/NaIO4 in

Scheme 1. Retrosynthetic analysis of 2. P=protective group; PT=1-phenyl-
1H-tetrazol-5-yl.

Scheme 2. Synthesis of 15. TBS= tert-butyldimethylsilyl, DMAP=4-dimethyl-
aminopyridine, mCPBA=m-chloroperbenzoic acid, Bn=benzyl, TPAP= tetra-
n-propylammonium perruthenate, NMO=N-methylmorpholine oxide,
MS=molecular sieves, CSA=camphorsulfonic acid, NOE=nuclear Overhaus-
er effect, DEAD=diethyl azodicarboxylate.
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the presence of CeCl3 as a Lewis acid to produce the desired

diol 22 in 51% yield. After the detailed investigation, the use
of ZnCl2 as a Lewis acid was found to be effective to furnish

22 in 84% yield as the sole product. The stereostructure of the

diol 22 was elucidated by NMR spectroscopy. Thus, the stereo-
chemistry at the C103-position resulting in the transformation

from 20 to 21 was verified by the NOE correlations between
H-99 and OCH3-103. The NOE observations of H-99/H-101 and

the small magnitude of the coupling constant (3J101,102=3.6 Hz)
confirmed that H-99, H-101, and H-102 were oriented in the
syn relationship to each other. Although the detailed confor-

mational analysis of 21 was not carried out, the 103-methoxy
group seems to sterically prevent the RuO4-approaching from

the a-face. After the diol 22 was protected with Me2C(OMe)2,
the resulting ketone was reduced with NaBH4 to produce the

corresponding b-alcohol, presumably due to the steric repul-
sion between the acetonide moiety and the reagent. The abso-

lute configuration at the C100-position of the resulting b-alco-
hol was determined by the 3J99,100 coupling constant (5.5 Hz).
The hydroxy moiety at the C100-position was removed

through a Barton–McCombie deoxygenation[25] by way of the
(S)-methyl dithiocarbonate to afford tetrahydropyran 23.

We next turned our attention to the introduction of the
C94–C97 moiety. Thus, deprotection of the benzyl group of 23
with lithium 4,4’-di-tert-butylbiphenylide (LiDBB)[26] followed by

Parikh–Doering oxidation[27] gave aldehyde 24 (Scheme 4). De-
protonation of dithiane 25 with nBuLi, which was synthesized

from commercially available (S)-3-hydroxy-2-methylpropionate
by the known procedure,[28] and addition of the aldehyde 24
led to the formation of alcohol 26 as a single stereoisomer.[22]

The stereoselective addition of the anion, which was formed

from 25, to the aldehyde 24 is understandable by a Felkin–
Anh model[29] as shown in TS1. Unfortunately, the stereochem-

istry at the C98-position was undesired; therefore, the stereoin-
version at the C98-position of 26 was performed by Dess–

Martin oxidation[30] and subsequent diastereoselective reduc-
tion with DIBAL-H at �95 8C to furnish alcohol 27 bearing the
desired configuration in 84% yield in two steps as the sole

product. After the hydrolysis of the dithiane moiety of 27 with
NCS/AgNO3/2,6-lutidine in aqueous MeCN,[31] the resulting a-

hydroxy ketone was reduced diastereoselectively with Zn(BH4)2
through the chelated transition state[32] to afford the desired

anti-diol 28 as a single diastereomer.[22] Acetonide protection
of 28, removal of the p-methoxybenzyl (PMB) group by hydro-

genation, and TPAP oxidation[14] provided the aldehyde 29.

Synthesis of the proposed C79–C104 fragment 2.

After having synthesized both coupling precursors 15 and 29,
we next focused on the connection of these two fragments by
the Julia–Kocienski olefination (Table 1).[7] When we treated the

PT-sulfone 15 with LDA as a base and reacted it with the alde-

hyde 29, the (E)- and (Z)-alkenes 30 and 31 were obtained in
95% combined yield as an inseparable mixture in a 2.8:1 dia-

stereomeric ratio (Table 1, entry 1).[33] The resulting configura-
tions at the C93- and C94-positions were verified by the 3J93,94
coupling constants, respectively (15.3 Hz in 30 and 10.2 Hz in
31). Although we obtained the desired coupling product 30,

Scheme 3. Synthesis of 23. Ts= toluenesulfonyl, NBS=N-bromosuccinimide,
AIBN=2,2’-azobisisobutyronitrile.

Scheme 4. Synthesis of 29. DBB=4,4’-di-tert-butylbiphenylide, pyr=pyridine,
PMB=p-methoxybenzyl, DMP=Dess–Martin periodinane, DIBAL-H=diiso-
butylaluminum hydride, NCS=N-chlorosuccinimide.
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E/Z selectivity was quite low. When we used KHMDS as the

base, the E/Z ratio was increased to 8:1 (entry 2). Finally, lower-
ing the reaction temperature to �100 8C, we could obtain the

(E)-alkene 30 in 70% yield as a single diastereomer (entry 3).

Further transformation from 30 to the target molecule 2 is
depicted in Scheme 5. The alkene 30 was exposed to the

Sharpless asymmetric dihydroxylation[8] with AD-mix-b to pro-
duce diol 32 possessing the expected and desired stereoche-

mistries.[22] Finally, deprotection of the benzyl group by hydro-
genation followed by simultaneous removal of the acetonide

and TBS moieties with HCl in MeOH furnished the proposed

C79–C104 fragment 2 in 79% yield in two steps.

Next, we compared the 13C NMR data of the synthetic prod-
uct 2 with those of the corresponding moiety of natural sym-

biodinolide (1).[34] The 13C NMR chemical shifts and their devia-

tions of 1 and 2 are summarized in Table 2. Unexpectedly, the
13C NMR chemical shifts of the synthetic 2 did not match those

of the natural product. Especially, their chemical shift deviation
was critical at the C95-Me group. These findings clearly indi-

cate that the stereostructure at the C91–C99 carbon chain
region of symbiodinolide (1) should be re-surveyed.[35]

Conclusion

Stereoselective and streamlined synthesis of the C79–C104

fragment 2 with the originally assigned stereostructure of sym-
biodinolide (1) was examined. Acid-catalyzed thermodynami-

cally controlled spiroacetalization was used as a key step to

afford stereoselectively the coupling precursor 15. The other
coupling precursor 29 was synthesized by utilizing the Achma-

towicz reaction for the tetrahydropyran construction and the
dithiane addition to the aldehyde for the introduction of the

C94–C97 moiety. The PT-sulfone 15 and the aldehyde 29 were
coupled by Julia–Kocienski olefination and subsequent Sharp-
less asymmetric dihydroxylation produced the target molecule

2. In addition, comparison of the 13C NMR chemical shifts be-
tween the natural product and synthesized 2 suggests that the
relative configuration at the C91–C99 region of symbiodinolide
(1) needs to be reinvestigated. Further our effort toward the

stereostructural elucidation of this moiety of 1 will be reported
in the following article.[36]

Experimental Section

Experimental details, compound data, and copies of NMR spectra
of new compounds can be found in the Supporting Information.
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Scheme 5. Synthesis of 2.

Table 2. 13C NMR chemical shifts and their deviations of natural symbiodi-
nolide (1) and the synthetic product 2.[a]

Position 1[b] 2[c] D(d1�d2)
[d]
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91 67.1 67.2 �0.1
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99 68.8 69.4 �0.6

100 30.7 31.1 �0.4
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[a] Chemical shifts are reported in ppm with reference to the internal re-
sidual solvent (CD3OD, d=49.0 ppm). [b] Data from ref. [3] . Recorded at
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[e] We previously reported the C92 chemical shift (d=46.4 ppm) in
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13C NMR data, we have revised the chemical shift assignment (d=
42.0 ppm).
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a b s t r a c t

We have examined substituted benzyl protecting groups for the phosphodiester in oligodeoxyribonu-
cleotides. Stability of the protecting groups in buffer and rates of deprotection by glutathione (GSH) were
strongly influenced by benzyl ring substituents.

� 2015 Elsevier Ltd. All rights reserved.

Oligonucleotide therapeutics have received considerable atten-
tion as next-generation chemotherapy agents.1–3 However their
delivery into the cell remains a challenge. A primary reason for this
is the polyanionic nature of oligonucleotides, limiting their cellular
internalization. One possible strategy for improving cellular uptake
would be to temporarily mask the negative charges of oligonu-
cleotides with biodegradable phosphate-protecting groups.4–9 This
pro-oligonucleotide approach has been suggested as a means to
enable intracellular delivery, thereby improving the feasibility of
oligonucleotide-based therapies.10,11 Several potential deprotec-
tion triggers for pro-oligonucleotides have been described,
including esterases, heat, light, and hypoxia.4–9,12–28 For develop-
ing pro-oligos to medicines for various diseases in various cells
and organs, discovery of new protecting groups which are
deprotected by various triggers is still needed.

In this Letter, we focused on the use of intracellular glutathione
(GSH) as a deprotection trigger.29 GSH is a ubiquitous bio-thiol
with intracellular concentration as high as 10 mM, 10–100 times
higher than its concentration outside the cell.30,31 Because of this
GSH concentration gradient, these pro-oligonucleotides should be
stable in the extracellular medium and, after cellular uptake,
would be deprotected by the abundant intracellular GSH (Fig. 1).

In 1983, Christadoulou and Reese described the chemical stabil-
ity and deprotection reactivity of benzyl protecting groups on the
phosphotriester in organic solvent. The protecting groups were

cleaved by p-thiocresol in the presence of Et3N. Under these
conditions, lability of the protecting groups was dependent on the
benzyl substituents, in either the presence or the absence of thiol.32

This previous report ledus to examine stability and reactivityof ben-
zyl protecting groups in aqueous solution, with or without GSH.We
designed and synthesized several thymidine dimers with benzyl
protecting groups on the phosphotriester as model compounds.

Briefly, the 50-hydroxyl group in thymidine 1 was protected
with the 4,40-dimethoxytrityl (DMTr) group and then reacted with
bis(diisopropylamino)chlorophosphine to give nucleoside phos-
phorodiamidite derivative 3.21 Compound 3 was coupled with a
30-O-Ac-thymidine derivative to give thymidine dimer phospho-
ramidite 4. Non-substituted or substituted benzyl alcohols were
coupled with 4 and the resulting phosphite intermediates were
oxidized with t-butyl hydroperoxide to give phosphotriester
derivatives 5–8. Compounds 5–8 were treated with ammonium
hydroxide and, following acid treatment, yielded compounds
9–12 (Scheme 1).

The protected thymidyl-thymidines 9–12 were dissolved at
10 lM in the aqueous buffer and analyzed for stability by HPLC.
Removal of benzyl protecting groups in the presence of GSH was
similarly monitored (Fig. 2).

HPLC chromatograms of compound 11 with the 2,4-dichloben-
zyl protecting group are shown in Figure 2 as an example.
Chromatograms on the left were obtained with a solution of
compound 11 in buffer without GSH at time 0 (Fig. 2A) and after
incubation for 24 h (Fig. 2B). After 24 h, a peak was observed corre-
sponding to the deprotected product, thymidyl-thymidine (TpT)
(Fig. 2B). Approximately 81% of compound 11 remained at this

http://dx.doi.org/10.1016/j.bmcl.2015.11.064
0960-894X/� 2015 Elsevier Ltd. All rights reserved.
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time point, and this value corresponds to the residual ratio. In con-
trast, chromatograms on the right were obtained with a solution of
compound 11 with GSH at time 0 (Fig. 2C) and after 1 h incubation
(Fig. 2D). The deprotection rate was markedly accelerated by GSH
and the residual ratio of compound 11 was 48%.

Fig. 3 shows plots of residual ratio versus incubation time in
solutions of the four different benzyl-protected thymidine dimers
without (A) or with (B) GSH.

The compound protected with the unsubstituted benzyl group
(red circle, compound 9) was the least stable (t1/2 = 17.8 h) in buf-
fer alone. Those with the 2-chlorobenzyl (yellow circle, compound
10) and 2,4-dichlorobenzyl (black circle, compound 11) groups
were more stable (t1/2 = 92.7 h, 98.0 h). The compound with the
4-nitrobenzyl group (blue circle, compound 12) was the most
stable (t1/2 = 696 h). (Fig. 3A).

Deprotection rates of all compounds were accelerated in the
presence of GSH (Fig. 3B). The compound with the 4-nitrobenzyl
protecting group showed the slowest deprotection rate (12:
t1/2 = 7.8 h), whereas those of the other three were comparable to
one another (9: t1/2 = 1.8 h, 10: t1/2 = 1.3 h, 11: t1/2 = 1.0 h). The
deprotection mechanism(s) explaining this difference are not yet
clear. However the deprotection pathway in the buffer alone pre-
sumes via SN1 type reaction and introduction of nitro group desta-
bilized benzylic cation, thus deprotection rate via SN1 type reaction
slowed reaction.

Based on the results in aqueous buffer alone, compounds with
the substituted benzyl groups were more stable than those with
the unsubstituted ring, but their deprotection was, nonetheless,
accelerated markedly by GSH. These observations indicate that
such substituted benzyl moieties are promising candidates to serve

20 mM sodium borate buffer (pH 8.0) 
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as nonenzymatically degradable protecting groups for pro-
oligonucleotides.

In summary, we have compared several benzyl groups for pro-
tection of the phosphodiester at the internucleotide linkage in thy-
midine dimers. By monitoring the deprotection reactions by HPLC,
we found that these model pro-oligonucleotides were deprotected
with GSH. We further found that stability and deprotection rates
were influenced by substituents on the benzene ring.
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17. Cieślak, J.; Grajkowski, A.; Livengood, V.; Beaucage, S. L. J. Org. Chem. 2004, 69,
2509.
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We describe a new highly selective supported liquid
membrane (SLM) system made of a polypropylene flat sheet
with a thymine derivative in kerosene as the carrier, for the
selective transport of mercury ion. When the carrier existed in
the membrane, only mercury ions were selectively transported.
This SLM selectively separated mercury ions from a mixed
solution of mercury and heavy metal ions. The hydrogen ion
concentration in the receiving phase is a dominant factor in the
mercury ion transport across the SLM.

Mercury is one of the most toxic heavy metals, and mercury
ions are highly reactive, e.g., in wastewater from industries.
Therefore, an accurate and low-cost detection method and
selective separation method need to be developed.

To separate and recover mercury ions, adsorption of the
ions to a sorbent13 or separation by using some type of
membranes410 has been studied. The latter, i.e., the membrane-
separation method is advantageous since it enables continuous
and low-cost separation. The use of a filtration membrane3 and
an ion-exchange membrane1113 has been studied, and these have
been practically used for the separation of heavy metal ions.
The fundamental research on the separation of mercury ions has
been advanced with the development of a liquid membrane,7,8

i.e., a supported liquid membrane (SLM).9,10 A SLM is a
hydrophobic porous membrane support with an organic solvent
and a carrier. It is reported that facilitated transport of mercury
ions is performed by the SLM with trioctylamine as the carrier
and coconut oil as the diluent.9,10 However, to our knowledge,
there is no report about a membrane that selectively transports
only mercury ions from a mixed solution of metal ions.

It is known that thymine, a base in nucleic acids, specifically
binds to mercury ions,1417 and it was applied in the study of a
mercury-ion probe or sensor.15,1825 Recently, we reported the
transport of mercury(II) ions across a polyallylamine membrane
fixed with thymine.26 In this study, we synthesized a new
thymine derivative (Figure 1) that acts as the carrier of a SLM
for selective transport of mercury ions. The thymine derivative
(Figure 1) has a long hydrocarbon chain to be dissolved in an
organic solvent. The carrier was synthesized in a single step
from thymine acetic acid.27

In this study, porous polypropylene membrane (Accurel PP
2E HF (R/P), Membrana) with a thickness of 0.01 cm and a
pore size of 0.2¯m was used. To prepare the SLM, a porous
polypropylene membrane sheet was cut to dimensions of 3 ©
5 cm for use as the membrane. The thymine derivative was
dissolved in acetone, and this acetone solution and kerosene
were mixed in the volume ratio of 1:9 (Solution A). The
concentration of thymine was 200¯M in Solution A. The
porous polypropylene membranes were immersed in 100mL of
Solution A for 24 h. Then, the membranes were used as SLMs.

To perform the transport experiment, the nitric acid solution
(Kanto Chemicals) was used as the receiving-phase solution
and was used to prepare the source-phase solution. Mercury(II)
nitrate hydrate (Wako), copper(II) nitrate (Wako), and lead(II)
nitrate (Wako) were used to prepare the source-phase solution.
All the reagents used in this experiment are of analytical grade.
The source-phase solution with a volume of 0.2 L and the
receiving-phase solution with a volume of 0.1 L were separately
circulated to their respective compartments in the cell by using
a peristaltic pump (Figure 2). The effective membrane area was
4 cm2, and the pumping rate was 5mLmin¹1. The SLM was
covered on both sides by a dialysis membrane (36/32 dialysis
membrane, VISKASE SALES CORP) in order to prevent the
elution of the solvent. The transport experiment was conducted
for about 24 h, after which aliquots were collected every 60min
from the source phase and the receiving phase. The concen-
trations of metal ions were determined using inductively coupled
plasma atomic emission spectrometry (SPS 1500, SEIKO).
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Figure 1. Thymine derivative.
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Figure 2. Apparatus for the transport experiment.
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Figure 3 shows the concentration of the metal ions in the
receiving phase without a carrier (a) and with a carrier in the
SLM (b). Both metal ions were not transported to the receiving
phase without the thymine derivative (Figure 3a). With the
thymine derivative, however, mercury ions were selectively
transported to the receiving phase, while the copper ions were
not (Figure 3b).

Figure 4 shows the concentration of metal ions in the
receiving phase. The mercury ions were transported to the
receiving phase, while the lead ions were not transported to the
receiving phase across the SLM with the thymine derivative.

Figure 5 shows the effect of nitric acid concentration in the
receiving phase on the mercury ion flux. The mercury ion flux
increased with the concentration of nitric acid in the receiving
phase. This result shows that nitric acid promotes the decom-
position of the complex into the mercury ion and thymine

derivative at the membrane surface on the receiving phase side
and transport mercury ions to the receiving phase (Figure 6).
In the decomposition reaction, the proton from nitric acid forms
a covalent bond with the thymine derivative instead of the
mercury ion (Figure 6).

The mechanism of the mercury-ion transport across the
SLM is shown in Figure 6. When the mercury ions distribute
in the membrane, each mercury ion binds to two thymine
derivatives to form a complex that is the most stable uncharged
form in kerosene. The complex diffuses in the membrane and
decomposes at the membrane surface on the receiving phase
side.

Thus, we show that from the mixed-solution containing
copper or lead ions with mercury ions, only mercury ions can be
selectively transported across the SLM with the thymine
derivative. We conclude that the advantageous selectivity of
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thymine to mercury ions in an aqueous solution makes thymine
suitable for the development of a membrane with high
selectivity.
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EXPLORING A DNA SEQUENCE FOR THE THREE-DIMENSIONAL
STRUCTURE DETERMINATION OF A SILVER(I)-MEDIATED C-C BASE
PAIR IN A DNA DUPLEX BY 1H NMR SPECTROSCOPY
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� Recently, we discovered novel silver(I)-mediated cytosine–cytosine base pair (C–Ag I–C) in DNA
duplexes. To understand the properties of these base pairs, we searched for a DNA sequence that can
be used in NMR structure determination. After extensive sequence optimizations, a non-symmetric
15-base-paired DNA duplex with a single C–Ag I–C base pair flanked by 14 A–T base pairs was
selected. In spite of its challenging length for NMR measurements (30 independent residues) with
small sequence variation, we could assign most non-exchangeable protons (254 out of 270) and
imino protons for structure determination.

Keywords metallo-DNA, metallo-base pair, 1H NMR spectroscopy

INTRODUCTION

DNA molecules containing metal-mediated base pairs (metallo-base
pairs) are called as metallo-DNAs. They have been studied extensively
because of their potential for use in nanotechnology and molecular de-
vices,[1–9] for example, metal ion sensor,[1–6,10,11] metal ion-trapping de-
vices,[12–17] SNP-detection,[18–20] molecular magnets,[21,22] electric nano-
wires,[7,23–28] DNA-based switches,[8,9,29] and DNA-based logic gates.[9,30–33]
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Color versions of one or more of the figures in the article can be found online at
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Initially, metallo-base pairs with artificial nucleobases were reported, and
their numbers are increasing.[1–5]

As an alternative strategy for generating metal-mediated base pairs,
metallo-base pairs formed with natural nucleobases were searched and sev-
eral such metal-mediated base pairs were discovered.[11,34–41] For example,
two metallo-base pairs, HgII-mediated thymine–thymine base pair (T–HgII–T
base pair) and AgI-mediated cytosine–cytosine base pair (C–AgI–C base pair),
have been reported. These metallo-base pairs have already been applied to
molecular-devices,[3] and the AgI-cytosine interaction was used to form a sil-
ver nanocluster by the reduction of AgI ions, which bind to the poly cytosine
oligonucleotide.[42] Moreover, these metallo-base pairs were recognized by
DNA polymerase[43,44] and DNA ligase.[45]

From the structural point of view, the chemical and three-dimensional
(3D) structures of the T–HgII–T base pair were experimentally deter-
mined,[46–48] and theoretical studies[49,50] have been conducted. Interest-
ingly, the theoretical investigations based on the 3D structure suggest that a
DNA molecule containing T–HgII–T base pair might be an effective electric
nano-wire.[49,50] In contrast, the structure of the C–AgI–C base pair in a DNA
duplex has not been determined experimentally, although there have been
some structural[36,37,39,41,51,52]/thermodynamic[20,53] investigations.

NMR spectroscopy is a suitable method for studying the structural fea-
tures of the C–AgI–C base pair in a DNA duplex. However, before deter-
mining the 3D structure, optimal DNA sequence(s) possessing a designated
unique secondary structure without any polymorphism need to be identi-
fied. In addition, 3D structure determination requires time-consuming 1H
resonance assignments. In this study, to characterize structural features of
the C–AgI–C base pair within an anti-parallel DNA duplex, we explored DNA
sequences suitable for structural characterization of C–AgI–C base pair. Sub-
sequently, we recorded the 2D 1H–1H NOESY/COSY spectra of the identi-
fied DNA duplex with C–AgI–C base pair, and then performed resonance
assignments based on nuclear Overhauser effect (NOE).

MATERIALS AND METHODS

Sample Preparation

All DNA oligomers, shown in Figures 1b–f, were synthesized using the
phosphoramidite method in an automated DNA/RNA synthesizer (ABI
model 392). The synthesized DNA oligonucleotides were treated with 28%
ammonia aqueous solution at 55◦C for 10 hours for deprotection. Each DNA
oligomer was purified on a C18 reverse-phase column (Cosmosil 5C18-AR-
300; Nacalai Tesque, Japan), with a linear gradient of 5–50% acetonitrile (30
minutes) and 0.1-M triethylammonium acetate (pH 7.0) as a basal buffer.

D
ow

nl
oa

de
d 

by
 [T

ok
us

hi
m

a 
B

un
ri 

U
ni

ve
rs

ity
] a

t 0
3:

47
 2

6 
N

ov
em

be
r 2

01
5 

─ 189 ─



Silver-Mediated C-C Base Pair 3

FIGURE 1 (a) Predicted structure of C–AgI–C base pair. R and R� denote DNA backbone. (b)–(f)
Sequences of DNA duplexes 1–5 with their residue numbers.

For the exchange of counter cation of phosphate groups of DNA backbone,
an anion-exchange column (UNO Q-6; BIO-RAD, USA) was employed. First,
a DNA oligomer was adsorbed onto the column, and the column was washed
with MILLI-Q water (Millipore, USA) to remove triethylammonium-acetate
buffer. Then the DNA oligomer was eluted with 2-M NaCl. Finally, excess
NaCl was desalted using a gel filtration column (TSK-GEL G3000PW; TOSO,
Japan) with MILLI-Q water as a mobile phase. Each oligomer was quantitated
by measuring the ultraviolet (UV) absorbance at 260 nm after digestion with
nuclease P1.

NMR Measurements

The sample solutions for AgI-titration experiments with 1H NMR mea-
surements contained 0.5–2.0-mM DNA duplex, 100-mM NaNO3, various con-
centrations of AgI in water (D2O:H2O = 1:9) or D2O. One-dimensional 1H
NMR spectra of DNA duplexes 1 and 2 were recorded on a JEOL ECA 600
spectrometer at 298 K with 32,768 complex points for a spectral width of
16,534 Hz, and 128 scans were averaged. One-dimensional 1H NMR spectra
of DNA duplexes 3 and 4 were recorded on a JEOL ECA 600 spectrometer
at 298 K with 16,384 complex points for a spectral width of 7503 Hz, and
128 scans were averaged.

The sample solutions for 1H NMR measurements of DNA duplex 5-AgI

complex contained 2.0-mM DNA duplex 5, 100-mM NaNO3 with or with-
out 2.1-mM AgNO3. Lyophilized samples were dissolved in water (H2O:D2O
= 9:1) or D2O. The NMR sample solutions in Shigemi-tube were heated
to 70◦C for 15 minutes and slowly cooled down to 25◦C. One-dimensional
1H NMR spectrum of DNA duplex 5-AgI complex in water (H2O:D2O =
9:1) was recorded on a Bruker AVANCE III 950 spectrometer at 298 K
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with 22,726 complex points for a spectral width of 22,727 Hz, and eight
scans were averaged. Two-dimensional 1H–1H NOESY spectrum of DNA du-
plex 5-AgI complex in water (H2O:D2O = 9:1) was recorded on a Bruker
AVANCE III 950 spectrometer at a mixing time of 120 milliseconds with
8192 × 1024 complex points for a spectral width of 22,727 × 22,831 Hz at
298 K, and eight scans were averaged. Two-dimensional 1H–1H DQF-COSY
spectrum of DNA duplex 5-AgI complex in D2O was recorded on a Bruker
AVANCE III 950 spectrometer at 298 K, with 4096 × 512 complex points
for a spectral width of 11432.926 × 11415.525 Hz, and 16 scans were aver-
aged. Two-dimensional 1H–1H NOESY spectra of DNA duplex 5-AgI complex
in D2O were recorded on a Bruker AVANCE III 950 spectrometer at mix-
ing time of 50 and 120 milliseconds with 4096 × 512 complex points for
a spectral width of 11,432 × 11,415 Hz at 298 K, and 16 scans were aver-
aged. NOESY spectrum with a mixing time of 50 milliseconds was used for
stereo-specific assignments of H2’ and H2” proton to obtain a better contrast
between H1’–H2’ and H1’–H2” cross-peak intensities. Two-dimensional ab-
solute value 1H–1H COSY spectrum of DNA duplex 5-AgI complex in D2O
was recorded on a JEOL ECA 600 spectrometer at 298 K with 1280 × 256
complex points for a spectral width of 6720 × 5374 Hz, and 256 scans were
averaged.

Solution conditions for the respective NMR measurements and their
parameters for NMR hardware settings are presented in Figures 2–9 and
Figures A1–A10 in Appendix.

RESULTS AND DISCUSSION

First, we synthesized DNA duplexes (Figures 1b–f) to identify an appro-
priate sequence for the structure determination of C–AgI–C base pair. These
DNA duplexes were designed to form a DNA duplex with a single C-C mis-
match, which will be the C–AgI–C base pairing site in the presence of AgI

ion. For the first trial, we examined whether DNA duplexes 1 and 2 were ap-
propriate for further analyses by performing AgI-titration experiments with
1H NMR spectroscopy.

In Figure 2, NMR signals from methyl protons of thymine residues are
displayed as a function of molar ratios of [AgI]/[duplex]. In both sequences,
as the concentrations of AgI increased, new methyl proton signals appeared
(filled circles in Figure 2), indicating the specific binding of an AgI ion with
the C-C mismatch. Thus, each DNA duplex was converted to a new one con-
taining a C–Ag–C base pair. However, further addition of AgI ion results in
the generation of further new peaks from an unidentified molecular species
above the molar ratio [AgI]/[duplex] = 0.6 or 0.8 (asterisks in Figure 2).
Before the C-C mismatch site was occupied with AgI, the unidentified molec-
ular species appeared additionally. The 1D 1H NMR spectra indicated that
for DNA duplexes 1 and 2, the molecular species in solution do not converge
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Silver-Mediated C-C Base Pair 5

FIGURE 2 Methyl proton region in 1D 1H NMR spectra of DNA duplexes 1(a) and 2(b). The sample
solution for AgI-titration experiments with 1H NMR measurements contained 0.5-mM DNA duplex 1 or
2, 100-mM NaNO3, various concentrations of AgI in water (D2O:H2O = 1:9). 1D 1H NMR spectra of
DNA duplexes 1 and 2 were recorded on a JEOL ECA 600 spectrometer, at 298 K, with 32,768 complex
points for a spectral width of 16,534 Hz, and 128 scans were averaged. Each spectrum was processed with
an exponential window function to give a line-broadening of 1.0 Hz. Molar ratios ([Ag(I)]/[duplex])
are indicated on the left side of each spectrum. Open circles, filled circles, and asterisk indicate signals
from AgI-free, single AgI-bound, and unknown states respectively.
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6 T. Dairaku et al.

FIGURE 3 Methyl proton region in 1D 1H NMR spectra of DNA duplexes 3(a) and 4(b). The sample
solutions for AgI-titration experiments with 1H NMR measurements contained 1.3-mM DNA duplex 3 or
2.0-mM DNA duplex 4, 100-mM NaNO3, various concentrations of AgI in D2O. 1D 1H NMR spectra of
DNA duplexes 3 and 4 were recorded on a JEOL ECA 600 spectrometer at 298 K, with 16,384 complex
points for a spectral width of 7503 Hz, and 128 scans were averaged. Each spectrum was processed with
an exponential window function to give a line-broadening of 1.0 Hz.

into a single species under any conditions after the addition of AgI. Under
such conditions, assignment of NMR signals and further structure analysis
will be highly difficult, and therefore DNA duplexes 1 and 2 were found to
be inappropriate for structure determination.

We then examined the possibility that unassigned signals (asterisks in
Figure 2) might arise from the binding of AgI to cytosine and/or guanosine
residues in the G-C pairs due to the possible C–AgI–C base pairing across
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Silver-Mediated C-C Base Pair 7

FIGURE 4 (a) H5–H6 cross peaks of residues C8 and C23 in the DQF-COSY spectrum of DNA duplex
5-AgI complex. The solution contained 2.0-mM DNA duplex 5, 100-mM NaNO3 with 2.1-mM AgNO3 in
D2O (pD 7.1). DQF-COSY spectra were recorded on a Bruker AVANCE III 950 spectrometer at 298 K, with
4096 × 512 complex points for a spectral width of 11432.926 × 11415.525 Hz, and 16 scans were averaged.
(b) H8/H6/H2–H1’ cross peaks in the NOESY spectrum of DNA duplex 5-AgI complex with sequential
NOE walks between H8/H6 and H1’ (black line: T1–A15; dash line: T16–A30). Intra-residue NOE cross
peaks between H8/H6 and H1’ are labelled with residue numbers. C8H5–C8H6 and C23H5–C23H6
indicate H5–H6 cross peaks of residues C8 and C23 respectively. The solution contained 2.0-mM DNA
duplex 5, 100-mM NaNO3 with 2.1-mM AgNO3 in D2O (pD 7.1). 2D 1H-1H NOESY spectra were recorded
on a Bruker AVANCE III 950 spectrometer at 298 K (mixing time: 120 milliseconds), with 4096 × 512
complex points for a spectral width of 11,432 × 11,415 Hz, and 16 scans were averaged.

adjacent G-C base pairs or a relatively strong metal cation affinity to guano-
sine.[54,55] To verify this, we synthesized DNA duplexes 3 and 4, in which
a single C-C mismatch is exclusively flanked by A–T base pairs (Figures 1d
and e). DNA duplex 3 was a self-associated (symmetric)-type duplex, and
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8 T. Dairaku et al.

FIGURE 5 H2–H2 cross peaks in the NOESY spectrum of DNA duplex 5-AgI complex. H2–H2 cross peaks
are labelled with residue numbers. The solution contained 2.0-mM DNA duplex 5, 100-mM NaNO3 with
2.1-mM AgNO3 in D2O (pD 7.1). 2D 1H-1H NOESY spectra were recorded on a Bruker AVANCE III 950
spectrometer at 298 K (mixing time: 120 milliseconds), with 4096 × 512 complex points for a spectral
width of 11,432 × 11,415 Hz, and 16 scans were averaged.

FIGURE 6 H8/H6 methyl proton cross peaks in the NOESY spectrum of DNA duplex 5-AgI complex.
NOE cross peaks between H8/H6 proton and methyl proton are labelled with residue numbers. Black
lines and dash lines represent the NOE connectivities derived from the respective DNA strands. The
solution contained 2.0-mM DNA duplex 5, 100-mM NaNO3 with 2.1-mM AgNO3 in water (D2O:H2O
= 1:9), pH 6.9. 2D 1H-1H NOESY spectra were recorded on a Bruker AVANCE III 950 spectrometer at
298 K (mixing time: 120 milliseconds), with 8192 × 1024 complex points for a spectral width of 22,727
× 22,831 Hz, and 8 scans were averaged.
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Silver-Mediated C-C Base Pair 9

FIGURE 7 Imino proton region in 1D 1H NMR spectrum of DNA duplex 5-AgI complex. Imino proton
peaks are labelled with residue numbers. Solution contained 2.0-mM DNA duplex 5, 2.1-mM AgNO3,
100-mM NaNO3 in water (H2O:D2O = 9:1), pH 6.9. 1D 1H NMR spectrum was recorded on a Bruker
AVANCE III 950 spectrometer, at 298 K, with 22,726 complex points for a spectral width of 22,727 Hz,
and 8 scans were averaged.

the signals from the respective cytosine residues in the C–AgI–C base pair
were averaged. DNA duplex 4 was designed as a non-self-associated (non-
symmetric) duplex to allow observation of independent signals from cytidine

FIGURE 8 Imino proton–imino proton cross peaks in the NOESY spectrum of DNA duplex 5-AgI

complex. Imino proton–imino proton cross peaks are labelled with residue numbers. The solution
contained 2.0-mM DNA duplex 5, 100-mM NaNO3 with 2.1-mM AgNO3 in water (D2O:H2O = 1:9), pH
6.9. 2D 1H-1H NOESY spectra were recorded on a Bruker AVANCE III 950 spectrometer at 298 K (mixing
time: 120 milliseconds), with 8192 × 1024 complex points for a spectral width of 22,727 × 22,831 Hz,
and 8 scans were averaged.
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10 T. Dairaku et al.

FIGURE 9 (a) Intra-residue H2’/H2”–H1’ cross peaks in the DQF-COSY spectrum of DNA duplex 5-AgI

complex. The solution contained 2.0-mM DNA duplex 5, 100-mM NaNO3 with 2.1-mM AgNO3 in D2O
(pD 7.1). DQF-COSY spectra were recorded on a Bruker AVANCE III 950 spectrometer at 298 K, with
4096 × 512 complex points for a spectral width of 11432.926 × 11415.525 Hz, and 16 scans were averaged.
(b) Intra-residue NOE cross peaks between H1’/H5–H2’/H2”/methyl protons in the NOESY spectrum
of DNA duplex 5-AgI complex. Black line: T1–A15, dash line: T16–A30. Intra-residue NOE cross peaks
are labelled with residue numbers. Open circles and filled circles indicate H2”–H1’ and H2’–H1’ cross
peaks respectively. The solution contained 2.0-mM DNA duplex 5, 100-mM NaNO3 with 2.1-mM AgNO3
in D2O (pD 7.1). 2D 1H-1H NOESY spectra were recorded on a Bruker AVANCE III 950 spectrometer at
298 K (mixing time: 50 milliseconds), with 4096 × 513 complex points for a spectral width of 11,432 ×
11,415 Hz, and 16 scans were averaged.

residues of the C–AgI–C base pair (C12 and C35) for their structural char-
acterization. We then performed AgI-titration experiments of these DNA
duplexes, and obtained methyl proton signals as a function of the molar
ratio [AgI]/[duplex] (Figure 3). Upon addition of AgI ion, new signals due
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Silver-Mediated C-C Base Pair 11

to AgI-bound DNA duplexes 3 and 4 appeared, and the shapes of their
1H NMR spectra gradually changed until the molar ratios, [AgI]/[duplex],
reached 1.0. Importantly, even at the molar ratios [AgI]/[duplex] > 1.0,
the spectra did not change for both duplexes, indicating that the species
in solutions converged into a singular component. As an initial assumption,
the exclusion of any G-C base pair eliminated the secondary AgI-binding to
DNA duplexes at the C-C mismatch site. Thus, we found appropriate DNA
duplexes for the structural characterization of C–AgI–C base pair.

For further sequence optimization of 3D structure determination, we
explored the possibility of shortening the identified DNA duplexes, since
a long DNA sequence makes resonance assignments difficult due to signal
overlaps. Shortening of DNA duplex 4 would be more advantageous than
that of DNA duplex 3. Since DNA duplex 4 is a non-self-associated type, NMR
signals of the respective cytosine bases can be observed independently, and
the AgI-binding site and the chemical structure of the respective cytosine
bases can be explicitly determined. Therefore, the chemical structure of
C–AgI–C base pair can be determined if its structure is asymmetric.

We next synthesized DNA duplex 5, which lacks four base pairs at each
end of DNA duplex 4 (Figure 1f). As a result, DNA duplex 5 also becomes
a non-self-associated duplex with a single C–AgI–C and 14 A–T base pairs,
and 46 independent residues were reduced to 30 independent residues.
However, 30 independent residues is still a challenging length for NMR
spectroscopy. Furthermore, the exclusion of any G-C base pairs from the
sequence limits sequence variations, which may accumulate many NMR sig-
nals within a narrow range of chemical shift. Although there exists such a
challenging situation for NMR spectroscopy, these sequence requirements
must be satisfied for the precise structural characterization of C–AgI–C base
pair. Therefore, we recorded the NMR spectra of this DNA duplex in the
presence of AgI ion with an NMR spectrometer with 950 MHz in the 1H
frequency to obtain a better resolution.

For resonance assignment of non-exchangeable protons of the DNA du-
plex 5-AgI complex (AgI–DNA complex), we recorded its 2D 1H 1H NOESY
and DQF-COSY spectra (Figure 4). To identify the H5/H6 resonances of
C8 and C23 of C–AgI–C base pair in the AgI–DNA complex (Figure 1f), we
recorded its 2D 1H–1H DQF-COSY spectrum. Since cytidine residues were
exclusively included at the C–AgI–C base pair within the DNA sequence, the
H5–H6 cross peaks observed in the DQF-COSY spectrum should correspond
to those from the C–AgI–C base pair (C8 and C23). As was expected, two
H5–H6 cross peaks originated from the C–AgI–C base pair (C8 and C23)
were identified (Figure 4a). On the other hand, in the absence of AgI ion,
the H5–H6 cross peaks of C8 and C23 in the COSY spectrum were observed
at different chemical shifts (Figure A1 in Appendix). These results indicate
that C8 and C23 formed a C–AgI–C base pair within DNA duplex 5 in the
presence of AgI ion.
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12 T. Dairaku et al.

Next, we assigned the base protons (H8/H6/H2) and anomeric protons
(H1’) of the AgI-DNA complex in the H8/H6/H2–H1’ cross section of 2D
1H-1H NOESY spectrum with 120-millisecond mixing time (Figure 4b). In the
NOESY spectrum (Figure 4b), H5–H6 cross peaks from a C8–AgI–C23 base
pair were identified in comparison with the same region of the DQF-COSY
spectrum (Figure 4a). By using resonance assignments of H5 and H6 in the
C8–AgI–C23 base pair as a check point, the sequential NOE walks between
H8/H6 and H1’ were traced through the residues T1-A15 and T16-A30
(Figure 4b). These results indicated that the key NOE data were obtained,
which can be used for the 1H resonance assignment of residual protons and
the resulting 3D structure determination, overcoming various challenges. In
addition, intra- and inter-residue NOE cross peaks between H2 and H1’ were
also observed in the same region. From these NOE connectivities, the H2
resonances of adenines, except A5, A7, and A25, were assigned. (Figure A2
in Appendix). Assignment of H2 resonances of A5, A7, and A25 is described
below.

Since DNA duplex contains only A–T base pair except for the C–AgI–C
site, inter-residue NOE cross peaks between H2 protons of neighboring ade-
nine residues were also observed in the H2 to H2 cross section of NOESY
spectrum (Figure 5). Intra-strand NOE cross peaks with H2 protons of A–A
dinucleotide segments (A2–A3, A11–A12, A17–A18, and A21–A22) were ob-
served in this region. In addition, inter-strand NOE cross peaks with A2–A30,
A3–A27, A5–A25, A5–A27, and A15–A17 were also observed in this region.
At this point, the H2 resonances of A5 and A25 were assigned.

In order to confirm the assignment of H8/H6 signals, we checked
cross section between H8/H6 protons and methyl protons of thymine in
the NOESY spectrum of AgI-DNA complex. From the spectrum, the intra-
residue NOE cross peaks between H6 and methyl protons of thymine bases
(H6(T) and Me(T)) were observed and the respective methyl protons gen-
erated inter-residue NOE cross peaks with H8 protons of adenine bases
(H8(A)) at the 5’-side of the corresponding thymine residues (Figure 6).
From these data, A–T dinucleotide segments (A3–T4, A5–T6, A12–T13,
A18–T19, A25–T26, and A27–T28) were identified. T–T dinucleotide seg-
ments (T9–T10, T13–T14, T19–T20, and T28–T29) in the AgI-DNA complex
were also identified in a similar way (inter-residue NOE cross peaks between
Me(T) and H6(T) at the 5’-side thymine bases of T–T segments instead of
those between Me(T) and H8(A) at the 5’-side adenine bases of A–T seg-
ments). Notably, these observations are consistent with the assignment of
H8/H6 signals based on the sequential NOE walks.

From the inter-strand NOE cross peaks between H2 protons of adenine
residues and imino protons of base-paired thymine residues, imino protons
except for T1, T16, and T24 were assigned (Figure A3 in Appendix). Then
an unassigned imino proton resonance in NOESY spectrum was assigned as
H3 of T24, since imino protons of terminal residues (T1 and T16) are often
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Silver-Mediated C-C Base Pair 13

TABLE 1 Chemical shift table for the AgI–DNA complex (T1–A15)a

H6/H8b H2/H5/Mec H1’ H2’ H2” H3’ H4’d H5’/H5”d Imino proton

T1 7.25 1.59 5.73 1.61 2.11 4.59 3.96 3.61/3.56 10.92/11.53e

A2 8.30 7.40 5.92 2.85 2.94 5.01 4.39 4.07/4.06 n.a
A3 8.19 7.74 6.20 2.60 2.89 4.99 4.47 4.27/4.25 n.a
T4 7.12 1.36 5.67 2.08 2.46 4.85 4.20 – 13.11
A5 8.19 7.13 6.19 2.56 2.88 4.96 4.36 4.13/4.11 n.a
T6 7.10 1.33 5.63 1.97 2.41 4.84 4.11 3.99/3.97 13.11
A7 8.19 7.25 6.18 2.64 2.79 4.97 4.42 4.09/4.08 n.a
C8 7.42 5.52 5.75 1.74 2.43 4.73 4.08 – n.a
T9 7.49 1.55 6.01 2.22 2.47 4.85 4.20 4.12/4.08 14.11
T10 7.34 1.64 5.69 2.09 2.45 4.86 4.11 – 13.43
A11 8.25 6.73 5.95 2.74 2.91 5.05 4.41 4.23/4.28 n.a
A12 8.12 7.60 6.13 2.55 2.85 4.97 4.45 4.30/4.28 n.a
T13 7.12 1.32 5.88 1.89 2.40 4.81 4.13 3.99/3.98 13.59
T14 7.31 1.63 5.98 2.01 2.31 4.82 4.04 – 13.53
A15 8.28 7.73 6.33 2.72 2.48 4.73 4.20 4.11/4.09 n.a

Notes. dash (-): not assigned due to signal overlaps. n.a: not applicable (due to the absence of corre-
sponding protons).

aChemical shifts are given in ppm; bchemical shifts for H6 of the pyrimidine residues or H8 of the
purine residues; cchemical shifts for H2 of adenine, H5 of cytosine, or the methyl proton of thymine;
dchemical shifts for H4’ and H5’/H5” are tentatively assigned. For H5’/H5”resonances, stereo-specific
assignments were not carried out; epossible imino proton signals are listed.

unobservable in NOESY spectra. Furthermore, in the 1D 1H NMR spectrum
of the AgI-DNA complex, additional imino proton resonances were also
observed (Figure 7). These resonances were tentatively assigned as imino
proton resonances from T1 or T16. These assignments were confirmed using
imino proton–imino proton NOE cross peaks (Figure 8). From the inter-
strand NOE cross peak between imino protons of T24 and H2 protons, the
H2 resonance of A7 was assigned (Figure A3 in Appendix). At this stage, all
H2 resonances were assigned. In addition, from the intra-residue NOE cross
peaks between methyl and imino protons, methyl proton resonances were
confirmed (Figure A4 in Appendix). The assignments of H2, H6, and H8
protons of the AgI-DNA complex were confirmed by H2 C2, H6 C6, and
H8 C8 cross peaks in 2D 1H 13C HSQC spectrum (Figure A5 in Appendix),
and H2, H6, and H8 proton resonances in 1D 1H NMR spectrum (Figure A6
in Appendix).

Stereo-specific assignment of H2’ and H2” were performed using the
cross-peak intensities of H2’/H2”–H1’ in DQF-COSY and NOESY spectra
with 50-milliseconds mixing time (Figure 9). Generally, H2’ protons res-
onate up-field against their geminal H2” protons. Then, in the case of DQF-
COSY spectrum, H2’ protons generate stronger cross peaks with their vicinal
H1’ protons than done by H2” protons. All adenine and thymine residues
except for 3’-terminal residues, A15 and A30, satisfied this tendency, and
the stereo-specific assignment of their H2’/H2” resonances was achieved. In
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14 T. Dairaku et al.

TABLE 2 Chemical shift table for the AgI–DNA complex (T16–A30)a

H6/H8b H2/H5/Mec H1’ H2’ H2” H3’ H4’d H5’/H5”d Imino proton

T16 7.27 1.61 5.73 1.63 2.13 4.60 3.98 3.62/3.57 10.92/11.53e

A17 8.31 7.40 5.92 2.86 2.95 5.01 4.25 3.97/3.96 n.a
A18 8.22 7.77 6.22 2.64 2.90 5.00 4.48 4.32/4.31 n.a
T19 7.14 1.29 5.88 1.94 2.46 4.85 4.18 4.07/4.04 13.57
T20 7.30 1.58 5.67 2.01 2.38 4.84 4.07 – 13.40
A21 8.20 6.75 5.86 2.65 2.84 5.02 4.40 4.24/4.22 n.a
A22 8.07 7.65 6.06 2.57 2.72 4.94 4.45 4.32/4.30 n.a
C23 7.31 5.41 5.63 1.65 2.34 4.67 4.19 4.02/4.00 n.a
T24 7.47 1.57 5.70 2.33 2.55 4.88 4.19 – 13.66
A25 8.24 7.42 6.22 2.63 2.92 5.00 4.49 4.27/4.26 n.a
T26 7.16 1.37 5.71 2.10 2.49 4.87 4.22 – 13.16
A27 8.23 7.22 6.22 2.63 2.89 4.98 4.41 4.17/4.15 n.a
T28 7.20 1.36 5.96 1.94 2.42 4.81 4.16 4.01/3.99 13.62
T29 7.32 1.64 5.98 2.02 2.31 4.82 4.04 – 13.58
A30 8.29 7.73 6.34 2.74 2.49 4.73 4.21 4.13/4.09 n.a

Notes. dash (-): not assigned due to signal overlaps; na: not applicable (due to the absence of corre-
sponding protons).

aChemical shifts are given in ppm; bchemical shifts for H6 of the pyrimidine residues or H8 of the
purine residues; cchemical shifts for H2 of adenine, H5 of cytosine, or the methyl proton of thymine;
dchemical shifts for H4’ and H5’/H5” are tentatively assigned. For H5’/H5” resonances, stereo-specific
assignments were not carried out; epossible imino proton signals are listed.

the case of H2’/H2” protons of C8 and C23 in C–AgI–C base pair, the or-
der of H2’–H1’ and H2”–H1’ cross-peak intensities of DQF-COSY spectrum
was reversed (Figure 9), which may indicate C3’-endo-like puckering, or at
least the existence of certain dynamics of sugar puckering. As additional
information, H2’/H2”–H1’ NOE cross peaks were used for stereo-specific
assignment of H2’/H2” resonances of C8 and C23 (Figure 9). In the same
region, H2” protons usually generate stronger NOE cross peaks with their
intra-residue H1’ protons than intra-residue H2’ protons, irrespective of
sugar puckering. From this information, the stereo-specific assignment of
H2’/H2” resonances of C8 and C23 was achieved, and H2’ protons were
found to resonate up-field against their geminal H2” protons as expected.
We then checked the NOE cross peaks around the C–AgI–C base pair since
the sugar puckerings of C8 and C23 in the C–AgI–C base pair were non-
standard. However, volumes of H8/H6–H1’ NOE cross peaks were within a
variation of their volumes, and we were not able to find any C–AgI–C base
pair-specific NOE cross peaks. These results indicate that the AgI-DNA com-
plex basically takes regular DNA duplex except for the sugar puckerings of
C8 and C23.

The H3’ resonances were further assigned using the cross peaks with
intra-residue H2’ in DQF-COSY spectrum (Figure A7 in Appendix). These
assignments were also confirmed by H1’–H3’ and H6/H8–H3’ cross peaks
in NOESY spectrum (Figures A8 and A9 in Appendix). In addition, the
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Silver-Mediated C-C Base Pair 15

assigned H1’ resonances were utilized for the tentative assignment of H4’
and H5’/H5” resonances using their NOE cross peaks with intra-residue
H1’ protons (Figure A10 in Appendix). Thus, we could assign 254 non-
exchangeable proton resonances out of 270 expected resonances, as well
as 14 imino proton resonances, which are critical information for the 3D
structure determination. The resulting resonance assignments are listed in
Tables 1 and 2.

CONCLUSIONS

In this study, we extensively explored a DNA sequence for the structure
analysis of C–AgI–C base pair in a DNA duplex, and identified an appropriate
DNA sequence without structural polymorphism. The determined sequence
was 15-base-paired DNA duplex with a single C–AgI–C base pair flanked by
only A–T base pairs. Irrespective of the challenging length of DNA duplex
for NMR measurements and the small sequence variation (14 A–T base pairs
out of 15 base-paired duplex), we could assign 254 non-exchangeable proton
resonances out of 270 expected resonances and all imino proton resonances,
which will be the most important bases for 3D structure determination.
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APPENDIX

FIGURE A1 H5–H6 cross peaks of residues C8 and C23 in the absolute value 1H–1H COSY spectra
of DNA duplex 5. The solution contained 2.0-mM DNA duplex 5, 100-mM NaNO3 with/without 2.1-
mM AgNO3 in D2O (pD 7.1). Absolute value 1H–1H COSY spectra was recorded on a JEOL ECA 600
spectrometer at 298 K with 1280 × 256 complex points for a spectral width of 6720 × 5374 Hz, and 256
scans were averaged.
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FIGURE A2 H2–H1’ cross peaks in the NOESY spectrum of DNA duplex 5-AgI complex. The solution
contained 2.0-mM DNA duplex 5, 100-mM NaNO3 with 2.1-mM AgNO3 in D2O (pD 7.1). 2D 1H–1H
NOESY spectra were recorded on a Bruker AVANCE III 950 spectrometer at 298 K (mixing time: 120
milliseconds), with 4096 × 512 complex points for a spectral width of 11,432 × 11,415 Hz, and 16 scans
were averaged.

FIGURE A3 H2–imino proton (H3) cross peaks in the NOESY spectrum of DNA duplex 5-AgI complex.
H2–H3 cross peaks are labelled with residue numbers. The solution contained 2.0-mM DNA duplex 5,
100-mM NaNO3 with 2.1-mM AgNO3 in water (D2O:H2O = 1:9), pH 6.9. 2D 1H–1H NOESY spectra were
recorded on a Bruker AVANCE III 950 spectrometer at 298 K (mixing time: 120 milliseconds), with 8192
× 1024 complex points for a spectral width of 22,727 × 22,831 Hz, and 8 scans were averaged.
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Silver-Mediated C-C Base Pair 21

FIGURE A4 Methyl proton–imino proton (H3) cross peaks in the NOESY spectrum of DNA duplex 5-
AgI complex. Methyl proton–H3 cross peaks are labelled with residue numbers. The solution contained
2.0-mM DNA duplex 5, 100-mM NaNO3 with 2.1-mM AgNO3 in water (D2O:H2O = 1:9), pH 6.9. 2D
1H–1H NOESY spectra were recorded on a Bruker AVANCE III 950 spectrometer at 298 K (mixing time:
120 milliseconds), with 8192 × 1024 complex points for a spectral width of 22,727 × 22,831 Hz, and 8
scans were averaged.

FIGURE A5 H2–C2, H6–C6 and H8–C8 cross peaks in 2D 1H-13C HSQC spectrum of DNA duplex 5-AgI

complex. H2–C2 and H6–C6 cross peaks are labelled with residue numbers. H8–C8 cross peaks are
labelled with residue numbers and asterisks. The solution contained 2.0-mM DNA duplex 5, 100-mM
NaNO3 with 2.1-mM AgNO3 in D2O (pD 7.1). 2D 1H-13C HSQC spectrum was recorded on a Bruker
AVANCE III 950 spectrometer at 298 K, with 1024 × 256 complex points for a spectral width of 8152 ×
4050 Hz, and 256 scans were averaged.

D
ow

nl
oa

de
d 

by
 [T

ok
us

hi
m

a 
B

un
ri 

U
ni

ve
rs

ity
] a

t 0
3:

47
 2

6 
N

ov
em

be
r 2

01
5 

─ 208 ─



22 T. Dairaku et al.

FIGURE A6 H2, H6, and H8 proton region in 1D 1H NMR spectrum of DNA duplex 5-AgI complex.
H6 and H8 protons are labelled with residue numbers. H2 protons are labelled with residue numbers
and asterisks. 1D 1H NMR spectrum was recorded on a Bruker AVANCE III 950 spectrometer, at 298 K,
with 32,768 complex points for a spectral width of 15,243 Hz, and 16 scans were averaged. The solution
contained 2.0-mM DNA duplex 5, 100-mM NaNO3 with 2.1-mM AgNO3 in D2O (pD 7.1).

FIGURE A7 H2’/H2”–H1’/H3’ cross peaks in DQF-COSY spectrum. Intra-residue H2’–H1’ and H2’–H3’
cross peaks are connected by solid lines (residues 1–15) and dashes (residues 16–30) on the chemical
shifts of H2’ protons of the respective residue numbers. Similarly, intra-residue H2��–H1� and H2�–H3�
cross peaks are also connected by solid lines (residues C8 and A15) and dashes (residues C23 and A30)
on the chemical shifts of H2�� protons of the respective residue numbers and asterisks. The solution
contained 2.0-mM DNA duplex 5, 100-mM NaNO3 with 2.1-mM AgNO3 in D2O (pD 7.1). DQF-COSY
spectra were recorded on a Bruker AVANCE III 950 spectrometer at 298 K, with 4096 × 512 complex
points for a spectral width of 11432.926 × 11415.525 Hz, and 16 scans were averaged.
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Silver-Mediated C-C Base Pair 23

FIGURE A8 H1’–H3’ cross peaks in the NOESY spectrum of DNA duplex 5-AgI complex. H1’–H3’ cross
peaks are labelled with residue numbers. The solution contained 2.0-mM DNA duplex 5, 100-mM NaNO3
with 2.1-mM AgNO3 in water (D2O:H2O = 1:9), pH 6.9. 2D 1H-1H NOESY spectra were recorded on
a Bruker AVANCE III 950 spectrometer at 298 K (mixing time: 120 milliseconds), with 8192 × 1024
complex points for a spectral width of 22,727 × 22,831 Hz, and 8 scans were averaged.

FIGURE A9 H6/H8–H3’ cross peaks in the NOESY spectrum of DNA duplex 5-AgI complex. H6/H8–H3’
cross peaks are labelled with residue numbers. The solution contained 2.0-mM DNA duplex 5, 100-mM
NaNO3 with 2.1-mM AgNO3 in water (D2O:H2O = 1:9), pH 6.9. 2D 1H-1H NOESY spectra were recorded
on a Bruker AVANCE III 950 spectrometer at 298 K (mixing time: 120 milliseconds), with 8192 × 1024
complex points for a spectral width of 22,727 × 22,831 Hz, and 8 scans were averaged.
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FIGURE A10 H1’–H4’/H5’/H5” cross peaks in the NOESY spectrum of DNA duplex 5-AgI complex.
Open circles and filled circles indicate H1’–H4’ and H1’–H5’/H5” cross peaks respectively. Intra-
residue H1’–H4’ and H1’–H5’/H5” cross peaks are connected with black line (T1–A15) and dotted
line (T16–A30). The solution contained 2.0-mM DNA duplex 5, 100-mM NaNO3 with 2.1-mM AgNO3 in
water (D2O:H2O = 1:9), pH 6.9. 2D 1H-1H NOESY spectra were recorded on a Bruker AVANCE III 950
spectrometer at 298 K (mixing time: 120 milliseconds), with 8192 × 1024 complex points for a spectral
width of 22,727 × 22,831 Hz, and 8 scans were averaged.
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a b s t r a c t

Oligonucleotides containing 4-O-(4-NO2-benzyl)thymine residues were synthesized to assess potential
prodrug-type action against hypoxic cells. These modified oligonucleotides were incapable of stable
duplex formation under non-hypoxic conditions. However, following deprotection of the thymine resi-
dues under bioreductive conditions, the deprotected oligonucleotides were able to form stable duplexes
with target oligonucleotides.

� 2015 Elsevier Ltd. All rights reserved.

Various nucleobase-protecting groups have been used in the
chemical synthesis of oligonucleotides.1 In recent years, the appli-
cation of protecting groups has expanded to include the control of
nucleic acid functions.2 For example, in the pioneering work by
Kröck and Heckel, 2-nitrobenzyl and its congeners were installed
onto thymine residues to generate light-activatable oligonu-
cleotides.3 Their study inspired our use of protected nucleobases
to produce hypoxia-activatable oligonucleotides. Hypoxia is a
characteristic property of locally advanced solid tumors resulting
from the insufficient supply of oxygen from the poorly developed
vasculature. Hypoxia induces increased resistance to both
chemotherapy and radiation therapy.4 Approaches to treating
hypoxic tumors with drugs activated under such conditions
have been reported.5 These prodrugs are typically protected
with hypoxia-labile protecting groups that mask binding sites to
the target molecules. Under hypoxic conditions, these protecting
groups are removed and the drugs are converted into their active
forms.

In this report, we describe the synthesis of an oligonucleotide
with a hypoxia-labile protecting group on one of the four

nucleobases. Specifically, oligonucleotides containing 4-O-nitrobenzy-
lated thymine residues as the prototype nucleobase were
synthesized. The 4-NO2-benzyl group is frequently used for
hypoxia-activated prodrugs or to switch fluorescent probes on
and off.6–20 In normal cells (non-hypoxic), oligonucleotides con-
taining 4-O-nitrobenzylated thymine residues (pro-oligos) do not
hybridize to target RNA sequences (Fig. 1a). In hypoxic tumors,
the 4-nitrobenzyl groups are deprotected via reduction of the nitro
group to amino (or hydroxyamino) followed by a 1,6-elimination
process to expel the active oligos (Fig. 1a and b). Thus, in the
hypoxic tumor cell, a pro-oligo will be converted to an active
oligonucleotide which hybridizes to the target sequence, thereby
inhibiting mRNA translation.

For this study, we synthesized oligonucleotides containing 4-O-
(4-NO2-Bn)thymine residues, which were treated with nitroreduc-
tase for conversion into free oligonucleotides. The hybridization
properties of the protected and the free oligonucleotides were
investigated by thermal denaturation experiments.

Briefly, a protected thymidine 1 was reacted with triisopropyl-
benzenesulfonyl chloride to produce a 4-O-sulfonylated intermedi-
ate, which was subsequently substituted with 4-NO2 benzyl
alcohol to yield 4-benzylated derivative 2. Acetyl groups in 2 were
deprotected with NH4OH to produce 3 which was treated with
4,40-dimethoxytrityl chloride to give 4; then, phosphitylation of
the free 30-hydroxyl group with 2-(cyanoethoxy)-N,N-diisopropy-
laminochlorophosphine yielded the desired phosphoramidite
derivative 5 (Scheme 1). Using themonomer unit 5, oligonucleotides

http://dx.doi.org/10.1016/j.bmcl.2015.10.025
0960-894X/� 2015 Elsevier Ltd. All rights reserved.
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containing 4-O-benzylated thymine residue(s) were synthesized,
deprotected, and purified using standard protocols. The purity of
synthesized oligonucleotides was determined by HPLC and the
structures were confirmed by MALDI-TOF mass spectroscopy
(Supporting information).

As a model experiment for the deprotection of 4-NO2-benzyl
groups in oligodeoxyribonucleotides (ODNs) in hypoxic cells,
ODN 1 (50-TTXTT-30) was treated with nitroreductase (from
Escherichia coli) in the presence of NADH. Enzymatic reactions were
monitored by HPLC. Typical HPLC profiles are shown in Figure 2.
Before enzyme addition, a peak corresponding to ODN 1 was
observed along with peaks corresponding to the NADH (Fig. 2b,
top). After 1 min incubation with the enzyme, the peak
corresponding to ODN 1 was diminished and a peak corresponding
to a fully deprotected oligonucleotide (retention time 17.2 min)
and contamination peak from enzyme sample (19.6 min) were
observed (Fig. 2b, middle). The peak (17.2 min) was collected and
the structure of the deprotected oligonucleotide was confirmed
by MALDI-TOF mass spectroscopy. The other peak (19.6 min) was
determined by control injection experiments described in
Figure S1. ODN 1 was stable in buffer, with and without
NADH or nitroreductase, for at least 1 h. Related HPLC profiles of
control experiments are described in the Supplementary data
(Fig. S1).

Next, a time course of the deprotection ofmultiple 4-nitrobenzyl
groups in the mixed sequence ODN 5 (50-CACXGCAXXGGXCAC-30)
was similarly analyzed (Fig. S2a). Before enzyme addition, a
peak corresponding to ODN 5 was observed along with peak
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corresponding to theNADH.After 5 min incubationwithnitroreduc-
tase, the ODN 5 peak decreased and several new peaks derived from
partially deprotected ODNs (retention time 26.5 min, 24.1 min,
23.4 min, 20.6 min), contamination peak from enzyme sample
(19.8 min) and fully deprotected ODN (16.3 min) were observed.
After 10 min, the ODN 5 peak was completely diminished and only
partially deprotected ODNs and fully deprotected ODN were
observed. As time proceeded, partially deprotected products were
further deprotected and converted to the fully deprotected ODN
(Fig. S2b). This peak was collected and the structure of the
deprotected oligonucleotide was confirmed by MALDI-TOF mass
spectroscopy.

Hybridization properties of the base-protected ODNs with
complementary sequences were investigated by thermal
denaturation experiments. Sequences of the duplexes and their
melting temperatures (Tms) are compiled in Table 1. Thermally
induced denaturation profiles are shown in Figure 3. A single
substitution in the central region decreased the thermal stability
of duplex formation (duplex II). Three consecutive substitutions
in the central region largely destabilized the thermal stability
(duplex III). By distributing the protected thymine residues over
the length of the sequence, the duplexes were largely destabilized,
thus clear denaturation curves were not observed (duplex IV
and VI).

These results demonstrate that oligonucleotides containing
4-O-(4-NO2-benzyl)thymine residues have potential for use as
prodrug-type oligonucleotides under bioreductive conditions.
Because 4-O-(4-NO2-benzyl)thymine residues are stable
throughout the processes of oligonucleotide synthesis and
deprotection, these residues can be incorporated into
oligonucleotides for various applications. Oligonucleotide
prodrugs containing 4-NO2-benzyl groups are expected to be
inactive in normal cells because the protected oligonucleotides
are unable to hybridize with the target sequences. However, in
hypoxic cells such as those present in locally advanced solid
tumors, 4-NO2-benzyl groups become deprotected and the
resulting free oligonucleotides form stable complexes with target
RNAs.

In summary, the 4-O-(4-NO2-benzyl)thymines were
developed as a novel bioreduction-responsive nucleobase for
incorporation in oligonucleotides. This modified thymine base
converted to a native thymine base under bioreductive conditions.
The methods outlined in this report could be used for the
development of oligonucleotide therapeutics with activity towards
hypoxic cells.
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Figure 2. HPLC analysis of the bioreductive deprotection of a 4-NO2-benzyl group
on the thymine base in ODN 1. (a) A schematic representation of enzymatic
deprotection of 4-nitrobenzyl group on thymine base in ODN 1. (b) ODN 1 (12 lM)
was incubated with nitroreductase (160 lg/mL) and 10 mM NADH in 50 mM
sodium phosphate buffer (pH 7.0) at 37 �C. Top, HPLC profile of the solution before
addition of the enzyme; middle, HPLC profile after 1 min incubation with the
enzyme; bottom, a control oligonucleotide. *Contamination from enzyme sample.

Figure 3. Thermal denaturation profiles of duplexes (I–VI). Conditions: 2 lM each of duplexes I–IV in 10 mM MOPS (pH 7.0), 1 M NaCl; *2 lM each of duplexes V and VI in
10 mM MOPS (pH 7.0), 100 mM NaCl.
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30-AAAAAAAAAAAAA-50

II 50-TTTTTTXTTTTTT-30 35.2 �8.4
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III 50-TTTTTXXXTTTTT-30 26.0 �17.6
30-AAAAAAAAAAAAA-50

IV 50-TTTXTTXTTXTTT-30 n.d. —
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30-GTCACGTAACCAGTG-30
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Structures, physicochemical properties, and
applications of T–HgII–T, C–AgI–C, and other
metallo-base-pairs†

Yoshiyuki Tanaka,*ab Jiro Kondo,c Vladimı́r Sychrovský,d Jakub Šebera,de

Takenori Dairaku,b Hisao Saneyoshi,f Hidehito Urata,g Hidetaka Torigoeh and
Akira Ono*f

Recently, metal-mediated base-pairs (metallo-base-pairs) have been studied extensively with the aim of

exploring novel base-pairs; their structures, physicochemical properties, and applications have been

studied. This trend has become more evident after the discovery of HgII-mediated thymine–thymine

(T–HgII–T) and AgI-mediated cytosine–cytosine (C–AgI–C) base-pairs. In this article, we focus on the

basic science and applications of these metallo-base-pairs, which are composed of natural bases.

Introduction

Studies on metal-mediated base-pairs (metallo-base-pairs) were
initiated in the light of materials science and genetic code
expansion.1,2 K. Tanaka and Shionoya proposed the possibility
that Watson–Crick (W–C) base-pairs may be substituted for
planar metal chelators.1 Meggers, Romesberg, and Schultz
actually introduced such a metal chelator into DNA duplexes,
and they proposed that such a metallo-base-pair would lead to
the expansion of the genetic code.2 K. Tanaka and Shionoya
also introduced their metal chelator into a DNA duplex to
generate a molecular magnet,3 and showed that the aligned
paramagnetic Cu2+ ions in the DNA duplex were ferromagnetically
coupled.4 Since then, many metallo-base-pairs have been created

through the use of artificial metal chelators, and DNA duplexes
including such metallo-base-pairs (metallo-DNAs) have been
reported (for their structures and the corresponding references,
see Fig. S1 in the ESI†).

As an alternative approach to the creation of novel metallo-
base-pairs, it is interesting to examine if natural nucleobases
can form metallo-base-pairs. In fact, thymine can specifically
bind to Hg2+ to form a HgII-mediated T–T base-pair (T–HgII–T,
Fig. 1).5,6 In addition, this Hg2+-specific recognition by thymine

Fig. 1 T–HgII–T and C–AgI–C base-pairs. R denotes ribose.

a Faculty of Pharmaceutical Sciences, Tokushima Bunri University,

180 Nishihama-Boji, Yamashirocho, Tokushima, Tokushima 980-8578, Japan.

E-mail: tanakay@ph.bunri-u.ac.jp
b Graduate School of Pharmaceutical Sciences, Tohoku University, 6-3 Aza-Aoba,

Aramaki, Aoba-ku, Sendai, Miyagi 980-8578, Japan
c Department of Materials and Life Sciences, Faculty of Science and Technology,

Sophia University, 7-1 Kioi-cho, Chiyoda-ku, Tokyo 102-8554, Japan
d Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the

Czech Republic, v.v.i, Flemingovo náměstı́ 2, 16610, Praha 6, Czech Republic
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has been applied to a Hg2+ sensor.5 Later, it was found that
cytosine also binds to Ag+ to form an AgI-mediated C–C base-
pair (C–AgI–C, Fig. 1), and an Ag+ sensor was developed based
on this phenomenon.7 Since such natural-nucleobase-based
Hg2+ and Ag+ sensors can be prepared from commercially
available sources, and because Hg2+ is an environmental pollutant,
scientists from different fields have joined the research on the
metallo-base-pairs to apply them as metal sensors, single-
nucleotide-polymorphism (SNP) detectors, heavy-metal trappers,
nanomachines, etc.8–15

Although many applications of the metallo-base-pairs have
been reported (see the review articles8–15 and the references
cited therein), the basic science of these metallo-base-pairs is
also as versatile as their applications, because the resulting
structural, thermodynamic, and other fundamental physico-
chemical data and parameters are universally applicable to the
design and fabrication of molecular devices. In this sense, we
would like to review studies on metallo-base-pairs, those
composed of natural bases and related unnatural bases whose
physicochemical studies were performed. Our review is divided
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de Strasbourg as a postdoctoral
researcher (2004–2010). In 2010,
he moved to Sophia University as
an Assistant Professor and is pro-
moted to the current position in
2015. He has received several
awards including The IUCr Prize

(2003), The CrSJ Young Scientist Award (2008) and The Young
Scientist’s Prize of The Commendation for Science and Technology
by the Minister of MEXT, Japan (2015). His research interests include
nucleic acid crystallography for structure-based drug and material
design.

Vladimı́r Sychrovský
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into the following sections: spectroscopy (Section 1.1), crystallo-
graphy (Section 1.2), thermodynamics (Section 1.3), theoretical
studies (Section 1.4), applications as metal sensors (Section 2.1),
Hg2+ trapping (Section 2.2), SNP detection (Section 2.3), nano-
machines (Section 2.4), conductivity (Section 2.5), and response
to enzymes (Section 2.6).

1 Structural and physicochemical
studies
1.1 Metallo-base-pairs in solution: spectroscopic studies

One of the advantages of metallo-base-pairs is that programmed
metal-ion arrays can be prepared in DNA duplexes in solution.

Thus, properties and structures of metallo-base-pairs in solution
are of prime interest. Based on these concepts, chemical structures
of metallo-base-pairs as well as 3D structures of two DNA duplexes
containing metallo-base-pairs were determined by NMR spectro-
scopy in solution.16–22 One is a AgI-mediated imidazole–imidazole
base-pair (Im–AgI–Im), which employs an artificial nucleobase
(imidazole),19,21 and the other is a HgII-mediated T–T base-pair
(T–HgII–T), which employs a natural nucleobase (thymine).16,17,20,22

In both cases, the chemical structures of these metallo-base-pairs
were solidly determined on the basis of N–N and N–Ag J-coupling
(Fig. 2; details are discussed later).16,19 Furthermore, 3D structures
of DNA duplexes containing these metallo-base-pairs were
determined by NMR spectroscopy (Fig. 2).19,21,22 In the case
of the T–HgII–T base-pair, its crystal structure in a DNA duplex
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was also determined (see next section for details).23 Therefore,
currently the T–HgII–T base-pair is the best benchmark for
studying the relationship between the structure and spectro-
scopic data in solution.

In addition to the abovementioned structural studies, there
are many spectroscopic studies of metallo-base-pairs. Especially,
the T–HgII–T base-pair possesses the longest history of all metallo-
base-pairs, and it has been extensively studied by Raman,20,24,25

IR,25 UV,6,26,27 circular dichroism (CD)6,26,28,29 and NMR6,16,17,27,30,31

spectroscopic techniques from its proposal based on the studies at
its early stage (B50 years ago).32 In addition, Hg2+-titration studies
of poly[d(AT)] using 1H NMR spectroscopy might be related to
T–HgII–T base-pairing.33 The U–HgII–U base-pair (Fig. 3a), the

RNA analogue of the T–HgII–T base-pair, was also studied by
1H NMR spectroscopy.34

Other metallo-base-pairs (A–HgII–T and C–AgI–C) in DNA
duplexes were studied by NMR spectroscopy. Extensive15N
chemical-shift analyses revealed the chemical structure of the
A–HgII–T base-pair (Fig. 3b) in a DNA duplex (the 15N chemical
shifts are discussed later).35–38 For the C–AgI–C base-pair, a
AgI-titration study of a single-C–C-mismatch-embedded DNA
duplex was performed with 1H NMR spectroscopy.7 Stacking of the
C–AgI–C base-pair within a DNA duplex was strongly suggested by a
slow-exchange phenomenon observed in the 1H NMR spectra, in
which NMR signals from AgI-bound and AgI-free states were
observed independently.7 However, the exact base-pairing mode
of C–AgI–C has not yet been determined. The U–AgI–U base-pair
(2 : 3 complex of 1-methyluracyl and Ag+) was also studied by IR and
Raman spectroscopy, by using its crystalline sample (Fig. 3c).39 See
ref. 18 and references cited therein for other simple HgII–DNA/
nucleoside/nucleotide complexes.

In addition, thepossiblemetallo-base-pairs in akindofmetallated
DNAmolecule, the so-calledM-DNA40–42 were studied. InM-DNA, the
penetration of Zn2+ into W–C base-pairs to afford metal-mediated
base-pairs was suggested by fluorescence and 1H NMR spectro-
scopy.40–42 However, the base-pairing pattern has not yet been deter-
mined, and several possible models are presented.40,43,44

Based on the similarity between the transoid C–AgI–C base-
pair45–48 (Fig. 1c) and the hemiprotonated transoid C–C base-pair
in an i-motif, an i-motif-type structure composed of transoid
C–AgI–C base-pairs was proposed on the basis of CD and
fluorescence spectroscopy.46

In the case of a hydroxypyridone–CuII–hydroxypyridone
base-pair (H–CuII–H) (Fig. 3d), an average CuII–CuII distance

Fig. 2 Three-dimensional structures of metallo-DNA molecules. R denotes
ribose.
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of B3.7 Å was determined by EPR spectroscopy for a DNA
duplex containing five H–CuII–H base-pairs.4 The Cu2+ ions in
the H–CuII–H base-pairs were ferromagnetically coupled4 and
structural reasons for the ferromagnetic coupling were theoretically
studied.49

As an overview of this section, characteristic NMR and
vibrational spectroscopic features of the metallo-base-pairs
are summarised in Tables 1–3. The 13C NMR spectrum of the
T–HgII–T base-pair revealed that the carbonyl-carbon resonances for
C4 and C2 shifted downfield by B2.5 ppm upon HgII-complexation
in dimethyl sulfoxide (DMSO) and H2O (Table 1).20,30 More drastic
changes in chemical shifts were observed for the 15N resonances of
the metal-binding nitrogen atoms, namely, ca. + 30 ppm (downfield
shift) for N3 of the T–HgII–T base-pair (N3(T))16,17 and ca. �15 ppm
(upfield shift) for N3 of the Im–AgI–Im base-pair (N3(Im))19 (Table 2).
For the A–HgII–T base-pair, the HgII-ligated site was deduced to
be N6 (amino nitrogen) and not N1. This deduction is based on
careful consideration of the changes in chemical shifts of the N1
atom of the adenosine residue (N1(A)) upon Hg2+-binding,
despite the fact that a large change in the chemical shift of
N1(A) occurs (+9.4 to +15.3 ppm) (Table 2).35–38 As a general
rule,17 the formation of an N–metal coordination bond causes an
upfield shift of the 15N resonance (as observed for the Im–AgI–Im
base-pair and similar systems),50–54 whereas proton–metal
exchange on a nitrogen atom causes a downfield shift (as
observed for the T–HgII–T base-pair).16–18 Applying these general
trends to the A–HgII–T base-pair, coordination of N1(A) to HgII

was ruled out, because a downfield shift of N1(A) was observed.

Further details and the background regarding heteronuclear
NMR chemical shifts are reviewed in ref. 17 and 18.

Two-bond 15N–15N J-coupling across HgII, 2J(15N,15N), was
observed for the T–HgII–T base-pair of the DNA duplex with the
paired thymine bases 15N-labeled (Table 2).16,17 The observation
of 2J(15N,15N) firmly demonstrates the formation of a 15

�N�3(T)–
HgII–15�N�3(T) linkage in the T–HgII–T base-pair. At the same time,
the large downfield shift of N3(T) indicates the low covalency
(highly ionic nature) of the �N�3(T)–HgII bond (high percentage of
ionicity and low percentage of covalency).17 In addition, 1-bond
199Hg–15N J-coupling, 1J(199Hg,15N) = 1050 Hz,18 was recently
reported for the thymidine–HgII–thymidine complex with its
199Hg NMR chemical shift, d(199Hg) = �1784 ppm.18,30c For the
Im–AgI–Im base-pair, 1-bond J-coupling between 15N and
107Ag/109Ag at natural abundance (1J(15N,107/109Ag)) was
observed (Table 2).19 The observation of 1J(15N,107/109Ag) con-
firms the formation of �N�3(Im)–�A�g

I linkages in the Im–AgI–Im
base-pair. In a chemical sense, such spectroscopic data, especially
J-coupling and chemical shifts of heteronuclei in NMR spectro-
scopy, provide essential information for the characterisation of
metal–nitrogen bonds.

Raman spectroscopy studies were performed on the T–HgII–T
and U–AgI–U base-pairs.20,25,39 Several marker bands for both base-
pairs are listed in Table 3. An extraordinarily low-wavenumber-
shifted C4QO4 stretching band was observed at 1586/1585 cm�1

for the T–HgII–T base-pair.20,25 This extraordinary band was firmly
assigned on the basis of an isotope shift of the Raman band by
18O-labeling at the O4 atom. A similar shift to a low wavenumber

Table 1 13C chemical shift perturbations upon binding to Hg2+ in the T–HgII–T base-paira

Sample (M)/solvent Metal Site C2 C4 C5 5-CH3 C6 Ref.

Thymidine (isolated T–HgII–T)/DMSO Hg2+ (0.5 eq.) N3 +2.7 +2.4 �0.2 +0.5 0.0 30 and 31
d(TT) (9.1 mM)/H2O (pH 6.0) Hg2+ (10.0 mM) N3 +2.9b +2.7b N.D. N.D. N.D. 20
d(GCGC�TTTTGCGC)

c (2 mM)/H2O (pH 6.0) Hg2+ (2.0 mM) N3 N.D. N.D. +0.1 +0.9 +0.4 32
d(GCGCTTT�TGCGC)

c (2 mM)/H2O (pH 6.0) Hg2+ (2.0 mM) N3 N.D. N.D. +0.9 +1.1 +0.3 32

a Chemical shift changes are listed in ppm. b Average value of two thymine residues is presented. c For a DNA oligomer, the chemical shift changes
of the underlined residues are indicated. Positive and negative values represent downfield and upfield shifts, respectively. N.D. = not detected.

Table 2 15N chemical shift perturbations upon binding to metal ions and J-coupling with 15N nucleia

Sample (M)/solvent Metal Site N1 N3 NH2 N7 N9 2JNN
b 1JN–M

c Ref.

T–HgII—T
d(CGCGT�TGTCC)�d(GGACTTCGCG)b (2.0 mM)/H2O (pH 6) Hg2+ (4.0 mM) N3 — +35.3 N.A. N.A. N.A. 2.4 N.D. 16
d(CGCGTTGTCC)�d(GGAC�TTCGCG)

b (2.0 mM)/H2O (pH 6) Hg2+ (4.0 mM) N3 — +29.9 N.A. N.A. N.A. N.D. 16
d(CGCG�TTGTCC)�d(GGACTTCGCG)b (2.0 mM)/H2O (pH 6) Hg2+ (4.0 mM) N3 — +30.3 N.A. N.A. N.A. 2.4 N.D. 16
d(CGCGTTGTCC)�d(GGACT�TCGCG)b (2.0 mM)/H2O (pH 6) Hg2+ (4.0 mM) N3 — +30.8 N.A. N.A. N.A. N.D. 16

Im–AgI–Im
d(TTAATTT �I�m Im Im AAATTAA)2 (0.5–1.4 mM)/ H2O (pH 7.2) Ag+ (1.0 eq.) N3 �3.2 �15.0 N.A. N.A. N.A. N.D. 86 19
d(TTAATTT Im �I�m Im AAATTAA)2 (0.5–1.4 mM)/ H2O (pH 7.2) Ag+ (1.0 eq.) N3 �3.3 �14.5 N.A. N.A. N.A. N.D. 86 19
d(TTAATTT Im Im �I�mAAATTAA)2 (0.5–1.4 mM)/ H2O (pH 7.2) Ag+ (1.0 eq.) N3 �5.1 �15.9 N.A. N.A. N.A. N.D. 86 19

A–HgII–T
d(CGCG�AATTCGCG)2

b (4.8 mM)/H2O (pH 7) HgII (28 mM) N6 +15.3 �3.3 — �0.5 �3.0 n.a. N.D. 35
d(CGCGA�ATTCGCG)2

b (4.8 mM)/H2O (pH 7) HgII (28 mM) N6 +9.4 +2.4 — �0.7 �1.0 n.a. N.D. 35

a Chemical shift changes and J-coupling constants are reported in ppm and Hz, respectively. For DNA oligomers, the chemical shift changes of the
underlined residues are indicated. Positive and negative values represent downfield and upfield shifts, respectively. b Two-bond 15N–15N J-coupling
across Hg. c One-bond 15N-metal J-coupling, such as 1J(15N,107/109Ag) derived from Ag+ sources in natural abundance (107Ag/109Ag = 51.8 : 48.2).
N.A. = not applicable; – = not recorded; N.D. = not detected.
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was observed for the C4QO4 stretching band of the U–AgI–U
base-pair (Table 3).39 We then identified that a Raman band at
749 cm�1 is the marker band to probe the existence of the imino
proton (H3) of thymine (Table 3).20 Disappearance of this band
indicates the deprotonation of H3 (imino proton) of thymine
(Table 3).20 The Raman/IR bands described above can be used as
marker bands to detect T–HgII–T and U–AgI–U base-pairs.

The ionic nature (low covalency) of the N3(T)–HgII bond was
deduced again for the T–HgII–T base-pair from the low-wavenumber-
shifted C4QO4 stretching band at 1586/1585 cm�1, by consideration
of an enolate-like resonance contributor (Fig. 4).20,25 Both the NMR17

and vibrational spectroscopic20 data thus corroborate the significant
ionic character of the N3(T)–HgII bond and the cationic nature of
HgII; this was also confirmed theoretically20 (see Section 1.4 for
theoretical studies). Usually, spectroscopic parameters acquired
frommacromolecules, such as DNA oligomers, are not so precisely
determined because of low sensitivities/resolutions. However,
owing to the site-specific 15N- and 18O-labelling of critical atoms
and appropriate choices of measurement conditions, the spectro-
scopic data described above have been precisely determined to
reveal the physicochemical properties and even the electronic
structures of metallo-base-pairs.

Furthermore, the derived electronic structure suggested the
application of the T–HgII–T base-pair in conductive nanowires.
The cationic nature of HgII in the T–HgII–T base-pair suggests
that the HgII array may function as an electron acceptor,17b and
the HgII array in a tract of T–HgII–T base-pairs could provide a
route for excess electrons.

In summary, NMR spectroscopy and (partly) Raman spectro-
scopy provide accurate information about the chemical struc-
tures of metallo-base-pairs, since these techniques can provide
information on their local geometries around metal centres
from NMR signals of the metal cation-binding atoms (or from
Raman bands that arise from vibrations around the metal
cations). Based on these chemical structures, the 3D structures
of metallo-DNAs containing metallo-base-pairs were precisely
determined. In addition, the spectroscopic data include plenty
of information about the electronic structures of metallo-base-
pairs, which will provide guidelines for the fabrication of
nanoelectronic devices.

1.2 Metallo-base-pairs in crystals: crystallographic studies

X-ray crystallography is one of the best methods for obtaining
accurate 3D structures of metallo-base-pairs and metallo-DNAs
that contain them. In 2001, Schultz and coworkers reported the
first crystal structure of a nucleic acid duplex containing a
metallo-base-pair.55 In their previous work,2 they found that a
15-nucleotide DNA duplex containing the artificial CuII-
mediated base-pairs with pyridine-2,6-dicarboxylate (Dipic)
and pyridine (Py) (Dipic–CuII–Py) in the middle displayed
thermal stability comparable to that of a duplex containing
an A–T base-pair instead. A DNA fragment with the sequence
d(CGCG(Dipic)AT(Py)CGCG) was crystallised in the presence of
1 equivalent of Cu2+, and the crystal structure was determined
at a resolution of 1.5 Å. The DNA fragment was crystallised as a
Z-form left-handed duplex (Fig. 5a). In the helix, Dipic forms a

Fig. 4 Resonance contributors for the T–HgII–T base-pair. R denotes ribose.

Table 3 Marker bands in Raman and IR spectra

Base-pair Sample/conditions Raman/cm�1 IR/cm�1 Assignment Ref.

T–HgII–T d(TT)/H2O(pH 6.5) 749 — Marker band to probe the existence of the imino proton. 20
d(TT)/D2O(pH 6.5) 736 — 20
d(TT)/H2O(pH 12.4) 1585 — C4QO4 stretching (major) [+C2QO2 stretching (minor)] 20
Hg2�[d(TT)]2/H2O(pH 6.5) 1586 — C4QO4 stretching (major) [+C2QO2 stretching (minor)] 20
Hg2�[18O4–d(TT)]2/H2O(pH 6.5) 1570 — C4Q18O4 stretching (major) [+C2QO2 stretching (minor)] 20
Hg�(1-MeT)2/crystal 1582 1583 C4QO4 stretching (major) [+C2QO2/C5QC6 stret. (minor)] 25
Hg�(1-MeT)2/crystal 537 537 In-plane ring deformation 25
Hg�(1-MeT)2/crystal N.D. 352 In-plane N–Hg–N bending 25

U–AgI–U Ag3�(1-MeU)2/crystal 1549 1551 C4QO4 stretching (major) [+C2QO2 stretching (minor)] 39
Ag3�(1-MeU)2/crystal 453 448 In-plane ring/N–Ag–N deformation 39
Ag3�(1-MeU)2/crystal 362 362 In-plane ring/N–Ag–N deformation 39

d(TT) = thymidyl (30-50) thymidine; 1-MeT = 1-methylthymine; 1-MeU = 1-methyluridine; N.D. = not detected; — = not recorded.
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CuII-mediated base-pair with Py (Fig. 5b). In the base-pair, Dipic
and Py had anti and syn conformations about the glycosyl
bonds, respectively. The Cu2+ ion was located between the
Dipic and Py bases and had a square-planar coordination
geometry. The distances from CuII to N3(Dipic) and N3(Py)
are both 1.9 – and the N3(Dipic)–CuII–N3(Py) bond was linear.
CuII was also ligated with O2a(Dipic) and O4a(Dipic), with
distances of 2.2 and 2.2–2.3 Å, respectively. In addition to the
square-planar coordination, CuII experienced electrostatic
interactions from the axial direction of the square-planar
geometry by the deoxyribose O40 atom of the neighbouring T7
residue. The distance from Cu to O40 is 3.0–3.2 Å (Fig. 5c). The
axial interaction is possible only in the Z-form conformation.
On the opposite side, CuII was in close proximity (3.1–3.2 Å) to
the electron-rich O6(G) atom of the neighbouring residue
(Fig. 5c), suggesting the existence of an electrostatic interaction
between them. Although the C10–C10 distance is 9.2–9.4 Å
(Fig. 5b), which is 1.3–1.5 Å shorter than those observed in
canonical W–C base-pairs (ca. 10.7 Å), the overall Z-form con-
formation was not distorted.

In 2011, another crystal structure of a DNA duplex containing
an artificial metallo-base-pair, determined at a resolution of
2.2 Å, was reported by Carell and coworkers.56 Two DNA fragments
containing salicylic aldehyde (S) were cocrystallised with a DNA
polymerase of Thermococcus kodakaraensis (KOD XL DNA poly-
merase) in the presence of Cu2+ ions. In the protein–DNA
complex, the DNA took a right-handed duplex containing a
CuII-mediated S–S base-pair (S–CuII–S) at the centre (Fig. 6a).
The S base cannot form a pair with itself in the absence of Cu2+.
However, in the presence of Cu2+ and ethylenediamine, the S
bases form the S–CuII–S base-pair (Fig. 6b), just like the authors
had designed in their initial concept.10,57 The two S bases are
reversibly cross-linked by an ethylenediamine bridge, which
forms a bisimine system. As observed for the Dipic–CuII–Py

base-pair discussed earlier, CuII is located between the two S bases
and had a square-planar coordination geometry, being ligated with
two O3 and two N4 atoms of the S bases. The distances fromCuII to
O3 and N4 are 1.8–2.0 and 2.0–2.3 Å, respectively, (Fig. 6b). In the
vertical direction, CuII experienced electrostatic interactions with
the N1(A) and N1(G) atoms of neighbouring residues, with dis-
tances of 3.6 and 3.7 Å, respectively (Fig. 6c). The C10–C10 distance
(11.4 Å) is slightly longer than those of canonical W–C base-pairs
(Fig. 6b). It is noteworthy that various DNA polymerases incorporate
deoxyribosyl salicylic aldehyde with 50-triphosphate (dSTP) against
S residues of the template DNA strand in the presence of Cu2+ and
ethylenediamine.

An artificial metallo-base-pair was also observed in a crystal
structure of a GNA (glycol nucleic acid) duplex determined at a
resolution of 1.3 Å by Meggers and coworkers in 2008.58 Since
GNA has the structurally most simple phosphodiester-containing
nucleic acid backbone, GNA is considered to be a promising
candidate for an initial genetic molecule of life.59 The self-
complementary (S)-GNA fragment g(CGHATHCG), containing
two artificial hydroxypyridone (H) bases, forms a right-handed
duplex that is significantly different from the B- and A-form
nucleic acid helices (Fig. 7a). In the GNA duplex, Cu2+ ions are
specifically bound to two H–H mismatches, so that two H–CuII–H
base-pairs are formed. Again, CuII is located between the two bases
and is coordinated, in a square-planar fashion, by four oxygen
atoms (Fig. 7b). The distances from CuII to the O3 and O4 atoms of
the H nucleobases are 1.9–2.0 Å (Fig. 7b). Four electrostatic
interactions are also observed in the vertical direction: from CuII

to N1(C), O2(C), N7(A), and N9(A), with distances of 3.3, 3.8, 3.6,
and 3.4 Å, respectively, (Fig. 7c). The C10–C10 distance in the
H–CuII–H base-pair (12.7 Å) is 2.0 Å longer than those of standard
W–C base-pairs (Fig. 7b), but the CuII-mediated base-pairs fit
well into the overall GNA duplex structure without any severe
distortions.

The first metallo-base-pair composed of natural nucleobases
was observed in a crystal structure of the duplex form of the

Fig. 6 (a) Overall structure of the B-form DNA duplex containing an
S–CuII–S base-pair (PDB ID = 2XY5).56 (b) Detailed geometry of the
S–CuII–S base-pair. The C10–C10 -distance (Å) is represented by a solid
line, and critical distances (Å) with CuII are shown with dashed lines. (c) Side
view of the S–CuII–S base-pair. Axial interactions are represented by red
dashed lines (distances in Å).

Fig. 5 (a) Overall structure of the Z-form DNA duplex containing Dipic–
CuII–Py base-pairs (PDB ID = 1JES).55 (b) Detailed geometry of the Dipic–
CuII–Py base-pair. The C10–C10 -distance (Å) is indicated by a solid line,
and distances (Å) between CuII and four atoms in its proximity are indicated
by dashed lines, respectively. (c) Side view of the Dipic–CuII–Py base-pair.
The distances (Å) between CuII in Dipic–CuII–Py base-pair and O6(G) and
O4’(T) atoms in neighbouring base-pairs are indicated by red dashed lines
(distances in Å).
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HIV-1 RNA dimerisation-initiation site, and was reported by
Dumas and coworkers in 2003.60 In their comprehensive studies of
interactions between metal ions and RNA duplexes, an unexpected
binding of an Au3+ ion with a G–C base-pair was observed in a
crystal structure determined at a resolution of 2.3 Å (Fig. 8a). The
Au3+ ion induced deprotonation at N1(G) and was bound between
the W–C edges of G and C to form a AuIII-mediated G–C base-pair
(G–AuIII–C). The distances from AuIII to N1(G), N2(G), O2(C), and
N3(C) are 1.6–1.7, 2.3–2.4, 2.6, and 2.3–2.4 Å, respectively, (Fig. 8b).
Due to the close proximity of AuIII and N2(G), Dumas and
coworkers suggested that the two hydrogen atoms of the N2
amino group might be pushed away perpendicularly to the plane
of the base-pair. The Au3+ ion is in close contact with electron-
rich N7(G), N1(A), and N6(A) in vertical directions, with distances
of 3.4, 3.6–3.8, and 3.6–3.7 Å, respectively, (Fig. 8c). The C10–C10

distance in the G–C base-pair is enlarged to 10.9–11.1 Å by the
Au3+-binding (Fig. 8b), but the G–AuIII–C base-pair does not
distort the A-form RNA duplex. The G–AuIII–C base-pair has
not been observed in solution so far, and it is unclear whether
this metallo-base-pair can stably exist in solution. If it exists,
there remain unresolved issues, such as the hybridisation state
of N2 (N2 pyramidalisation) and the possibility of an amino-
proton–Au3+ exchange at N2(G).

Recently, we determined the crystal structure of a B-form
DNA duplex containing two contiguous T–HgII–T base-pairs
(metallo-DNA(T–HgII–T)) at a resolution of 2.7 Å.23 A pseudo-
self-complementary DNA fragment containing two contiguous
T–T mismatches took the B-form conformation upon specific
binding of Hg2+ to the T–T mismatches, thereby forming two
contiguous T–HgII–T base-pairs (Fig. 9a). In the T–HgII–T base-
pair, HgII was located between two T bases (Fig. 9b). The
distance between N3(T) and HgII was 2.0 Å, which indicates
that the N3 atom has lost an imino proton even at neutral pH
(the DNA duplex was crystallised at pH 7.0, and the pKa value at
N3(T) is 9.8), which agrees with previous NMR measurements
in solution6,16,27 (Section 1.1). The local geometries of the metal
linkages in the T–HgII–T base-pairs were basically identical to
that observed in the crystal structure of a 2 : 1 complex between
1-methylthymine and HgII.61 The propeller-twist angles of the
T–HgII–T base-pairs (�221 and �201) were remarkably larger
than those of canonical W–C base-pairs in the B-form DNA
duplex (�11). This is probably because of no extra bond except
for the N3–HgII–N3 linkage in the T–HgII–T base-pairs and
because of repulsion between carbonyl groups O2 and O4.
The C10–C10 distance was 9.5–9.6 Å (Fig. 9b), which is about
1 Å shorter than those of canonical W–C base-pairs. However, the
B-form conformation was not distorted. The distance between two
HgII was 3.3 Å. The relatively short distance between the two Hg2+

cations indicates that a metallophilic attraction between HgII may

Fig. 9 (a) Overall structure of the B-form DNA duplex containing two
consecutive T–HgII–T base-pairs (PDB ID = 4L24).23 (b) Detailed geometry
of the T–HgII–T base-pair. The C10–C10 and N–HgII distances (Å) are
represented by solid and black dashed lines, respectively. (c) Side view of
the T–HgII–T base-pair. A possible metallophilic attraction between HgII–
HgII and electrostatic interactions are represented by red dashed lines
(distances in Å).

Fig. 7 (a) Overall structure of the GNA (glycol nucleic acid) duplex
containing an H–CuII–H base-pair (PDB ID = 1JAA).58 (b) Detailed geometry
of the H–CuII–H base-pair. The C10–C10 -distance (Å) is represented by
a solid line, and critical distances (Å) with CuII are shown with dashed lines.
(c) Side view of the H–CuII–H base-pair. Interactions toward axial directions
are represented by red dashed lines (distances in Å).

Fig. 8 (a) Overall structure of the duplex form of the HIV-1 RNA
dimerisation-initiation site containing C–AuIII–G base-pairs (PDB ID = 2OIJ).60

(b) Detailed geometry of the C–AuIII–G base-pair. The C10–C10 -distance (Å) is
represented by a solid line, and critical distances (Å) with AuIII are shown with
dashed lines. (c) Side view of the C–AuIII–G base-pair. Interactions toward axial
directions are represented by red dashed lines (distances in Å).
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exist (Fig. 9c) (see Section 1.4 for metallophilic attraction). HgII

of the tandem T–HgII–T base-pairs experienced electrostatic
interactions with N1(A) and N6(A) atoms of neighbouring A–T
base-pairs, with distances of 3.6–3.7 and 3.7–3.9 Å, respectively,
(Fig. 9c). In the absence of Hg2+, the middle DNA segment that
contains T–T mismatches takes an unusual nonhelical confor-
mation containing two contiguous A–T–T triplets. This suggests
that the Hg2+ ions are necessary for stabilising the B-form
conformation, at least in this sequence context. Crystal struc-
tures of other types of nucleoside/nucleotide–HgII complexes
are discussed in the review by Y. Tanaka and Ono.17b

The crystallographic structures of metallo-base-pairs and
metallo-DNAs provide accurate 3D coordinates of the atoms.
Even if the crystal lattice sometimes modulates or alters the
molecular structures due to crystal-packing, the crystallographically
derived 3D structures can be used as a reliable structural template
for designing molecular devices.

1.3 Thermodynamics of metallo-base-pairs

Thermodynamic parameters (DG, DH, DS, and Kd) are useful
fundamental physicochemical data. Once they have been deter-
mined for a metallo-base-pair of interest, one can theoretically
estimate how much metallo-DNA with the designated metallo-
base-pair is formed under the given physical and chemical
conditions. In addition, thermal denaturation experiments
using UV absorbance, and the resulting Tm values, have been
used for the detection of the formation of metallo-base-pairs.

Thermal denaturation experiments using UV absorbance
showed that the addition of Hg2+6,62 and Ag+7,63 significantly
stabilised DNA duplexes that contain T–T and C–C mismatches,
respectively. However, DNA duplexes in which T–T or C–C
mismatches were substituted for other base-pairs/mismatches
were not significantly stabilised by the addition of Hg2+62 and
Ag+.63 With regard to metal-cation specificities of T–T and C–C
mismatches, metal ions other than Hg2+ and Ag+ (such as Mg2+,
Ca2+, Mn2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Ru3+, Pd2+, Cd2+,
and Pb2+) did not stabilise either DNA duplexes with a T–T
mismatch6 or a C–C mismatch.7 Thus, the combinations of
Hg2+ with the T–T mismatch and Ag+ with the C–C mismatch
are highly specific.

Isothermal titration calorimetric (ITC) analyses revealed that
the molar ratios between Hg2+ and the T–T mismatch62 and that
between Ag+ and the C–C mismatch63 were both 1 : 1 (Table 4).
Both binding constants are nearly 106 M�1 (Table 4),62,63 which

is significantly larger than those observed for nonspecific metal-
ion–DNA interactions. Negative enthalpy changes and positive
entropy changes were observed for the binding of the metal ions
(Table 4).62,63 The observed positive entropy changes may mainly
result from the positive dehydration entropy due to the release of
structured water molecules surrounding Hg2+ and Ag+ upon
binding to the mismatches. In fact, complete shielding of HgII

from solvent watermolecules was observed in 3D structures of DNA
duplexes containing T–HgII–T base-pairs (Fig. 2a and 9c).22,23 The
observed negative enthalpy change may be mainly driven by the
negative binding enthalpy due to the formation of N3–HgII–N3 and
N3–AgI–N3 linkages. These conclusions on the T–HgII–T base-pair
were later supported by theoretical calculations of thermodynamic
parameters (Table 4), based on a possible reaction scheme proposed
for the specific binding of Hg2+ to the T–T mismatch.22,64 Similar
thermodynamic properties were obtained from ITC analyses of the
formation of artificial Im–AgI–Im base-pairs, i.e., positive entropy
and negative enthalpy changes (Table 4).65

ITC analyses of the Hg2+-binding to the two neighbouring
T–T mismatches in a DNA duplex revealed a significantly larger
affinity for the binding of the second Hg2+ than for the first
Hg2+ (Table 5).66 Positively cooperative binding may be favour-
able for the alignment of multiple HgII in a DNA duplex for the
application of metallo-base-pairs in nanotechnology. Positively
cooperative binding was also deduced from ITC analyses of
the binding between Ag+ and a DNA duplex containing two
neighbouring Im–Im mismatches (Table 5).65 By contrast, the
cooperative effect was not observed for the binding of Ag+ to
two neighbouring C–C mismatches (Table 5).67 The observed
cooperativity of HgII in T–HgII–T base-pairs and AgI in Im–AgI–
Im base-pairs may be explained by the attraction between heavy
metals (metallophilic attraction)68,69 (see the next section for
the metallophilic attraction). In relation to the T–HgII–T base-pair,
thermal denaturation experiments of complexation reactions of
Hg2+/Ag+ with 5-substituted uracil/thymine and 2-thiothymine/
4-thiothymine within DNA duplexes are reported in ref. 70 and 71.

1.4 Theoretical studies of metallo-base-pairs

Electronic structures of metallo-base-pairs, as deduced from
theoretical calculations, can often provide hints on how to tune
the properties of metallo-DNAs for use in specific molecular nano-
devices. To obtain realistic electronic structures of metallo-base-pairs
in nanodevices, reliable 3D structures (models) under working
conditions of these nanodevices are required. However, current

Table 4 Experimental and theoretical thermodynamic parameters

Sample (method) DH1/kcal mol�1 DS1/cal mol�1 K�1 DG1/kcal mol�1 Ka/M
�1 na Ref.

T–HgII–T (ITC) �3.85 � 0.18 13.1 � 0.65 �7.76 � 0.19 (4.87 � 1.35) � 105 1.06 � 0.03 62
T–HgII–T (ITC) �4.76 � 0.13 10.6 � 0.84 �7.91 � 0.12 (6.34 � 1.17) � 105 0.89 � 0.02 62
T–HgII–T (Theory)b �4.04 14.2 �8.27 1.16 � 106 1c 22
C–AgI–C (ITC) �2.37 � 0.07 18.4 � 0.7 �7.87 � 0.15 (5.86 � 1.29) � 105 1.06 � 0.03 63
C–AgI–C (ITC) �2.55 � 0.17 16.5 � 1.5 �7.45 � 0.29 (2.92 � 1.13) � 105 1.21 � 0.07 63
Im–AgI–Im (ITC) �8.12 � 1.20d 2.39 � 0.48d �8.84 � 0.24d (3 � 1) � 106 0.9 � 0.1 65

a Stoichiometry of [metal cations]/[binding site]. b Theoretical thermodynamic parameters of T–HgII–T base-pairs taken from ref. 22 (see the ref. 64
for the assumed reaction pathway). DG1 values are given for 298.15 K. The theoretical Ka was calculated from the theoretical DG1. c Stoichiometry
(n = 1) is an assumption. d Each value was converted with a conversion factor of 1 J = 0.239 cal.
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structural data do not include all of the possibilities, such as
sequence/conformational varieties ofmetallo-DNAs and variations in
physical conditions. To overcome this issue, structural interpretation
of NMR and optical spectroscopic parameters, employing theoretical
methods, has been recognised as a valuable method for the
elucidation of 3D structures of not only metallo-base-pairs and
metallo-DNAs, but also of any molecule of interest under the given
conditions. Therefore, we review theoretical calculations of spectro-
scopic parameters of T–HgII–T and related base-pairs. In addition,
the metallophilic attraction is discussed as a recent topic in the field
of metallo-DNAs.

The formation of the T–HgII–T base-pair was first demonstrated
from the observation of 2J(15N,15N) across the metal linkage.16

The zeroth-order regular approximation density functional
theory (ZORA DFT) calculations of 2J(15N,15N) later confirmed
the existence of the N–HgII–N linkage in the T–HgII–T base-pair,
and showed agreement between the experimental and calculated
2J(15N,15N) values.72 DFT calculations of Raman spectra of T–HgII–T
base-pair confirmed the assignment of the C4–O4 stretching vibra-
tion of the T–HgII–T base-pair (Table 3) and unveiled the significant
cationic character of HgII in the T–HgII–T base-pair.20,73 Time-
dependent-DFT (TD-DFT) calculations of UV absorption spectra
of DNA duplexes containing T–HgII–T base-pairs elucidated the
character of the stacking interaction between consecutive T–HgII–T
base-pairs.74

Structural and electronic-structural studies of other metallo-
base-pairs were also performed. DFT calculations corroborated
the structural studies of HgII- and AgI-mediated base-pairs with azole
nucleosides.75 The structure, chemical bonding, and formation of a
AgI-mediated Hoogsteen-type thymine-1,3-dideazaadenine base-pair
was studied using the ZORADFT-Dmethod.76 Cu+/Ag+/Au+-mediated
base-pairs composed of natural nucleobases and 1-deazaadenine
were studied using the B3LYP-D3 DFT method.77 The binding of
several metal cations to H (hydroxypyridone) and derived nucleo-
bases, as well as the resulting metallo-base-pairs, was calculated
using DFT methods.78 The DFT calculations further suggested
an AgI-mediated uracil–uracil base-pair79 which took a slightly
different structure from the metallo-base-pair of the 2 : 3
complex between 1-methyluracil and Ag+ 39 (Fig. 3c).

There are several studies on the attraction between heavy
metals (metallophilic attraction) in metallo-base-pairs and metallo-
DNAs. Heavy-metal cations in metallo-DNAs may exhibit unexpected
properties. It was reported that Hg2+, Ag+, and several other

heavy-metal cations in organometallic compounds do not repel
each other, despite their cationic nature, because of the metallo-
philic attraction between these metals.68,69 Stabilisation owing to
metallophilicity is assumed to occur for metal–metal contacts
ranging from ca. 3.2 to 4.0 Å, based on relatively short metal–
metal distances in crystals. Metallophilic attraction may therefore
be operative in metallo-DNAs, because the separation between
consecutive base-pairs in normal nucleic acids falls in this range.
Møller–Plesset theory (MP2) and spin-component-scaled MP2 (SCS-
MP2) calculations of two U–HgII–U base-pairs unveiled significant
stabilisation owing to metallophilicity.80 In particular, the HgII–HgII

interaction in tandem U–HgII–U base-pairs contributes 9% to the
total stabilisation, despite the significant cationic character of HgII

in U–HgII–U base-pairs.80 The stabilising role of the metallophilic
attraction is also seen in the 3D structure of metallo-DNA
containing tandem T–HgII–T base-pairs, showing short Hg–Hg
distances in the B-form duplex.22,23 Stabilisation owing to metal–
metal interactions was also calculated for AgI–AgI contacts in the
thymine-1,3-dideazaadenine base-pair76 and for the Im–AgI–Im
base-pair.21 Although direct experimental evidence for the metal-
lophilic attraction is still missing, the experimentally observed
contacts (B3.3 Å) between HgII in metallo-DNA(T–HgII–T) sug-
gested that its existence is plausible.23 Theoretical interpretation
of UV absorption spectra of two contiguous T–HgII–T base-pairs
unveiled spectral characteristics that are partly induced by
metal–metal interactions.74 A one-bond 109Ag–109Ag J-coupling
constant (1J(109Ag,109Ag)) of B1 Hz was calculated for consecu-
tive Im–AgI–Im base-pairs using the ZORA DFT method; thus,
the measurement of 1J(109Ag,109Ag) provides a possible way to
detect the metallophilic attraction, but the J-coupling magnitude
might be too small for experimental detection.81

The rational design and optimisation of metallo-DNAs for
their use in technological applications could be achieved
through knowledge of their 3D structures and properties, as
deduced from thermodynamic and spectroscopic parameters
(see Sections 1.1 and 1.2 for currently available 3D structures of
metallo-DNAs).49,82–85 The knowledge of the 3D structure of
metallo-DNA containing Im–AgI–Im base-pairs allowed for reli-
able TD-DFT calculations of electronic and optical properties.85

The thorough structural characterisation of the T–HgII–T base-
pair, employing spectroscopic data in conjunction with the 3D
structure of metallo-DNA(T–HgII–T), allowed us to calculate the
thermodynamic parameters for the T–HgII–T base-pairing by

Table 5 Thermodynamic parameters of tandem T–HgII–T base-pairs

T–HgII–T Im–AgI–Im C–AgI–C

First n 1.10 � 0.04 0.98 � 0.08 1.10 � 0.10
Ka/M

�1 (5.85 � 2.86) � 105 (1.5 � 0.3) � 105 (2.74 � 1.37) � 105

DG1/kJ mol�1 �32.8 � 1.8 �30.7 � 0.7 �31.0 � 1.7
DH1/kJ mol�1 �29.0 � 9.1 �33 � 0.2 �11.3 � 8.1
DS1/J mol�1 K�1 12.9 � 30.5 �12 � 4 66.0 � 21.4

Second n 1.24 � 0.10 1.30 � 0.08 1.10 � 0.10
Ka/M

�1 (39.6 � 20.1) � 105 (36 � 4) � 105 (7.19 � 2.51) � 105

DG1/kJ mol�1 �37.7 � 1.8 �37.4 � 0.3 �33.4 � 1.1
DH1/kJ mol�1 �23.6 � 5.3 �81.3 � 0.5 �68.0 � 7.5
DS1/J mol�1 K�1 47.2 � 17.8 �148 � 3 �116 � 22
Reference 66 65 67
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using the ONIOM (B3LYP:BP86) method (Table 4).64 The calculated
thermodynamic parameters were consistent with the experimental
parameters (Table 4).62

The use of metallo-DNAs as nanowires in the field of nano-
electronics is one of the several promising applications (see
Section 2.5 for charge-transport experiments and conductivity
measurements). The array of metals embedded in the metallo-
DNA scaffold could possess desirable charge-transport proper-
ties. DFT calculations of tandem T–HgII–T base-pairs suggested
that the frontier orbitals may enhance the transport of excess
electrons rather than holes.86 The enhanced conductivity of DNA
base-pairs owing to their modification with copper was calculated
using the DFT method with Green’s function technique.87 Theore-
tical calculations of the electron conductivity of artificial metallo-
base-pairs further showed that the electron transport might be
controlled by an external magnetic field.88 Theoretical DFT calcula-
tions indicated that the hole-transport efficiency in a DNAmolecule
containing a T–HgII–T base-pair or a T–T mismatch is affected
particularly by the spatial overlap between neighbouring base-pairs;
this overlap is higher for the HgII-mediated base-pair.89

To summarise, theoretical calculations of metallo-DNA(T–
HgII–T) provided its precise structure, which is consistent with
experimental NMR spectroscopic and thermodynamic parameters.
The structure and the results of the calculation provided further
information on the electronic structures of metallo-DNA(T–HgII–T)s,
whose structures were both spectroscopically and theoretically
proven. Thus, based on the agreement between calculations and

experiments, theoretical calculations provided and will continue
to provide realistic physicochemical properties of metallo-DNAs.
The estimated physicochemical properties will be further used
for the optimisation of the properties of metallo-DNAs for their
use in technologies such as conductive nanowires.

2 Applications
2.1 Application in metal sensors

The most successful applications of T–HgII–T and C–AgI–C base-
pairs are in metal sensors, which are chemical probes for the
detection of Hg2+ and Ag+ ions in aqueous solutions.5,7 In 2004,
Ono and Togashi reported a fluorescence resonance energy
transfer (FRET)-based Hg2+ sensor in which the fluorescence is
quenched upon the formation of T–HgII–T base-pairs.5 Since
then, oligonucleotide-based Hg2+ sensors using various mechan-
isms of detection have been developed. A similar Ag+ sensor
based on the C–AgI–C base-pairing ability of cytosine has also
been developed.7 For more details on metal sensors, refer to
reviews that have been published in recent years;11,13,90–94 metal
sensors reviewed in those references are summarised in Fig. 10.

2.2 Application in Hg2+ trapping

The specific recognition of Hg2+ by thymine was applied to Hg2+-
trapping agents. The Hg2+-trapping agents can be classified into
two types: thymine/uracil-monomer-based Hg2+-trapping agents and

Fig. 10 Sensing mechanisms for the detection of metal ions. (a) Fluorescence-off type.5,7 (b) Fluorescence-on type.135 (c) Quantum-dot-conjugated
oligonucleotides.136 (d) Gold-nanoparticle-conjugated oligonucleotides.137 (e) DNAzyme.104 (f) DNAzyme (G-quartet–hemine complex).138 (g) Fluor-
escent nucleobase (pyrrolo-dC).139 (h) Electrochemical detection.140
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DNA-oligomer-based agents (Fig. 11). The monomer-based ones
include thymine-cross-linked polystyrene beads95 and uracil-cross-
linked polystyrene fibres,96 and DNA-oligomer-based ones include
thymidine-rich-DNA-cross-linked polyacrylamide,97 T-rich-DNA-
cross-linked microparticles,98 oligo-T-cross-linked polystyrene
beads,99,100 and T-rich-DNA-cross-linked silica gel.101

The thymine/uracil-cross-linked polymer has a high density of
Hg2+-binding ligands (thymine/uracil) on its polymer surface,95,96

although the affinity of Hg2+ for each binding site is not so high. On
the other hand, the ligand densities are not high for the T-rich-DNA-
cross-linked solid support, but the affinity of Hg2+ for each binding
site is high. Most Hg2+-trapping agents can selectively capture Hg2+

in the presence of other cations.95–98,100,101 More interestingly, the
Hg2+-trapping efficiency of T-rich-DNA-cross-linked polystyrene
beads was higher in the presence of other cations, which is favour-
able for their use under natural conditions.100 In addition, the Hg2+-
trapping agents could be recycled several times.95–98,101

2.3 Detection of single-nucleotide polymorphisms (SNPs)

The specific binding of Hg2+ to a T–T mismatch was used for
the detection of single-nucleotide polymorphisms (SNPs).102

For SNP detection, an SNP probe DNA oligomer containing a
19-mer loop sequence, flanked by thymidine heptamers (T7) at
the 50 and 30 sides of the loop, was prepared (Fig. 12). This SNP
probe DNA oligomer was further modified with a fluorophore
(carboxyfluorescein, Fam) and a quencher (dabcyl, Dab) at the
50 and 30 termini, respectively (Fig. 12). When a target strand is
perfectly complementary to the SNP probe DNA oligomer, they
strongly hybridise with each other, and fluorescence of Fam
was observed irrespective of the presence or absence of Hg2+. By
contrast, when a target strand contains a mismatch (SNP) with
respect to the probe DNA, the target sequence and the SNP
probe do not hybridise strongly. As a result, upon addition of

Hg2+, the SNP probe dissociated from the target sequence and
folded into a unimolecular hairpin structure through T–HgII–T
base-pairing, resulting in quenching of the Fam fluorescence
emission because of the decreased distance between Fam
(fluorophore) and Dab (quencher).

Heteroduplex analysis combined with the formation of
T–HgII–T base-pairs was proposed as another approach for
high-throughput detection of SNPs.103 In the heteroduplex
analysis, SNPs were detected on the basis of the mechanism
depicted in Fig. 13. Other types of SNPs were detected on the
basis of the similar mechanism to that depicted in Fig. 13,
except for the use of the formation of C–AgI–C base-pairs.103

2.4 Application in nanomachines

As emerging applications of T–HgII–T and C–AgI–C base-pairs,
these metallo-base-pairs were applied in nanomachines in the
field of nanotechnology.14,15 A prototype of such an application is an
allosteric DNAzyme that is activated by T–HgII–T base-pairing, which
is also used as a Hg2+ sensor with signal amplification (Fig. 10).104

Nanomachines (DNA machines) were then generated, such as DNA
tweezers (automaton/memory devices),105 DNA walkers,106 cascade
DNAzyme-reaction systems,107–109 and logic gates.110

With regard to DNA tweezers, Hg2+ closes the DNA tweezer
molecule through the hybridisation of an additional DNA
strand upon T–HgII–T base-pairing.105 It was suggested that
these DNA tweezers were able to be used as automaton and
memory devices.105 With regard to the DNA walker, Hg2+

altered its hybridisation site on the DNA-rail molecule upon
T–HgII–T base-pairing.106 For the cascade DNAzyme-reaction
systems, artificial signal transduction/amplification systems were
built up from two successive DNAzyme reactions.107–109 These
cascade reaction systems consist of a ligase-like or a nuclease-like
DNAzyme for the first step and horseradish-peroxidase-mimicking
DNAzymes for the second step.107–109 In these systems, Hg2+/Ag+

activates the first step (ligase- or nuclease-like DNAzymes) by T–HgII–
T/C–AgI–C base-pairing.107–109 Lastly, logic gates (AND/OR operators)
were generated by using T–HgII–T and/or C–AgI–C base-pairing (see
Section 2.6 for details).110

2.5 Conductivity of metallo-base-pairs

Long metal arrays that can be generated in metallo-DNA
duplexes are suggested to be conductive.8,10,12,13 For this reason,Fig. 12 SNP-detection system using T–HgII–T base-pairs.

Fig. 13 SNP-detection system using T–HgII–T base-pairs.

Fig. 11 Two types of Hg2+-trapping agents. (a) Monomer-based (thymine/
uracil) agents. (b) DNA-oligomer-based agents.
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the charge-transport ability of metallo-base-pairs was studied in
terms of hole-transport ability89,111–113 and conductivity.114–116

Although the conductivity and electron-transport ability of M-DNA
have been reported,41,42,114 the structure of the M-DNA molecule
has not yet been determined. Therefore, the origin of its con-
ductivity remains unknown. Currently, the conductivities of the
T–HgII–T and H–CuII–H base-pairs were reported to be similar to
those of semiconductors.115,116 However, their conductivities are
still worth exploring, since T–HgII–T and H–CuII–H base-pairs
have been chemically and structurally well characterised. The
frontier orbital of the stacked H–CuII–H base-pairs possesses a
node between planes of stacked base-pairs,117 whereas the LUMO
of the T–HgII–T base-pair is continuous, covering the tandemly
aligned HgII.86 Therefore, we predicted that the T–HgII–T base-
pair should be an electron acceptor;17b,22 this was observed
experimentally through fluorescence quenching by electron
transfer to the T–HgII–T base-pair.118

The generation of metal arrays in DNA molecules could be
an efficient strategy for the conversion of DNA duplexes into
conductive DNA nanowires.10,13 Currently, 10 contiguous
metallo-base-pairs have been generated by using S–CuII–S
base-pairs and mixed S–CuII–S/T–HgII–T base-pairs.119,120 The
number of contiguous metallo-base-pairs for these and other
base-pairs is listed in Table 6.4,6,19,21,34,119–122 Relatively long
tracts of the metallo-base-pairs formed before (Table 6) indicated
that tandem alignments of the metallo-base-pairs may also be
thermodynamically favourable similarly to the case of T–HgII–T
base-pairs. Therefore, detailed thermodynamic analyses of other
so far uncharacterized metallo-base-pairs can be recommended
to unveil how favourable these tandem alignments are. In any
case, trials to make long tracts of metallo-base-pairs may provide
conductive nanowires.

2.6 Response to enzymes

Several artificial base-pairs have been reported to be recognised
by DNA polymerases.123–127 Can metallo-base-pairs also be
recognised? In 2010, DNA polymerases were shown, for the
first time, to incorporate metallo-base-pairs in a primer-
extension reaction.128 In this experiment, dTTP was incorpo-
rated into the site opposite to thymine residues in the template

strand by DNA polymerases in the presence of Hg2+ ions
(Fig. 14).128

More precisely, in the presence of dGTP, dCTP, and dTTP,
and in the absence of Hg2+ ions, the primer-extension reaction
with the Klenow fragment (KF) stalled at the 19-mer site just
before the thymine residue (20-mer site) in the template strand.
However, upon the addition of Hg2+ ions (10–100 mM), the
enzyme read through the 20-mer site to afford the full-length
24-mer. Without dTTP, the enzyme was unable to read through
the 20-mer site even in the presence of Hg2+ ions. MALDI-TOF
mass analysis of the full-length product demonstrated the
incorporation of the thymine base at the 20-mer site (Fig. 15).
This reaction is highly specific to Hg2+ ions; other metal ions,
such as Mn2+, Fe2+, Fe3+, Co2+, Cu2+, Zn2+, Pb2+, Ni2+, and Au+,
did not promote the extension. Other polymerases, such as Taq
DNA polymerase and KOD Dash DNA polymerase, also catalyse
the incorporation of dTTP opposite to thymine in the template
in the presence of Hg2+ ions.

Table 6 Metal arrays generated in DNA molecules

Base-pair Number dM–M
a/Å Method Ref.

S–CuII–S/T–HgII–T 10 ESI-MS, titration (UV) 119
S–CuII–S 10 ESI-MS, titration (UV) 120
U–HgII–U 6 NMR, titration (UV/CD), Tm (UV) 34
H–CuII–H 5 3.7 ESI-MS, titration (UV/CD), ESR 4
T–HgII–T 5 ESI-MS, titration (UV/CD) 6
H–CuII–H/Py–HgII–Py 3 ESI-MS, titration (UV) 119
Im–AgI–Im 3 3.79–4.51b NMR (1JNAg

c, 15N-CSd, NOE-based 3D structure) 19 and 21
T–HgII–T 2 4.03–4.15 NMR (1JNN

e, 15N-CSd, NOE-based 3D structure), titration (UV/CD), Tm (UV) 16, 22 and 27
T–HgII–T 2 3.3 Crystal structure 23
Dipic–CuII–Py 4 Tm (UV) 121
Dipam–CuII–Py 4 Tm (UV) 121
PyPur–NiII–PyPur 3 Tm (UV) 122

a Distance between metal cations. b The refined AgI–AgI distance with theoretical calculations was 3.41–3.68 Å.21 c 1J(15N,107/109Ag). d 15N chemical
shift. e 1J(15N,15N).

Fig. 14 A template–primer complex for the formation of T–HgII–T base-
pairs by DNA polymerases.

Fig. 15 MALDI-TOF mass spectrum of the primer-extension product
(catalysed by DNA polymerases in the presence of Hg2+ ions).
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The logical next question is whether the C–AgI–C base-pair
can be used as a W–C base-pair analogue in the extension
reaction catalysed by DNA polymerases. Primer-extension reac-
tions in the presence of Ag+ ions (Fig. 16) showed that KF
unexpectedly incorporated dATP instead of dCTP into the site
opposite to cytosine in the template to form an AgI-mediated
C–A base-pair (C–AgI–A).129 The structure of the C–AgI–A base-
pair was tentatively assumed to contain an N3(C)–AgI–N7(A)
linkage (Fig. 17). Extensive studies of the extension reaction in
the presence of Ag+ ions demonstrated that the C–AgI–T base-
pair is also formed by DNA polymerases (Fig. 17),130 although
the AgI-mediated enzymatic incorporation of dTTP opposite to
cytosine in the template is somewhat dependent on the
sequence upstream of the site of incorporation. Under 10 mM
deoxynucleoside-50-triphosphates (dNTPs) and 0.2 units of KF
without 30 - 50 exonuclease activity KF(exo-), formation of the
C–AgI–C base-pair was not observed; hence, of the three AgI-
mediated base-pairs shown in Fig. 17, the C–AgI–C base-pair is
the most difficult to be elongated by DNA polymerase.130 Under
more stringent conditions (20 mM dCTP, 0.8 units of KF(exo-)),
however, the enzymatic incorporation of dCTP opposite to
cytosine in the template proceeded, depending on the sequence
of the template.130 It was reported that 5-methyldeoxycytidine
triphosphate (m5dCTP) shows a higher substrate activity for
DNA polymerase than dCTP.131 The enzymatic formation of the
T–HgII–T and C–AgI–T base-pairs is strictly governed by the
Hg2+ and Ag+ ions and is also highly specific for these metal
ions. Based on the high specificity and using the primed
template shown in Fig. 18, the regulated incorporation of
Hg2+ and Ag+ ions into programmed sites in a duplex by DNA
polymerase was achieved.130

The formation of T–HgII–T and C–AgI–C base-pairs was
exploited for the construction of DNA-based logic gates.110

Primed templates with a T–T or C–C mismatch at the 30 primer
terminus were constructed. These primed templates were
amplified by the addition of Hg2+ and/or Ag+ ions. An AND

gate proceeded with exponential polymerase chain reaction
(PCR) amplification (output) when both Hg2+ and Ag+ ions were
added as inputs; the addition of either Hg2+ or Ag+ ions did not
generate output signals. An OR gate proceeded with exponential
PCR amplification (output) in the presence of either Hg2+ or Ag+

ions or in the presence of both ions. In addition, the programmed
incorporation of the T–HgII–T and C–AgI–T base-pairs, as described
earlier, also behaves like an AND gate.130

Some artificial base-pairs have been shown to function as a
‘‘third base-pair’’ in PCR.125,126 The development of replicable
metallo-base-pairs composed of artificial nucleobases (metal
chelators) would provide an alternative approach to the expansion
of the genetic alphabet. The Dipic–CuII–Py base-pair (Fig. 5) was
created by Meggers, Romesberg, and Schultz with this concept in
mind.2,55,132 An actual application in this direction was first
reported by Carell and coworkers. They reported a S–CuII–S base-
pair as a base-pair orthogonal to natural ones (Fig. 6 and 19).56 Two
opposing salicylic aldehyde deoxyribosides (dS) in a duplex form a
reversible cross-link through an ethylenediamine bridge; the result-
ing bridge is stabilised by the coordination of a Cu2+ ion. This CuII-
mediated artificial base-pair was recognised by DNA polymerases
such as Bst Pol I, which selectively incorporated dSTP opposite to a
templating dS base in the presence of ethylenediamine and Cu2+

ions. Furthermore, natural dNTPs did not compete with dSTP for
binding opposite to the templating dS, so that the S–CuII–S
base-pair is fully orthogonal to the canonical base-pairs, even in
amplification by PCR.

A metal-mediated hetero-base-pair (metallo-base-pair composed
of two different metal chelators) may be advantageous for increasing

Fig. 17 AgI-mediated base-pairs. The word ‘‘dR’’ denotes deoxyribose.

Fig. 18 Regulated incorporation of two different metal ions into pro-
grammed sites by DNA polymerases.

Fig. 19 Formation of the S–CuII–S base-pair. The word ‘‘dR’’ denotes
deoxyribose.

Fig. 16 The template–primer complex for the primer extension catalysed
by DNA polymerases in the presence of Ag+ ions.
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the number of codons. Most recently, the CuII-mediated hetero-
base-pair purine-2,6-dicarboxylate–CuII–3-pyridine (PurDC–CuII–3-Py)
was reported (Fig. 20).133 Duplexes containing this base-pair were
selectively stabilised by the addition of Cu2+ or Zn2+ ions. Most of
the DNA polymerases tested in the study133 incorporated dPurDC

triphosphate (dPurDCTP) opposite to 3-Py in the template in the
presence of Cu2+ ions; some polymerases incorporated dPurDCTP
even in the presence of Zn2+ ions. Although the enzymatic incor-
poration of dPurDC opposite to 3-Py in the template in the presence
of canonical dNTPs was not described, the introduction of these
artificial bases into the sites complementary to the canonical bases
caused significant destabilisation of the duplexes. This may suggest
that dPurDC and 3-Py do not compete with the natural bases in the
DNA-polymerase-catalysed extension reaction.

These results suggest that a metal-mediated base-pair, formed
by DNA polymerases, would be useful and widely applicable to
molecular devices such as initiators for PCR amplification leading
to DNA logic gates, highly sensitive metal-ion sensors,134 and a
‘‘third base-pair’’ for expanding the genetic alphabet.

Summary and perspectives

In this feature article, we dealt with both natural-nucleobase-based
metallo-base-pairs and artificial metal-chelator-based ones. First,
we summarize the current status of natural-nucleobase-based
metallo-base-pairs as a starting point of this feature article. We
then propose future prospects of the metallo-base-pairs (natural-
base-based and artificial metal-chelator-based ones) on the basis of
their accumulated fundamental properties.

Since we discovered T–HgII–T and C–AgI–C base-pairs, we
have extensively explored their fundamental properties. To
date, we determined the chemical structure of the T–HgII–T
base-pair based on the observation of 2J(15N,15N) in 15N NMR
spectra, which is solid evidence for the N3–HgII–N3 linkage.
Additionally, we determined the 3D structures of DNA duplexes
including tandem T–HgII–T base-pairs in solution and in the
crystal. Unexpectedly, the 15N NMR spectra (downfield shift of
N3 at the HgII-ligated site) and the Raman spectra (low-
wavenumber shift of the C4QO4 stretching band) indicated
the highly ionic nature of the N3–HgII bond, although it has
covalent nature. Theoretical calculations confirmed the low
covalency of the N3–HgII bond (a lowered bond order (0.22)
compared to the original N3–H bond (0.50) of thymine) and the
resulting highly cationic nature of HgII. Furthermore, 15N NMR
parameters (2J(15N,15N) and 15N chemical shifts) derived from
T–HgII–T base-pairs have become standard reference values for
NMR parameters for N-metallated compounds. This means
that our NMR spectroscopic parameters have influenced

coordination and inorganic chemistry, and they will form the
structural/chemical basis for later studies.

We further determined the thermodynamic parameters for
T–HgII–T and C–AgI–C base-pairing. In both cases, ITC studies
gave negative enthalpy values and positive entropy values for
their formation. The positive entropy change was demonstrated
to be a dehydration entropy, as the dehydration of Hg2+ ions
was demonstrated by the 3D structures of metallo(HgII)–DNA
duplexes. This is quite a rare case for which the structurally
silent entropy parameter was identified from a 3D structure.

The 3D structures further demonstrated the close contact
between HgII in adjacent T–HgII–T base-pairs in DNA duplexes.
This HgII–HgII close contact provides evidence for the metallo-
philic attraction, which was also indicated by our theoretical
calculations on tandem T–HgII–T (U–HgII–U) base-pairs. Thus,
all of the experimental and theoretical data consistently explain
the fundamental physicochemical properties of the T–HgII–T
base-pair, and these properties were comprehensively charac-
terised by basic structural, spectroscopic, thermodynamic, and
theoretical studies. Therefore, as the next targets, the chemical
structures of C–AgI–C/C–AgI–A/C–AgI–T base-pairs and their 3D
structures in DNA duplexes should be determined to generate a
complete fundamental dataset for metallo-base-pairs composed
of natural nucleobases.

As a future prospect, metallo-DNA duplexes with a long tract
of metallo-base-pairs may be assumed attractive with regard to
the construction of conductive nanowires and semiconductors.
Nevertheless, it still remains unclear whether such a long tract
of metallo-base-pairs can be generated because growing repul-
sion among metal cations may be destructive for 3D structures.
For this issue, the crystal structure of the metallo(HgII)–DNA
duplex unveiled the close distance between Hg2+ ions (3.3 Å) of
neighbouring T–HgII–T base-pairs.23 Furthermore, the positive
cooperativity for HgII-binding to the consecutive T–T mis-
matches (second Ka 4 first Ka, Table 5) indicated that the close
contact of Hg2+ ions is thermodynamically favourable. Hence,
the key issue to be resolved is how to produce a metallo-DNA
duplex long enough for the construction of functional nano-
wires. In addition, their conductivities must be examined. In
that regard, theoretical implication of a continuous (node-free)
LUMO overlap through adjacent Hg2+ ions indicated that an
effective route for excess electrons may exist. Both the struc-
tural and the electronic properties of metallo(HgII)–DNA thus
suggest that realization of a conductive nanowire is possible.

Artificial metal-chelator-based metallo-base-pairs are also
interesting candidates of a conductive nanowire. Their several
3D structures are available (Dipic–CuII–Py,55 S–CuII–S,56

H–CuII–H,58 C–AuIII–G60 and Im–AgI–Im19,21), and the electronic
properties of the Im–AgI–Im base-pair were studied.21 It is also
noteworthy that the longest metal-arrays were produced using the
S–CuII–S base pair and S–CuII–S/T–HgII–Tmixed base pairs,119,120 In
addition, fine-tuning or drastic alteration of the properties of metal-
chelator-based metallo-DNA molecules can be freely performed by
modifying or altering molecular skeletons. On the other hand,
natural nucleobase-basedmetallo-DNAsmay have some limitations
for their applications in molecular devices, due to their limited

Fig. 20 PurDC–CuII–3-Py base-pair. The word ‘‘dR’’ denotes deoxyribose.
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chemical diversities of nucleobases even if metallo-DNAs with
modified nucleobases70,71 are taken into consideration. However,
extensively accumulated structural/physicochemical data for
T–HgII–T and C–AgI–C base-pairs might help us construct molecular
devices based on their physicochemical properties.

Therefore, metallo-DNA molecules with other existing
metallo-base pairs (artificial metal-chelator-based and natural
nucleobases-based ones) need to be characterized both structurally
and physicochemically toward their technological applications. We
may foresee that the number of structures and spectroscopic/
thermodynamic parameters ofmetallo-DNAmolecules will increase
due to their necessity for the construction of molecular devices
based on the bottom-up approach. Such fundamental achieve-
ments will lead to the rational design of a variety of new molecular
nanodevices in future.
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V. Sychrovský, Chem. – Eur. J., 2013, 19, 9884–9894.
65 K. Petrovec, B. J. Ravoo and J. Müller, Chem. Commun., 2012, 48,

11844–11846.
66 H. Torigoe, Y. Miyakawa, A. Ono and T. Kozasa, Thermochim. Acta,

2012, 532, 28–35.
67 H. Torigoe, Y. Miyakawa, A. Ono and T. Kozasa, Nucleosides,

Nucleotides Nucleic Acids, 2011, 30, 149–167.
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High-Resolution Crystal Structure of a Silver(I)–RNA Hybrid Duplex
Containing Watson–Crick-like C�Silver(I)�C Metallo-Base Pairs
Jiro Kondo,* Yoshinari Tada, Takenori Dairaku, Hisao Saneyoshi, Itaru Okamoto,
Yoshiyuki Tanaka, and Akira Ono

Abstract: Metallo-base pairs have been extensively studied for
applications in nucleic acid-based nanodevices and genetic
code expansion. Metallo-base pairs composed of natural
nucleobases are attractive because nanodevices containing
natural metallo-base pairs can be easily prepared from
commercially available sources. Previously, we have reported
a crystal structure of a DNA duplex containing T�HgII�T base
pairs. Herein, we have determined a high-resolution crystal
structure of the second natural metallo-base pair between
pyrimidine bases C�AgI�C formed in an RNA duplex. One
AgI occupies the center between two cytosines and forms a C�
AgI�C base pair through N3�AgI�N3 linear coordination. The
C�AgI�C base pair formation does not disturb the standard A-
form conformation of RNA. Since the C�AgI�C base pair is
structurally similar to the canonical Watson–Crick base pairs, it
can be a useful building block for structure-based design and
fabrication of nucleic acid-based nanodevices.

Metal-mediated base pairs, which are also called metallo-
base pairs, are currently receiving considerable attention
because of their potential in nanobiotechnology.[1] For
example, several metallo-base pairs composed of natural
and artificial nucleobases have been applied to nucleic acid-
based nanodevices, such as metal ion sensors,[2] electric
transport nanowires,[3] and molecular magnets.[4] We have
been especially focusing on the metallo-base pairs composed

of only natural nucleobases, since nucleic acids containing
such base pairs can be easily prepared from commercially
available sources. The first metallo-base pair composed of
natural nucleobases found in DNA duplex is a T�HgII�T base
pair.[5] Very recently, more than a half century after discovery
of the natural metallo-base pair,[5a] tertiary structures of DNA
duplexes containing the T�HgII�T base pairs have been
finally solved by our X-ray and NMR studies.[6] The first
natural metallo-base pair found in RNA duplex is a G�AuIII�
C base pair, which was incidentally obtained by heavy metal
soaking into crystals of the HIV-1 RNA dimerization-
initiation site,[7] though specificity between AuIII and the
Watson–Crick G=C base pair is not well understood and
occupancy of AuIII is only 0.35.

Our discovery of the next metallo-base pair composed of
natural nucleobases, a silver-mediated C�C base pair (C�
AgI�C), expanded the possibilities for application of natural
metallo-base pairs to nanobiotechnology.[8] We have observed
by melting temperature analyses that AgI significantly
stabilizes a DNA duplex d(A10CA10)/d(T10CT10) containing
a CC mismatch at the center. However, other metal ions
tested (HgII, CuII, NiII, PdII, CoII, MnII, ZnII, PbII, CdII, MgII,
CaII, FeII, FeIII, and RuIII) did not affect the stability of the
DNA duplex, suggesting that the CC mismatch selectively
captures AgI.[8] The specific binding of AgI to the CC
mismatch has been confirmed by 1D 1H NMR spectroscopy,
CD spectroscopy, electrospray ionization mass spectroscopy,
and isothermal titration calorimetry (ITC).[8,9] The ITC-
derived binding constant of the complex between AgI and
a DNA duplex containing a CC mismatch is nearly 106m�1,
which is significantly larger than those observed for non-
specific interactions between metal ions and DNA (103–
105m�1).[9] The 1:1 binding stoichiometry between AgI and the
CC mismatch was also quantitatively determined by the ITC
experiment and 1D 1H NMR spectroscopy.[8,9] However,
detailed structural information of a nucleic acid duplex
containing the C�AgI�C base pair has long been missing.
Herein, we have successfully determined the crystal structure
of an RNA duplex containing the C�AgI�C base pairs at
a resolution of 1.3 . So far, the C�AgI�C base pair has been
extensively applied for developing several nucleic acid-based
nanodevices[10] and for genetic code expansion[11] even with-
out its detailed structural information. The present high-
resolution crystal structure of the C�AgI�C base pair,
together with our previously reported crystal and solution
structures of the T�HgII�T base pair[6] open the possibility of
structure-based design of nanodevices containing natural
metallo-base pairs.
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The RNA dodecamer r(GGACU[dCBr]GACUCC)
(RNA-C4C9; dC

Br= 5-bromo-2’-deoxycytosine), designed to
form a self-complementary duplex containing two CC mis-
matches, was chemically synthesized (Gene Design Inc.
Japan) and purified by denatured polyacrylamide gel electro-
phoresis and reverse phase chromatography. A 5-bromo-2’-
deoxycytosine is introduced at the sixth position for resolving
the phase problem by the anomalous dispersion method.
Needle-shaped and rod-shaped single crystals of RNA-C4C9

were grown in conditions with and without AgI, respectively
(RNA-C4C9/AgI and RNA-C4C9 crystals; Supporting Infor-
mation, Table S1). To confirm whether linearly coordinating
HgII binds to the CC mismatch or not, the RNA was also
crystallized in the presence of HgII, and rod-shaped single
crystals were obtained (RNA-C4C9/HgII crystal; Supporting
Information, Table S1). These crystal structures are deposited
in the Protein Data Bank (PDB) with the ID codes 5AY2,
5AY3, and 5AY4 (Supporting Information, Table S2). Details
of materials and methods are found in the Supporting
Information.

In the RNA-C4C9/AgI crystal, an asymmetric unit was
composed of two RNA duplexes (Supporting Information,
Figure S1a). These duplexes are almost identical to each
other (Figure S1b). At the center and both ends of these
duplexes, the canonical Watson–Crick G=C and AU base
pairs are formed. At the fourth and ninth positions of these
duplexes, Watson–Crick-like CAgICmetallo-base pairs are
formed as expected (Figure 1a,b). The local helical parame-
ters, intra-base pair parameters and pseudorotation phase
angles indicate that these RNA duplexes maintain the
standard A-form conformation, regardless of CAgIC for-
mation (Supporting Information, Tables S3,S4).

The 2 jFo j  jFc j electron density maps and the molecular
models of the CAgIC base pairs show that one AgI is placed
at the center of a CC mismatch (Figure 1c; Supporting
Information, Figure S2). The distances between the N3 atoms

of the C4 and C9 residues and AgI are 2.2–2.3 , indicating
that N3 coordinates to AgI by using its lone pair. The N3
AgIN3 angles are 177–1808. The linear coordination is very
similar to that observed in a previously reported NMR
structure of a DNA duplex containing a synthetic metallo-
base pair, imidazoleAgIimidazole, in which the AgIN3
distances are 2.1 .[12] The propeller twist angles of the C
AgIC base pairs (29–278) are remarkably larger than
those of the canonical Watson–Crick base pairs in the A-form
RNA duplex (128) (Figure 1d;Supporting Information, Fig-
ure S2, Table S3). The propeller twist along the linear N3
AgIN3 bond apparently occurs owing to the repulsion
between amino groups at the fourth positions of cytosines.
In fact, the N4N4 distances (4.9–5.1 ) are longer than the
O2O2 distances (3.9–4.4 ). The AgI does not make any
special interaction with the upper and lower base pairs. The
distances of C1’C1’ (9.1–9.6 ) of the CAgIC base pairs
are about 1  shorter than that of the canonical Watson–
Crick base pairing (10.7 ). However, RNAmaintains the A-
form conformation.

The detailed geometry of the CAgIC base pair agrees
with the previously determined 1:1 binding stoichiometry
between AgI and the CC mismatch,[9] and is very similar to
that of the THgIIT base pair solved by our X-ray analysis,
where one HgII is placed at the center of a TT mismatch and
makes linear coordination to two deprotonated N3 atoms of T
residues with 2.0  distances (Supporting Information, Fig-
ure S3a).[6] On the other hand, the geometry is completely
different from a complex between AgI and 1-methylcytosine
where two AgI ions bridge between two 1-methylcytosines in
trans geometry through O2AgIN3 coordinate bonds (Sup-
porting Information, Figure S3b),[13] and also from a complex
between PtII and cytosine where one PtII ion makes square
planer coordination with two cytosines and two ammonias
(Supporting Information, Figure S3c).[14]

Figure 1. Secondary (a) and crystal structures (b) of the A-form RNA duplex obtained in the presence of AgI and local structure of CAgIC base
pair (top view with local 2 jFo j jFc j (blue: 1.5 s contour level) map (c), and side view (d). In these figures, AgI ions are shown as gray spheres.
Coordinate bonds between N3 of C and AgI are represented by dashed lines with distances in .
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In the absence of AgI, RNA-C4C9 adopts the A-form
double helical structure (Figure 2). The duplex is almost
identical to the two duplexes obtained in the presence of AgI

(Supporting Information, Figure S4). In the duplex, two CC
mismatches form asymmetrical water-mediated CC base
pairs through one direct hydrogen bond N3(C4)···HN4(C9*),
and two water-mediated hydrogen bonds N4(C4)H···O···H
N4(C9*) and O2(C4)···HOH···N3(C9*) (Figure 2c; Sup-
porting Information, Figure S5). The base pair is different
from the cis Watson–Crick CC+ base pair with O2(C)···H
N3(C+) and N3(C)···HN4(C+) hydrogen bonds (Supporting
Information, Figure S3d).[15] In the case of the C4C9* base
pair, C4 stays at its usual position and C9* shifts toward the
minor groove of the RNA duplex, thereby making a well-
ordered C4C9* base pair. On the other hand, the C9C4* base
pair is disordered between two conformations (Supporting
Information, Figure S5b). Since the C1’C1’ distances of the
two water-mediated CC base pairs (10.7–10.8 ) are very
similar to those of the Watson–Crick base pairs (10.6  in
average), the RNA duplex is not distorted at all (Supporting
Information, Tables S5,S6).

To confirm the AgI-selectivity of the CC mismatch, we
have also determined a structure of the RNA-C4C9/HgII

crystal obtained in the presence of HgII. The RNA-C4C9/
HgII crystal is isomorphous with the RNA-C4C9 crystal
obtained in the absence of AgI (Supporting Information,
Table S2) and RNA duplexes observed in these crystals are
identical to each other (Supporting Information, Figure S6).
In agreement with our previous result of melting temperature
analyses,[8] HgII did not bind to the CC mismatches in the
RNA-C4C9 duplex (Supporting Information, Figure S7). Any
strong electron density of HgII was not observed, meaning
that HgII ions may exist in the crystal lattice but their bindings
to the RNA duplex are not specific.

In the past decade, several natural[8,9, 11,16] and artifi-
cial[12,17] AgI-mediated base pairs have been found and

constructed. However, only one detailed tertiary structure,
a DNA duplex containing imidazoleAgIimidazole base
pairs determined by NMR, has been reported so far.[12] In the
present study, we have successfully determined high resolu-
tion crystal structures of RNA duplexes containing CC
mismatches in the presence and absence of AgI and HgII.
These crystal structures revealed the following: i) AgI

specifically binds to the CC mismatch and forms the C
AgIC base pair through N3AgIN3 linear coordination; ii)
AgI does not disturb the standard A-form conformation of
RNA by forming the CAgIC base pairs; iii) the CAgIC
base pair is structurally similar to the canonical Watson–Crick
base pairs as well as THgIIT metallo-base pair, iv) the AgI-
selectivity of the CC mismatch was crystallographically
confirmed. Now we have detailed structural information of
the two Watson–Crick-like metallo-base pairs THgIIT and
CAgIC, which are composed of natural nucleobases and
have high metal ion selectivity. This information opens the
door to the possibility of structure-based design of nucleic
acid-based nanodevices containing the natural metallo-base
pairs.
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Direct detection of the mercury–nitrogen bond in
the thymine–HgII–thymine base-pair with 199Hg
NMR spectroscopy†

Takenori Dairaku,‡a Kyoko Furuita,‡b Hajime Sato,‡c Jakub Šebera,‡de

Daichi Yamanaka,a Hiroyuki Otaki,a Shoko Kikkawa,a Yoshinori Kondo,a

Ritsuko Katahira,b F. Matthias Bickelhaupt,fg Célia Fonseca Guerra,f Akira Ono,h

Vladimı́r Sychrovský,*d Chojiro Kojima*b and Yoshiyuki Tanaka*ai

We have observed the 1-bond 199Hg–15N J-coupling (1J(199Hg,15N) =

1050 Hz) within the HgII-mediated thymine–thymine base pair

(T–HgII–T). This strikingly large 1J(199Hg,15N) is the first one for canonical

sp2-nitrogen atoms, which can be a sensitive structure-probe of

N-mercurated compounds and a direct evidence for N-mercuration.

Mercury-199 NMR spectroscopy is used to probe coordination
modes, coordinating elements, and the nature of metals in
biomolecules.1 Within the 199Hg NMR data, those for N–Hg
bonds are of particular importance as metals in proteins and in
DNA/RNA molecules frequently interact with nitrogen atoms.
Moreover, the N–HgII bond formation in the HgII-mediated
thymine–thymine base pair (T–HgII–T) corresponds to an irregular
‘‘deprotonative’’ N-mercuration in water of a bulk proton source.2–7

In addition, extraordinary thermal stability with a positive reaction
entropy was observed for N–HgII–N bonding in a DNA duplex.8–12

The stability of the Hg–DNA complex can be explained partly
owing to the metallophilic attraction between Hg atoms in
consecutive T–HgII–T base pairs, and the metallophilic attraction
itself is a recent hot topic of inorganic chemistry.13–17

Despite such biological/chemical importance, N–HgII bonds
remained uncharacterized. Particularly, the measurements of
1J(199Hg,15N) is challenging, owing to the large chemical shift
anisotropy (CSA) of 199Hg and low natural abundance of 15N.18

The only |1J(199Hg,15N)| value of a linear two-coordinate complex
was recorded for (Me3Si)2N–HgII–N(SiMe3)2.

19 The |1J(199Hg,15N)|
values for other coordination modes of 199Hg are also limited to
HgII–CyDTA (trans-l,2-diaminocyclohexane-NNN0N0-tetraacetate)20

and HgII–(NHMe2)2Cl2
21 complexes (Tables S1 and S2 in ESI†).

However, in all cases, some of important parameters such as
structure, 15N or 199Hg NMR chemical shifts (d(15N) or d(199Hg)),
2-bond 15N–15N J-couplings across HgII, (2J(15N,15N)) or hybridiza-
tion state of nitrogen atoms always remained unknown. Therefore,
a complete 199Hg/15N NMR J/d dataset for a structurally well-defined
compound has never been recorded so far.

In this sense, the T–HgII–T base pair (Fig. 1) provides an
excellent platform for studying 1J(199Hg,15N), as its chemical and
3-dimensional (3D) structures have been solidly determined3,6,7,12,22

and historically accumulated data2–4,23,24 are available. Regarding
the NMR parameters of the T–HgII–T base pair, the 199Hg chemical
shift d(199Hg),23 the 2-bond 15N–15N J-coupling across HgII,
2J(15N,15N)6 and d(15N)6 were previously determined. Hence,
the only missing NMR parameter for characterizing the unique
physicochemical properties of the N–HgII bond is 1J(199Hg,15N).
Once it is measured for T–HgII–T, the T–HgII–T system will
provide a complete J/d dataset for 199Hg/15N with a reliable
structure, and the 1J(199Hg,15N) value may provide a key concept for
constructing molecular devices8,25–44 from HgII–DNA complexes.

To measure 1J(199Hg,15N) in T–HgII–T, its highly soluble
15N-labeled complex is crucial for 199Hg/15N signal detection.
In addition, HgII–ligand exchanges must be suppressed to avoid
the disappearance of 1J(199Hg,15N) owing to exchange broadening.
Considering these facts, we determined the 1J(199Hg,15N)
value by using a thymidine–HgII–thymidine complex (T–HgII–T).
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To confirm if the splitting of the 199Hg resonance is 1J(199Hg,15N), we
monitored the disappearance of the splitting upon 15N-decoupling
using a special NMR probe for detecting 15N-heteronucleus correla-
tions. Lastly, the derived 1J(199Hg,15N) value was also investigated
theoretically with relativistic density functional theory (DFT)
including spin–orbit coupling effects.

In this study, we used 15N-labeled thymidine to produce
15N-labeled T–HgII–T. To suppress the exchange of HgII ligands, we
prepared a sample that contained T–HgII–T exclusively, without any
anion (competitive HgII–ligands against thymine). Such sample was
prepared by the reaction [thymidine + HgO - T–HgII–T + H2O]
followed by H2O evaporation.24 The resulting pure 15N-labeled
T–HgII–T was subjected to 199Hg NMR measurements in dimethyl
sulfoxide-d6 (DMSO-d6) (Fig. 1). The

199Hg NMR signal was success-
fully observed as a triplet resonance at d(199Hg) = � 1784 ppm, with
the absolute 1J-value |1J(199Hg,15N)| = 1050 Hz (Fig. 1 and Table 1).
The observed d(199Hg) value was the same as that observed pre-
viously in T–HgII–T,23 which ensured successful sampling.

The 199Hg NMR spectrum under 15N-decoupling and 15N NMR
spectrum were recorded to exclude the possibility that the
observed splitting of the 199Hg signal might arise from a structural
polymorphism. Notably, the splitting disappeared upon the
15N-decoupling (Fig. 1b). It should be further noted that this
15N-decoupled 199Hg NMR spectrum can’t be recorded with
conventionally available probes. This measurement became
possible only by using the special probe, which can perform a
15N–199Hg double resonance spectroscopy. In addition, the splitting
of the 15N resonance (1050 Hz) was observed as satellite peaks at
d(15N) = 184 ppm in the 1-dimensional 15N NMR spectrum (Fig. S1
in ESI†). Thus, the splitting of the 199Hg resonance shown in Fig. 1a
should be interpreted as 1J(199Hg,15N).

The |1J(199Hg,15N)| value of 1050 Hz for T–HgII–T was strikingly
larger than the 1J-coupling of (Me3Si)2N–Hg

II–N(SiMe3)2 (316.2 Hz),
19

HgII–CyDTA complexes (365.7–395.5 Hz),20 and HgII–(NHMe2)2Cl2
(14.7 Hz)21 (Table 1 and Tables S1 and S2 in ESI†). Thus, the
observed |1J(199Hg,15N)| value for T–HgII–T is the largest of all
1J-values reported to date.

Here we investigate the correlation between |1J(199Hg,15N)|
value and N-hybridization state. Within the compounds whose
|1J(199Hg,15N)| were reported, T–HgII–T and (Me3Si)2N–HgII–
N(SiMe3)2 possess the linear two-coordinate structure, and their
|1J(199Hg,15N)| values can be compared. Regarding the N-hybridiza-
tion state of (Me3Si)2N–HgII–N(SiMe3)2, an sp2-like planar structure
of the nitrogen atoms was suggested from the electron diffraction
study,19 which is further supported by Bent’s rule45 (see Supporting
discussion in ESI† for Bent’s rule). Therefore, the HgII-bound
nitrogen atoms in both samples belong to the sp2 category
basically, and the current data of |1J(199Hg,15N)| are insufficient
for us to correlate between |1J(199Hg,15N)| and N-hybridization, due
to the lack of the 1J-values for N(sp)–HgII and N(sp3)–HgII bonds.

As a further investigation, |1J(199Hg,15N)| values for the ‘‘sp2

nitrogen’’ in T–HgII–T and ‘‘sp2-like nitrogen’’ in (Me3Si)2N–
HgII–N(SiMe3)2 were strikingly different (Table 1). However, this
may be because the sp2-like N-hybridization in (Me3Si)2N–HgII–
N(SiMe3)2 might be different from the ‘‘canonical sp2 nitrogen’’
in T–HgII–T. This possibility was also inferred from 14/15N NMR
spectroscopic data,46 where the 14N NMR chemical shift for the
Si2N–HgII–NSi2 linkage showed a rather sp3-like value (d(14N) =
66.2 ppm,46 Table S1 in ESI†). By contrast, d(15N) for HgII-linked
N3 in T–HgII–T is 184 ppm, and the value is located within the
empirical range for an sp2-hybridized nitrogen (Fig. S1 and
Table S1 in ESI†). From these facts, the N-hybridization state of
(Me3Si)2N–HgII–N(SiMe3)2 can’t be unambiguously assigned
(see also Supporting discussion in ESI† for details). However,
on the basis of the investigations mentioned above, the
|1J(199Hg,15N)| value might be a sensitive NMR parameter for
detecting differences in the fine electronic structures of T–HgII–
T and (Me3Si)2N–HgII–N(SiMe3)2.

Fig. 1 One-dimensional 199Hg NMR spectrum (71.667 MHz for 199Hg
frequency) of the thymidine–HgII–thymidine complex (25 mM) in
DMSO-d6 under natural abundance 199Hg (16.84%). (a) The 1D 199Hg
NMR spectrum without 15N-decoupling. (b) The 1D 199Hg NMR spectrum
with 15N-decoupling. The 199Hg NMR chemical shifts are displayed with
respect to dimethylmercury (0 ppm) using 1 M HgCl2 in DMSO-d6 as
a secondary reference (�1501 ppm).55 The chemical structure of the
T–HgII–T is depicted above the spectrum, with ‘‘R’’ denoting ribose.

Table 1 Experimental and theoretical 199Hg NMR parameters

Ligand Method N-hybrida |1JHgN|
b d(199Hg)c

Thymined Experiment sp2 1050 �1784
Theorye sp2 931 f �1848

N(SiMe3)2
g Experiment sp2-likeh 316.2i �992 j

Theorye sp2-likeh 278.4 f �827

a Hybridization state of nitrogen atoms. b The ‘‘absolute’’ 1-bond
199Hg–15N J-coupling, |1J(199Hg,15N)|, in Hz. c 199Hg NMR chemical shift
in ppm with respect to dimethylmercury (0 ppm). d The T–HgII–T
complex. e The theoretical calculation (ZORA-SO-B3LYP/TZ2P) in this
work. The average values of 1J(199Hg,15N) and d(199Hg) were calculated
for rotational conformers of thymidine–HgII–thymidine, because the
energy barrier for rotation around the N–HgII–N axis was smaller than
1.1 kcal mol�1. The calculated d(199Hg) and 1JHgN values were therefore
averaged over respective rotamers (Table S5 in ESI). f The ‘‘–’’ sign was
calculated for J-coupling (Table S4 in ESI). g The (Me3Si)2N–HgII–N(SiMe3)2
complex. h See Supporting discussion (ESI) for details. i Ref. 19. j Ref. 53.
For chemical shift referencing see the footnote to Table S1 in ESI. It
should be noted that 15N6 and 1H54 chemical shift perturbations for
the thymidine–HgII–thymidine complexation were coherent with those
observed for the formation of the T–HgII–T base-pairs in a DNA duplex
(Table S1 in ESI).

Communication ChemComm

Pu
bl

is
he

d 
on

 1
3 

A
pr

il 
20

15
. D

ow
nl

oa
de

d 
by

 K
an

ag
aw

a 
U

ni
ve

rs
ity

 o
n 

23
/0

5/
20

15
 0

5:
24

:3
7.

 

View Article Online

─ 240 ─



8490 | Chem. Commun., 2015, 51, 8488--8491 This journal is©The Royal Society of Chemistry 2015

We then quantum chemically computed |1J(199Hg,15N)| =
931 Hz and d(199Hg) = � 1848 ppm for T–HgII–T using DFT
including relativistic corrections from the zeroth-order regular
approximation (ZORA) with spin–orbit (SO) coupling, as implemen-
ted in the ADF program47–49 (see Table 1 and Tables S3–S5 in ESI†).
The theoretical |1J(199Hg,15N)| and d(199Hg) values agree well with the
experimental data (Table 1). With reference to the theoretical values
given by Bagno and Saielli (|1J(199Hg,15N)| = 670 Hz, d(199Hg) = �
1727 ppm),50 the theoretical |1J(199Hg,15N)| value was refined by
using the complex where it was actually recorded (Table S3 in ESI†).
The |1J(199Hg,15N)| value of 278.4 Hz calculated for (Me3Si)2N–Hg

II–
N(SiMe3)2 also agreed satisfactorily with experiment (316.2 Hz).19

The signs of 1J(199Hg,15N) for T–HgII–T and (Me3Si)2N–Hg
II–

N(SiMe3)2 were both ‘‘–’’ theoretically (Table S4 in ESI†).
In order to investigate the correlation between |1J(199Hg,15N)|

values and N-hybridization states theoretically, we further analyzed
the theoretical 1J(199Hg,15N). The calculated 1J(199Hg,15N) values
were dependent on the ‘‘Fermi Contact’’ + ‘‘Spin Dipole coupling’’
(FC + SD) term (Table S4 in ESI†). With the dominance of this
FC term, one may find the correlation between the N-hybridization
and |1J(199Hg,15N)| in the future, although it should be experimen-
tally explored.

Empirically, the d(199Hg) values are clustered in terms of linked
elements, hybridization states, and other factors of HgII-linked atoms
(Table S2 in ESI†). Such phenomena were explained on the basis of
the empirical correlation of d(199Hg) with the ionicity of the X–HgII

bond (high ionicity - up-field shift of d(199Hg)),51 Unfortunately,
owing to both a paucity of experimental d(199Hg) values for a linear
two-coordinate N–HgII–N linkage and the uncertain N-hybridization
state in (Me3Si)2N–Hg

II–N(SiMe3)2, the correlation between d(199Hg)
and the N-hybridization state of HgII-linked nitrogen also remains
obscure. Nevertheless, the highly up-field-shifted d(199Hg) value
for T–HgII–T among those of N-mercurated compounds suggests
that N(sp2)–HgII–N(sp2) covalent linkages possess significant
ionic character, which agrees with our previous studies
(Table 1 and Tables S1 and S2 in ESI†).7,52 This observation
suggests that d(199Hg) values can be used as a sensitive indicator
for probing the HgII coordination environment not only in
C-mercurated complexes but also in N-mercurated complexes,
including metalloproteins1 and metallo-DNA/RNA.

Accordingly, 199Hg NMR parameters, especially 1J(199Hg,15N), are
sensitive parameters for characterizing the electronic structures of
N-mercurated complexes and their N–HgII bonds as well as their
Hg atoms. Hence, the 1J(199Hg,15N) value could be a key parameter
for predicting the physicochemical properties of N-mercurated
complexes and making them into molecular devices, based on a
bottom-up approach.

The |1J(199Hg,15N)| value of 1050 Hz has been reported for
canonical sp2-hybridized nitrogen for the first time. From this
result, the T–HgII–T system provides a comprehensive and
reliable 199Hg/15N NMR dataset for probing the HgII environment
in N-mercurated compounds. This newly observed 1J(199Hg,15N)
coupling can be used for detecting N–Hg bond formations and
precisely characterizing these bonds.
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13 P. Pyykkö, Chem. Rev., 1997, 97, 597–636.
14 F.-A. Polonius and J. Müller, Angew. Chem., 2007, 119, 5698–5701

(Angew. Chem., Int. Ed., 2007, 46, 5602–5604).
15 L. Benda, M. Straka, Y. Tanaka and V. Sychrovský, Phys. Chem. Chem.
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a b s t r a c t

A photolabile protecting group, consisting of an o-nitrobenzyl group and a 3-(20-hydroxy-30,60-dimethyl-
phenyl)-2,2-dimethylpropyl moiety, was developed for phosphodiesters in oligodeoxyribonucleotides.
Deprotection was triggered by photoirradiation and subsequent spontaneous cyclization to release the
naked oligonucleotide.

� 2015 Elsevier Ltd. All rights reserved.

Oligonucleotide-based therapies promise to be highly specific
tools for the treatment of numerous human diseases. However,
the multi-anionic nature of oligonucleotides prohibits cellular
internalization.1,2 In addition, oligonucleotides are sensitive to
extra- and intracellular nucleolytic enzymes.3 To circumvent these
drawbacks, prodrug approaches (pro-oligonucleotides) have
received considerable attention.4–6 In the past two decades several
protecting groups for masking phosphodiesters have been
reported. Deprotection can be initiated by several triggers, includ-
ing exposure to esterases,4,7–18 thermolytic triggers,19–26

hypoxia,27 and light,28–30 to generate biologically active oligonu-
cleotides after cellular uptake of pro-oligonucleotides.

This study describes the development of a new protecting group
for use with phosphodiesters in oligonucleotides. The structure of
the protecting group and its expected deprotection pathway are
shown in Scheme 1. The protecting group is composed of a trigger
group (R) and a 3-(20-hydroxy-30,60-dimethylphenyl)-2,2-
dimethylpropyl skeleton. Depending on the specific structure the
R residue, several functions can act as triggers, including light,
enzymes, hypoxia, and heat. The trigger reaction releases R to gen-
erate a free phenolic hydroxyl group that spontaneously cyclizes to
produce a deprotected phosphodiester group. Note that the pres-
ence of methyl groups on the skeleton can accelerate the cycliza-
tion reaction.31–33 Cheruvallath and colleagues34 used the same
skeleton structure to connect synthetic oligonucleotides to a solid

support. In their procedure, the synthesized oligonucleotides were
released by treatment with concd NH4OH at 55 �C. Since the leav-
ing ability of a phosphodiester group is considerably greater than
that of a phosphomonoester group, our protecting group was
expected to undergo deprotection in neutral solutions, such as
cytoplasm.

In this study, a photolabile o-NO2-benzyl group was used as a
trigger-sensitive moiety (R). o-NO2-benzyl group has been used
for protection and caging of oligonucleotides35–37 and the photoly-
sis of o-NO2-benzyl groups proceeds in neutral solutions without
any additional reagents, allowing us to monitor the formation of
intermediates.

The synthesis of a phosphoramidite unit 6 is shown in
Scheme 2. Briefly, 3,6-dimethylphenol 1 was treated with methyl
3,3-dimethyl acrylate in the presence of methanesulfonic acid.
The resulting lactone derivative 2 was reduced by lithium alu-
minum hydride to give 2-(4-hydroxy-2-methylbutan-2-yl)-3,6-
dimethylphenol 3.38 Compound 3 was treated with o-NO2 benzyl
bromide in the presence of K2CO3 to give 4. Compound 4 was
assembled with 50-O-(4,40-dimethoxytrityl)-30-O-bis(N,N-diiso-
propylamino)phosphinyl-20-deoxythymidine 523 in the presence
of 1-H-tetrazole to give the desired phosphoramidite unit 6.
Using monomer unit 6, oligodeoxyribonucleotides having the pro-
tecting group (Pro-ODN) were synthesized using a standard proto-
col, as described in the Supplementary material.

A methanolic solution of Pro-ODN 1was irradiated with a super
high-pressure UV lamp at 0 �C for 5 min. The resulting solution was
stored at an appropriate temperature until HPLC analysis (Fig. 1).
Two peaks corresponding to diastereomers of Pro-ODN 1 were

http://dx.doi.org/10.1016/j.bmcl.2015.03.064
0960-894X/� 2015 Elsevier Ltd. All rights reserved.
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observed prior to irradiation (Fig. 1a). After irradiation, the peaks
corresponding to Pro-ODN 1 disappeared and were replaced with
peaks corresponding to a phenolic intermediate, Pro-ODN 10 and
a small amount of full deprotected product, ODN 1 (Fig. 1b). In this
HPLC profile, 14% of ODN 10 was converted to ODN 1. Pro-ODN 10

was relatively stable in methanol at 4 �C. Thus, 59% of Pro-ODN
10 was remained after 48 h (Fig. 1c, left). The cyclization rate
increased at 37 �C and Pro-ODN 10 was converted to a ODN 1 after
4 h in 66% yield (Fig. 1c, right). Pro-ODN 10 was fully deprotected
after 24 h (Fig. S1).

The deprotection reaction was then performed in a buffer solu-
tion instead of MeOH (Fig. 2) using Pro-ODN 2, which contains two
protecting groups. As similar to the Pro-ODN 1, first deprotection
of o-nitrobenzyl groups proceed smoothly in 5 min photo-
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Scheme 1. The molecular structure of the present photolabile protecting group and
its expected deprotection pathway.
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irradiation to give the phenolic intermediate, Pro-ODN 20 and fully
deprotected product, ODN 2 (Fig. 2b). In the aqueous solution, Pro-
ODN 20 was fully converted to fully deprotected ODN 2 after 1 h at
37 �C (Fig. 2c).

In conclusion, oligonucleotides were synthesized with new pro-
tecting groups on their phosphodiester moieties. Deprotection was
initiated by photoirradiation (5 min) and the deprotection reaction
was monitored by HPLC. The analyses indicated that phenolic
intermediates were initially generated and degraded to yield fully
deprotected ODN. Our results indicate that other trigger-sensitive
moieties may be employed instead of o-NO2-benzyl groups to fab-
ricate novel protecting groups. For example, the o-NO2-benzyl
group can be replaced with other photosensitive groups for excita-
tion at longer wavelengths (including two-photon excitation to
avoid biological damage and enhance light permeability). In addi-
tion, replacement of the o-NO2-benzyl with acyl, nitrobenzenesul-
fonyl, or glycoside groups will allow for diverse designs of biolabile
protecting groups for phosphodiesters in DNA/RNA.
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Isolation of a Tetranuclear Intermediate Complex in the
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Yusuke Kataoka,*[a] Natsumi Yano,[a] Tatsuya Kawamoto,[b] and
Makoto Handa*[a]

Keywords: Rhodium / Reaction intermediates / X-ray diffraction / Electronic structure / Density functional calculations

To investigate the detailed mechanism of formation of the
paddlewheel-type dirhodium tetraacetate [Rh2(O2CCH3)4-
(L)2] ([1-(L)2]; L = axial-coordinated solvent ligand), we per-
formed a step-by-step synthesis. The isolated red intermedi-
ate complex [Rh4(μ-Cl)4(O2CCH3)4(L)4] ([2-(L)4]) was charac-
terized by means of single-crystal X-ray diffraction, 1H NMR
spectroscopy, infrared spectroscopy, and elemental analysis.

Introduction
Paddlewheel-type dirhodium tetracarboxylate com-

plexes[1] that contain an Rh–Rh single bond have been ex-
tensively studied because of their interesting structures and
attractive properties, such as catalytic abilities,[2] their po-
tential utilities in photodynamic therapy, or as antitumor
agents.[3] These rich functional properties are derived from
the molecular orbital (MO) interactions of the dirhodium
unit, which includes degenerate σ-, π-, and δ-bonding orbit-
als and δ*- and π*-antibonding orbitals because of the pres-
ence of 14 d-electrons.[4] The most basic complex of this
type is dirhodium tetraacetate, [Rh2(O2CCH3)4(L)2]
([1-(L)2]; L = axial-coordinated solvent), for which basic in-
formation, such as its electrochemical and photophysical
properties, is already available.[5] Currently, [1-(L)2] is re-
garded as an important starting material for the synthesis
of not only paddlewheel-type dirhodium(II) complexes
bridged by carboxylato,[6] amidato,[7] and amidinato[8] li-
gands but also (porous) coordination polymers[9] and ex-
tended metal-atom chains.[10]

It is well known that the most efficient and general syn-
thetic method for [1-(L)2] is heating RhCl3·nH2O to reflux
under an inert gas, such as N2 or Ar, in a mixture of sodium
acetate, acetic acid, and ethanol (EtOH), as depicted in
Scheme 1.[11] The red reaction solution gradually turns into
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The crystal structure of [2-(MeOH)4], which was crystallized
from MeOH solution, has a unique twisted-box Rh4(μ-Cl)4

core coordinated by four μ-carboxylato bridging ligands and
four MeOH molecules as axially coordinated solvent mol-
ecules. The electronic structure and absorption properties of
[2-(MeOH)4] in MeOH were also carefully investigated both
experimentally and theoretically.

a dark green solution after having become a dark red solu-
tion, and a green solid precipitate of [1-(L)2] is obtained
after 1 h of heating under reflux conditions. In this reaction,
it has been deduced that EtOH serves as the reducing agent.
However, the details of this mechanism remain unknown,
and the reaction intermediate in the synthesis of [1-(L)2] has
never been isolated. To clarify the mechanistic details for
the synthesis of [1-(L)2], the intermediate complex in the
formation of [1-(L)2] must be isolated.

Scheme 1. General reaction scheme of dirhodium tetraacetate
[1-(L)2]; L = EtOH or H2O.

Herein, we report the first isolation of the intermediate
in the synthesis of dirhodium tetraacetate. The intermediate
complex, [Rh4(μ-Cl)4(μ-O2CCH3)4(L)4] [2-(L)4], which was
isolated by a step-by-step synthetic procedure, was charac-
terized by means of elemental analysis, 1H NMR spec-
troscopy, infrared spectroscopy, and single-crystal X-ray
diffraction analysis. In addition, we investigated the elec-
tronic structure and absorption properties of [2-(L)4] by
both experimental techniques and density functional theory
(DFT) calculations, because [2-(L)4] is considered to be a
promising precursor for novel dirhodium complexes and co-
ordination polymers. The overall mechanism for the synthe-
sis of [1-(L)2] is also investigated and discussed in detail.
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Results and Discussion

Synthesis and Characterization of [2-(L)4]

To investigate the mechanism of the formation of
[1-(L)2] in detail, we herein performed a step-by-step syn-
thesis. The exact strategy used in this study is shown in
Scheme 2.

Scheme 2. Step-by-step synthetic procedure used in this study; L =
EtOH or H2O.

The initial step (Step 1), which consists of a reaction of
RhCl3·3H2O and CH3COOH in EtOH (i.e., without the ad-
dition of CH3COONa), gave a dark red hygroscopic prod-
uct [2-(EtOH)4]. In this case, although L = EtOH immedi-
ately after completion of the synthesis, EtOH was gradually
exchanged for H2O in air. Drying under vacuum at 343 K
for 1 h gave the desolvated product [2] (yield 37.7%).

Single crystals of [2-(MeOH)4] suitable for X-ray diffrac-
tion were obtained by means of slow concentration of the
MeOH solution at 298 K. The crystal structure of [2-
(MeOH)4] was determined by single-crystal X-ray diffrac-
tion at 150 K. Compound [2-(MeOH)4] crystallizes in the
tetragonal space group I41/a. The structure (ORTEP view)
of [2-(MeOH)4] is shown in Figure 1, and selected geometri-
cal parameters are summarized in Table S1 of the Support-
ing Information. The two Rh2 units, each of which is
bridged by two μ-carboxylato ligands, are connected by
four μ-Cl ligands. Each axis of the Rh–Rh bonds in the
Rh4(μ-Cl)4 core is perpendicularly arranged, and thus the
Rh4(μ-Cl)4 core takes on a unique twisted box shape. Inter-
estingly, the Rh–Rh bond in [2-(MeOH)4] (2.538 Å) is

Figure 1. ORTEP view of [2-(MeOH)4] determined by single-crys-
tal X-ray diffraction at 150 K. Ellipsoids are drawn at the 50%
probability level.

Eur. J. Inorg. Chem. 2015, 5650–5655 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim5651

longer than those found in typical paddlewheel-type dirho-
dium complexes with single Rh–Rh bonds (2.37–2.45 Å)[1b]

because of the orientation of the coordinating mode and
the bulkiness of μ-Cl ions. We predicted that there would
be no direct bonds between Rh2 and Rh2 units but that
strong MO interactions in the Rh–Cl bond and weak or-
bital interactions between Rh2 and Rh2 units through μ-Cl
ions would be present, because the color of [2-(MeOH)4]
(dark red) is different from that of [1-(MeOH)2] (dark
green). Indeed, the Rh–Cl bonds (2.315 Å) of [2-(MeOH)4]
are shorter than typical Rh–Cl bonds. Notably, the overall
structure of [2-(MeOH)4] is unexpectedly similar to that of
[Rh4(μ-Cl)4(O2CnPr)4(CH3CN)4] (Rh–Rh 2.555 Å), which
was synthesized by the reaction of trialkylchlorosilane with
[Rh2(O2CnPr)4].[12]

As depicted in Figure 2, the 1H NMR spectrum of desol-
vated [2] in [D6]DMSO shows only one singlet resonance at
δ = 1.94 ppm, which corresponds to the C–H atom of the
methyl group in the μ-acetato ligand. This signal is shifted
considerably downfield relative to that of [1] in [D6]DMSO
(δ = 1.79 ppm) because of the electron-withdrawing effects
of the μ-Cl ions in [2].

Figure 2. 1H NMR spectra of desolvated [1] and [2] in [D6]DMSO.
Here S and W indicate solvent (DMSO) and water, respectively.

The symmetric [νsym(COO–)] and asymmetric
[νasym(COO–)] stretching modes of desolvated [2] in the in-
frared spectrum (KBr disk) were also analyzed (see Fig-
ure 3). The values of νsym(COO–), νasym(COO–), and their
separation [i.e., Δν(COO–) = νasym(COO–) – νsym(COO–)] of
[2] are 1443, 1553, and 110 cm–1, respectively. The
Δν(COO–) of [2] is smaller than those of typical RhII

2 com-
plexes, such as [1-(H2O)2] (150 cm–1).

Figure 3. Infrared spectrum of [2].
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Reactivity of [2] and Overall Mechanism for the Synthesis
of [1]

Subsequently, to investigate the reactivity of [2], a reac-
tion of [2] and NaOAc in EtOH was performed (Step 2 in
Scheme 2). Under reflux conditions, the dark red solution
gradually became green. Eventually, a small amount of
deep green powder precipitated from the reaction solution.
The 1H NMR (δ = 1.79 ppm in [D6]DMSO) and ESI-MS
(m/z found 464.8549) spectra revealed that this deep green
product can be identified as [1]. The reaction yield from [2]
to [1] was only 38.7%. This result is not in conflict with the
synthetic yield (typically approximately 25–30 %) for [1]. It
should also be noted (a) that the reaction from [2] to [1]
does not occur at room temperature, and (b) that, whereas
[2] is stable in the solid state, it gradually decomposes to
metallic rhodium in EtOH.

Next, to clarify the overall reaction mechanism of the
synthesis of [1], we also attempted the reaction of
RhCl3·3H2O with NaOAc in EtOH (without the addition
of HOAc). Surprisingly, this reaction directly gave [1]. How-
ever, the yield of [1] in this reaction was quite small (only
4.4%), and the main product of this reaction was actually
rhodium black (i.e., rhodium oxide). Therefore, this result
suggests that, to achieve the efficient production of [1], the
synthesis should proceed through [2].

Optimized Geometry and Electronic Structure of
[2-(MeOH)4] in MeOH

To investigate the molecular geometry and electronic
structure of [2-(MeOH)4] in the solvent medium, we initially
performed a geometry optimization of [2-(MeOH)4] in
MeOH by using DFT calculations [rB3LYP/LANL08(f) &
cc-pVDZ] with a polarizable continuum model (PCM).[13]

Table S1 in the Supporting Information lists the selected
geometrical parameters with X-ray structure data of
[2-(MeOH)4]. The optimized geometry of [2-(MeOH)4] con-
tains a unique twisted Rh4(μ-Cl)4 box core as observed ex-
perimentally, and its structural parameters are in general
agreement with the corresponding experimental values. For
example, the Rh–Rh and Rh–Cl bond lengths of the opti-
mized structure of [2-(MeOH)4] are 2.563 and 2.407 Å,
respectively, which represent differences of only 0.025 and
0.092 Å, respectively, relative to the experimental values.

Next, the electronic structure of [2-(MeOH)4] in MeOH
was analyzed in detail. Selected MO diagrams and their en-
ergies are shown in Figure 4. Here, the HOMO and LUMO
are the highest occupied MO and lowest unoccupied MO,
respectively. In the occupied MO spaces, unstable MOs
from the HOMO to HOMO–13 are mainly localized on the
two Rh2 moieties (i.e., d-orbital interactions between two
Rh ions) with small orbital contributions from the Cl ions.
The HOMO and HOMO–3 are assigned as the π*a(Rh2)
orbitals and are both equivalently localized on two Rh2

units. Here, the π*a(Rh2) orbitals in the HOMO formed
antibonding orbital interactions with the p-orbitals of the
Cl ions, whereas the π*a(Rh2) orbitals in HOMO–3 have no

Eur. J. Inorg. Chem. 2015, 5650–5655 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim5652

remarkable orbital interactions with surrounding ligands.
Thus, the energy of the HOMO is higher than that of
HOMO–3. In HOMO–1 and HOMO–2, the MOs are
heavily localized on one side of the Rh2 units in
[2-(MeOH)4] and are commonly identified as π*b(Rh2) or-
bitals. The MO energies of these two MOs are closely de-
generate. The primary MO contributors in the degenerate
HOMO–4 and HOMO–5 are commonly the δ*(Rh2) orbit-
als. Strong σ(Rh2) orbital interactions in the Rh2 units are
observed in HOMO–6 and HOMO–8. Here, whereas
σ(Rh2) orbitals in HOMO–6 and HOMO–8 engage in anti-
bonding orbital interactions between σ(Rh2) and p(O) in
MeOH, only HOMO–6 exhibits antibonding orbital inter-
actions between σ(Rh2) and p(Cl) orbitals. Therefore, the
MO energies of HOMO–6 are slightly higher relative to
those of HOMO–8. The dominant MO contributions of
HOMO–7 and HOMO–9 are the δ(Rh2) orbitals. Here,
whereas HOMO–7 has antibonding orbital interactions be-
tween δ(Rh2) and the p-orbitals of surrounding atoms,
HOMO–9 exhibits bonding orbital interactions between
δ(Rh2) and p(Cl) orbitals. HOMO–10 and HOMO–11 are
mainly localized on the πa(Rh2) orbitals. The stable d–d or-
bital interactions of [2-(MeOH)4] consist of πb(Rh2) orbit-
als, which are observed at HOMO–12 and HOMO–13, and

Figure 4. Selected MO diagrams and their MO energies of [2-
(MeOH)4] in MeOH calculated by B3LYP [basis: LANL08(f) for
Pt and aug-cc-pVDZ for others] with the PCM method. HOMO
and LUMO are abbreviated as H and L, respectively, with dia-
grams.
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only HOMO–13 engages in bonding orbital interactions
with p(Cl) orbitals. The main orbitals that contribute to
HOMO–14 and HOMO–15 are p(Cl) orbitals.

In contrast, the unoccupied MOs from the LUMO to
LUMO+5 are also mainly attributed to the d-orbital char-
acteristics of the Rh2 units. The degenerate LUMO and
LUMO+1 are localized on the σ*(Rh2) units and exhibit
antibonding orbital interactions with p(O) in MeOH. The
energy difference between the HOMO and LUMO (i.e., the
HOMO–LUMO gap) of [2-(MeOH)4] is 3.64 eV. This value
is smaller than that of [1-(H2O)2] (3.98 eV). LUMO+1 and
LUMO+2 include antibonding orbital interactions between
p(O) in O2CCH3 ligands and δ*�(Rh2), which are ascribed
to the d(x2–y2) characteristics of the Rh ions. The most un-
stable d-orbital interactions in [2-(MeOH)4] are observed in
the degenerate LUMO+4 and LUMO+5. Their MOs are
assigned as δ�(Rh2), which are also the result of the
d(x2–y2) characteristics of the Rh ions.

Absorption Spectral Feature of [2-(MeOH)4] in MeOH

The UV/Vis spectrum of [2-(MeOH)4] in MeOH is
shown in Figure 5a. A low-lying band (694 nm) and an in-
tense band (315 nm) are observed in the visible and UV
regions, respectively. In addition, a gently sloping shoulder
band is observed at 400–555 nm. Relative to the absorption
spectrum of [1-(MeOH)2], the wavelengths of the absorp-
tion bands of [2-(MeOH)4] are shifted towards the low-
energy region (i.e., the absorption band was redshifted).

Figure 5. (a) Experimental and (b) theoretical absorption spectra
of [2-(MeOH)4] in MeOH.

To assign the detailed excitation characteristics of
[2-(MeOH)4] in MeOH, time-dependent DFT (TD-DFT)
calculations were performed. Our calculated results, includ-

Eur. J. Inorg. Chem. 2015, 5650–5655 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim5653

ing excitation energies [nm], oscillator strengths (f), and ex-
citation characteristics, are summarized in Table S2 of the
Supporting Information, and the simulated spectrum of
[2-(MeOH)4] in MeOH is shown in Figure 5b. The shape of
the simulated spectrum is in good agreement with that of
the observed spectrum. The experimentally observed low-
lying band at 694 nm comprises three different excitations
(S0�S1: 668.8 nm; S0�S3: 664.0 nm; and S0�S4: 664.0 nm)
and is thus identified as the spin-allowed d–d transition,
which is mainly associated with excitation from π*(Rh2) to
σ*(Rh2) (i.e., excitation from the HOMO, HOMO–1,
HOMO–2, and HOMO–3 to the LUMO and LUMO+1).
Substantial oscillator strength is theoretically observed for
the S0�S40 and S41 excitations (both at 346.6 nm), and we
concluded that these excitations correspond to the domi-
nant component of the experimentally observed shoulder
band at 400–550 nm. The main excitation characteristics of
this shoulder band are the δ(Rh2)�σ*(Rh2) and
σ(Rh2)�σ*(Rh2) transitions. In addition, at wavelengths
below 400 nm, several intense excitations were predicted,
and the simulated spectrum, which takes these excitations
into account, is in good agreement with the experimental
spectrum. The most intense excitation is observed at the
S0�S55 excitation, which includes the characteristics of
δ(Rh2)�δ�(Rh2) excitation characters (HOMO–
5�LUMO+5 and HOMO–4�LUMO+4) as dominant
components.

Conclusion
In this study, the red intermediate complex [2-(L)4],

which is an intermediate in the synthesis of [1-(L)2], was
isolated by a step-by-step synthetic procedure and charac-
terized by means of elemental analysis, 1H NMR spec-
troscopy, infrared spectroscopy, and single-crystal X-ray
diffraction analysis. This characterization revealed that
[2-(L)4] has an Rh4(μ-Cl)4 core with a unique twisted box
shape, which is coordinated by four μ-carboxylato bridging
ligands. The reaction of [2-(L)4] and NaOAc in EtOH af-
forded [1-(L)2]. Although the reaction of RhCl3·3H2O and
NaOAc in EtOH directly gave [1-(L)2] as one of the prod-
ucts, its yield was very low (4.4 %). Therefore, the synthesis
that involves [2-(L)4] as an intermediate is suggested to be
a reasonable method for the preparation of [1-(L)2]. The
electronic structure and absorption spectral features of
[2-(MeOH)4] were also closely investigated by means of ab-
sorption spectrum and TD-DFT calculations. The results
of these analyses indicate that (1) the unstable occupied
MOs and stable unoccupied MOs of [2-(MeOH)4] are
mainly localized on the two Rh2 units, (2) strong orbital
interactions between Rh2 units and Cl ions are present, and
(3) the absorption spectral features are dominated by d–d
excitations at the two Rh2 units. We suggest that
[2-(MeOH)4] might also be a promising catalyst for several
reactions and could be a building block for supramolecular
complexes and coordination polymers, because the elec-
tronic structure feature of [2-(MeOH)4] is similar to that of
[1-(L)2].
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Experimental Section

General Information: All reagents and solvents were purchased
from commercial sources and were used without further purifica-
tion. Complex [2] was synthesized according to a literature pro-
cedure.[11] All reactions were carried out under N2. 1H NMR spec-
tra were recorded with a JEOL-ECS 500SS spectrometer operating
at 500.0 MHz. Chemical shifts (δ) were referenced to residual
DMSO (δ = 2.49 ppm). UV/Vis absorption spectra were measured
in MeOH with a JASCO V-670 spectrometer. Elemental analyses
for carbon and hydrogen were conducted with a Yanaco CHN
CORDER MT-6 installed at Shimane University.

Synthesis of [Rh4(μ-Cl)4(O2CCH3)4] ([2]): A mixture of
RhCl3·3H2O (500.0 mg, 1.90 mmol), CH3COOH (25 mL,
43.7 mmol), and EtOH (25 mL) was heated to reflux at 353 K un-
der N2 for 1 h. After cooling to room temperature, the obtained
deep red solution was filtered through a Celite column and then
concentrated under vacuum to give a dark red powder. The ob-
tained powder was redissolved in a small portion of EtOH and
poured onto a silica gel column and eluted with CHCl3/EtOH (9:1,
v/v). The first fraction was collected, concentrated under vacuum,
and dried under reduced pressure at 343 K to give a dark red pow-
der of [2]. Yield 141.3 mg (37.7% based on RhCl3·3H2O).
C8H12O8Rh2 (441.99): calcd. C 12.17, H 1.53; found C 12.35, H
1.87. 1H NMR ([D6]DMSO, 298 K): δ = 1.94 (s, 12 H) ppm. UV/
Vis (CH3OH): λmax (ε) = 694 (139), 450–550 (br., 511 at 460 nm),
315 nm (9983 mol–1 dm3cm–1). IR data (KBr disk): ν̃ = 1631 (m),
1553 (s), 1443 (s), 1354 (vw), 1041 (w), 709 (m), 624 (vw) cm–1.

Reaction of [2] and NaOAc: A mixture of [2] (150.0 mg,
0.190 mmol), NaOAc (500.0 mg, 6.10 mmol), and EtOH (40 mL)
was heated to reflux under N2 for 1 h. After cooling to room tem-
perature, the obtained green solution was concentrated under vac-
uum to give a dark green powder. The obtained powder was redis-
solved in a small portion of CH3CN and poured onto a silica gel
column and eluted with CH3CN/CHCl3 (2:3, v/v). The first fraction
was collected, water was added (5 mL), then it was concentrated
under vacuum and dried under reduced pressure at 353 K to give
a dark green powder of [1]. Yield 65.3 mg (38.7 % based on [2]). 1H
NMR ([D6]DMSO, 298 K): δ = 1.79 (s, 12 H) ppm. HRMS (ESI-
TOF): m/z calcd. 464.8534 [M + Na], found 464.8549.

Crystal-Structure Determination and Refinement: Single crystals of
[2-(MeOH)4] suitable for X-ray diffraction analysis were obtained
as described in the text above. A single crystal was attached to a
Cryoloop using paraffin oil (Hampton Research). Diffraction data
were collected at 150 K with a Rigaku Mercury 70 CCD system
equipped with an Mo rotating-anode X-ray generator with mono-
chromated Mo-Kα radiation (λ = 0.71075 Å). Diffraction data were
processed using CrystalClear-SM (Rigaku). The structure was
solved by direct methods (SIR-2004) and refined using the full-
matrix least-squares technique (F2) with SHELXL97 as part of the
CrystalStructure 4.1 software. Non-hydrogen atoms were refined
with anisotropic displacement parameters, and all hydrogen atoms
were located at the calculated positions and refined with a riding
model. The residual electron density in the void spaces of the final
refined structure was evaluated using the PLATON SQUEEZE
program. Crystal data of [2-(MeOH)4]: C12H28Cl4O12Rh4 (917.78),
T = 150 K, tetragonal, space group I41/a (no. 88), a = b =
18.071(7), c = 10.456(4) Å, α = β = γ = 90°, V = 3415(2) Å3, Dcalcd.

= 1.785 gcm–3, Z = 4, R1(all) = 0.0708, R1(I�2σ) = 0.0610, wR2

(all) = 0.1543, wR2 (I � 2σ) = 0.1478, GoF = 1.136, 7480 total
reflections. CCDC-1419392 {for [2-(MeOH)4]} contains the supple-
mentary crystallographic data for this paper. These data can be
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obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Density Functional Theory Calculations: All density functional
theory (DFT) calculations were performed using the
Gaussian 09 C.01 program package.[13] The hybrid DFT functional
rB3LYP was used with the effective-core-potential (ECP) basis set
for the Rh atoms, Dunning’s augmented correlation-consistent
double-ζ basis set (aug-cc-pVDZ) for O and Cl atoms, and the
correlation-consistent double-ζ basis set for the other atoms. The
solvent effect of the MeOH (ε = 32.613) was considered by the
polarizable continuum model (PCM). Full optimization of the ge-
ometry without symmetry constraints was performed in DMF for
the singlet ground state (S0), and the resulting geometry was con-
firmed to be at a potential energy minimum by vibrational fre-
quency analysis (no imaginary frequencies). The spin-allowed
S0�Sn excitations were calculated using the time-dependent DFT
(TD-DFT) method. MOs were drawn using the GaussView 5.0 vi-
sualizer.
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a b s t r a c t

Dinuclear rhodium(I) complexes, [Rh(4-Me-pf) (cod)]2 (1), [Rh(3,5-Me2-pf) (cod)]2 (2), [Rh(4-Me-pf)
(nbd)]2 (3), [Rh(3,5-Me2-pf) (nbd)]2 (4), and [Rh(2,6-F2-pf) (nbd)]2 (5), have been synthesized and
characterized by X-ray structure analysis, 1H, 13C, and 19F NMR, UVevis, ESI-TOF-MS, and elemental
analysis. In these complexes, two rhodium atoms are bridged by two formamidinato ligands and each
rhodium atom is coordinated by one chelating cod or nbd ligand to form an approximately square planar
coordination structure with two nitrogen atoms and two double bonds. The Rh$$Rh distances are in the
range of 3.2668 to 2.9726 Å, suggesting a direct bonding interaction between two rhodium atoms.
Variable temperature NMR studies in CD2Cl2 solution have revealed that 1e5 exhibit a novel dynamic
behavior, that is, an interconversion between two enantiomers. The activation parameters for racemi-
zation have been determined by the line shape analyses of the 1H and 19F NMR spectra taken at various
temperatures. Variable temperature NMR studies have also revealed that the rotation rates of the four
aryl groups around NeC(aryl) bonds are extremely different in each complex. The cyclic voltammetry
study has shown that the oxidation potentials corresponding to Rh2

3þ/Rh2þ are 0.41 V in the cod com-
plexes (1 and 2) while those in the nbd complexes (3e5) have shown negative shift by ca. 0.2 V. The
reasons for the difference in dynamic behaviors and redox properties among these complexes have been
discussed.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

A wide variety of studies have been done on the binuclear
transition metal complexes, which include i) theoretical, spectro-
scopic, and magnetic studies to reveal metalemetal interactions, ii)
structural modeling of biological molecules, and iii) catalytic ac-
tivities for various reactions [1e11]. The aim of these explorations
has been the use of transition metal ions such as rhodium and

iridium ions with bridging ligands to improve the stability and
reactivity of the binuclear transition metal complexes. Since the
first reports on binuclear chloride-bridged rhodium(I) complexes
[Rh(m�Cl) (cod)]2 and [Rh(m�Cl) (nbd)]2 carrying 1,5-
cyclooctadiene (cod) and 2,5-norbornadiene (nbd) as diene li-
gands [12e14], a number of analogous rhodium(I) complexes such
as [Rh(L) (cod)]2 (L¼ carboxylato, pyrazolato, and pyridine-2-olato)
[7e9,15e19] and [Rh(L) (nbd)]2 (L ¼ carboxylato, pyrazolato, and
pyridine-2-olato) have been investigated [8,9,20e22]. Some of
these complexes have exhibited catalytic activities in the reactions
such as hydroformylation, hydrogenation, and polymerization
[7e9,23e27]. More recently, N,N0-bis(alkylphenyl or alkoxyphenyl)
formamidinate anions (Rm-pf�) have been extensively used as
bridging ligands in transitionmetal chemistry [28e38], particularly
in the preparation of binuclear paddleewheel complexes [M2(Rm-
pf)4]0,1þ,2þ (M ¼ Rhodium or Iridium ion) [39e45]. For example,

Abbreviations: 4-Me-pf, N,N0-bis(4-methylphenyl)formamidinato; 3,5-Me2-pf,
N,N0-bis(3,5-dimethylphenyl)formamidinato; 2,6-F2-pf, N,N0-bis(2,6-
difluorophenyl)formamidinato; cod, 1,5-cyclooctadiene; nbd, 2,5-norbornadiene.
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binuclear rhodium(II) complex [Rh2(Rm-pf)4] was prepared by the
reaction of dirhodium(II) mixed ligand complex Rh2(Rm-
pf)2(O2CCF3)2 with molten H(Rm-pf) [46,47]. During the surveil-
lance of the literature, we have found several papers reported by
Piraino et al. [36,37,46e48] on the characterization and electro-
chemical studies of formamidinate-bridged rhodium(I) dimers,
[Rh(4-Me-pf) (cod)]2 (1) and [Rh(4-Me-pf) (nbd)]2 (3). We were
verymuch interested in these complexes as potent reducing agents.
We have considered that the catalytic activity of these complexes
can be finely tuned by the introduction of various substituents at
the nitrogen and carbon atoms of the bridged ligands. Furthermore,
the RheRh catalytic center can be modulated sterically and elec-
tronically by the nature of diene ligands. Thus, the elucidation of
the structural, spectroscopic, and redox properties of [Rh(Rm-pf)
(L)]2 (L ¼ carboxylato, pyrazolato, and pyridine-2-olato) is essential
for the development of efficient catalysts. In this paper, we will
report the syntheses, molecular structures, dynamic behavior, and
redox properties of various formamidinate bridged binuclear
complexes such as [Rh(4-Me-pf) (cod)]2 (1), [Rh(3,5-Me2-pf)
(cod)]2 (2), [Rh(4-Me-pf) (nbd)]2 (3), [Rh(3,5-Me2-pf) (nbd)2 (4),
and [Rh(2,6-F2-pf) (nbd)]2 (5) as shown in Scheme 1.

2. Experimental

2.1. Synthesis

[Rh(m�Cl) (cod)]2 and [Rh(m�Cl) (nbd)]2 were prepared by the
methods of Giordano et al. and Abel et al., respectively [12e14]. The
formamidine ligands were prepared using the modified method in
literature [49]. [Rh(4-Me-pf) (cod)]2 (1) and [Rh(3,5-Me2-pf)
(cod)]2 (2) were obtained by the reaction of [Rh(m�Cl) (cod)]2 with
H(Rm-pf) (Rm ¼ 4-Me and 3,5-Me2) in toluene (Scheme 2), ac-
cording to the method developed by Piraino et al. [48]. [Rh(4-Me-
pf) (nbd)]2(3), [Rh(3,5-Me2-pf) (nbd)]2 (4), and [Rh(2,6-F2-pf)
(nbd)]2 (5) were similarly obtained by the reaction of [Rh(m�Cl)
(nbd)]2 with H(Rm’-pf) (Rm’¼ 4-Me, 3,5-Me2, and 2,6-F2) in toluene
(Scheme 3) [48].

2.1.1. Typical procedure
In the preparation of 1e5, we have slightly modified themethod

developed by Piraino et al. [48] and obtained the complexes in
better yield. As shown in Schemes 2 and 3, a toluene solution
containing KOBut (2.10 mmol) and the formamidine ligands
(2.10 mmol) was stirred for 12 h at room temperature, to which
[Rh(m�Cl) (cod)]2 or [Rh(m�Cl) (nbd)]2 (1.00 mmol) was added. The
mixture was stirred for 6 h at room temperature. After condensa-
tion of the solution, n-hexane was added to the concentrated so-
lution. The solution was kept at room temperature for a few days.

Orange colored single crystals were obtained from the solution.
These crystals were filtered, washed with hexane, and dried under
vacuum. Analytically pure samples were obtained by recrystalli-
zation from CH2Cl2/n-hexane.

2.1.2. [Rh(4-Me-pf) (cod)]2 (1)
This complex was originally prepared and characterized by

Piraino et al. [48]. We have added full 1H NMR data together with
the assignments. UVevis, IR, Reflectance, and HR-MS (ESI-TOF) data
are also listed below. 1 was isolated in 80.2% yield(697 mg,
0.802 mmol). Anal. Calcd. for C46H54N4Rh2: C, 63.60; H, 6.27; N:
6.45%. Found: C, 63.41; H, 6.18; N: 6.29%. 1H NMR (CD2Cl2, 500MHz,
298 K): d ¼ 1.79 (cod-CH2, 4H, m), 1.91 (cod-CH2, 4H, m), 2.29 (p-
CH3,12H, s), 2.54 (cod-CH2, 4H, m), 2.91 (cod-CH2, 4H, br), 3.82 (cod-
CH, 4H, br), 4.35 (cod-CH, 4H, br), 7.02 (m-H, 8H, d, J ¼ 8.0 Hz), 7.18
(o-H, 8H, br), and 7.19 ppm(CH, 2H, t, J RheH¼ 1.7 Hz). 13C NMR
(CD2Cl2, 125 MHz, 298 K): d ¼ 20.8 (p-CH3, q, J CeH ¼ 126 Hz), 31.0
(cod-CH2, t, J C-H ¼ 127 Hz), 31.4 (cod-CH2, t, J C-H ¼ 127 Hz), 76.1
(cod-CH, br), 84.7 (cod-CH, br), 125.0 (o-C, d, J C-H ¼ 160 Hz), 129.1
(m-C, d, J C-H ¼ 156 Hz), 132.4 (p-C, s), 150.3 (ipso-C, s), and
165.0 ppm(CH, d, J C-H ¼ 169 Hz). UVevis (CHCl3): lmax(ε:
104 mol�1dm3 cm�1) ¼ 241 (5.4, sh), 276 (8.2), 355 (1.7, sh), and
455 nm (0.7). Reflectance: lmax ¼ 296, 340, 379, and 460 nm. IR
(KBr): n N-C-N ¼ 1561 and n C-H ¼ 2829e3014 cm�1. HR-MS (ESI-
TOF): Calcd. for [M]þ: 868.2453: Found: 868.2450 m/z.

2.1.3. [Rh(3,5-Me2-pf) (cod)]2 (2)
2 was isolated in 82.3% (761 mg, 0.823 mmol). Anal. Calcd. for

C50H62N4Rh2: C, 64.93; H, 6.76; N: 6.06%. Found: C, 64.81; H, 6.54;
N: 6.02%. 1H NMR (CD2Cl2, 500 MHz, 298 K): d ¼ 1.83 (cod-CH2, 4H,
br), 1.92 (cod-CH2, 4H, br), 2.30 (m-CH3, 24H, s), 2.61 (cod-CH2, 4H,
br), 2.92 (cod-CH2, 4H, br), 3.90 (cod-CH, 4H, br), 4.35 (cod-CH, 4H,
br), 6.68 (p-H, 4H, s), 7.05 (o-H, 8H, br), and 7.21 ppm(CH, 2H, t, JRh-
H ¼ 2.0 Hz). 13C NMR (CD2Cl2, 125 MHz, 298 K): d ¼ 21.6 (m-CH3, q,
JC-H ¼ 126 Hz), 31.2 (cod-CH2, t, JC-H ¼ 131 Hz), 31.4 (cod-CH2, t, JC-
H ¼ 126 Hz), 76.5 (cod-CH, br), 84.4 (cod-CH, br), 123.2(o-C, d, JC-
H ¼ 163 Hz), 124.5 (p-C, d, JC-H ¼ 167 Hz), 137.7 (m-C, s), 152.7 (ipso-
C, s), and 164.6 ppm(CH, d, JC-H ¼ 170 Hz). UVevis (CHCl3): lmax(ε:
104 mol�1dm3 cm�1) ¼ 308 (2.1), 357 (1.0, sh), and 461 nm (0.4).
Reflectance: lmax¼ 310 and 479 nm. IR (KBr): n N-C-N¼ 1550 and n C-

H ¼ 2825e3018 cm�1. HR-MS (ESI-TOF): Calcd. for [M]þ: 924.3079:
Found: 924.3094 m/z.

2.1.4. [Rh(4-Me-pf) (nbd)]2 (3)
This complex was originally prepared and characterized by

Piraino et al. [48]. We have added full 1H NMR data together with
the assignments. UVevis, IR, Reflectance, and HR-MS (ESI-TOF) data
are also listed below. 3was isolated in 60.2% (504 mg, 0.602 mmol).

Scheme 1. Structural scheme of N,N’-diarylformamidinate ligands, [Rh(Rm-pf) (cod)]2(1e2), and [Rh(Rm’-pf) (nbd)]2(3e5).
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Anal. Calcd. for C44H46N4Rh2: C, 63.16; H, 5.54; N: 6.70%. Found: C,
63.52; H, 5.23; N: 6.81%. 1H NMR (CD2Cl2, 500MHz, 298 K): d¼ 1.35
(nbd-CH2, 4H, t, J ¼ 1.6 Hz), 2.28 (p-CH3, 12H, s), 3.86 (nbd-CH]CH,
4H, t, J ¼ 4.0 Hz), 4.04 (nbd-CH, 2H, br), 4.12 (nbd-CH]CH, 4H, t,
J ¼ 3.4 Hz), 4.24 (nbd-CH, 2H, br), 7.01 (m-H, 8H, d, J ¼ 8.3 Hz), 7.02
(CH, 2H, br), and 7.12 ppm(o-H, 8H, d, J ¼ 7.7 Hz). 13C NMR (CD2Cl2,
125MHz, 298 K): d¼ 20.8 (p-CH3, q, JC-H¼ 126 Hz), 50.9 (nbd-CH, d,
JC-H ¼ 151 Hz), 51.5 (nbd-CH, d, JC-H ¼ 151 Hz), 52.9 (nbd-CH]CH, d,
JC-H¼ 177Hz), 58.3 (nbd-CH]CH, d, JC-H¼ 170 Hz), 61.9 (nbd-CH2, t,
JC-H ¼ 131 Hz), 124.4 (o-C, d, JC-H ¼ 158 Hz), 129.1 (m-C, d, JC-
H ¼ 157 Hz), 132.0 (p-C, s), 149.4 (ipso-C, s), and 162.3 ppm(CH, d, JC-
H ¼ 170 Hz). UVevis (CHCl3): lmax(ε: 104 mol�1dm3 cm�1) ¼ 243
(3.6), 308 (4.3), 369 (2.0), 470 (0.8), and 525 nm (0.5). Reflectance:
lmax ¼ 316, 365, 475, and 523 nm. IR (KBr): n N-C-N ¼ 1554 and n C-

H ¼ 2856e2992 cm�1. HR-MS (ESI-TOF): Calcd. for [M]þ: 836.1827:
Found: 836.1827 m/z.

2.1.5. [Rh(3,5-Me2-pf) (nbd)]2 (4)
4 was isolated in 44.9% (401 mg, 0.449 mmol). Anal. Calcd. for

C48H54N4Rh2: C, 64.58; H, 6.10; N: 6.28%. Found: C, 64.55; H, 5.99;
N: 6.20%. 1H NMR (CD2Cl2, 500 MHz, 298 K): d ¼ 1.37 (nbd-CH2, 4H,
t, J ¼ 1.4 Hz), 2.29 (m-CH3, 24H, s), 3.95 (nbd-CH]CH, 4H, t,
J ¼ 3.7 Hz), 4.11 (nbd-CH]CH, 4H, t, J ¼ 3.4 Hz), 4.12 (nbd-CH, 2H,
br), 4.25 (nbd-CH, 2H, br), 6.64 (p-H, 4H, s), 6.95 (o-H, 8H, s), and
7.00 ppm(CH, 2H, br). 13C NMR (CD2Cl2, 125 MHz, 298 K): d ¼ 21.5
(m-CH3, q, JC-H ¼ 126 Hz), 50.9 (nbd-CH, d, JC-H ¼ 151 Hz), 51.4 (nbd-
CH, d, JC-H ¼ 143 Hz), 52.6 (nbd-CH]CH, d, JC-H ¼ 163 Hz), 58.3
(nbd-CH]CH, d, JC-H ¼ 172 Hz), 61.9 (nbd-CH2, t, JC-H ¼ 132 Hz),
122.7 (o-C, d, JC-H¼ 155 Hz),124.4 (p-C, d, JC-H¼ 156 Hz),137.8 (m-C,
s), 151.7 (ipso-C, s), and 162.1 ppm(CH, d, JC-H ¼ 166 Hz). UVevis
(CHCl3): lmax(ε: 104 mol�1dm3 cm�1) ¼ 309 (8.1), 369 (4.0), 469
(1.4), and 527 nm (1.0). Reflectance: lmax ¼ 299, 366, 481 and
528(sh) nm. IR (KBr): n N-C-N ¼ 1546 and n C-H ¼ 2858e2916 cm�1.

HR-MS (ESI-TOF): Calcd. for [M]þ: 892.2453: Found: 892.2454 m/z.

2.1.6. [Rh(2,6-F2-pf) (nbd)]2 (5)
5 was isolated in 38.8% (359 mg, 0.388 mmol). Anal. Calcd. for

C40H30F8N4Rh2: C, 51.97; H, 3.27; N: 6.06%. Found: C, 52.17; H, 3.31;
N: 6.09%. 1H NMR (CD2Cl2, 500 MHz, 298 K): d ¼ 1.27 (nbd-CH2, 4H,
br), 3.57 (nbd-CH]CH, 4H, br), 3.71 (nbd-CH, 2H, br), 4.20 (nbd-CH,
2H, br), 4.39 (nbd-CH]CH, 4H, br), 6.85 (m-H, 8H, m), 6.97 (p-H, 4H,
m), and 7.04 ppm(CH, 2H, br). 13C NMR (CD2Cl2, 125 MHz, 298 K):
d ¼ 50.6 (nbd-CH, d, JC-H ¼ 152 Hz), 53.4 (nbd-CH]CH, d, JC-
H¼ 174 Hz), 57.5 (nbd-CH]CH, d, JC-H¼ 174 Hz), 61.8 (nbd-CH2, t, JC-
H ¼ 265 Hz), 111.6 (p-C, m), 125.0 (m-C, m), 128.9 (ipso-C, s), 159.4
(o-C, d, JC-F ¼ 248 Hz), and 169.5 ppm(CH, d, JC-H ¼ 173 Hz). 19F NMR
(CD2Cl2, 470MHz, 298 K): d¼�121.2 ppm (o-F, br). UVevis (CHCl3):
lmax(ε: 104 mol�1dm3 cm�1) ¼ 254 (3.1), 298 (2.7), 395 (0.5), 435
(0.5), and 529 nm (0.8). Reflectance: lmax ¼ 322, 431, and 534 nm.
IR (KBr): n N-C-N ¼ 1560 and n C-H ¼ 2858e3067 cm�1. HR-MS (ESI-
TOF): Calcd. for [M]þ: 924.0447: Found: 924.0454 m/z.

2.2. Measurements

Elemental Analyses for carbon, hydrogen, and nitrogen were
conducted using a Yanako CHN CORDER MT-6. UVeVis absorption
spectra were recorded in CHCl3 solution on a Shimadzu UV-3100
spectrometer. Reflectance spectra were recorded on a Shimadzu
ISR-3100 spectrometer. IR spectra were recorded on a JASCO FT/IR-
350 spectrometer. 1H, 13C, and 19F NMR spectra ware recorded on a
JEOL delta SCX-500 spectrometer operating at 500.1 MHz for 1H.
Chemical shifts for 1H and 13C signals were referenced to CH2Cl2
(d ¼ 5.32 and 53.8 ppm for 1H and 13C signals, respectively).
Chemical shifts of 19F NMR spectra were referenced to hexa-
fluorobenzene (d ¼ �164.9 ppm). Computer simulation was per-
formed with gNMR software purchased from Adept Scientific,

Scheme 2. Synthetic scheme of [Rh(Rm-pf) (cod)]2(1e2).

Scheme 3. Synthetic scheme of [Rh(Rm’-pf) (nbd)]2(3e5).
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Amor Way, Letchworth Herts SG6 1 ZA, UK. Mass spectra were
recorded on a Bruker microTOF using positive mode ESI-TOF
method for acetonitrile solutions by using sodium formate as
reference. Cyclic voltammograms were measured in CH2Cl2 solu-
tions containing tetra-n-butylammonium hexafluorophosphate
(TBAPF6) on BAS ALS-DY2325 Electrochemical Analyzer. A glassy
carbon disk (3.0 mm radius), a platinum wire, and a saturated
calomel electrode (SCE) were used as working, counter, and refer-
ence electrodes, respectively.

2.3. X-ray crystal structure analysis

Crystals suitable for X-ray structure analysis were obtained from
CH2Cl2/n-hexane mixed-solvent solutions for 1e3, 5 and from
benzene/n-hexane mixed-solvent solutions for 4. Crystal intensity
data for 1, 2, and 4 were collected at 90 K with a Bruker CCD X-ray
diffractometer (SMART APEX) using graphite-monochromated Mo-
Ka radiation(l ¼ 0.71073 Å). The structure was solved by direct
methods, and refined by full-matrix least-squares methods. All
non-hydrogen atoms were refined with anisotropic thermal pa-
rameters. The hydrogen atoms were inserted at their calculated
positions and fixed there. All of the calculations were carried out on
a Windows 7 Core i5 computer utilizing the SHELXTL software
package and SHELXL-2014/7. X-ray measurements of the single
crystal for 3was done with Rigaku VariMax Saturn-724 (1.2 kWMo
rotating anode) at 90 K. Single crystal for X-ray analysis was ob-
tained by the diffusion method. X-ray diffraction data was pro-
cessed using Crystal Clear 1.6.3 followed by CrystalStructure Ver.
4.0.1. Structure was solved from the processed data using SIR 2004,
and then refined by Shelxl64 (Shelx-2013). Final structures were
validated by Platon CIF check. The crystal intensity data for 5 were
collected at 90 K with a Rigaku AFC10 diffractometer with a Saturn
CCD system equipped with a MicroMax-007 HF/VariMax rotating-
anode X-ray generator with confocal monochromated Mo Ka ra-
diation (l ¼ 0.71075). Their structures were solved by direct
methods (SHELXS97 for 5) and refined on F2 using full-matrix least
squares technique using the SHELXL program.

Crystallographic data for complex 1e5 reported in this paper
have been deposited with the Cambridge Crystallographic Data
Centre, CCDC nos. 999583, 1416893, 1420843, 1416894, and
1420703. Copies of the information may be obtained free of charge
from: The Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK
(fax: þ44-1223-336033; e-mail: deposit@ccdc.cam.ac.uk or via
http://www.ccdc.cam.ac.uk/data_request/cif). Crystal data and de-
tails concerning the data collection are given in Table 1 for 1e5. All
non-hydrogen atoms were refined anisotopically. Hydrogen atoms
were located in the calculated positions and refined by using a
riding model. Selected bond distances and angles are listed in
Table 2, Table S1, and Table S2, respectively.

3. Result and discussion

3.1. Molecular structures

X-ray crystal structures of [Rh(4-Me-pf) (cod)]2 (1) and [Rh(3,5-
Me2-pf) (cod)]2 (2) shown in Fig. 1(a) and (b), respectively, agree
with the binuclear nature. Each molecule has two formamidinate
ligands bridging the two rhodium atoms. Each rhodium atom is
bonded to two nitrogen atoms of different formamidinate ligands
and to the double bond centers of a 1,5-cyclooctadiene(cod) ring to
form an approximately square planar coordination structure.
Dihedral angles, torsion angles, and selected distances (the average
of RheC and RheN distances) of 1 and 2 are shown in Table 2. Close
inspection of the data has revealed, however, that the rhodium
atoms in 1 and 2 are displaced from the center of the square by

0.143 Å and 0.185 Å, respectively. The slight deviation of the metal
atom from the center of the square toward the other metal atom
suggests an intermetallic interaction between rhodium(I) centers
[50]. The dihedral angles between the square-planar coordination
planes are 54.2� and 51.9� for 1 and 2, respectively, which are
smaller than the corresponding angle observed for structurally
similar [Rh(O2C8H15) (cod)]2 (58.1�) by ca. 5� [7]. The torsion angles
N(1)-Rh(1)-Rh(1A)-N(2A) in 1 and 2 are 29.3(1)� and 27.6(1)�,
respectively. The angles are larger than the corresponding angle
16.7�(2) of lantern type Rh(II) complex [Rh2(4-Me-pf)4] by 12.6�

and 10.9�, respectively [46]. The average RheN distances for 1 and 2
are 2.108 Å and 2.116 Å, respectively, which are slightly longer than
those for [Rh(m-pyrazolato) (cod)]2, i.e. 2.07e2.08 Å [18,19]. The
average RheC distances for 1 and 2 are 2.130 Å and 2.125 Å,
respectively, which are again longer than those for [Rh(L) (cod)]2
(L¼ carboxylato, pyrazolato, and pyridine-2-olato), i.e. 2.08e2.09 Å
[7e9,15e19]. The Rh$$Rh distances of 1 and 2 are 3.2666(8) and
3.1282(6) Å, respectively. It should be noted that the Rh$$Rh dis-
tance of 2 is the shortest among all the analogous complexes [Rh(L)
(cod)]2 (L¼ carboxylato, pyrazolato, and pyridine-2-olato) reported
previously; they are in the range of 3.15e3.48 Å as listed in Table 3
[7e9,15e19]. Alvarez et al. have pointed out on the basis of the ab
initio theoretical studies that the mutual arrangement between
two coordination planes around the two d8 metal atoms in dimeric
complexes [M(m-X)L2]2 (X¼ S, N, P, Cl, Br etc.; L¼ cod, nbd, CO, C2H4

etc.) tends to change from the coplanar to the bent structure due to
the attractive M$$M interaction [11,51,52]. Correspondingly, the
Rh$$Rh length has shown a decrease from 3.525 to 3.168 Å in the
case of [Rh(m-Cl) (CO)2]2. Thus, the Rh$$Rh lengths of 3.2666(8) and
3.1282(6) Å for 1 and 2, respectively, should be the indication of
direct metal-matal interaction between the rhodium atoms.

The X-ray crystal structures of [Rh(4-Me-pf) (nbd)]2 (3), [Rh(3,5-
Me2-pf) (nbd)]2 (4), and [Rh(2,6-F2-pf) (nbd)]2 (5) are shown in
Fig. 2(a)e(c), respectively. Dihedral angles, torsion angles, and
selected distances (the average of RheC and RheN distances) of
3e5 are shown in Table 2. As in the case of 1 and 2, the rhodium
atoms of 3e5 are displaced from their coordination planes; the
displaced lengths are 0.102 and 0.155 Å for 3, 0.143 and 0.124 Å for
4, and 0.074 and 0.106 for 5. Thus, the displacement lengths in 5 are
shorter than those in the other two nbd complexes. The dihedral
angle between two square planar coordination planes is 44.8� in 3,
44.2� in 4, and 44.9� in 5. These values are smaller than those in 1
and 2 by ca. 10�. The results might be the indication that the steric
repulsion between two diene ligands decreases as the ligand
changes from cod to nbd. In fact, while the shortest distances be-
tween cod ligands in 1 and 2 are 3.632(5) and 3.600(4) Å for
C21eC23A and C20eC22A, respectively, those between nbd ligands
in 3, 4, and 5 are 3.42(1), 3.367(6), and 3.366(6) Å for C1eC9,
C35eC42, and C28eC38, respectively. The average RheN distances
for 3, 4, and 5 are 2.109 Å, 2.093 Å, and 2.118 Å respectively, these
distances agree with for those of 1 and 2 (2.108 and 2.116 Å,
respectively). The average RheC distances for 3, 4, and 5 are 2.131 Å,
2.104 Å, and 2.118 Å respectively, agree well with precedent for
those of [Rh(L) (nbd)]2 (L ¼ pyrazolato and carboxylato) [20e23].

Correspondingly, the Rh$$Rh distances are 3.0205(11),
2.9724(9), and 3.0906(14) Å for 3, 4, and 5, respectively, which are
significantly shorter than 3.2666(8) for 1 and 3.1282(6) Å for 2
(Table 3). In both cod and nbd complexes, the Rh$$Rh distances of 2
and 4 are shorter than those of 1 and 3. The results suggest that the
formamidinate ligands with electron-releasing substituents tend to
shorten the Rh$$Rh distance. Furthermore, the data in Table 3
indicate that the Rh$$Rh distance in 4 is the shortest among all
the analogous nbd complexes reported previously. The results are
indicative of a strong direct metalemetal interaction between two
Rh atoms in 4. As for the other structural parameters, while the
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Table 1
Crystal data and data collection details for 1e5.

Compounds [Rh(4-Me-pf) (cod)]2 (1) [Rh(3,5-Me2-pf) (cod)]2 (2) [Rh(4-Me-pf) (nbd)]2 (3) [Rh(3,5-Me2-pf) (nbd)]2$1.5C6H6 (4) [Rh(2,6-F2-pf) (nbd)]2 (5)

Enpirical formula C46 H54 N4 Rh2 C50 H62 N4 Rh2 C44 H46 N4 Rh2 C57 H63 N4 Rh2 C40 H30 F8N4 Rh2

Formula weight 868.75 924.86 868.69 1009.93 924.50
Temperature (K) 90 (2) 90 (2) 90 (2) 90 (2) 90 (2)
Wave length (Å) 0.71073 0.71073 0.71075 0.71073 0.71075
Crystal system Monoclinic Monoclinic Tetragonal Triclinic Triclinic
Space group C2/c C2/c P421c P1 P1
a (Å) 21.958 (3) 19.958 (4) 21.549 (5) 9.904 (3) 8.655 (4)
b (Å) 12.1009 (18) 13.155 (3) 21.549 (5) 15.500 (4) 10.653 (5)
c (Å) 15.797 (2) 16.446 (3) 16.044 (4) 16.426 (5) 19.204 (9)
А (�) 90 90 90 81.380 (5) 91.132 (7)
В (�) 112.285 (3) 106.609 (3) 90 75.503 (5) 99.723 (8)
g (�) 90 90 90 75.165 (5) 96.616 (9)
Volume (Å3) 3884.0 (10) 4137.7 (14) 7450 (4) 2350.0 (11) 1732.0 (14)
Z 4 4 8 2 2
Density (Calculated) (g cm�3) 1.486 1.485 1.492 1.427 1.773
Absorption coefficient (mm�1) 0.888 0.838 0.923 0.745 1.033
F (000) 1792 1920 3424 1046 920
Crystal size (mm) 0.15 � 0.15 � 0.10 0.42 � 0.26� 0.15 0.13 � 0.05� 0.04 0.40 � 0.30� 0.20 0.09 � 0.07 � 0.02
q Range for data collection (�) 1.96 to 28.51 1.88 to 28.55 1.89 to 28.00 1.79 to 28.55 3.21 to 26.50
Index ranges �27 � h<¼25, �15 � k<¼15,

�20 � l<¼16
�23 � h<¼25, �7 � k<¼16,
�21 � l<¼21

�28 � h<¼28, �28 � k<¼28,
�21 � l<¼21

�12 � h<¼13, �20 � k<¼16,
�21 � l<¼20

�10 � h<¼9, �13 � k<¼10,
�24 � l<¼24

Reflections collected 11657 12230 125277 14487 13163
Independent reflections 4504 [Rint ¼ 0.0228] 4786 [Rint ¼ 0.0264] 9009 [Rint ¼ 0.0957] 10422 [Rint ¼ 0.0242] 6970 [Rint ¼ 0.0308]
Maximum and minimum transmission 0.915 and 0.878 0.885 and 0.720 0.964 and 0.856 0.865 and 0.755 0.980 and 0.857
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/restraints/parameters 4504/0/237 4786/0/257 9009/84/479 10422/0/576 6970/0/487
Goodness-of-fit on F2 1.244 0.981 1.201 0.986 1.055
Final R indices (I > 2s(I)) R1 ¼ 0.0344, wR2 ¼ 0.0735 R1 ¼ 0.0345, wR2 ¼ 0.0866 R1 ¼ 0.0539, wR2 ¼ 0.1126 R1 ¼ 0.0465, wR2 ¼ 0.1195 R1 ¼ 0.0374, wR2 ¼ 0.0794
R indices (all data) R1 ¼ 0.0389, wR2 ¼ 0.0750 R1 ¼ 0.0414, wR2 ¼ 0.0887 R1 ¼ 0.0541, wR2 ¼ 0.1127 R1 ¼ 0.0582, wR2 ¼ 0.1246 R1 ¼ 0.0501, wR2 ¼ 0.0859
Largest peak and hole (e Å�3) þ0.673 and �0.712 þ2.263 and �0.697 þ0.614 and �1.076 þ2.246 and �2.091 þ0.874 and �0.517
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torsion angles N(1)-Rh(1)-Rh(2)-N(2) and N(3)-Rh(1)-Rh(2)-N(4)
in 3 and 4 are slightly greater than those in 1 and 2, the torsion
angles in 5 are closer to those in 1 and 2 rather than in 3 and 4
(Table 2).

3.2. Temperature dependent NMR spectra

Fig. 3 shows the 1H NMR spectra of the cod complex [Rh(4-Me-
pf) (cod)]2 (1) taken in CD2Cl2 solution at (a) 298 K, (b) 273 K, (c)
253 K, (d) 243 K, and (e) 213 K. The corresponding spectra of
[Rh(3,5-Me2-pf) (cod)]2 (2) are given in Fig. S1. As shown in
Fig. 3(a), while the aliphatic and olefinic protons of the cod ligands
showed four and two signals, the p-methyl protons exhibited a
single sharp signal at 2.29 ppm. In the aromatic region, the m-
protons gave a relatively sharp doublet at 7.02 ppm while the o-
protons showed a very broad signal centered at 7.2 ppm. The
methine protons of the formamidinate ligands exhibited a sharp
triplet at 7.19 ppm due to the coupling (J ¼ 1.7 Hz) with magneti-
cally equivalent two rhodium atoms (I ¼ 1/2) [15,45]. As the tem-
perature was lowered, all these signals except methine signal
further broadened and split into several lines as shown in

Table 2
Selected bond distances (Å), bond angles (�), dihedral angles (�), and torsion angles (�) for 1e5 with their estimated standard deviations in parentheses.

Compounds [Rh(4-Me-pf)
(cod)]2 (1)

[Rh(3,5-Me2-pf)
(cod)]2 (2)

[Rh(4-Me-pf)
(nbd)]2 (3)

[Rh(3,5-Me2-pf)
(nbd)]2・1.5C6H6 (4)

[Rh(2,6-F2-pf) (nbd)]2 (5)

Rh$$Rh distance (Å) 3.2666 (8) 3.1282 (6) 3.0205 (11) 2.9724 (9) 3.0906 (14)
Average RheN distances (Å) 2.108 2.116 2.109 2.093 2.118
Average RheC distances (Å) 2.130 2.125 2.131 2.104 2.118
NeC(methine) distances (Å) N(1)-C(1) 1.321(3) N(1)-C(1) 1.313(3) N(1)-C(22) 1.318(9) N(1)-C(1) 1.308(4) N(1)-C(1) 1.320(4)

N(2)-C(1A) 1.320(4) N(2)-C(1A) 1.321(3) N(2)-C(22) 1.328(9) N(2)-C(1) 1.324(4) N(2)-C(1) 1.307(5)
N(2A)-C(1) 1.320(4) N(2A)-C(1) 1.321(3) N(3)-C(37) 1.329(10) N(3)-C(18) 1.310(5) N(3)-C(14) 1.317(5)

N(4)-C(37) 1.330(10) N(4)-C(18) 1.312(4) N(4)-C(14) 1.313(5)
Distances of Rh ion from

square ligand palane (Å)
0.143 0.185 0.102(Rh1), 0.155(Rh2) 0.143(Rh1), 0.124(Rh2) 0.074(Rh1), 0.106(Rh2)

Distances of Rh-centroid
(C]C) (avg.) (Å)

2.012 2.007 2.013 1.985 2.000

Dihedral angle between
Rh(1)-Rh(2) square planes (�)

54.2 51.9 44.8 44.2 44.9

Torsion angle of
N(1)-Rh(1)-Rh(1A)-N(2A) (�)

29.3 (1) 27.6 (1) e e e

Torsion angle of
N(1)-Rh(1)-Rh(2)-N(2) (�)

e e 29.0 (3) 31.5 (1) 28.3 (1)

Torsion angle of
N(3)-Rh(1)-Rh(2)-N(4) (�)

e e 30.2(3) 29.8(1) 25.3(1)

Fig. 1. ORTEP drawing of (a) 1 and (b) 2, showing the thermal elipsoids at 50% probability level. Hydrogen atoms are omitted for clarity. Symmetry code: (A) �x, y, �z þ 1/2 for 1 and
�x þ 1, y, �z þ 1/2 for 2.

Table 3
Rh$$Rh distances (Å) in complexes of the type [Rh(L) (cod)]2 and [Rh(L) (nbd)]2
(L ¼ formamidinate, carboxylate, pyrozole, and 2-hydroxypyridine).

Compounds Rh$$Rh (Å) Reference

[Rh(4-Me-pf) (cod)]2 (1) 3.2666 (8) This work
[Rh(3,5-Me2-pf) (cod)]2 (2) 3.1282 (6) This work
[Rh(O2CH) (cod)]2 3.3868 (8) [15]
[Rh(O2CCF3) (cod)]2 3.4844 (6) [16]
[Rh(O2C8H15) (cod)]2 3.3390 (4) [7]
[Rh(O2C-1-Adamantyl) (cod)]2 3.3026 (3) [9]
[Rh(O2CCH2Ph) (cod)]2 3.3868 (4) [9]
[Rh(pzFc)(cod)]2 3.189 (1) [19]
[Rh(pzph-o-ph) (cod)]2 3.219 (3) [18]
[Rh(pzph-o-Bup) (cod)]2 3.2339 (9) [18]
[Rh(mhp)(cod)]2 3.267 (1) [17]
[Rh(4-Me-pf) (nbd)]2 (3) 3.0205 (11) This work
[Rh(3,5-Me2-pf) (nbd)]2 (4) 2.9724 (9) This work
[Rh(2,6-F2-pf) (nbd)]2 (5) 3.0906 (14) This work
[Rh(O2CCH3) (nbd)]2 3.1050 (7) [21]
[Rh{O2CC(CH3)3}(nbd)]2 3.107 (2) [22]
[Rh{O2CCH2C(CH3)3}(nbd)]2 3.0636 (2) [9]
[Rh(bupz)(nbd)]2 3.098 (2) [20]
[Rh(mbupz)(nbd)]2 3.071 (2) [20]
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Fig. 3(b)e(e). At 213 K, two signals were observed for the p-methyl,
eight signals for the aliphatic, and four signals for the olefinic
protons. While the ortho protons exhibited clearly resolved three
doublets at 7.53, 6.87, and 6.38 ppm with 2:1:1 ratio, the meta
protons showed a broad singlet at 7.04 ppm. The formamidinate

methine protons maintained a sharp singlet at 7.06 ppm even at
213 K.

Obviously, some dynamic processes are taking place in this
complex. In order to explain the change in signal numbers
depending on the temperature, we have assumed that both the
racemization between enantiomers (A and B in Fig. 4) and the
rotation of aryl groups around the C(aryl)-N bonds (a and b in Fig. 4)
are fast on the 1H NMR timescale at 298 K. We have also assumed
that the rotation of the coordinated cod ligands is slow even at
298 K. Under these assumptions, the four p-tolyl groups are
equivalent at 298 K giving a singlet for the p-methyl, a doublet for
the ortho and meta protons. The aliphatic and olefinic protons
should give four and two signals, respectively, being consistent
with the observed signal numbers. Thus, the complex 1 exists as a
racemic mixture A and B, which are rapidly interconverting on the
1H NMR timescale at 298 K. As the temperature is lowered, the
racemization process is slowed down and is frozen on the 1H NMR
timescale at 213 K. In such a situation, the p-methyl, aliphatic, and
olefinic protons should give two, eight, and four signals, respec-
tively, which is also consistent with the observed signal numbers.
Discrepancy of the signal numbers was recognized, however, in the
ortho signals; the ortho protons showed three doublets in a 2:1:1
ratio instead of the expected two signals with equal intensity. The
results indicate that the rotation about NeC(tolyl) bonds in one of
the two kinds of p-tolyl rings, a or b in Fig. 4, is frozen on the 1H
NMR timescale at lower temperature, which will be discussed later.

Fig. 5 shows the 1H NMR spectra of the nbd complex [Rh(4-Me-
pf) (nbd)]2 (3) taken in CD2Cl2 solution at (a) 298 K (b) 263 K, (c)
233 K, (d) 213 K and (e) 183 K. The corresponding spectra of
[Rh(3,5-Me2-pf) (nbd)]2 (4) are given in Fig. S2. As shown in Fig. 5,
the temperature dependence of 3 is essentially the same as that of
the cod complex 1. However, there are some differences in the
signal widths. In contrast to the case of 1, 3 exhibited sharp and
well-resolved signals for the olefinic and ortho protons even at

Fig. 2. ORTEP drawing of (a) 3, (b) 4, and (c) 5, showing the thermal elipsoids at 50%
probability level. Hydrogen atoms are omitted for clarity.

Fig. 3. 1H NMR spectra of 1 taken in CD2Cl2 solution at (a) 298 K, (b) 273 K, (c) 253 K,
(d) 243 K, and (e) 213 K.
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298 K as shown in Fig. 5(a). The results suggest that the rate for
racemization in 3 is much faster than that in 1 at 298 K. It should
also be noted that the rotation of the coordinated nbd ligands is
slow on the 1H NMR timescale even at 298 K since the bridgehead
methine protons showed two signals at 4.05 and 4.24 ppm. At
183 K, the p-methyl and olefinic protons showed two and four
signals, respectively, as in the case of 1. The bridged methylene
protons of the nbd ligand maintained a broad singlet though they
should give an AB quartet in principle. Probably, the difference in
chemical shifts is too small to show an AB quartet. As for the aro-
matic protons, not only the ortho but also the meta protons gave
three separated signals in a 2:1:1 ratio; 7.53, 7.48, and 6.12 ppm for
the ortho and 7.00, 7.08, and 6.82 ppm for the meta protons. The
results again indicate that the rotation about NeC(tolyl) bonds in
one of the two kinds of p-tolyl rings is frozen at 183 K in 3 and 4.

Fig. S3 shows the temperature dependent 1H NMR spectra of
[Rh(2,6-F2-pf) (nbd)]2 (5). As a whole, the spectral change in 5 is
similar to those in 3 and 4. Notable difference was observed,
however, in the bridged methylene protons of the nbd ligands.
While the methylene protons in 3 and 4maintained a broad singlet

even at 183 K, those of 5 showed a clear AB quartet with J ¼ 8.0 Hz.
Similarly, while the meta protons showed a doublet of doublets at
298 K, they gave three multiplets at 193 K centered at 6.78, 6.89,
and 7.01 ppm in a 1:2:1 ratio. Thus, the rotation of one of the two
kinds of 2,6-difluorophenyl rings is frozen on the 1H NMR timescale
as in the case of 1e4.

Fig. 6 shows the temperature dependent 19F NMR spectra taken
in CD2Cl2 solution with C6F6 at (a) 298 K, (b) 273 K, (c) 253 K, (d)
213 K, (e) 193 K, and (f) 183 K. A very broad unsymmetrical signal
centered at �121 ppm at 298 K split into three signals as shown in
Fig. 6(a)e(c). The signal in the middle, i.e �122 ppm at 253 K,
broadened at lower temperature and split into two signals below
213 K. In contrast, the two other signals sharpened as the tem-
perature was lowered as shown in Fig. 6(d)e(e). Thus, two sharp
signals and two broad signals coexisted at 183 K as shown in
Fig. 6(f). The observation of four separate signals at 183 K indicates

Fig. 4. Racemization between enantiomers A and B in 1. (note): CH3
A exchanges its site with CH3

B. Similarly, the olefinic protons a, b, c, and d exchange their sites with those of b, a, d,
and c, respectively. Symbols a and b with curved arrow indicate the rotation of the aryl groups about the NeC(aryl) bonds. The ortho protons are labeled as o1-o4.

Fig. 5. 1H NMR spectra of 3 taken in CD2Cl2 solution at (a) 298 K, (b) 263 K, (c) 233 K,
(d) 213 K, and (e) 183 K.

Fig. 6. 19F NMR spectra of 5 taken in CD2Cl2 solution at (a) 298 K, (b) 273 K, (c) 253 K,
(d) 213 K, (e) 193 K, and (f) 183 K. Chemical shifts are referenced to C6F6.
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that the rotation of four aryl rings are slowed down in 5 on the 19F
NMR timescale, which should be ascribed to the increase in barriers
to rotation and/or the increase in chemical shift differences be-
tween two interconverting fluorine atoms.

3.3. Activation parameters for racemization

The rate constants for racemization between A and B in Fig. 4
were determined by the line shape analysis of the olefinic proton
signals. As shown in Fig. 4, the olefinic protons a, b, c, and d ex-
change their sites with b, a, d, and c, respectively. Fig. 7(a) shows the
temperature dependent 1H NMR spectra of the olefinic proton re-
gion in 1. Close inspection of the spectral change reveals that the
mutual exchange takes place between two downfield shifted sig-
nals (s1 and s2) and two upfield shifted signals (s3 and s4). The
theoretical spectrumwith rate constant krac was obtained by taking
the mutual exchanges, s1%s2 and s3%s4, into consideration. The
rate constant for racemizationwas determined at each temperature
by the comparison of the observed spectra given in Fig. 7(a) with
the theoretical ones given in Fig. 7(b). The activation parameters

were determined from the Eyring's plots shown in Fig. 7(c), and
they were listed in Table 4. The rate constants can also be deter-
mined by the line shape analysis of the p-methyl signals as shown
in Fig. S4. The activation parameters obtained from two different
probes, i.e. olefinic and p-methyl protons, showed a reasonable
agreement. Similar analyses were performed for complexes 2e5 as
shown in Figs. S5eS8, respectively.

The data in Table 4 indicate that the activation free energy for
racemization decreases by 7e9 kJ/mol as the diene ligand changes
from cod to nbd. The results suggest that the transition state for
racemization might be sterically more hindered in the cod com-
plexes than in the nbd complexes due to the bulkier nature of cod as
compared with nbd ligand. Activation parameters of 5 are charac-
terized by somehow larger negative values in activation entropy,
which could be ascribed to the conformational restriction at the
transition state due to the presence of the 2,6-difluoro groups.

3.4. Activation parameters for aryl rotation

As mentioned in the previous section, the rates for rotation of

Fig. 7. (a) Temperature dependent 1H NMR spectra of the olefinic protons in 1 in CD2Cl2 solution. (b) Calculated spectra corresponding to the observed ones. (c) Eyring's plots.

Table 4
Activation parameters for dynamic processes.

Compounds Racemization Aryl rotation

Probes DHz kJ mol�1 DSz J mol�1 DGz
298K kJ mol�1 Probes DHz kJ mol�1 DSz J mol�1 DGz

298K kJ mol�1

1 alkenyl(1H) 48.1 �9.8 51.1 ortho(1H)a n.d. n.d. n.d.
p-Me(1H) 48.1 �5.0 51.2

2 alkenyl(1H) 54.7 þ5.2 53.2 ortho(1H)a n.d. n.d. n.d.
3 alkenyl(1H) 46.2 þ9.3 43.4 ortho(1H)b 35.1b �19.2b 40.8b

p-Me(1H) 45.9 þ6.0 44.1
4 alkenyl(1H) 50.5 þ19.5 44.7 3,5-Me2(1H) 39.4b �16.1b 44.2b

5 alkenyl(1H) 42.5 �26.3 50.3 2,6-fluoro(19F) 33.2c �7.5c 35.4c

methylene(1H) 42.7 �23.4 49.7

a Determination of the activation parameters for rotation is difficult because krot(s) is much smaller than krac in cod complexes.
b Activation parameters for rotation of the slowly rotating aryl groups.
c Activation parameters for rotation of the rapidly rotating aryl groups.
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aryl groups around NeC(aryl) bonds are quite different among four
aryl groups. Two of them rotate rapidly as compared with the other
two. Thus, the variable temperature NMR spectra of these com-
plexes are quite complicated because they include dynamic pro-
cesses such as racemization, rotation of slowly rotating aryl groups,
and rotation of rapidly rotating aryl groups; the rate constants for
these processes are given as krac, krot(slow), and krot(rapid), respec-
tively. Since the ortho proton signals of rapidly rotating aryl groups
never split into two parts even at 183 K in 1e4, it is reasonable to
assume that krot(rapid) is much larger than krac, i.e. krot(rapid) >> krac.

A priori, there are three cases on the relationships between krac
and krot(slow). They are, i) case(1): krac >> krot(slow), ii) case(2):
krac << krot(slow), and iii) case (3): krac ~ krot(slow). In case(1), a broad
ortho signal should split directly into three signals in a 2:1:1 ratio as
the temperature is lowered. This is because the ortho protons of the
slowly rotating aryl groups can be nonequivalent only when the
racemization process is slowed down. It is therefore impossible to
determine the krot(slow) values from the line shape analysis. In
case(2), a broad ortho signal should split into two signals with equal
intensities at low temperature where the racemization is slowed
down. As the temperature is further lowered, one of the ortho
signals should split into two to give three signals in a 2:1:1 ratio.
Since the spectral change occurs step by step, we can easily
determine both krac and krot(slow) values. In case(3), the line shape of
the ortho signals should be affected by both krac and krot(slow) values.
It is therefore possible to know krot(slow) since the krac values have
been determined independently from the line shape analysis of the
olefinic proton signals.

As shown in Fig. 3, a broad ortho signal of 1 (d 7.18) at 298 K
started to split into three signals below 253 Κ, suggesting that
krac> krot(slow). Because the ortho protons of the rapidly rotating aryl
group exhibit a sharp doublet even at 183 Κ, the rate constants for
rotation krot(rapid) should be much larger than krac. As shown in
Fig. 4, racemization process induces site exchange such as o1 % o3
and o2 % o4 with the rate constant equal to krac. Similarly, the
rotation around CeN(aryl) bonds signified as a and b in Fig. 4 in-
duces site exchange such as o1 % o2 and o3 % o4 with the rate
constants equal to krot(rapid) and krot(slow), respectively. Here, we
assumed that the rotation a is much faster than rotation b. In the
line shape analysis of the ortho proton signals, we used krac values
that have been determined from the line shape analysis of the
olefinic proton signals. The krot(rapid) value is tentatively fixed at a
very large value, 1.0 � 106 s�1, in the temperature range examined.
Thus, the line shape of the ortho proton signals can be a function of
krot(slow).

Fig. S9 shows the observed and calculated spectra of the ortho
proton signals of 1. A precise simulationwas difficult because of the
presence of the meta and methine signals in the same region.
However, the observed spectrum seems to be correctly reproduced
by the theoretical one calculated using the already-determined krac
and tentatively fixed krot(rapid) ¼ 1.0 � 106 s�1. In other words, the
best-fit spectrum was obtained without using krot(slow). The result
suggests that complex 1 belongs to case(1) where krac is much
larger than krot(slow). Thus, it is impossible to determine krot(slow) in
this complex. The temperature dependent ortho proton signals of 2
exhibited a similar behavior as shown in Fig. S10. On the basis of
these results, it is concluded that the rate constants of the three
dynamic processes in the cod complexes 1 and 2 have the following
relationship, krot(rapid) >> krac >> krot(slow), and that the activation
parameters for rotation of four aryl groups are difficult to
determine.

Fig. S11(a) shows the NMR spectra of the ortho proton signals of
the nbd complex 3 taken at 223 Κ. The rate constant for racemi-
zationwas determined to be 230 s�1 from the line shape analysis of
the alkenyl proton signals shown in Fig. S6. Unlike the case in cod

complexes, the calculated spectrum with krac ¼ 230 s�1 and
krot(rapid) ¼ 1.0 � 105 s�1 was completely different from the
observed one as shown in Fig. S11(b). The result suggests that
complex 3 belongs to case(3) where krac is comparable to krot(slow).
Thus, the theoretical spectra were drawn by using various krot(slow)
values as shown in Fig. S11(c)e(e). The best-fit spectrum was ob-
tained with krot(slow) ¼ 3000 s�1. By applying the same method, we
were able to estimate the krot(slow) values at several temperatures as
shown in Fig. S12. The krot(slow) values in complex 4 were similarly
obtained by the simulation of the 3,5-methyl signals as shown in
Fig. S13. The activation parameters for rotation of the slowly
rotating aryl groups in 3 and 4 are listed in Table 4.

Fig. 6 shows the temperature dependent 19F NMR spectra of 5. A
broad fluorine signal at 298 K split into three signals at 273 K,
indicating clearly that 5 belongs to case(1)where krac is much larger
than krot(slow). As shown in Fig. 6(c)e(f), a broad signal in the middle

Fig. 8. Cyclic voltammograms of 1, 3, and 5 (1.0 � 10�3 M) at a scan rate of 0.05 V s�1 in
CH2Cl2 solutions containing 0.1 M TBAPF6.

Table 5
Half-wave potentials E1/2(V vs. SCE) of complexes 1e5 in CH2Cl2, 0.1 M TBAPF6.

Compounds E1/2 (V)

Rh2
4þ/Rh2

3þ Rh2
3þ/Rh2

2þ

[Rh(4-Me-pf) (cod)]2 (1) e þ0.41
[Rh(3,5-Me2-pf) (cod)]2 (2) e þ0.47
[Rh(4-Me-pf) (nbd)]2 (3) þ0.98 þ0.23
[Rh(3,5-Me2-pf) (nbd)]2 (4) þ0.86 þ0.17
[Rh(2,6-F2-pf) (nbd)]2 (5) þ1.26 þ0.29
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split into two signals while the other two signals assigned to slowly
rotating aryl groups were quite sharp. Thus, it is possible to treat
the temperature dependent 19F NMR signals of rapidly rotating aryl
groups as a function of krot(rapid). Fig. S14 shows the observed and
calculated spectra of the ortho fluorine signals, from which the
krot(rapid) values were determined at several temperatures. The
activation parameters for rotation of rapidly rotating aryl groups
are also listed in Table 4.

In order to obtain the krot(slow) values in 5, the spectral change at
higher temperature range was analyzed. Fig. S15 shows the com-
puter simulation of the ortho fluorine signals at 253 Κ. The
observed spectrumwas correctly reproduced by the introduction of
the krac and krot(rapid) values determined from the line shape anal-
ysis of the olefinic proton and fluorine signals given in Fig. S8 and
Fig. S14, respectively. Thus, the rate constants of the three dynamic
processes in 5 have the following relationship, krot(rapid) >>
krac >> krot(slow), and that the activation parameters for rotation of
slowly rotating aryl groups are difficult to determine.

The data in Table 4 indicate that the difference in activation free
energies for rotation between two aryl groups in 5 is much larger
than 15 kJ mol�1 at 298 K. Thus, the ratio of the rate constants
krot(rapid)/krot(slow) is at least 420. Such a large difference in rotation
rates could be ascribed to the difference in steric environment of
the aryl groups; one of the aryl groups binds to the imino nitrogen
while the other binds to the amino nitrogen. The aryl group
bonding to the imino nitrogen would suffers a larger steric repul-
sion at the transition state for rotation where the phenyl and the
RheN]C plains are coplanar due to the shorter NeC(aryl) bond.

3.5. Electrochemistry

The cyclic voltammograms of 1 and 3 and those of 2, 4, and 5 are
given in Fig. 8 and Fig. S16, respectively. Table 5 lists the electro-
chemical data of 1e5. As shown in Fig. 8, the cod complexes 1 and 2
exhibited only one chemically reversible redox process Rh2

3þ/Rh2
2þ

at E1/2 ¼ 0.41 V versus SCE. The sweep up to 1.7 V is shown in
Fig. S17, which showed a broad peak around 0 V ascribed to the
decomposition of the complex. Thus, electrochemical feature of 1 is
essentially the same as that reported by P. Zanello et al. [36].

In contrast, the nbd complexes 3e5 showed two chemically
reversible redox processes; the E1/2 values are 0.23 and 0.98 V for 3,
0.17 and 0.86 V for 4, and 0.29 and 1.26 V for 5. The first and second
oxidation potentials correspond to the Rh2

3þ/Rh2
2þ and Rh2

4þ/Rh2
3þ

redox processes, respectively. Thus, the nbd complexes 3e5 are
more easily oxidized than the corresponding cod complexes 1 and
2. Similar electrochemical results have been described for the
dinuclear rhodium(I) complexes [Rh(m-pzFc) (cod)]2, [Rh(m-pzFc)
(nbd)]2, and [Rh(m-pzBut) (nbd)]2 containing pyrazolato ligands
[19]. The difference in redox behaviors between cod and nbd
complexes is related with the Rh$$Rh distances due to the bulkier
nature of cod as compared with nbd ligand. As mentioned, the
Rh$$Rh distances of 3 (3.0224 Å) and 4 (2.9726 Å) are significantly
shorter than those of 1 (3.2668 Å) and 2 (3.1282 Å). In the case of 5,
the first and second oxidation potentials were observed at 0.29 and
1.26 V, respectively. Thus, the difference in second oxidation po-
tentials between 4 and 5 reached as much as 0.7 V. The large
positive shifts of the second oxidation potential in 5 is ascribed to
the electron withdrawing nature of 2,6-difluorophenyl group. It
should be noted that, in spite of the large positive shift, the CV
spectrum of 5 exhibits a clear reversible process, suggesting that
the Rh2

4þ species is stable enough during the CV measurement.
More detailed redox features of the nbd complexes including the
spectroscopic studies of the Rh2

4þ species are now in progress in this
research group.

4. Conclusion

A series of dinuclear rhodium(I) complexes [Rh(Rm-pf) (L)]2
were synthesized and their molecular structures were determined
by X-ray crystallographic analysis. The Rh$$Rh distance decreased
by ca. 0.2 Å as the ligand L was changed from 1,5-
cyclooctadiene(cod) to 2,5-norbornadiene(nbd). Similar decrease
was observed in Rh$$Rh distance of the nbd complexes as the N-
aryl substituent of the formamidinate ligandwas changed from 2,6-
difluorophenyl (3.091 Å) to 4-methylphenyl (3.0224 Å), and then to
3,5-dimethylphenyl (2.9726 Å) group. Thus, the electron donating
group strengthens the Rh$$Rh interaction. The structural results are
connected to the redox properties because the first oxidation po-
tential of the nbd complex decreased on going from 2,6-
difluorophenyl (þ0.29 V) to 4-methylphenyl (þ0.23 V), and then
to 3,5-dimethylpyhenyl (þ0.17 V) group. These complexes
commonly exhibited a novel dynamic behavior associated with a
racemization process as was revealed from the temperature
dependent NMR spectra. The activation free energies determined
by the line shape analysis were in the range of 43.4e53.2 kJ mol�1

at 298 K. Interestingly, the rotation rates of the N-aryl groups are
quite different in each complex; two of them rotate rapidly while
the other two rotate slowly. We have assumed that the aryl groups
attached to the amino nitrogen rotate more rapidly than those
attached to the imino nitrogen atoms.
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Abstract. Intercluster compounds, [{(Au{P(p-XPh)3})2(μ-OH)}2][α-
SiMo12O40(Au{P(p-XPh)3})2]·nEtOH [X = F (1), Cl (2)] were synthe-
sized by polyoxometalate (POM)-mediated clusterization, and were
unequivocally characterized by X-ray crystallography, elemental
analysis, thermogravimetric and differential thermal analysis (TG/
DTA), Fourier transform infrared (FT-IR), solid-state cross-polariza-
tion magic-angle-spinning (CPMAS) 31P nuclear magnetic resonance
(NMR), and solution (1H, 31P{1H}) NMR spectroscopy. The “dimer-
of-dinuclear phosphanegold(I) cation”, i.e., [{(Au{P(p-XPh)3})2(μ-
OH)}2]2+ was formed by the self-assembly of dinuclear phospha-
negold(I) cations, i.e., [(Au{P(p-XPh)3})2(μ-OH)]+, through inter-cat-

Introduction

Polyoxometalates (POMs) are molecular metal-oxide clus-
ters, which have attracted considerable attention in the fields
of catalysis, medicine, surface science, and materials science,
since POMs are often considered to be molecular analogues of
metal oxides in terms of structural analogy.[1] The metal-or-
ganic-POM hybrid materials have been designed and prepared,
which are interesting from a research perspective with respect
to crystal growth, crystal engineering, structure, sorption prop-
erties, and so on.[2] In many hybrid compounds consisting of
metal cluster cations and POM anions, POMs have been com-
bined with separately prepared metal cluster cations.[2a–2c]

Recently, we unexpectedly discovered a clusterization of
mononuclear phosphanegold(I) cations, [Au(PR3)]+ during the
course of carboxylate elimination from a monomeric phospha-
negold(I) carboxylate, [Au(RS-pyrrld)(PPh3)] (RS-Hpyrrld =
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ionic aurophilic interactions as the crossed-edge arrangement (or tetra-
hedral Au4 structure) for 1, while as the parallel-edge arrangement (or
rectangular Au4 structure) for 2. The latter arrangement was first at-
tained only by assistance of the POM. The POM anions in 1 and 2
contained two mononuclear phosphanegold(I) cations, i.e., [Au{P(p-
XPh)3}]+, linked to the OMo2 oxygen atoms of edge-sharing MoO6

octahedra. In the solution 31P{1H} NMR of 1 and 2, we observed
single signals due to the rapid exchange of the phosphanegold(I) units.
This shows that the OMo2 oxygen atoms of edge-sharing MoO6 octa-
hedra in the Keggin POM act as multi-centered active binding sites
for the formation of [{(Au{P(p-XPh)3})2(μ-OH)}2]2+.

RS-2-pyrrolidone-5-carboxylic acid)[3] in the presence of
free-acid form of Keggin POM, H3[α-PW12O40]·7H2O.[4a]

This reaction resulted in the formation of
tetrakis{triphenylphosphanegold(I)}oxonium cations,
[{Au(PPh3)}4(μ4-O)]2+ as countercations of POM anions. In
the formation of the tetragold(I) cluster cations, we demon-
strated that the POM surface oxygen atoms act as a template
in the clusterization of phosphanegold(I) cations.[4b] In ad-
dition, we also discovered that the formation of various phos-
phanegold(I) cluster cations was strongly dependent on the
bulkiness, acidity and charge density of the POMs, and
substituent on the aryl group of the phosphane ligands; for
example, [{{Au(PPh3)}4(μ4-O)}{{Au(PPh3)}3(μ3-O)}][α-
PW12O40], [{(Au{P(p-RPh)3})2(μ-OH)}2]3[α-PM12O40]2 (R =
Me, M = W; R = Me, M = Mo; R = F, M = Mo), [(Au{P(m-
FPh)3})4(μ4-O)]2[{(Au{P(m-FPh)3})2(μ-OH)}2][α-PMo12O40],
and so on have been prepared.[4b–4e] The POM-mediated clus-
terization of phosphanegold(I) cations provides effective syn-
thetic routes for novel phosphanegold(I) cluster cations by a
combination of the phosphanegold(I) carboxylate and different
POMs. In fact, the previously described heptagold(I) cluster
cation has been synthesized only by the POM-mediated clus-
terization method.[4c] Also, the POM anion as a counterion of
tetragold(I) cluster cation can be exchanged with the BF4

–

anion, resulting in a formation of the previously reported tet-
ragold(I) cluster cation by the Schmidbaur research group.[4a]

The field of element-centered gold clusters [E(AuL)n]m+ (E
= group 13–17 elements) has been extensively studied by the
Schmidbaur[5a,5b] and Laguna[5c] research groups. Many phos-
phanegold(I) cluster cations have been stabilized by aurophilic
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interactions in the solid state.[6] For example, oxygen-centered
trigold(I) cluster cations, [{Au(PR3)}3(μ3-O)]+ have been re-
ported to exhibit different forms of structural dimerization by
inter-cationic aurophilic interactions depending upon the bulki-
ness of the phosphane ligands, i.e., trinuclear units are aggre-
gated through crossed edges (R = Me) or parallel edges (R =
Ph, etc.), resulting in hexagold(I) dioxonium cations as dimer
of trinuclear clusters, [{{Au(PR3)}3(μ3-O)}2]2+.[6a–6d] The car-
bon-centered hexagold(I) cluster cation, [{Au(PPh3)}6(μ6-
C)]2+ has several intra-cationic aurophilic interactions with hy-
percoordinated carbon atom.[6e,6f] In the case of our phospha-
negold(I) clusters, the heptagold(I) cluster cation,
[{{Au(PPh3)}4(μ4-O)}{{Au(PPh3)}3(μ3-O)}]3+ was regarded
as an assembly of the tetranuclear unit, [{Au(PPh3)}4(μ4-O)]2+

and the trinuclear unit, [{Au(PPh3)}3(μ3-O)]+ induced by inter-
cationic aurophilic interactions.[4c] The tetragold(I) cluster cat-
ion as a counterion of POM anion, [{Au(PPh3)}4(μ4-O)]+ has
a trigonal-pyramidal structure (C3v symmetry) with intra-cat-
ionic aurophilic interactions,[4a,4b] while that as a counterion
of BF4

– anion has a tetrahedral structure (Td symmetry).[6g]

The tetragold(I) cluster cation has a different arrangement de-
pending upon the counterions. Recently, the hydroxido-bridged
gold(I) complex, [{Au(NHC)}2(μ-OH)]BF4 (NHC=N-hetero-
cyclic carbene) has been reported.[6h] Because the Au–Au dis-
tance is long (3.746 Å), aurophilic interaction does not appear
in this complex. Very recently, the hydroxido-bridged phospha-
negold(I) clusters, [{{Au(PR3)}2(μ-OH)}2](OTf)2 (R = Ph, o-
MePh) has also been synthesized.[6i] In contrast with the NHC-
Au complex, the two monomer units, [{Au(PR3)}2(μ-OH)]+

were aggregated by inter-cationic aurophilic interactions. In
addition, the hydrogen bond between the μ-OH group and
OTf– anion plays an important role for the formation of the
structure.

Several phosphanegold(I) complexes have been known to
serve as effective homogeneous catalysts for organic synthe-
sis.[7] For example, [{Au(PPh3)}3(μ3-O)]BF4

[6a,6b] has been
used as an effective catalyst for a Claisen rearrangement of
propargyl vinyl ethers.[7a–7d] Conceivably, the oxonium cation,
[{Au(PR3)}3(μ3-O)]+ is the source of the catalytically active
species [Au(PR3)]+.[7d] Very recently, a rearrangement of
propargylic gem-diesters catalyzed by the monomeric
phosphanegold(I) caion with Keggin POM anion,
H4–n[Au(PPh3)(NCCH3)]n[α-SiW12O40] (n = 1–4) has been re-
ported.[7e] The hybrid compounds between POM anions and
phosphanegold(I) cations constitute a new family of efficient
and recyclable catalysts.

The oxygen-centered tetragold(I) cluster cation has been
formed by utilizing the POM surface oxygen atoms, i.e., the
OW2 oxygen atoms of edge-sharing WO6 octahedra.[4a,4b]

However, a role of POM for the formation of [{{Au(PR3)}2(μ-
OH)}2]2+ is still unclear.[4d] In this work, we examined the
POM-mediated clusterization using the Keggin molybdo-POM
of heteroatom Si with higher negative charge (4–), H4[α-
SiMo12O40]·12H2O, and the phosphanegold(I) carboxylate pre-
cursor with the para X-substituted triarylphosphane ligand (X
= F, Cl), [Au(RS-pyrrld){P(p-XPh)3}].
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In this paper, we report the synthesis and compositional and
structural characterization of two novel intercluster
compounds, i.e., [{(Au{P(p-XPh)3})2(μ-OH)}2][α-
SiMo12O40(Au{P(p-XPh)3})2]·nEtOH [X = F (1), Cl (2)],
which are composed of [{(Au{P(p-XPh)3})2(μ-OH)}2]2+ and a
POM anion with two mononuclear phosphanegold(I) cations
linked to the OMo2 oxygen atoms of edge-sharing MoO6 octa-
hedra. The mononuclear phosphanegold(I) cations linked to
the POM indicate a transient state in the formation of the phos-
phanegold(I) cluster cations.[4b] Thus, the formation of
[{{Au(PR3)}2(μ-OH)}2]2+ may occur in the POM surface oxy-
gen atoms.

Results and Discussion

Synthesis and Compositional Characterization

Intercluster compounds between [{(Au{P(p-XPh)3})2(μ-
OH)}2]2+ and the Keggin POM anions containing mononuclear
phosphanegold(I) cations were obtained for 1 in a 73.4%
(0.181 g scale) yield, and for 2 in a 38.7% (0.102 g scale)
yield. These compounds were prepared by reactions between
[Au(RS-pyrrld){P(p-XPh)3}] [X = F (1), Cl (2)] in CH2Cl2 and
the Keggin POM, H4[α-SiMo12O40]·12H2O in mixed EtOH-
H2O solvent. Their crystallizations were carried out by slow
evaporation or liquid-liquid diffusion at room temperature.
Characterizations were performed by X-ray crystallography,
CHN elemental analysis, TG/DTA, FT-IR analysis, solid-state
CPMAS 31P NMR, and solution (1H, 31P{1H}) NMR spec-
troscopy.

The formation of 1 and 2 is represented in Equation (1):

6[Au(RS-pyrrld){P(p-XPh)3}] + H4[α-SiMo12O40] + 2H2O �
[{(Au{P(p-XPh)3})2(μ-OH)}2][α-SiMo12O40(Au{P(p-XPh)3})2] +
6RS-Hpyrrld X = F (1), Cl (2) (1)

X-ray crystallography of 1 and 2 showed the
formation of discrete intercluster compounds between
[{(Au{P(p-XPh)3})2(μ-OH)}]2+ and Keggin POM anions con-
taining two mononuclear phosphanegold(I) cations, [α-
SiMo12O40(Au{P(p-XPh)3})2]2– [X = F (1), Cl (2)] (see Section
“Molecular Structures of 1 and 2”).

The solid-state FT-IR spectra of 1 and 2 showed characteris-
tic vibrational bands based on the coordinating phosphane li-
gands. The FT-IR spectra also showed prominent vibrational
bands due to the Keggin molybdo-POM with the heteroatom
Si (956, 906, 876, and 795 cm–1 for 1; 955, 906, 876, and
795 cm–1 for 2).[8] The carbonyl vibrational bands of the an-
ionic RS-pyrrld ligand in [Au(RS-pyrrld){P(p-XPh)3}] disap-
peared, suggesting the elimination of the carboxylate ligand.
Elimination of this ligand was also confirmed by 1H NMR
spectroscopy.

Molecular Structures of 1 and 2

Single-crystal X-ray analysis revealed that 1 crystallizes in
the monoclinic C2/c space group and is composed of one
[{(Au{P(p-FPh)3})2(μ-OH)}2]2+ countercation, one Keggin
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Figure 1. (a) Molecular structure of [{(Au{P(p-FPh)3})2(μ-OH)}2][α-SiMo12O40(Au{P(p-FPh)3})2] (1), (b) the partial structure of [{(Au{P(p-
FPh)3})2(μ-OH)}2]2+ in a crossed-edge arrangement or tetrahedral Au4 structure, (c) the interactions between [{(Au{P(p-FPh)3})2(μ-OH)}2]2+

and the POM anions, and (d) the partial structure of the mononuclear phosphanegold(I) cations linked to the POM in 1.

POM anion, [α-SiMo12O40]4–, two mononuclear phospha-
negold(I) cations, [Au{P(p-FPh)3}]+ linked to the OMo2 oxy-
gen atoms of the edge-sharing MoO6 octahedra of the POM,
and four CH2Cl2 molecules as crystallization solvents (Fig-
ure 1a).

The countercation [{(Au{P(p-FPh)3})2(μ-OH)}2]2+ in 1 can
be regarded as the dimerization of dinuclear phosphanegold(I)
cations, [(Au{P(p-FPh)3})2(μ-OH)]+. The dinuclear phospha-
negold(I) cations consists of two mononuclear phospha-
negold(I) cations, i.e., [Au{P(p-FPh)3}]+ linked by a μ-OH
group and is triangular in shape. Two dinuclear phospha-
negold(I) cations dimerize to form [{(Au{P(p-FPh)3})2(μ-
OH)}2]2+ by inter-cationic aurophilic interactions (Au1–Au2:
3.1742 Å, Au1–Au2�: 3.3470 Å) in a crossed-edge arrange-
ment (or tetrahedral Au4 structure), leading to a tetrahedral
array of the four gold(I) atoms (Figure 1b). The countercation
[{(Au{P(p-FPh)3})2(μ-OH)}2]2+ with a parallel-edge arrange-
ment (or rectangular Au4 structure) has already been report-
ed.[4d] Also, the halide-bridged phosphanegold(I) clusters,
[{{Au(PR3)}2(μ-X)}2]2+ (X = Cl, Br, I) has been synthesized
as a crossed-edge arrangement with large anion such as
SbF6

–.[6j,6k] The inter-cationic aurophilic interactions we ob-
served were longer than those of the previously reported for
[{(Au{P(p-MePh)3})2(μ-OH)}2]2+ (Au1–Au1�: 2.991 Å) with
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a crossed-edge arrangement.[4d] The Au–O–Au angles are
139.3° (Au1–O1–Au1�) and 134.6° (Au2–O2–Au2�), and these
angles are wider than that in [{(Au{P(p-MePh)3})2(μ-
OH)}2]2+ (Au1–O1–Au1�: 116.1°).[4d] The μ-OH groups in
[{(Au{P(p-FPh)3})2(μ-OH)}2]2+ interact with the OMo2 oxy-
gen atoms of the edge- and corner-sharing MoO6 octahedra of
the Keggin POMs (O1–O14: 3.190, O1–O19: 3.103, O2–O10:
3.167, O2–O16: 3.133 Å) (Figure 1c).

Two mononuclear phosphanegold(I) cations link to the
OMo2 oxygen atoms of the edge-sharing MoO6 octahedra of
the Keggin POM (Figure 1d). It should be noted that the OM2

oxygen atoms of the edge-sharing MO6 octahedra in the Keg-
gin POM (M = W, Mo) act as a multi-centered active binding
site.[4b,9] Two aryl groups of the phosphanegold(I) unit showed
flipping disorder concerted with the disorder of the CH2Cl2
solvent molecule.

Single-crystal X-ray analysis revealed that 2 crystallizes in
the triclinic P1̄ space group and is composed of one
[{(Au{P(p-ClPh)3})2(μ-OH)}2]2+ countercation, one Keggin
POM anion, [α-SiMo12O40]4–, two mononuclear phospha-
negold(I) cations, [Au{P(p-ClPh)3}]+ linked to the OMo2 oxy-
gen atoms of the edge-sharing MoO6 octahedra of the POM,
and nine CH2Cl2 molecules as crystallization solvents (Fig-
ure 2a).
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Figure 2. (a) Molecular structure of [{(Au{P(p-ClPh)3})2(μ-OH)}2][α-SiMo12O40(Au{P(p-ClPh)3})2]·EtOH (2), (b) the partial structure of
[{(Au{P(p-ClPh)3})2(μ-OH)}2]2+ in a parallel-edge arrangement or rectangular Au4 structure, (c) the partial structure of the mononuclear phos-
phanegold(I) cations linked to the POM in 2, and (d) polyhedral representation of the polyoxoanion moieties of 1 (left) and 2 (right).

As to 2, the dinuclear phosphanegold(I) cation
consists of two mononuclear phosphanegold(I) cations,
[Au{P(p-ClPh)3}]+ linked by a μ-OH group, and the two dinu-
clear phosphanegold(I) cations dimerized by inter-cationic aur-
ophilic interactions (Au1–Au2�: 3.2297, Au3–Au4�: 3.1933 Å)
forming [{(Au{P(p-ClPh)3})2(μ-OH)}2]2+ (Figure 2b). Unlike
1, the dinuclear phosphanegold(I) cations of 2 dimerized in a
parallel-edge arrangement, leading to a rectangular array of the
four gold(I) atoms. The interactions of F–H for 1 in the crystal
structures were quite different from those of Cl–H for 2, i.e.,
the number of F–H interactions consists of 11 types, which
were larger than 5 types of Cl–H interactions. These interac-
tions might bring about the structural difference of [{(Au{P(p-
XPh)3})2(μ-OH)}2]2+ of 1 and 2. The Au–O–Au angles are
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92.22° (Au1–O1–Au2) and 90.95° (Au3–O2–Au4), and these
angles are narrower than those in 1 (139.3, 134.6°). Because
of these narrow angles, the intra-cationic aurophilic interac-
tions of the dinuclear phosphanegold(I) cation are short (Au1–
Au2: 3.0038, Au3–Au4: 2.9758 Å). The countercation
[{(Au{P(p-ClPh)3})2(μ-OH)}2]2+ with a parallel-edge arrange-
ment in 2 is similar to that of the previously reported
[{(Au{P(p-FPh)3})2(μ-OH)}2]2+ with [α-PMo12O40]3–.[4d] The
gold(I) atoms in [{(Au{P(p-ClPh)3})2(μ-OH)}2]2+ interact
with the OMo2 oxygen atoms of the edge-sharing MoO6 octa-
hedra and the terminal oxygen atom of the Keggin POMs
(Au1–O7: 3.159, Au1–O28: 3.116, Au3–O37: 3.061 Å). The
hydroxido-bridged phosphanegold(I) cluster with a parallel-
edge arrangement in 2 is a second example by assistance of
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the POM anion, after our first example,[4d] both of which have
never been synthesized without the POM anions. The structure
of a parallel-edge arrangement of [{{Au(PR3)}2(μ-X)}2]2+

without the POM has been reported only for the thiolato-
bridged cations, [{{Au(PR1)}2(μ-SR2)}2]2+ (R1 = Ph, Me; R2

= CMe3, 2-H2NC6H4, CH2CMe3, 4-MeC6H4, 2,3,4,6-tet-
raacetyl-1-thio-d-glucopyranosato).[10]

Two mononuclear phosphanegold(I) cations link to the
OMo2 oxygen atoms of edge-sharing MoO6 octahedra of the
Keggin POM. However, the OMo2 oxygen atoms linked to
mononuclear phosphanegold(I) cations in 2 are different from
those of 1 (Figure 2c, d). Two aryl groups in the POM moiety
were disordered, also in concert with the CH2Cl2 disorder.

Both compounds 1 and 2 were composed of the POM anion
with 4– charge, i.e., [α-SiMo12O40]4–, the two mononuclear
phosphanegold(I) cations, i.e., [Au{P(p-XPh)3}]+, and one
[{(Au{P(p-XPh)3})2(μ-OH)}2]2+ countercation. From the
viewpoint of the [{(Au{P(p-XPh)3})2(μ-OH)}2]2+ countercat-
ion with larger size and the two mononuclear phosphanegold(I)
cations with smaller size, in comparison with the size of the
Keggin POM anion, the charge balance among these cations
and anions resulted in that the two mononuclear phospha-
negold(I) cations were linked to the POM anion. These fea-
tures are consistent with the X-ray molecular structure.

Solid-State CPMAS 31P and Solution 31P{1H} NMR

The solid-state CPMAS 31P NMR spectrum of 1 (Figure 3a)
showed two signals at δ = 21.1 and 23.1 ppm originating from
the inequivalent phosphane groups. It is likely that the signal
at δ = 21.1 ppm is assignable to [{(Au{P(p-FPh)3})2(μ-
OH)}2]2+, and the signal at δ = 23.1 ppm is assignable to the

Figure 3. Solid-state CPMAS 31P NMR spectra of (a) 1 and (b) 2, and solution 31P{1H} NMR spectra in [D6]DMSO of (c) 1 and (d) 2.
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two mononuclear phosphanegold(I) cations linked to the OMo2

oxygen atoms of the edge-sharing MoO6 octahedra of the
POM. On the other hand, the solid-state CPMAS 31P NMR
spectrum of 2 (Figure 3b) showed one broad signal at δ =
25.5 ppm, which will be due to the overlap of the signals based
on [{(Au{P(p-ClPh)3})2(μ-OH)}2]2+ and the mononuclear
phosphanegold(I) cations linked to the POM.

The solution 31P{1H} NMR spectra of 1 and 2 in
[D6]DMSO (Figure 3c, d) showed single sharp signals at δ =
23.23 ppm for 1 and 24.07 ppm for 2. These signals shifted to
a higher field from the monomeric phosphanegold(I) carboxyl-
ate. In general, the 31P{1H} NMR signals of oxygen-centered
phosphanegold(I) clusters are observed in the higher field in
comparison with that of the monomeric phosphanegold(I)
carboxylates, [Au(RS-pyrrld)(PR3)].[4] The single signals ob-
served in solution 31P{1H} NMR of 1 and 2 are explained by
the rapid exchange among [{(Au{P(p-XPh)3})2(μ-OH)}2]2+

and the mononuclear phosphanegold(I) cations linked to the
POM.[4b] Because Keggin molybdo-POMs are unstable in
DMSO, minor peaks at δ = 41.06 and 41.71 ppm assignable
to [Au{P(p-XPh)3}2]+ [11] were also observed, resulting from
decomposition of 1 and 2 in the [D6]DMSO solution. Thus,
dissolution of these compounds leads to a complete disinte-
gration of the structures equilibrating all [Au{P(p-XPh)3}]+

units.

Conclusions

Crystalline samples of novel intercluster compounds,
[{(Au{P(p-XPh)3})2(μ-OH)}2][α-SiMo12O40(Au{P(p-XPh)3})2]
[X = F (1), Cl (2)] were obtained by slow evaporation or the
liquid-liquid diffusion method. Two types of [{(Au{P(p-
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XPh)3})2(μ-OH)}2]2+ indicate different dimerization arrange-
ments depending upon the substituent on the aryl group of the
triarylphosphanes, i.e., a crossed-edge arrangement or tetrahe-
dral Au4 structure (1) and a parallel-edge arrangement or rec-
tangular Au4 structure (2). The mononuclear phosphanegold(I)
cations linked to the POM anion reveal that the OMo2 oxygen
atoms of edge-sharing MoO6 octahedra in the POM act as
multi-centered active binding sites for the formation of
[{(Au{P(p-XPh)3})2(μ-OH)}2]2+. This fact also shows that the
POM’s surface oxygen atoms have different affinity to gold
atoms. Formation of the present [{(Au{P(p-XPh)3})2(μ-
OH)}2]2+, as well as the previous tetragold(I) cluster cations,
is strongly dependent on the POM. A mechanisms of formation
of the phosphanegold(I) clusters utilizing the mononuclear
phosphanegold(I) cations linked to the POM is studied in full
progress. Also, the catalytic activities of our compounds are
studied and their details will be reported in due course.

Experimental Section

General: The following reactants were used as received: EtOH,
CH2Cl2, Et2O (all from Wako), and [D6]DMSO (Isotec). With respect
to the Keggin POM, H4[α-SiMo12O40]·12H2O was prepared according
to the ether extraction method,[12] and was identified by TG/DTA and
FT-IR analysis. The precursors, [Au(RS-pyrrld){P(p-XPh)3}] (X = F,
Cl) were synthesized using P(p-XPh)3 (X = F, Cl), according to the
previously reported procedure for preparation of the monomeric phos-
phanegold(I) carboxylate,[3,4d] and characterized by CHN elemental
analysis, TG/DTA, FT-IR analysis, and solution (1H, 13C{1H},
31P{1H}) NMR spectroscopy.

Solid-state CPMAS 31P NMR (121.00 MHz) spectra were recorded
in 6-mm-outer-diameter rotors with a Jeol JNM-ECP 300 FT-NMR
spectrometer with a Jeol ECP-300 NMR spectroscopic data processing
system. The spectra were referenced to an external standard of
(NH4)2HPO4 (δ = 1.60 ppm). 1H NMR (500.00 MHz) and 31P{1H}
NMR (202.00 MHz) spectra in a [D6]DMSO solution were recorded
in 5-mm-outer-diameter tubes with a Jeol JNM-ECP 500 FT-NMR
spectrometer with a Jeol ECP-500 NMR spectroscopic data processing
system. The 1H NMR spectra were referenced to an internal standard
of tetramethylsilane (SiMe4). The 31P{1H} NMR spectra were refer-
enced to an external standard of 25% H3PO4 in H2O in a sealed capil-
lary. The 31P{1H} NMR spectroscopic data, with the usual 85% H3PO4

reference, were shifted to +0.544 ppm from our data. IR spectra were
recorded with a Jasco 4100 FT-IR spectrometer in KBr disks at room
temperature. CHN elemental analyses were performed using a Perkin-
Elmer 2400 Series II CHNS/O Elemental Analyzer (Kanagawa Uni-
versity). TG/DTA analyses were acquired with a Rigaku Thermo Plus
2 series TG 8120 instrument.

[{(Au{P(p-FPh)3})2(μ-OH)}2][α-SiMo12O40(Au{P(p-FPh)3})2] (1): A
solution of [Au(RS-pyrrld){P(p-FPh)3}] (0.192 g, 0.300 mmol) dis-
solved in CH2Cl2 (25 mL) was slowly added to a yellow clear solution
of H4[α-SiMo12O40]·12H2O (0.101 g, 0.050 mmol) dissolved in 15 mL
of an EtOH-H2O (5:1, v/v) mixed solvent. After stirring for 1 h at
room temperature, the reaction solution was filtered through a folded
filter paper (Whatman No. 5). The resulting yellow clear filtrate was
slowly evaporated at room temperature in the dark. After 3 d, yellow
needle crystals formed 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: 0.181 g (73.4%). The crystalline samples
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were soluble in DMSO, but insoluble in H2O, EtOH and Et2O. Solid-
state CPMAS 31P NMR (room temp.): δ = 21.1, 23.1 ppm. 31P{1H}
NMR (26.3 °C, [D6]DMSO): δ = 23.23 (main), 41.06 (minor) ppm.
1H NMR (25.7 °C, [D6]DMSO): δ = 7.38–7.64 (m, Aryl) ppm. IR
(KBr): ν̃ = 1590 (s), 1496 (s), 1396 (w), 1302 (vw), 1278 (vw), 1238
(m), 1161 (m), 1104 (w), 1013 (vw), 990 (vw), 956 (m), 906 (vs), 876
(w), 828 (m), 795 (s), 709 (vw), 641 (vw), 619 (vw), 534 (m), 451
(w), 411 (vw) cm–1. C108H74O42F18Si1P6Mo12Au6: calcd. C 26.30, H
1.51%; found: C 26.36, H 1.02%. TG/DTA under atmospheric condi-
tions: no weight loss was observed at below 204.0 °C. The sample
dried in vacuo for 2 h was used for CHN elemental analysis, TG/DTA,
FT-IR and NMR, while the crystal used for X-ray crystallography was
taken straight from mother liquor without drying.

[{(Au{P(p-ClPh)3})2(μ-OH)}2][α-SiMo12O40(Au{P(p-ClPh)3})2]·EtOH
(2): [Au(RS-pyrrld){P(p-ClPh)3}] (0.207 g, 0.300 mmol) was dis-
solved in CH2Cl2 (15 mL). A yellow clear solution of H4[α-
SiMo12O40]·12H2O (0.101 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 gold(I) complex. The round-bottomed flask containing two layers,
i.e., the gold(I) complex solution in the lower layer and the POM solu-
tion in the upper layer, was sealed and left in the dark at room tempera-
ture. After 5 d, orange plate crystals and a by-product of pale-yellow
white powder had formed. The orange plate crystals were separated
by decantation several times with EtOH added. The residual crystals
were collected with 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:
0.102 g (38.7%). The crystalline samples were soluble in DMSO, but
insoluble in H2O, EtOH and Et2O. Solid-state CPMAS 31P NMR
(room temp.): δ = 25.5 ppm. 31P{1H} NMR (26.7 °C, [D6]DMSO): δ
= 24.07 (main), 41.71 (minor) ppm. 1H NMR (25.8 °C, [D6]DMSO):
δ = 1.09 (t, J = 6.9 Hz, CH3CH2OH solvent molecule), 7.51–7.61 (m,
Aryl) ppm. IR (KBr): ν̃ = 1576 (m), 1561 (w), 1480 (s), 1389 (m),
1301 (vw), 1269 (vw), 1183 (vw), 1141 (vw), 1088 (vs), 1012 (m),
991 (vw), 955 (s), 906 (vs), 876 (w), 795 (vs), 751 (s), 705 (w),
631 (w), 569 (m), 535 (w), 496 (m), 454 (vw) cm–1.
C110H80O43Si1P6Cl18Mo12Au6: calcd. C 25.05, H 1.53%; found: C
25.13, H 1.72%. TG/DTA under atmospheric conditions: a weight loss
of 0.72% because of desorption of EtOH was observed at temperature
less than 232.0 °C; calcd. 0.87% for one EtOH molecule. The sample
dried in vacuo for 2 h was used for CHN elemental analysis, TG/DTA,
FT-IR and NMR, while the crystal used for X-ray crystallography was
taken straight from mother liquor without drying.

X-ray Crystallography: Single crystals with dimensions of
0.30�0.06�0.01 mm3 for 1 and 0.22 �0.14�0.08 mm3 for 2 were
mounted on cryoloops using liquid paraffin and then cooled by a
stream of cooled N2 gas. Data collection was performed with a Rigaku
VariMax with a Saturn CCD diffractometer at 120 K for 1 and a Bruker
SMART APEX CCD diffractometer at 100 K for 2. Intensity data were
automatically collected to capture the Lorentz and polarization effects
during integration. The structure was solved by direct methods (pro-
gram SHELXS-97)[13a] followed by subsequent difference Fourier cal-
culations and were refined by a full-matrix, least-squares procedure on
F2 (program SHELXL-97).[13b] Absorption correction was performed
using SADABS (empirical absorption correction).[13c] The composi-
tions and formulae for the POMs were determined by CHN elemental
analysis, TG/DTA and 1H NMR spectroscopy. Many solvent molecules
in the crystals were eliminated by drying in vacuo before characteriza-
tion such as CHN elemental analysis, TG/DTA, FT-IR and NMR,
while the crystals used for X-ray crystallography were taken straight
from mother liquor. Thus, the solvent molecules were not necessarily
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Table 1. Crystallographic data for 1 and 2.

1 2

Formula C112H82Au6Cl8F18Mo12O42P6Si C117H92Au6Cl36Mo12O42P6Si
Formula weight 5272.37 5993.09
Color, shape yellow, needle orange, plate
Crystal system monoclinic triclinic
Space group C2/c P1̄
T /K 120 100
a /Å 27.245(5) 17.2349(14)
b /Å 14.747(3) 17.2715(14)
c /Å 34.924(7) 31.040(3)
α /° 95.3260(10)
β /° 93.15(3) 101.8900(10)
γ /° 108.2240(10)
V /Å3 14011(5) 8464.3(12)
Z 4 2
Dcalc /g·cm–3 2.500 2.351
F(000) 9880 5648
GOF 1.146 1.033
R1 [I � 2.00σ(I)] 0.0636 0.0502
R (all data) 0.0716 0.0722
wR2 (all data) 0.1448 0.1443

consistent between X-ray analysis and other characterization. Most
atoms in the main part of the structure were refined anisotropically,
while the rest (as disordered crystallization solvents) were refined iso-
tropically. The restraint command “isor” and “simu” were employed
to keep thermal parameters reasonable except the crystallization sol-
vents. This command led to the restraint number 18 for 1 and 12 for
2. Details of the crystallographic data for 1 and 2 are listed in Table 1.
The polyhedral representations in Figure 2 and solid-state packing of
1 and 2 (Figures S5, S6) were drawn using the VESTA 3 series.[13d]

Crystallographic data (excluding structure factors) for the structures in
this paper have been deposited with the Cambridge Crystallographic
Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK.
Copies of the data can be obtained free of charge on quoting the de-
pository numbers CCDC-1026053 (code: ty004rc2c, 1) and CCDC-
1026054 (code: ty052sp-1, 2) (Fax: +44-1223-336-033; E-Mail:
deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk)

Supporting Information (see footnote on the first page of this article):
FT-IR spectra, TG/DTA data, and solid-state packing of 1 and 2.
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A novel Al16-hydroxide cluster-containing polyoxometalate
(POM) tetramer, [{α-Al3SiW9O34(¯-OH)6}4{Al4(¯-OH)6}]22¹

(Al16-tetramer), was obtained as a potassium salt and
characterized by single-crystal X-ray diffraction, FTIR,
elemental analysis (H, Al, K, Cl, Na, Si, and W), TG/DTA,
and (29Si, 183W)NMR. The Al16-tetramer adopts a nanosized
structure containing an Al16-hydroxide cluster and maintains
its structure in solution. Therefore, the Al16-tetramer is a
model compound for aluminum-containing clusters.
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A novel Al16-hydroxide cluster-containing polyoxometalate
tetramer, [{α-Al3SiW9O34(¯-OH)6}4{Al4(¯-OH)6}]22¹ (Al16-
tetramer), was obtained as a potassium salt and characterized
by single-crystal X-ray diffraction, FTIR, elemental analysis,
TG/DTA, and (29Si, 183W)NMR. The Al16-tetramer adopts a
nanosized structure containing an Al16-hydroxide cluster, and
maintains its structure in solution. Therefore, the Al16-tetramer
is a model compound for aluminum-containing clusters.

Polyoxometalates (POMs) are discrete metal oxide clusters
that are of current interest as soluble metal oxides, and for their
applications in catalysis, medicine, and materials science.1 The
W or Mo atoms in POMs can be substituted with other metal
ions (M) and the formation of MOM linkages on the
heterometal sites of POMs can lead to the construction of a
nanosized inorganic architecture with a well-defined structure.2

On the other hand, the Al3+ ion exists in a wide and
dynamic range of hydroxide cluster species in aqueous solution.3

The complex solution speciation of Al3+ hydroxide clusters can
provide not only a clear understanding of aluminum in natural
water systems, but also a basis for commercial applications.
Although many studies on Al3+ hydroxide clusters in aqueous
solution have been reported, the number of solid-state studies of
Al3+ clusters is limited.3 The synthetic and structural studies of
Al-substituted POMs can provide valuable molecular models of
Al-hydroxide clusters. In addition, the AlOHAl bonds of Al-
substituted POMs can be extended to the synthesis of POM-
based nanosized inorganic molecules with higher nuclearity
and molecular weights. Although several Al-substituted POMs
have been reported so far, fully structurally characterized Al-
substituted POMs are limited.4

In this paper, we report a novel Al16-hydroxide cluster-
containing POM tetramer, [{α-Al3SiW9O34(¯-OH)6}4{Al4(¯-
OH)6}]22¹ (Al16-tetramer), which was characterized by single-
crystal X-ray diffraction, FTIR (Figure S1), elemental analysis
(H, Al, K, Cl, Na, Si, and W), TG/DTA (Figure S2), and (29Si,
183W)NMR.

Four equivalents of AlCl3¢6H2O were added in small
portions to a solution of trilacunary Keggin silicotungstate,
Na10[A-α-SiW9O34]¢18H2O,5 while maintaining the pH value at
6.5 with 1M KOH(aq). The solution was then heated to 80 °C for
30min. After cooling to room temperature, saturated KCl(aq) was
added to the solution, and colorless plate crystals were obtained
with a yield of 10.6% based on Na10[A-α-SiW9O34]¢18H2O after
1 day (see Supporting Information). The addition of an Al source
results in a decrease in the pH of the solution. When AlCl3 was
added to the solution in one portion, the pH value of the solution
dropped to ca. 3 and a tetraaluminum-substituted open-Dawson
structural POM, [Al4(¯-OH)6{α,α-Si2W18O66}]10¹ (Al4-open),6

was obtained instead of the Al16-tetramer. In the synthesis of

Al4-open, the Al source, i.e., AlCl3¢6H2O or Al(NO3)3¢9H2O,
was added “in one portion” to the solution of Na10[A-α-
SiW9O34]¢18H2O, followed by stirring the solution at 80 °C for
30min. Therefore, the reaction condition of Al4-open was more
acidic than that of Al16-tetramer. This fact suggested that
careful addition of AlCl3¢6H2O and control of the pH value of
the solution are crucial for the formation of the Al16-tetramer.
The formula of the potassium salt of the Al16-tetramer, K22[{α-
Al3SiW9O34(¯-OH)6}4{Al4(¯-OH)6}]¢3KCl¢69H2O, was deter-
mined by elemental analysis (H, Al, K, Cl, Na, Si, and W),
TG/DTA, and X-ray crystallography.

X-ray crystallography revealed that in the formation of
the tetrapod-shaped POM tetramer [{α-Al3SiW9O34(¯-OH)6}4-
{Al4(¯-OH)6}]22¹, the four trialuminum-substituted Keggin
POM units, [α-Al3SiW9O34(¯-OH)6]7¹, were linked to the
tetraaluminum hydroxide cluster unit [Al4(¯-OH)6]6+ via Al

Figure 1. (a) Molecular structure of the polyoxoanion, [{α-
Al3SiW9O34(¯-OH)6}4{Al4(¯-OH)6}]22¹ of the Al16-tetramer,
in polyhedral representation; (b) its thermal ellipsoid plot.
(c) The partial structure around the Al16 hydroxide cluster unit.
Color code: Al, pink; W, gray; Si, blue; O, red.
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OAl bonds (Figures 1a and 1b). The center-to-terminal distance
was found to be about 1.1 nm, and therefore, the polyoxoanion
Al16-tetramer has a nanosized structure with Td symmetry.

The central {Al4(¯-OH)6} unit was composed of four AlO6

octahedra connected to each other by corner-sharing AlOAl
bonds, and displayed Td symmetry (Figure 1c). A tetranuclear
aluminum hydroxide cluster similar to the central {Al4(¯-OH)6}
unit in the Al16-tetramer has been reported for [Al4(OH)6-
(H2O)12][Al(H2O)6]2Br12 by Sun et al.7 [Al4(OH)6(H2O)12]6+

was capped with 12 terminal water molecules. The Al16-
tetramer is regarded as a structure in which the twelve
coordinated water molecules of [Al4(OH)6(H2O)12]6+ are sub-
stituted by the twelve terminal oxygen atoms of the four tri-Al-
substituted Keggin POM units. Therefore, the Al16-tetramer is
a model compound for [Al4(OH)6(H2O)12]6+ capped with tri-
Al-substituted Keggin POM units as an inorganic ligand. Bond
valence sum (BVS) calculations revealed that all the thirty
oxygen atoms of the AlOAl bonds are protonated, and are
ascribed to the OH¹ groups (the BVS value; O41, 1.040; O42,
1.030; O43, 0.938; O44, 0.967; O45, 1.026; O46, 1.046; O47,
0.971; O48, 0.963; O49, 0.931; O50, 0.931; O51, 0.964;
Table S1).

The structure of the Al16-tetramer was similar to those of
the Nb16-containing Keggin POM tetramers, [(α-Nb3XW9O40)4-
{Nb4(¯-O)6}]20¹ (X = Si2c and Ge2d) reported by Hill et al. and
Xu et al., respectively. As with the Al16-tetramer, the structures
of [(α-Nb3XW9O40)4{Nb4(¯-O)6}]20¹ were described as tetra-
mers consisting of the four triniobium-substituted Keggin POM
units [α-Nb3XW9O40]7¹, linked by tetraniobium oxide cluster
unit [Nb4(¯-O)6]8+. In contrast to the Al16-tetramer, all the
oxygen atoms of [(α-Nb3XW9O40)4{Nb4(¯-O)6}]20¹ were not
protonated and were ascribed to the O2¹ atoms. In addition,
the syntheses of [(α-Nb3XW9O40)4{Nb4(¯-O)6}]20¹ were carried
out under highly acidic conditions (ca. pH 0.3). The addition of
a base (pH >5) led to disassembly from tetramer to triniobium-
substituted Keggin monomers. On the other hand, the Al16-
tetramer was synthesized under near-neutral conditions
(pH 6.5). These facts suggest that the monomertetramer con-
version of the Al16-tetramer may show the opposite behavior of
its Nb analogues. The detailed study of the monomertetramer
conversion of the Al16-tetramer is in progress and will be
reported in due course.

The solution 29SiNMR spectrum of the Al16-tetramer in
D2O showed only one resonance peak, at ¹81.181 ppm
(Figure 2a). The 183WNMR spectrum of the Al16-tetramer in
D2O (Figure 2b) showed a two-line spectrum at ¹93.959 (2W)
and ¹160.654 (1W) ppm in a 2:1 integration ratio. These spectra
are consistent with the molecular structure of the Al16-tetramer,
suggesting that it is a single species that maintains its structure in
solution. The tetraaluminum-substituted open-Dawson structural
POM (Al4-open), synthesized by a similar method, showed
a single peak (¹82.55 ppm) in the 29SiNMR spectrum and a
five-line spectrum (¹79.67, ¹83.33, ¹149.84, ¹175.17, and
¹197.67 ppm) in the 183WNMR spectrum.6 In addition, we have
synthesized the trialuminum(III)-substituted monomer, [α-Al3-
SiW9O34(¯-OH)3(H2O)3]4¹ (Al3-monomer), and dimer, [{α-
Al3SiW9O34(¯-OH)3}2(¯-OH)3]4¹ (Al6-dimer), and also mea-
sured their 29Si and 183WNMR spectra as a preliminary
experiment.8 Although the solution 29Si and 183WNMR spectra
of Al16-tetramer, Al3-monomer, and Al6-dimer gave identical

NMR patterns, i.e., single 29Si signal and two 183W signals with
the integration ratio of 2:1, the chemical shifts of Al16-tetramer
were different from those of Al3-monomer (¹80.76 ppm for
29SiNMR; ¹111.00, ¹153.11 ppm for 183WNMR) and Al6-
dimer (¹81.42 ppm for 29SiNMR; ¹90.19, ¹159.78 ppm for
183WNMR). Therefore, the Al16-tetramer was clearly distin-
guishable from Al4-open, Al3-monomer, and Al6-dimer by 29Si
and 183WNMR.

In conclusion, we successfully synthesized the novel Al16-
hydroxide cluster-containing POM tetramer, [{α-Al3SiW9O34(¯-
OH)6}4{Al4(¯-OH)6}]22¹ (Al16-tetramer). X-ray crystallogra-
phy revealed that the Al16-tetramer has a nanosized structure
containing an Al16-hydroxide cluster. In addition, 29Si and
183WNMR revealed that the Al16-tetramer maintains its
structure in solution. Crystal structure and spectroscopic analy-
ses of the aluminum-hydroxide clusters are very important for
a clear understanding of the formation and evolution processes
of aluminum species. The Al16-tetramer is a “stable” model
compound for the above-mentioned [Al4(OH)6(H2O)12]6+ clus-
ter, with a well-defined structure that contributes to the under-
standing of its properties and reactivity.

Figure 2. (a) Solution 29SiNMR spectrum and (b) solution
183WNMR spectrum of the Al16-tetramer dissolved in D2O.

1650 | Chem. Lett. 2015, 44, 1649–1651 | doi:10.1246/cl.150793 © 2015 The Chemical Society of Japan

─ 275 ─



This study was supported by JSPS KAKENHI, Grant
number 22550065, by the Strategic Research Base Development
Program for Private Universities of the Ministry of Education,
Culture, Sports, Science and Technology of Japan, and also by a
grant from Research Institute for Integrated Science, Kanagawa
University (No. RIIS201505).

Supporting Information is available electronically on J-STAGE.

References and Notes
1 a) M. T. Pope, A. Müller, Angew. Chem., Int. Ed. Engl. 1991,

30, 34. b) M. T. Pope, Heteropoly and Isopoly Oxometalates,
Springer-Verlag, New York, 1983. c) V. W. Day, W. G.
Klemperer, Science 1985, 228, 533. d) C. L. Hill, Chem. Rev.
1998, 98, 1. e) A series of 34 recent papers in a volume
devoted to Polyoxoanions in Catalysis ed. by C. L. Hill:
J. Mol. Catal. A: Chem. 1996, 114, Issues 13, pp. 1371.
f) Polyoxometalate Chemistry from Topology via Self-
Assembly to Applications, ed. by M. T. Pope, A.
Müller, Kluwer Academic Publishers, Netherlands, 2001.
doi:10.1007/0-306-47625-8. g) Polyoxometalate Chemistry
for Nano-Composite Design, ed. by T. Yamase, M. T.
Pope, Kluwer Academic Publishers, Netherlands, 2002.
doi:10.1007/b105365. h) A series of 32 recent papers in a
volume devoted to Polyoxometalates in Catalysis ed. by C. L.
Hill: J. Mol. Catal. A: Chem. 2007, 262, Issues 12, pp. 1
242. i) D.-L. Long, R. Tsunashima, L. Cronin, Angew. Chem.,
Int. Ed. 2010, 49, 1736.

2 a) S.-T. Zheng, G.-Y. Yang, Chem. Soc. Rev. 2012, 41, 7623.
b) K. Nomiya, Y. Sakai, S. Matsunaga, Eur. J. Inorg. Chem.
2011, 179. c) G.-S. Kim, H. Zeng, D. VanDerveer, C. L. Hill,
Angew. Chem., Int. Ed. 1999, 38, 3205. d) S.-J. Li, S.-X. Liu,

C.-C. Li, F.-J. Ma, D.-D. Liang, W. Zhang, R.-K. Tan, Y.-Y.
Zhang, L. Xu, Chem.®Eur. J. 2010, 16, 13435. e) K.-Y.
Wang, B. S. Bassil, Z.-G. Lin, A. Haider, J. Cao, H. Stephan,
K. Viehweger, U. Kortz, Dalton Trans. 2014, 43, 16143.

3 a) P. A. Jordan, N. J. Clayden, S. L. Heath, G. R. Moore,
A. K. Powell, A. Tapparo, Coord. Chem. Rev. 1996, 149, 281.
b) W. H. Casey, Chem. Rev. 2006, 106, 1. c) Z. L. Mensinger,
W. Wang, D. A. Keszler, D. W. Johnson, Chem. Soc. Rev.
2012, 41, 1019.

4 a) Q. H. Yang, D. F. Zhou, H. C. Dai, J. F. Liu, Y. Xing, Y. H.
Lin, H. Q. Jia, Polyhedron 1997, 16, 3985. b) Y. Kikukawa,
S. Yamaguchi, Y. Nakagawa, K. Uehara, S. Uchida, K.
Yamaguchi, N. Mizuno, J. Am. Chem. Soc. 2008, 130, 15872.
c) C. N. Kato, Y. Katayama, M. Nagami, M. Kato, M.
Yamasaki, Dalton Trans. 2010, 39, 11469. d) Y. Kikukawa,
K. Yamaguchi, M. Hibino, N. Mizuno, Inorg. Chem. 2011,
50, 12411. e) M. Carraro, B. S. Bassil, A. Sorarù, S. Berardi,
A. Suchopar, U. Kortz, M. Bonchio, Chem. Commun. 2013,
49, 7914. f) C. N. Kato, Y. Makino, W. Unno, H. Uno, Dalton
Trans. 2013, 42, 1129. g) C. N. Kato, T. Kashiwagi, W.
Unno, M. Nakagawa, H. Uno, Inorg. Chem. 2014, 53, 4824.

5 A. Tézé, G. Hervé in Inorganic Syntheses, ed. by A. P.
Ginsberg, John Wiley & Sons, New York, 1990, Vol. 27,
pp. 8596. doi:10.1002/9780470132586.ch16.

6 S. Matsunaga, Y. Inoue, T. Otaki, H. Osada, K. Nomiya,
submitted for publication.

7 Z. Sun, H. Wang, H. Feng, Y. Zhang, S. Du, Inorg. Chem.
2011, 50, 9238.

8 S. Matsunaga, Y. Inoue, H. Osada, K. Nomiya, unpublished
work. The detailed study of Al3-monomer and Al6-dimer
including the monomertetramer conversion of the Al16-
tetramer is in progress and will be reported in due course.

Chem. Lett. 2015, 44, 1649–1651 | doi:10.1246/cl.150793 © 2015 The Chemical Society of Japan | 1651

─ 276 ─



Synthesis and Molecular Structure of a Water-Soluble, Dimeric Tri-
Titanium(IV)-Substituted Wells−Dawson Polyoxometalate
Containing Two Bridging (C5Me5)Rh

2+ Groups
Yusuke Matsuki, Takahiro Hoshino, Shoko Takaku, Satoshi Matsunaga, and Kenji Nomiya*

Department of Chemistry, Faculty of Science, Kanagawa University, Hiratsuka, Kanagawa 259-1293, Japan

*S Supporting Information

ABSTRACT: A novel trititanium(IV)-substituted Wells−
Dawson polyoxometalate (POM)-based organometallic com-
plex, i.e., a dimeric POM containing two bridging Cp*Rh2+

g r o u p s ( C p * = C 5 M e 5 ) o r [ { α -
P2W15Ti3O60(OH)2}2(Cp*Rh)2]

16− (D-1) with Ci symmetry,
was synthesized in an analytically pure form by a 1:2 -molar
ratio reaction of the organometallic precursor [Cp*RhCl2]2
with the separately prepared, monomeric trititanium(IV)-
substituted Wells−Dawson POM, “[P2W15Ti3O59(OH)3]

9−”
(M-1). The crystalline sample (NaK-D-1) of the water-
soluble, mixed sodium/potassium salt of D-1 was obtained in
the 14.7% yield, which has been characterized by complete
elemental analysis, TG/DTA, FTIR, single-crystal X-ray
structure analysis, and solution (183W, 31P, 1H and 13C{1H}) NMR spectroscopy. Single-crystal X-ray structure analysis revealed
that the two species of the protonated Wells−Dawson subunits, “[P2W15Ti3O60(OH)2]

10‑” were bridged by the two Cp*Rh2+

groups, resulting in the an overall Ci symmetry. The Cp*Rh2+ groups were linked to the two terminal oxygen atoms of the
titanium(IV) sites and one edge-sharing oxygen atom of the surface Ti−O−Ti bond. The 183W NMR of D-1 dissolved in D2O
showed that its solution structure was represented as a dimeric POM with a formula of [{α-P2W15Ti3O60(OH)3}2{Cp*Rh-
(OH)}2]

16− (D-2) with Ci (or S2) symmetry. A trititanium(IV)-substituted Wells−Dawson POM-supported organometallic
complex has never been reported so far, and thus D-1 in the solid state and D-2 in solution are the first example of this type of
complex.

■ INTRODUCTION
Polyoxometalates (POMs) are discrete metal-oxide clusters that
are of current interest as soluble metal oxides. The coordination
chemistry of POMs with transition metal cations (TMC) has
been particularly well documented in the past few decades.1 In
fact, POM-supported organometallic and transition-metal
complexes have been intensively studied2 from the viewpoint
of molecular modeling of the metal-oxide-supported transition
metal catalysts. The Keggin and Wells−Dawson POMs contain
four different oxygen atoms: edge-sharing oxygen (OM2),
corner-sharing oxygen (OM2), terminal oxygen (OM), and the
interior oxygen atoms attached to the heteroatom (OM3),
which show subtly different reactivities. The edge-sharing
oxygen atoms are more nucleophilic than the other oxygen
atoms.3 Nevertheless, the relatively lower reactivities of the
bridging and the terminal oxygen atoms in a large number of
POMs prevent the formation of TMC derivatives.
To improve the nucleophilicity of the surface oxygen atoms

in POM, there are two synthetic routes: (i) the use of lacunary
species of POMs in which the most nucleophilic oxygen atoms
constitute the vacant sites and (ii) the increase of the overall
negative charge of the POMs.4 The former has been realized,
for example, as the monolacunary Keggin and Wells−Dawson

POM-based [Ru(arene)]2+ complexes,4,5a,b while the latter
pathway can be achieved, for example, by replacement of one or
several MoVI and WVI centers by cations with a lower charge
(VV, NbV, TiIV, ...).6 In fact, tri-M(V)-substituted Wells−
Dawson POM-supported organometallic complexes (M = NbV,
VV) have been formed by covalently binding cationic
organometallic species utilizing the surface, three extra negative
charge of the tri-M-substituted Wells−Dawson POM anion
[P2W15M3O62]

9− , compared with the parent anion
[P2W18O62]

6−. For the case of M = NbV, [(Cp*Rh)-
P2W15Nb3O62]

7−,6b−d [{(C6H6)Ru}P2W15Nb3O62]
7−,6b,c

[{(cod)Y}P2W15Nb3O62]
8− (Y = RhI, IrI),6e−h and [{Z}-

P2W15Nb3O62]
8− (Z = Re(CO)3

+, Ir(CO)2
+, Rh(CO)2

+) have
been reported,6i and for the case of M = VV, [(CpTi)-
P2W15V3O62]

6−,6j [(Cp*Rh)2P2W15V3O62]
5−,6k [(Cp*Rh)-

P2W16V2O62]
6−,6l [{(cod)Pt}P2W15V3O62]

7−,6m and [{(C6H6)-
Ru}P2W15V3O62]

7−6n have been reported. These complexes are
monomeric forms with the compositional 1:1 or 1:2- ratio of
the Wells−Dawson POM and an organometallic fragment. On
the other hand, only a few dimeric complexes with the 2:1 or
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2:2 ratio of Keggin POM and an organometallic fragment such
as [(PNbW11O40)2ZrCp2]

6−6o and [α-PW11Al(OH)-
O39ZrCp2]2

6−6p have been reported.
As for the trititanium(IV)-substituted Wells−Dawson POM,

it has been reported as two stable tetrapod-shape tetramers by
the reactions of the trilacunary Wells−Dawson POM [B−
P2W15O56]

12− with TiIV,7 but not as the monomeric form
“ [ P 2W 1 5 T i 3O 6 2 ]

1 2 − . ” On e o f t h e t e t r am e r s ,
[{P2W15Ti3O57.5(OH)3}4Cl]

25− (here called the non-Ti-
(OH)3-bridging tetramer, i.e., the tetramer without the bridging
Ti(OH)3 groups), is composed of four Wells−Dawson units,
linked through intermolecular Ti−O−Ti bonds, and one
enc ap s u l a t ed C l− i o n . 7 d The o t he r t e t r ame r ,
[{P2W15Ti3O59(OH)3}4{μ3-Ti(H2O)3}4Cl]

21− (Tb-1; called
the Ti(OH)3-bridging tetramer, i.e., the tetramer with bridging
Ti(OH)3 groups), is composed of four Wells−Dawson units,
four μ3-Ti(H2O)3 groups, and one encapsulated anion such as
Cl−, Br−, I−, or NO3

−.7e−g These Wells−Dawson POM-based
tetrapod-shaped tetramers are actually generated by self-
assembly due to the rapid formation of Ti−O−Ti bonds
among the monomers “[P2W15Ti3O62]

12−.” Nevertheless, the
monomeric form of the trititanium(IV)-substituted Wells−
Dawson POM has never been obtained so far by the reaction of
the trilacunary Wells−Dawson POM [P2W15O56]

12− with TiIV.
Thus, the organometallic complexes supported on the
trititanium(IV)-substituted Wells−Dawson POM have been
scarcely reported. The single crystal of the dimeric complex of
the dititanium(IV)-substituted Wells−Dawson POM units
bridged by two [Ti(ox)2] groups or [(P2W16Ti2O62)2{Ti-
(ox)2}2]

20− has been structurally characterized,7b but it was not
reproduced in our hands, which is probably at most a minor,
less soluble product of the reaction of the trilacunary Wells−
Dawson POM with K2[TiO(ox)2] as the Ti source.7c

Recently, we found that the monomeric species of the
trititanium(IV)-substituted Wells−Dawson POM was in situ-
generated by hydrolysis of the Ti(OH)3-bridging tetramer (Tb-
1),7i but not of the non-Ti(OH)3-bridging tetramer. In our
preliminary experiments, we isolated the solid, monomeric
form, “[P2W15Ti3O59(OH)3]

9−” (M-1), as a water-soluble
sodium salt of the protonated form of the Ti−O−Ti sites
(Na-M-1), which has been always contaminated with soluble
titanium(IV) compounds. Na-M-1 has never been transformed
to an organic solvent-soluble form such as Bu4N

+ salt.
Moreover, Na-M-1 was readily returned to the tetrameric
species under acidic and neutral conditions, and therefore, it is
stable only under basic conditions. Thus, its use as a POM
support for formation of the organometallic complexes was
seriously restricted. Nevertheless, in this work, using Na-M-1
obtained by a hydrolysis of Tb-1 by aqueous NaOH, we
examined the reaction in water with the in situ-generated,
chloride-free [Cp*Rh]2+ (Cp* = C5H5) species under several
conditions. We first obtained the analytically pure compound of
the trititanium(IV)-substituted Wells−Dawson POM-based
organometallic complex, [{P2W15Ti3O60(OH)2}2(Cp*Rh)2]

16−

(D-1), as crystals of the mixed sodium/potassium salt and also
successfully determined the molecular structure.
Herein, we report full details of the synthesis of the

crystalline sample of the water-soluble sodium/potassium salt
(NaK-D-1) of the dimeric complex consisting of a 2:2-ratio of
M-1 and the Cp*Rh2+ group and characterization by complete
elemental analysis including oxygen, thermogravimetric (TG)
and differential thermal analyses (DTA), FTIR, X-ray
crystallography, and solution (183W, 31P, 1H, and 13C{1H})

NMR spectroscopy. The solid-state and solution structures of
this POM were elucidated.

■ EXPERIMENTAL SECTION
Materials. The following were used as received: KCl, NaOAc, 0.1

M NaOH aq., 1 M NaOH aq., AgBF4, Me2CO, MeOH, EtOH, and
Et2O (Wako); D2O (Isotec); and RhCl3·3H2O, Cp*H, and DSS
(Aldrich). The trilacunary Wells−Dawson POM, Na12[P2W15O56]·
23H2O, was prepared according to the literature

7i and characterized by
TG/DTA, FT-IR, and 31P NMR in D2O. The Ti(OH)3-bridging
Wells−Dawson tetramer with an encapsulated Cl− ion, Na19H2[{α-
1,2,3-P2W15Ti3O59(OH)3}4{μ3-Ti(H2O)3}4Cl]·124H2O (Na−Tb-1),
was prepared according to the literature7e,g,i,j and characterized by
TG/DTA, FT-IR, and solution (183W and 31P) NMR in D2O. The
precursor [Cp*RhCl2]2 was prepared according to literature methods8

and identified with elemental analysis, TG/DTA, FT-IR, and 1H and
13C{1H} NMR in DMSO-d6.

Instrumentation/Analytical Procedures. A complete elemental
analysis was carried out by Mikroanalytisches Labor Pascher
(Remagen, Germany). A sample was dried at room temperature
under 10−3 to 10−4 Torr overnight before analysis. CHN elemental
analyses were carried out with a PerkinElmer 2400 CHNS Elemental
Analyzer II (Kanagawa University). Infrared spectra were recorded on
a JASCO 4100 FTIR spectrometer in KBr disks at room temperature.
TG and DTA were acquired using a Rigaku Thermo Plus 2 series TG/
DTA TG 8120 instrument. The 31P NMR (160 MHz) and 1H NMR
(400 MHz) spectra in a D2O solution were recorded in 5 mm outer
diameter tubes on a JEOL JNM-ECA 400 FT-NMR spectrometer and
a JEOL ECA-400 NMR data processing system. 13C{1H} NMR (99
MHz) spectra in a D2O solution were recorded in 5 mm outer
diameter tubes on a JEOL JNM-ECA 400 FT-NMR spectrometer and
a JEOL ECA-400 NMR data processing system. The 31P NMR spectra
were referenced to an external standard of 25% H3PO4 in H2O in a
sealed capillary. The 31P NMR signals with the usual 85% H3PO4 are
shifted to +0.544 ppm from our data with 25% H3PO4. The

1H NMR
and 13C{1H} NMR spectra in D2O were referenced to an internal
standard of DSS. The 183W NMR (16.0 MHz) spectra were recorded
in 10 mm outer diameter tubes, on a JEOL JNM-ECS 400 FT-NMR
spectrometer equipped with a JEOL NM-40T10L low-frequency
tunable probe and a JEOL ECS-400 NMR data-processing system.
These spectra were referenced to an external standard (saturated
Na2WO4−D2O solution) by the substitution method. Chemical shifts
were reported on the δ scale with resonances upfield of Na2WO4 (δ 0)
as negative. The 183W NMR signals were shifted to −0.787 ppm by
using a 2 M Na2WO4 solution as a reference instead of the saturated
Na2WO4 solution.

Preparation of the Precursor “Na9[P2W15Ti3O59(OH)3]·TiO2·
25H2O” (Na-M-1) via in Situ Generated Tb-1 Formation. TiCl4
(2.5 mL, 22.8 mmol) was dissolved in cooled water (ca. 0 °C, 240
mL). To the solution was added Na12[P2W15O56]·23H2O (20 g, 4.54
mmol). The solution was stirred for 30 min in a water bath at 80 °C.
The pH was adjusted to 9.0 by using 1 M aqueous NaOH. The
solution was stirred for 30 min in a water bath at 60 °C, followed by
stirring for 1 day at an ambient temperature. The white solid formed
was filtered off by a membrane filter (JG 0.2 μm). After stirring the
filtrate for 1 h in an ice bath, NaOAc (80 g, 0.98 mol) was added. The
white powder formed was collected with a glass filter (P40). The
contaminated NaOAc was removed by washing the white powder with
the cooled MeOH (60 mL). The final white powder was collected with
a glass filter (P40), washed with Me2CO (20 mL) and Et2O (20 mL),
and dried in vacuo for 2 h. The white powder was obtained in a yield of
12.8 g {78.4% relative to Na12[P2W15O56]·23H2O}, which was very
soluble in water, but insoluble in Me2CO, MeCN, MeOH, EtOH, and
Et2O.

TG/DTA under air flow: a weight loss of 9.73% at below 296.8 °C
was observed with an endothermic peak at 79.0 °C; calcd 9.59% for x
= 25 in “Na9[P2W15Ti3O59(OH)3]·TiO2·xH2O”. IR (KBr) (polyox-
ometalate region): 1626 (w), 1086 (m), 1053 (vw), 1013 (vw), 941

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b01206
Inorg. Chem. 2015, 54, 11105−11113

11106

─ 278 ─



(s), 912 (s), 789 (vs), 743 (vs), 599 (m), 563 (m), 526 (m), 463 (w)
cm−1. 31P NMR [23.6 °C, D2O]: δ = −4.94, −14.59 ppm.
The water-soluble, sodium salts of the monomeric, trititanium(IV)-

substituted Wells−Dawson POM (M-1) as powder samples have been
prepared by three independent workers (see syntheses 1−3 in the
Supporting Information) and characterized by FT-IR; TG/DTA;
complete elemental analysis based on H, Cl, Na, Cs, O, P, W, and Ti
analyses; solution 31P and solid-state CPMAS 31P NMR; and 183W
NMR (Supporting Information). Although their compounds were the
monomeric species of the trititanium(IV)-substituted Wells−Dawson
POM, the complete elemental analyses showed that all of the
compounds were contaminated with titanium(IV) compounds, i.e.,
“water-soluble titanium(IV) species.” At present, we have never
obtained the monomeric species without contamination of titanium-
(IV) species (Supporting Information).
Preparation of Na4K12[{α-P2W15Ti3O60(OH)2}2(Cp*Rh)2]·

25H2O (NaK-D-1). The monomeric trititanium(IV)-substituted
Wells−Dawson POM as the sodium salt, “Na9[P2W15Ti3O59(OH)3]·
TiO2·25H2O” (Na-M-1: 2.82 g, 0.60 mmol), was dissolved in water
(10 mL). To the solution was added 0.1 M NaOH aq. (3 mL) for 2 h
and stirred for 30 min at an ambient temperature (solution A).
Separately, AgBF4 (0.234 g, 12.0 mmol) was dissolved in MeOH (40
mL), whereinto [Cp*RhCl2]2 (0.186 g, 0.30 mmol) was added. AgCl
formed was filtered off through a membrane filter (JG 0.2 μm). Water
(40 mL) was added to the filtrate, and MeOH was removed by a
rotary evaporator at 40 °C (the resulting solution B). Solution B was
added to solution A in one portion, followed by stirring for 1 h in a
water-bath at 90 °C. The yellow-orange powder of the sodium salt
(Na-D-1) was formed by reprecipitation by EtOH (75 mL). The
yellow-orange precipitate formed was collected on a membrane filter
(JG 0.2 μm), washed with Et2O (60 mL), and dried in vacuo for 2 h. At
this stage, Na-D-1 was obtained in a yield of 2.72 g.
Crystallyzation. The yellow-orange powder (0.60 g) of Na-D-1 was

dissolved in water (40 mL). KCl (0.48 g, 6.4 mmol) was added to the
yellow-orange solution, followed by stirring for 1 min in a water-bath
at 50 °C. The 50 mL vial containing the resulting yellow-orange
solution (ca. 40 mL) was sealed with a screw cap. One day later, on
standing, a mixture of the yellow-orange powder and the orange block
crystals of the sodium/potassium salts was deposited. The yellow-
orange powder was removed by dissolving the mixture in water for 3
min with stirring in a water-bath at 50 °C. Undissolved orange block
crystals were collected by a membrane filter (JG 0.2 μm), washed with
EtOH (30 mL), and dried in vacuo for 2 h. The crystalline sample of
Na4K12[{α-P2W15Ti3O60(OH)2}2(Cp*Rh)2]·25H2O (NaK-D-1) ob-
t a i n ed i n a y i e l d o f 0 . 087 g {14 . 7% r e l a t i v e t o
“Na9[P2W15Ti3O59(OH)3]·TiO2·25H2O”} was soluble in hot water,
but insoluble in MeOH, MeCN, EtOH, and Et2O. Anal. Calcd for
C 2 0 H 4 8 N a 4 K 1 2 O 1 3 1 P 4 R h 2 T i 6 W 3 0 o r N a 4 K 1 2 [ { α -
P2W15Ti3O60(OH)2}2(Cp*Rh)2]·7H2O: C, 2.65; H, 0.53; K, 5.17;
Na, 1.01; O, 23.09; P, 1.36; Rh, 2.27; Ti, 3.16; W, 60.75%. Found: C,
3.02; H, 0.54; K, 5.33; Na, 0.83; O, 23.00; P, 1.37; Rh, 2.21; Ti, 3.22;
W, 60.20%; total 99.72%. A weight loss of 3.41% (weakly solvated or
adsorbed water) was observed during the course of drying at room
temperature at 10−3 to 10−4 Torr overnight before the analysis,
suggesting the presence of 18 water molecules (calcd 3.45%). TG/
DTA under air flow: a weight loss of 4.82% at below 260.1 °C was
observed without a clear endothermic peak; calcd 4.79% for x = 25 in
Na4K12[{α-P2W15Ti3O60(OH)2}2(Cp*Rh)2]·xH2O. IR (KBr) (poly-
oxometalate region): 1620 (w), 1476 (vw), 1452 (vw), 1378 (vw),
1085 (s), 1051 (w), 1011 (w), 938 (s), 913 (s), 751 (vs), 599 (m), 563
(m), 521 (m), 463 (m) cm−1. 31P NMR [23.9 °C, D2O]: δ −5.16,
−14.57 ppm. 1H NMR [24.0 °C, D2O]: δ 1.92 ppm. 13C{1H} NMR
[24.0 °C, D2O]: δ 11.36, 96.13 ppm. 183W NMR [D2O, RT,
substitution method]: δ −153.14 (1W), −159.28 (2W), −185.39
(2W), −189.93 (2W), −203.13 (2W), −232.23 (2W), −234.71 (2W),
−235.72 (2W) ppm.
The workup of 183W NMR measurement is as follows, in which the

cation of NaK-D-1 was exchanged using a cation exchange resin in an
Na+ form in order to obtain the highly concentrated solution. The
sodium potassium salt (NaK-D-1: 0.87 g) was suspended in 2.8 mL of

D2O, to which a cation exchange resin in an Na+ form (2 g) was
added, followed by stirring for 30 min. After the resin was filtered off
through a glass filter (P40), the orange filtrate was used for 183W NMR
measurement at room temperature (Figure 3a). 31P NMR of this
solution (Supporting Information, control experiments #2) was the
same as that of NaK-D-1 in D2O (Figure 5a), indicating that the
cation exchange workup did not give any effects on the dimeric POM
structure in solution.

It should be noted that the powder sample of Na-D-1 was
contaminated with titanium(IV) compounds, while the crystalline
sample (NaK-D-1) of the mixed sodium/potassium salt of D-1 was
obtained as an analytically pure form without contamination of any
titanium(IV) compounds.9

X-ray Crystallography. Orange block crystals of NaK-D-1 (0.21
× 0.09 × 0.08 mm) were surrounded by liquid paraffin (Paraton-N) to
prevent their degradation. The data collection was done by a Bruker
SMART APEX CCD diffractometer at 100 K in the range of 1.72° < θ
< 27.50°. The intensity data were automatically corrected for Lorentz
and polarization effects during integration. The structure was solved by
direct methods (program SHELXS-97),10a followed by subsequent
difference Fourier calculation, and refined by a full-matrix least-squares
procedure on F2 (program SHELXS-97).10b Absorption correction was
performed with SADABS (empirical absorption correction).10c The
composition and the formula of the POM containing many
countercations and many hydrated water molecules were determined
by complete elemental analysis and TG/DTA analysis. In X-ray
crystallography, the polyoxoanion D-1, eight potassium cations, and 52
hydrated water molecules per formula unit were identified in the
crystal structure, but the location of the four sodium and the four
potassium cations per formula unit were not determined as a result of
the disorder. Most atoms in the main part of the structure were refined
anisotropically, while the rest (as disordered C atoms of Cp* and
crystallization solvents) was refined isotropically. Refinements of the
positions of many counterions and many solvent molecules in the
POM are limited because of their disorder. We can reveal only the
molecular structure of the POM, but not the crystal structure. These
features are very common in the POM crystallography.

Crystal data for NaK-D-1: C20H30K8O176P4Rh2Ti6W30; M =
9531.84; triclinic, space group P1̅; a = 14.3212(14), b =
15.4969(15), c = 21.536(2) Å, α = 105.7400(10), β = 90.6940(10),
γ = 90.5890(10)o, V = 4599.5(8) Å3, Z = 1, Dc = 3.441 g cm−3, μ(Mo−
Kα) = 19.418 mm−1. R1 = 0.0539, wR2 = 0.1185 (for all data). Rint =
0.0387, R1 = 0.0433, wR2 = 0.1128, GOF = 1.019 (54 500 total
reflections, 20 878 unique reflections where I > 2σ(I)).

The CCDC-1055696 contains the supplementary crystallographic
data for NaK-D-1 in this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via www.
ccdc.cam.ac.uk/data_request/cif.

■ RESULTS AND DISCUSSION

Synthesis and Compositional Characterization.
Trititanium(IV)-substituted Wells−Dawson POM monomer
(M-1) was obtained as a water-soluble sodium salt (Na-M-1)
by in situ hydrolysis of the Ti(H2O)3-bridging tetramer (Na−
Tb-1) by aqueous NaOH. A crystalline solid was obtained, but
the crystal data were poor, although they suggested the
monomeric nature of M-1. This compound in solution was
readily converted to the tetramers under acidic/neutral aqueous
conditions; i.e., it was stable only under basic conditions (pH
9−11). This compound cannot be converted to an organic
solvent-soluble form such as Bu4N

+ salt. These features are
quite unusual in the common POM-support chemistry,
seriously restricting formation of the Ti3−POM-based organo-
metallic complexes. Further, it was found by the complete
elemental analysis that the monomeric Ti3−Wells−Dawson
POM (M-1) was always contaminated with “water-soluble
titanium(IV) species” (Supporting Information), and it has
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never been obtained in a form without a contaminating ion of
titanium(IV) species. The anion−cation charge-balance based
on the complete elemental analysis data also suggested that this
compound contained protonation of the surface Ti−O−Ti sites
in the M-1.
The solution 31P NMR in D2O showed a two-line spectrum

at −4.94 and −14.59 ppm (Figure 5b), which was quite
different from those of the Ti(H2O)3-bridging tetramer (Na−
Tb-1) at −7.04 and −13.77 ppm7e and the non-Ti(H2O)3-
bridging tetramer at −7.59 and −13.97 ppm,7d both with the
encapsulated Cl− ion.
The POM-supported organometallic complex, i.e., the 2:2-

type dimer (D-1), was formed by a 1:1-molar ratio reaction
under 1 h of stirring at 90 °C of “[P2W15Ti3O59(OH)3]

9−” (M-
1) with the separately in situ-derived chloride-free [Cp*Rh]2+

in water. The POM-supported organometallic complexes
reported previously have been formed by mixing at room
temperature,6 whereas the formation of D-1 requires conditions
of stirring for 1 h at 90 °C. The formation of polyoxoanion D-1
can be represented in eq 1.

α

‐

‐

″ ″ + + ∗

→ − ∗

+

− − +

−

M 1

D 1

2 [P W Ti O (OH) ] ( ) 2OH 2Cp Rh

[{ P W Ti O (OH) } (Cp Rh) ] ( )

2H O

2 15 3 59 3
9 2

2 15 3 60 2 2 2
16

2 (1)

A crystalline sample of the 2:2 ratio complex (NaK-D-1) of
the trititanium(IV)-substituted Wells−Dawson POM and
Cp*Rh2+, i.e., Na4K12[{α-P2W15Ti3O60(OH)2}2(Cp*Rh)2]·
25H2O, was obtained, which was characterized by complete
elemental analysis based on C, H, K, Na, O, P, Rh, Ti, and W
analyses; FTIR; TG/DTA; X-ray crystallography; and (183W,
31P, 1H and 13C{1H}) NMR in a D2O.
The complete elemental analysis of NaK-D-1 was carried out

using the sample dried at room temperature under a vacuum of
10−3 to 10−4 Torr overnight. The total of the found values of
nine elements was 99.72%, indicating that the obtained
compound was very pure. The data we found were in accord
with the calculated values for the formula with four sodium and
12 potassium cations, two Cp*Rh groups, two diprotonated
trititanium(IV)-substituted Wells−Dawson POMs, and seven
hydrated water molecules. The weight loss of 3.41% observed
during the course of drying at 10−3 to 10−4 Torr overnight at
room temperature, before the analysis, corresponded to 18
water molecules (calcd 3.45%).
The number of water molecules, i.e., 25, in the formula of

NaK-D-1 was determined by the elemental analysis data (as
seven hydrated water molecules plus 18 water molecules),
which was also completely consistent with the TG/DTA
measurements under air flow. In the TG/DTA, a weight loss of
4.82% observed at below 260.1 °C for NaK-D-1 corresponded
to ca. 25 water molecules (calc. 4.79%).
The solid FTIR spectrum (Figure 1a) of NaK-D-1 measured

in a KBr disk showed prominent bands at 1085, 1051, 1011,
938, 913, and 751 cm−1. The spectrum showed the character-
istic band of the Wells−Dawson-type “[α-P2W18O62]

6−” POM
framework in the polyoxometalate region (1200−400 cm−1) at
1090, 957, 916, and 789 cm−1. The Ti−O−Ti vibration bands
of the inter-Wells−Dawson POM subunits were not observed
at around 660 cm−1. The presence of the Cp*Rh2+ groups was
confirmed by the IR band at 1476, 1452, and 1378 cm−1. The
solid IR spectrum of Na-M-1 showed that it was the
monomeric species, because of no vibrational bands due to

the intermolecular Ti−O−Ti bonds around 660 cm−1 (Figure
1b), which have been shown in the tetramer, Na−Tb-1 (Figure
1c).

Molecular Structure of D-1 in NaK-D-1. The molecular
structure of polyoxoanion D-1, its polyhedral representation,
and the partial structure around the Rh and Ti3 centers are
shown in Figure 2a−c, respectively. Selected bond lengths (Å)
and angles (deg) around the Rh and Ti3 centers in the D-1 are
given in Table 1, while the other bond lengths (Å) in D-1
(Table S1) and the bond valence sum (BVS) calculations of the
W, Ti, O, and P atoms (Table S2) are deposited in the
Supporting Information.
X-ray crystallography of D-1 revealed that the two organo-

metallic fragments were sandwiched between two trititanium-
(IV)-subst i tuted Wel l s−Dawson POM units [α -
P2W15Ti3O60(OH)2]

10−, resulting in Ci symmetry. The
[Cp*Rh]2+ groups are coordinated to two oxygen atoms (O3,
O20) of one of the Wells−Dawson units and to one oxygen
atom (O1) of the second subunit [Rh−O average 2.121 Å]
(Figure 2b and c). Each Rh center was bound to the terminal
oxygen atoms of the Ti sites (O1, O3) and the edge-sharing
(O20) of the Ti−O−Ti linkage. No example has been reported
for the Wells−Dawson Ti3-substituted POM-based bridging
organometallic complexes. In the trititanium(IV)-substituted
Wells−Dawson unit in D-1, the W−O bond lengths were in the
normal range:1a W-Ot (terminal) [1.711(8)−1.735(8) Å;
average 1.723 Å], W-Oc (corner-sharing) [1.790(7)−2.056(8)
Å; average 1.903 Å], W-Oe (edge-sharing) [1.899(8)−1.962(8)
Å; average 1.927 Å], and W-Oa (coordinating to P atom)
[2.335(8)−2.386(8) Å; average 2.352 Å] (Table S1).

Figure 1. FTIR spectra in the polyoxoanion region (1800−400 cm−1),
m e a s u r e d i n K B r d i s k s , o f ( a ) N a 4 K 1 2 [ { α -
P2W15Ti3O60(OH)2}2(Cp*Rh)2]·25H2O (NaK-D-1), (b) “Na9[α-
P2W15Ti3O59(OH)3]·TiO2·25H2O” (Na-M-1), and (c) the Ti-
(H2O)3-bridging tetramer (Na−Tb-1).
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Figure 2. (a) Molecular structure of the polyoxoanion [{α-P2W15Ti3O60(OH)2}2(Cp*Rh)2]
16− in D-1, (b) its polyhedral representation, and (c) the

partial structures around the Ti and Rh center. Hydrogen atoms were omitted for clarity.

Table 1. Selected Bond Lengths (Å) and Angles (deg) around the TiIV and RhIII Centers in [{α-1,2,3-
P2W15Ti3O60(OH)2}2(Cp*Rh)2]16− (D-1) in NaK−D-1

bond lengths (#: oxygen coordinating to Rh atom)

Rh−O C−C (extra aromatic ring) Ti−Ot (Ot: termnal oxygen)

Rh(1)−O(1A) 2.065(8) C(1)−C(6X) 1.53(2) Ti(1)−O(1)# 1.672(8)
Rh(1)−O(3) 2.197(9) C(1)−C(6Y) 1.51(4) Ti(2)−O(2) 1.676(9)
Rh(1)−O(20) 2.102(8) C(2)−C(7X) 1.56(3) Ti(3)−O(3)# 1.732(8)

C(2)−C(7Y) 1.46(5)
Rh−C C(3X)−C(8X) 1.39(4) Ti−Oe (Oe: edge-sharing oxygen)

Rh(1)−C(1) 2.124(12) C(3Y)−C(8Y) 1.50(5) Ti(1)−O(19) 2.006(8)
Rh(1)−C(2) 2.118(15) C(4X)−C(9X) 1.46(4) Ti(1)−O(21) 1.995(8)
Rh(1)−C(3X) 2.13(3) C(4Y)−C(9Y) 1.52(5) Ti(2)−O(19) 2.023(8)
Rh(1)−C(3Y) 2.14(2) C(5)−C(10X) 1.45(4) Ti(2)−O(20)# 1.906(8)
Rh(1)−C(4X) 2.14(2) C(5)−C(10Y) 1.71(5) Ti(3)−O(20)# 1.873(8)
Rh(1)−C(4Y) 2.17(3) Ti(3)−O(21) 2.015(8)
Rh(1)−C(5) 2.103(15) Ti−Oc (Oc: corner-sharing oxygen)

Ti(1)−O(22) 1.977(8) Ti−Oa (Oa: oxygen coordinating to P atom)
C−C (intra aromatic ring) Ti(1)−O(27) 1.975(8) Ti(1)−O(55) 2.332(8)

C(1)−C(2) 1.388(14) Ti(2)−O(23) 2.034(8) Ti(2)−O(55) 2.420(8)
C(2)−C(3X) 1.26(3) Ti(2)−O(24) 1.997(8) Ti(3)−O(55) 2.297(8)
C(2)−C(3Y) 1.71(3) Ti(3)−O(25) 1.988(8)
C(3X)−C(4X) 1.44(4) Ti(3)−O(26) 2.019(8)
C(3Y)−C(4Y) 1.37(4)
C(4X)−C(5) 1.62(3)
C(4Y)−C(5) 1.14(4)
C(5)−C(1) 1.388(14)

bond angles

Ti−Oe−Ti O−Rh−O Ti−Ot−Rh

Ti(1)−O(19)−Ti(2) 116.5(4) O(20)−Rh(1)−O(3) 76.3(3) Ti(1)−O(1)−Rh(1A) 173.3(5)
Ti(2)−O(20)−Ti(3) 119.5(4) O(1A)−Rh(1)−O(20) 83.0(3) Ti(3)−O(3)−Rh(1) 94.4(4)
Ti(3)−O(21)−Ti(1) 114.1(4) O(1A)−Rh(1)−O(3) 83.3(3)
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The values of the bond valence sum (BVS) calculations
(Table S2) for D-1, which were calculated based on the
observed bond lengths, were in the range of 6.081−6.287
(average 6.148) for 15 W atoms, 4.825−4.924 (average 4.874)
for two P atoms, 4.163−4.225 (average 4.185) for three Ti
atoms, and 1.456−2.175 (average 1.865) for 60 O atoms,
excluding O19 and O21; these values were within reasonable
agreement with the formal valences of W6+, P5+, Ti4+, and O2−,
respectively (Table S2). The calculated BVS values of O19 and
O21 at the two edge-sharing Ti−O−Ti bonds were 1.167 and
1.197, respectively, suggesting that each of the two edge-sharing
oxygen atoms of the substituted-titanium(IV) site was
protonated.
(183W, 31P, 1H, and 13C{1H}) NMR Characterization. The

183W NMR spectrum of D-1 dissolved in D2O showed an eight
line 183W NMR spectrum at −153.14, −159.28, −185.39,
−189.93, −203.13, −232.23, −234.71, −235.72 ppm with a
relative intensity ratio of 1:2:2:2:2:2:2:2 (Figure 3a). This

spectrum is in contrast to those of the monomer (M-1)
showing a three line 183W NMR at −158.11 (1W), −193.51
(2W, JP−W = 1.9 Hz), and −233.90 (2W, JP−W = 1.7 Hz) ppm
(Supporting Information, Figure 3b) and of the Ti(H2O)3-
bridging tetramer (Na−Tb-1) showing a three line 183W NMR
at −145.0 (3W × 4), −181.5 (6 W × 4), and −201.4 (6 W × 4)
(Figure 3c).7e The eight line 183W NMR spectrum (Figure 3a)
indicates that the POM in D2O is a dimer based on Ci (or S2)
symmetry, but not a monomer. If the solid-state structure or
the integrity NaK-D-1 with Ci symmetry is preserved in
solution, it should show a 15 line spectrum. The formula of the
dimeric POM dissolved in D2O can be represented as [{α-
P2W15Ti3O60(OH)3}2{Cp*Rh(OH)}2]

16− (D-2). Polyhedral
representation of the dimeric POM D-2 with Ci symmetry
(Figure 4) is consistent with a species showing the eight line
183W NMR spectrum with a relative intensity ratio of

1:2:2:2:2:2:2:2 of D-1 dissolved in D2O (Figure 3a). Thus,
the solid-state structure or its integrity of D-1 in NaK-D-1 is
not preserved in aqueous solution, while the dimeric nature is
kept as D-2 in the solution.
The dimeric POM D-2 will result from hydrolysis of the

Cp*Rh moieties resulting in breaking of the Rh−O20 bond, by
nucleophilic attack of the water molecule in the [{α-
P2W15Ti3O60(OH)2}2(Cp*Rh)2]

16− (D-1), subsequent depro-
tonation of the coordinated water molecule of the once formed,
[Cp*Rh(H2O)]

2+ unit, and the resulting in protonation of the
surface oxygen atom of one Ti−O−Ti site or formation of [{α-
P2W15Ti3O60(OH)3}]

9−.
The two species D-1 and D-2 are quite different, although

both are represented as the compounds with the same Ci (or
S2) symmetry (Figure 4).
If there is a fast dynamic process leading to an average higher

symmetry in solution than that observed in the solid state, there
may be no difference between D-1 and D-2. However, the
dynamic process containing hopping of the Cp*Rh group
should be accompanied by a rapid deprotonation−protonation
process of the Ti−O−Ti sites. As a matter of fact,
deprotonation of Ti-(OH)-Ti sites is not easy to attain at
room temperature. In fact, formation of D-1 with unusual
bonding behaviors requires heating M-1 at 90 °C. That is to
say, D-1 cannot be synthesized at room temperature due to the
presence of protonation of three μ-O sites of M-1. Thus, the
possibility of the dynamic process will be low.
On the other hand, if present, the monomeric POM, or the

1:1 anion, can be described as formulas such as [{α-
P2W15Ti3O60(OH)2}{Cp*Rh(H2O)n}]

8− (n = 1, 2), [{α-
P 2W15T i 3O6 0(OH)3}{Cp*Rh(OH)}] 8− , and [{α -
P2W15Ti3O60(OH)3}{Cp*Rh(OH)(H2O)}]

8− and so on, all
showing a 15 line 183W NMR spectrum because of no
symmetry element present.
Thus, all of 31P, 1H ,and 13C{1H} NMR spectra of NaK-D-1

in D2O should be understood on the basis of D-2 present in
solution as shown by 183W NMR.
The 31P NMR spectrum of NaK-D-1 dissolved in D2O

(Figure 5a) showed a two-line spectrum at −5.16 and −14.57
ppm, indicating that the two Wells−Dawson subunits in D-2
were equivalent in D2O. The lower-field signal at −5.16 ppm
was assigned to the P atom closest to the titanium(IV)-
substituted side. Compared with the 31P NMR of Na-M-1 in
D2O at −4.94 and −14.59 ppm (Figure 5b), the lower-field
signal at −4.94 ppm was shifted to much a higher field, whereas
the higher-field signal at −14.59 ppm was only little shifted to a
lower field. In addition to two main signals at −4.94 and
−14.59 ppm, 31P NMR of Na-M-1 in D2O (Figure 5b) also
contained very broad, minor peaks at around −6.2 and −14.2
ppm, which are not due to the Ti(H2O)3-bridging and non-
Ti(H2O)3-bridging tetramers but may be due to other oligmeric
species containing Wells−Dawson units, although they were
not identified at present.
The 1H NMR spectrum of NaK-D-1 in D2O (Figure 6a)

showed a single peak at 1.92 ppm due to the methyl groups of
two Cp* groups of D-2, which was significantly shifted from
that of the in situ-generated “Cp*Rh(BF4)2” or “[Cp*Rh-
(H2O)3](BF4)2” at 1.67 ppm. Therefore, the two Cp*Rh
fragments in D-2 were equivalent in D2O. The

13C{1H} NMR
(Figure 7a) showed a two-line spectrum at 11.36 and 96.13
ppm due to the Cp* group, both being somewhat shifted from
that of the in situ-generated “Cp*Rh(BF4)2” (Figure 7b) at
10.79 and 96.94 (JRh−C = 9.9 Hz) ppm due to coupling with

Figure 3. 183W NMR spectra of (a) D-1; (b) the monomer (M-1)
showing a three line 183W NMR at −158.11 (1W), −193.51 (2W, JP−W
= 1.9 Hz), −233.90 (2W, JP−W = 1.7 Hz) ppm (Supporting
Information); and (c) the Ti(H2O)3-bridging tetramer (Na−Tb-1)
showing a three line 183W NMR at −145.0 (3W × 4), −181.5 (6 W ×
4), and −201.4 (6 W × 4) dissolved in D2O.
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103Rh nuclei. Therefore, the two Cp*Rh fragments in D-2 were
equivalent, and D-2 is relatively stable in D2O.
As to stability of D-2 in solution, the resistant nature of D-2

to Cl− ions or no reactivity of D-2 with Cl− ions was confirmed
by control experiments #2, while the in situ-generated
“Cp*Rh(BF4)2” in water or “[Cp*Rh(H2O)3](BF4)2” readily
reacted with Cl− ions to form the water-insoluble [Cp*RhCl2]2
(Supporting Information, control experiments #1). These
results suggest that the reactivity of the [Cp*Rh(OH)]+ moiety
in the dimer D-2 with Cl− ions is much lower than that of the
[Cp*Rh(H2O)3]

2+ moiety in the “Cp*Rh(BF4)2” with Cl
− ions.

The monomeric POM or the 1:1 anion, which can be described
as, for example, [{α-P2W15Ti3O60(OH)2}{Cp*Rh(H2O)n}]

8−

(n = 1, 2) and [{α-P2W15Ti3O60(OH)3}{Cp*Rh(OH)-
(H2O)}]

8−, if present, will readily react with Cl− ions.
The dissociation process of the dimeric POM (D-2: the 2:2

anion) to the monomer (the 1:1 anion) is not contained in the
aqueous solution, as shown by the observed eight line 183W
NMR spectrum and the two control experiments #1 and #2
(Supporting Information).
Thus, the solution (183W, 31P, 1H, and 13C{1H}) NMR of D-

1 in D2O shows that the dimeric nature of D-2 is preserved in
aqueous solution.

■ CONCLUSION

In summary, we successfully synthesized a novel trititanium-
(IV)-substituted Wells−Dawson POM-based organometallic
complex containing the two bridging Cp*Rh groups, [{α-
P2W15Ti3O60(OH)2}2(Cp*Rh)2]

16− (NaK-D-1), as the crystal-
line sample of the mixed sodium/potassium salt, using the
separately prepared powder sample of the trititanium(IV)-
substituted Wells−Dawson POM support (Na-M-1) as the
sodium salt that has been isolated by a hydrolysis of the
Ti(H2O)3-bridging tetramer (Na−Tb-1) with aqueous NaOH.
The monomeric species Na-M-1 showed quite unusual
behaviors, in comparison with the so far well-studied, trimetal
(M = NbV, VV)-substituted Wells−Dawson POMs and
seriously restricted its utilization as the POM-support for
organometallics: (1) Na-M-1 was obtained only in the form
always contaminated with titanium(IV) compounds, but not
without contamination of titanium(IV) species (see Supporting
Information). (2) It was stable only in a basic solution (pH 9−
11) and readily converted to the tetrameric species under
acidic/neutral aqueous conditions. (3) It cannot be changed to
the organic solvent-soluble forms such as Bu4N

+ salt. (4) The
surface oxygen atoms in the Ti−O−Ti sites of Na-M-1 were
protonated.

Figure 4. Polyhedral representation of the dimeric POM [{α-P2W15Ti3O60(OH)3}2{Cp*Rh(OH)}2]
16− (D-2) with Ci symmetry, which is consistent

with a species showing an eight line 183W NMR spectrum with a relative intensity ratio of 1:2:2:2:2:2:2:2 of D-1 dissolved in D2O (Figure 3a). The
D-2 with a formula of [{α-P2W15Ti3O60(OH)3}2{Cp*Rh(OH)}2]

16− is different from the D-1 with a formula of [{α-
P2W15Ti3O60(OH)2}2(Cp*Rh)2]

16−. In D-2, two Ti octahedra (designated as a) in the cap site are equivalent, but they are inequivalent with the
one Ti octahedron (designated as b), whereas in D-1, three Ti octahedra (designated as a, b, and c) are inequivalent with each other. In D-2, the
three bridging oxygen (μ-O) sites in the Ti−O−Ti bonds are protonated, while in D-1 the two bridging oxygen sites are protonated. In D-2, one
Cp*Rh group is bonding to two terminal oxygen atoms of the two POM units, while in D-1, it is bonding to three oxygen atoms (two are the
terminal oxygen atoms and one is the bridging oxygen) of the two POM units.
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Nevertheless, the finally formed NaK-D-1 was obtained as an
analytically pure, crystalline compound without contamination
of titanium(IV) compounds. This complex (NaK-D-1) was

water-soluble and stable in water. Since the trititanium(IV)-
substituted Wells−Dawson POM-supported organometallic
complexes have never been reported so far, D-1 is the first
example of this type of complex. The surface Ti−O−Ti sites of
the precursor M-1 were protonated, and they were not
completely deprotonated in the synthesis of D-1, even under
alkali conditions. The unique, Cp*Rh-bridging dimeric
structure of D-1 will be attributed to the intrinsic protonation
of the surface Ti−O−Ti sites of the POM support M-1. The
eight line 183W NMR spectrum of D-1 dissolved in D2O
showed that the solid-state structure or its integrity of D-1 in
NaK-D-1 is not preserved in aqueous solution, while the
dimeric nature is kept in D2O by the form of [{α-
P2W15Ti3O60(OH)3}2{Cp*Rh(OH)}2]

16− with Ci symmetry
(D-2). Analogous Ti3-substituted Wells−Dawson POM-based
organometallic complexes as homogeneous catalyst precursors
can be also expected using the organometallic precursors such
as {(arene)Ru}2+ and {(COD)Pt}2+.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.inorg-
chem.5b01206.

Reaction of in situ-generated “Cp*Rh(BF4)2” in water or
“[Cp*Rh(H2O)3](BF4)2” with Cl− ion (control experi-
ments #1), Cl− ion resistant nature of D-1 or actually D-
2 (control experiments #2), TG/DTA curve of D-
1(Figure S1), syntheses 1−3 and characterization of the
monomeric trititanium(IV)-substituted Wells−Dawson
POMs (M-1), trimetal-substituted Well−Dawson POMs,
and their 31P and 183W NMR (Table S1), selected bond
lengths (Å) around the atom (P, W) center for [{α-

F i g u r e 5 . 3 1 P NMR s p e c t r a o f ( a ) N a 4K 1 2 [ {α -
P2W15Ti3O60(OH)2}2(Cp*Rh)2]·25H2O (NaK-D-1) and (b)
“Na9[α-P2W15Ti3O59(OH)3]·TiO2·25H2O” (Na-M-1) dissolved in
D2O.

F i g u r e 6 . 1 H NMR s p e c t r a o f ( a ) N a 4 K 1 2 [ { α -
P2W15Ti3O60(OH)2}2(Cp*Rh)2]·25H2O (NaK-D-1) dissolved in
D2O and (b) “Cp*Rh(BF4)2” derived from [Cp*RhCl2]2 and AgBF4
in D2O. The signals denoted by asterisks are due to DSS as an internal
standard.

Figure 7. 1 3C{1H} NMR spectra of (a) Na4K12[{α -
P2W15Ti3O60(OH)2}2(Cp*Rh)2]·25H2O (NaK-D-1) dissolved in
D2O and (b) “Cp*Rh(BF4)2” derived from [Cp*RhCl2]2 and AgBF4
in D2O. The signals denoted by asterisks are due to DSS as an internal
standard.
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P2W15Ti3O60(OH)2}2(Cp*Rh)2]
16− (D-1) in NaK-D-1

(Table S2), and bond valence sum (BVS) calculations of
W , T i , P , a n d O a t o m s f o r [ { α -
P2W15Ti3O60(OH)2}2(Cp*Rh)2]

16− (D-1) in NaK-D-1
(Table S3) (PDF)
Crystallographic data (CIF)
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a b s t r a c t

Decomposition of –O3SC3F6SO3
� in subcritical and supercritical water was investigated, and the results

were compared with the results for C3F7SO3
�. This is the first report on the decomposition of perfluoro-

alkane disulfonates, which are being introduced in electronics industry as greener alternatives to
environmentally persistent and bioaccumulative perfluoroalkyl surfactants. Addition of zerovalent iron
to the reaction system dramatically increased the yield of F� in the reaction solution: when the reaction
of –O3SC3F6SO3

� was carried out in subcritical water at 350 �C for 6 h, the F� yield was 70%, which was
23 times the yield without zerovalent iron. Prolonged reaction increased the F� formation: after 18 h,
the F� yield from the reaction of –O3SC3F6SO3

� reached 81%, which was 2.1 times the F� yield from the
reaction of C3F7SO3

�. Although the reactivity of FeO toward these substrates was lower than zerovalent
iron in subcritical water, the reactivity was enhanced when the reaction temperature was elevated to
supercritical state, at which temperature FeO underwent in situ disproportionation to form zerovalent
iron, which acted as the reducing agent. When the reaction of –O3SC3F6SO3

� was carried out in the
presence of FeO in supercritical water at 380 �C for 18 h, the F� yield reached 92%, which was the highest
yield among tested.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Perfluoroalkyl surfactants such as perfluoroalkane sulfonates
(CnF2n + 1SO3

�) and their derivatives have been used in surface
treatment agents, emulsifying agents in polymer synthesis, fire-
fighting foams, and so on because of their high surface-active
effect, high thermal and chemical stability, and high light transpar-
ency. After it became clear that some of them, particularly, perfluo-
rooctane sulfonate (C8F17SO3

�, PFOS) persists and bioaccumulates
in the environment (Giesy and Kannan, 2002; Ahrens, 2011), inter-
national legal measures regarding the production, use, and import
and export of PFOS were implemented (UNEP, 2009), and efforts to
develop greener alternatives are advancing (UNEP, 2011).

Perfluoroalkane disulfonates (–O3SCnF2nSO3
�) are among the

alternatives developed, and are being introduced in electronics
industry (Rahman et al., 2007). If these new surfactants are to be
widely used, waste treatment techniques will have to be estab-
lished for them. Although they are likely to decompose more easily
than corresponding perfluoroalkane sulfonates because the former

have two SO3
� groups, no one has confirmed that they do in fact

decompose more easily. If they could be decomposed to F� ions
by means of environmentally benign techniques, the well-
established protocol for treatment of F� ions could be used,
whereby Ca2+ is added to the system to form environmentally
harmless 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.

Reaction in subcritical or supercritical water is 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 com-
pounds (Jessop and Leitner, 1999). Subcritical water is defined as
hot water at sufficient pressure to maintain the liquid state, and
supercritical water is defined as water at temperatures and pres-
sures higher than the critical point (374 �C, 22.1 MPa). Recently,
such water was used for pilot- and practical-plant-scale decompo-
sition of trinitrotoluene (Hawthorne et al., 2000) and polychlori-
nated biphenyls (Kawasaki et al., 2006). We previously reported
that PFOS is not decomposed in pure subcritical water at around
350 �C, whereas PFOS can be decomposed by the use of zerovalent
iron as a reducing agent in the medium (Hori et al., 2006).

http://dx.doi.org/10.1016/j.chemosphere.2014.06.052
0045-6535/� 2014 Elsevier Ltd. All rights reserved.
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Herein we report on the decomposition of a typical perfluoroal-
kane disulfonate, –O3SC3F6SO3

�, in subcritical and supercritical
water, in the presence of an oxidizing agent (O2) or an iron-based
reducing agent (zerovalent iron or FeO), and the results are
compared with results for a perfluoroalkane sulfonate, C3F7SO3

�,
which is also used as a PFOS alternative surfactant. An effective
methodology for the decomposition of the perfluoroalkane
disulfonate to F� ions is presented.

2. Experimental

2.1. Materials

Dipotassium 1,1,2,2,3,3-hexafluoropropane-1,3-disulfonate
KO3SC3F6SO3K (>99%) and potassium heptafluoropropane sulfo-
nate C3F7SO3K (>99%) were obtained from Mitsubishi Material
Electric Chemicals (Akita, Japan). Zerovalent iron (>99.9%,
<53 lm), FeO (>99.9%, <180 lm), and Fe3O4 (>99.9%, <150 lm)
powders were purchased from Kojundo Chemical Laboratory
(Saitama, Japan) and used as received. Argon (99.99%), O2

(99.999%), and CO2 (0.995%)/N2 gases were purchased from Taiyo
Nippon Sanso (Tokyo, Japan). Other reagents were of high purity
and were obtained from Wako Pure Chemical Industries (Osaka,
Japan).

2.2. 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
31 mL. In a typical run using zerovalent iron, an argon-saturated
aqueous (Milli-Q) solution (10 mL) of –O3SC3F6SO3

� (14.7 lmol;
1.47 mM) and zerovalent iron (9.60 mmol) was introduced into
the gold vessel, and the reactor was pressurized to 0.60 MPa with
argon and sealed. The reactor was placed in an oven, and the reac-
tor temperature was raised to the desired value (200–380 �C) and
then held constant for a specified time (e.g., 6 h), after which the
reactor was quickly cooled to room temperature. We also con-
ducted control experiments in the absence of zerovalent iron, with
FeO or Fe3O4, under O2 instead of argon, and with C3F7SO3

�.

2.3. Analysis

An ion-chromatography system (IC-2001, Tosoh Corp., Tokyo,
Japan) was used to measure the F� and SO4

2� concentrations.
The separation column was a TSKgel Super IC-Anion column
(4.6 mm i.d., 15 cm length, Tosoh Corp.) and the mobile phase
was an aqueous solution containing Na2B4O7 (6 mM), H3BO3

(15 mM), and NaHCO3 (0.2 mM). The concentrations of –O3SC3F6-
SO3

� and C3F7SO3
� were quantified bymeans of an ion-chromatog-

raphy system (IC-2010, Tosoh). The separation column was a Tosoh
TSKgel Super Anion HS column (4.6 mm i.d., 10 cm length) and the
mobile phase was an aqueous solution containing acetonitrile
(39%), NaHCO3 (7 mM), and Na2CO3 (7 mM).

A liquid chromatography–mass spectrometry (LC–MS) system
(LCMS-2010 EV, Shimadzu, Kyoto, Japan) with a separation column
(TSKgel ODS-80TSQA) was used to identify the intermediates in the
reaction solutions. The mobile phase was a mixture (50:50, v/v) of
methanol and aqueous CH3COONH4 (1 mM, adjusted to pH 4.0
with acetic acid), and the flow rate was 0.2 mL min�1. The total
fluorine content in several reaction solutions was quantified by
combustion-ion chromatography at Nissan Arc (Yokosuka, Japan).
The instrument consisted of a combustion unit (AQF-100, Dia
Instruments, Chigasaki, Japan; matrix combustion temperature,

1100 �C) and an ion chromatograph unit (Dionex ICS-3000, Thermo
Fisher Scientific, Waltham, MA, USA).

The products in the gas phase were analyzed by gas chromatog-
raphy–mass spectrometry (instrument: QP2010 SE, Shimadzu,
Kyoto, Japan) with a fused silica capillary column (Rt-Q-BOND,
Restek, Bellefonte, PA, USA). The carrier gas was helium and the
oven temperature was held constant at 30 �C. A gas chromatograph
(GC 323, GL Sciences, Tokyo, Japan) with a thermal conductivity
detector was also used. The column was packed with active carbon
(60/80 mesh) and the carrier gas was argon. Changes in iron-based
reducing agents that occurred during the reactions were
determined by X-ray diffractometry (XRD) with Cu Ka radiation
(Multiflex, Rigaku, Tokyo, Japan). X-ray photoelectron spectros-
copy (XPS) measurements were also carried out at Nissan Arc with
a Quantum-2000 instrument (Physical Electronics, Eden Prairie,
MN, USA) with Al Ka radiation.

3. Results and discussion

3.1. Reactions in subcritical water

The results for reactions of –O3SC3F6SO3
� and C3F7SO3

� in
subcritical water at 350 �C and at a constant reaction time of 6 h
are summarized in Table 1. We observed F� and SO4

2� as products
in the reaction solutions and CO2 as a product in the gas phase. The
detection of CO2 after reactions including the reactions in the
absence of oxidizing agent (O2) is not surprising because there
are several examples in the decomposition of hazardous
compounds in subcritical and supercritical water, even though no
oxidizing agent was added (Tester et al., 1993; Foy et al., 1996).
When the initial amount of –O3SC3F6SO3

� was 14.6 lmol (i.e., the
concentration in the initial aqueous solution was 1.46 mM) and
the reaction was carried out under argon without any additive
(entry 1), most (99%) of the initial substrate remained after the
reaction, and the yield of F� [(moles of F� formed)/(moles of fluo-
rine content in initial substrate, i.e., moles of initial –O3SC3F6SO3

�

� 6)] was 3%. This observation indicates that –O3SC3F6SO3
� was

stable in pure subcritical water. In an attempt to facilitate the
decomposition of –O3SC3F6SO3

�, we first examined the possibility
of using O2 to induce oxidative decomposition. However, introduc-
tion of 0.60 MPa (5.10 mmol) of O2 did not enhance the decompo-
sition of –O3SC3F6SO3

� (entry 2).
Next, we investigated the decomposition of –O3SC3F6SO3

� in the
presence of zerovalent iron. Addition of the zerovalent iron
dramatically accelerated the decomposition of the substrate to F�

ions: when the reaction was carried out in the presence of zerova-
lent iron (9.60 mmol) under an argon atmosphere, the amount of
the –O3SC3F6SO3

� substrate completely disappeared from the reac-
tion solution (entry 3). Simultaneously, the F� yield reached 70%
(entry 3), which was 23 times the yield without iron (entry 1).
Addition of FeO also enhanced the decomposition of the substrate,
although the enhancement was not as great as that observed with
zerovalent iron: the proportion of remaining –O3SC3F6SO3

� was
38%, and the F� yield was 54% (entry 5). On the other hand, when
the reaction was carried out in the presence of zerovalent iron or
FeO under O2, the F� yield was lower than that under argon
(compare entries 3 and 4; 5 and 6). This result indicates that the
presence of O2 decreases the decomposition of the substrate to
F� induced by zerovalent iron or FeO.

We also carried out the reaction using C3F7SO3
�. Similar to the

results observed for –O3SC3F6SO3
�, C3F7SO3

� was stable in pure
subcritical water: 97% of the initial substrate remained (entry 7),
and the reactivity was almost uninfluenced by addition of O2

(entry 8). The decomposition of C3F7SO3
� was enhanced by addi-

tion of zerovalent iron: the proportion of remaining substrate
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decreased to 19%, and the F� yield increased to 23% (entry 9).
Although addition of zerovalent iron accelerated the decomposi-
tion of C3F7SO3

� to F� ions, the F� yield from the reaction of C3F7
SO3

� was considerably lower than the F� yield from the reaction
of –O3SC3F6SO3

� (70%, entry 3). Addition of FeO also enhanced
the decomposition of C3F7SO3

� somewhat: the proportion of
remaining substrate was 89% and the F� yield was 14% (entry 10).

3.2. Decomposition in the presence of zerovalent iron

Because zerovalent iron gave the highest F� yields among
tested, we further investigated the decomposition of –O3SC3F6SO3

�

and C3F7SO3
� with zerovalent iron in detail by varying other reac-

tion conditions. The reaction-time dependences of the decomposi-
tion of –O3SC3F6SO3

� and C3F7SO3
� in the presence of zerovalent

iron at 350 �C are shown in Fig. 1a and b, respectively. The –O3SC3-

F6SO3
� substrate disappeared from the reaction solution within

1 h, and the decrease in the amount of substrate was accompanied
by an increase in the amount of F� and CO2 (Fig. 1a). After disap-
pearance of the substrate, the amounts of F� and CO2 continued
to increase. This result suggests that some reaction intermediate(s)
produced F� and CO2 during this period. After 18 h, the amount of
F� reached 71.7 lmol (81% yield), which indicates that the fluorine
content in –O3SC3F6SO3

� was successfully decomposed to F� ions.
The decomposition of C3F7SO3

� proceeded much slower than
the decomposition of –O3SC3F6SO3

�: 52% of the initial amount of
C3F7SO3

� remained after 1 h (Fig. 1b) (the corresponding value
for –O3SC3F6SO3

� was 0%), and 12% of the initial amount still
remained after prolonged reaction (18 h). The amount of F�

increased to 39.7 lmol (39% yield) after 18 h. However, the yield
was almost half of the F� yield from the reaction of –O3SC3F6SO3

�

(81%). Note that the decrease in C3F7SO3
� did not follow pseudo-

first-order kinetics, but followed pseudo-second-order kinetics
with a rate constant of (4.8 ± 0.5) � 102 M�1 h�1 (Fig. 2).

We also investigated the temperature dependences of the reac-
tions of these substrates at a constant reaction time of 6 h (Fig. 1c
and d). At 200 �C, almost no decomposition of –O3SC3F6SO3

� was
observed (Fig. 1c). Substrate decomposition was observed above
200 �C and the substrate completely disappeared from the reaction
solution at 300 �C, while F� formation increased with increasing
temperature. At 380 �C, the temperature at which the water
reached the supercritical state, the amount of F� reached
67.5 lmol (77% yield). We further prolonged the reaction time to
18 h at 380 �C, expecting that F� formation further increased. How-
ever, contrary to our expectation, the amount of F� (64.3 lmol;
73% yield) did not increase, suggesting that part of F� ions were
strongly bound on the iron surface after prolonged reaction time.
Consistently, the XPS spectrum for the F(1s) region of the recovered
iron powder after the reaction for 18 h showed a dominant peak
around 684 eV, which can be assigned to negatively charged mono-
valent fluorine, F� (Fig. 3). This observation clearly indicates that F�

ions are present not only in the reaction solution but also on the
iron surface. If species containing fluorine–carbon bonds (i.e.,
organofluorine component) are present on the surface, the peak
corresponding to fluorine bonded to carbon (F–C) should appear
around 689 eV. The absence of the F–C peak in the XPS spectrum
indicates that the fluorine component of the substrate was com-
pletely decomposed to F� ions on the iron surface after prolonged
reaction time.

Furthermore, we quantified the total fluorine content in the
reaction solution after the reaction at 380 �C for 18 h by
combustion-ion chromatography. The total fluorine content (i.e.,
the amount of fluorine atoms) was 64 lmol, which was the same
as the F� amount in the reaction solution. This observation
indicates that the reaction solution after prolonged reaction
time does not include organofluorine component virtually, and
consistent with the results of the XPS measurement.

The temperature dependence of the reaction of C3F7SO3
� is

shown in Fig. 1d. This substrate was less reactive than –O3SC3F6

Table 1
Decomposition of �O3SC3F6SO3

� and C3F7SO3
� in subcritical water under various reaction conditions.a

Entry Substrate (initial amount,
lmol)

Gas Reducing
agent

Reaction pressure
(MPa)

Remaining substrate
(lmol) (%)b

F� (lmol)
(yield, %)c

CO2 in the gas phase
(lmol)

SO4
2�

(lmol)

1 –O3SC3F6SO3
� Ar None 17.8 14.5 2.63 1.62 1.10

(14.6) [99] [3]

2 –O3SC3F6SO3
� O2 None 17.2 14.2 2.23 3.74 1.49

(14.9) [95] [2]

3 –O3SC3F6SO3
� Ar Fe 17.4 n.d.d 61.9 ± 2.4 4.58 ± 0.16 Trace

(14.7) [0] [70 ± 3]

4 –O3SC3F6SO3
� O2 Fe 17.3 n.d. 49.6 13.9 4.94

(14.9) [0] [55]

5 –O3SC3F6SO3
� Ar FeO 17.5 5.68 ± 0.08 48.2 ± 2.8 1.35 ± 0.33 1.71 ± 0.06

(14.9) [38 ± 1] [54 ± 3]

6 –O3SC3F6SO3
� O2 FeO 17.0 10.1 1.87 0.61 8.21

(14.9) [68] [2]

7 C3F7SO3
� Ar None 17.5 14.5 0.42 1.46 0.37

(14.9) [97] [0]

8 C3F7SO3
� O2 None 16.9 14.5 0.52 4.62 0.31

(14.9) [97] [0]

9 C3F7SO3
� Ar Fe 16.8 2.79 23.9 n.d. 1.12

(14.7) [19] [23]

10 C3F7SO3
� Ar FeO 17.4 13.2 14.9 0.32 1.31

(14.9) [89] [14]

a An aqueous solution (10 mL) of the substrate and additive (Fe or FeO; 9.60 mmol) were introduced to the reactor, which was pressurized with argon or oxygen (0.60 MPa)
and then heated at 350 �C for 6 h.

b Remaining substrate (%) = [(moles of remaining substrate)/(moles of initial substrate)] � 100.
c F� yield (%) = [(moles of F� formed)/(moles of fluorine content in initial substrate)] � 100.
d n.d. = Not detected.
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SO3
�: almost no decomposition was observed at 250 �C. When the

reaction was carried out at 380 �C, the amount of remaining sub-
strate was 0.84 lmol (6%) and the amount of F� was 34.6 lmol
(34% yield): the yield was 0.44 times the F� yield of –O3SC3F6SO3

�.

To detect reaction intermediates, we analyzed reaction solu-
tions by LC–MS. When –O3SC3F6SO3

� was decomposed in the pres-
ence of zerovalent iron, the total-ion mass chromatograms of
several reaction solutions showed two peaks: one peak that
yielded signals at m/z 231, which corresponds to HC3F6SO3

�, and
one peak that yielded signals at m/z 181, which corresponds to
HC2F4SO3

�. The presence of HC3F6SO3
� indicates that the decom-

position of –O3SC3F6SO3
� proceeded through cleavage of the S–C

bond. The reaction-time dependence at 350 �C of the LC–MS peak
intensity for HC3F6SO3

� and HC2F4SO3
� is shown in Fig. 4. The peak

intensity of HC3F6SO3
� increased during the initial stage of the

reaction (61 h) and then decreased, indicating that the formed
HC3F6SO3

� decomposed under these reaction conditions. While
the peak intensity of HC3F6SO3

� was decreased, the peak intensity
of HC2F4SO3

� increased up to 6 h and then slightly decreased.
When the reaction temperature was elevated to 380 �C, the reac-
tion solution after 6 h or 18 h did not show these peaks. These
observations indicate that one pathway of the decomposition of
–O3SC3F6SO3

� in the presence of zerovalent iron proceeded via for-
mation of HC3F6SO3

� and HC2F4SO3
�.

3.3. Decomposition in the presence of FeO

As described above, zerovalent iron induced efficient decompo-
sition of –O3SC3F6SO3

� in subcritical and supercritical water. How-
ever, the iron reacted not only with the substrate but also with
subcritical and supercritical water to form H2 and Fe3O4 (Eq. (1)).

3Feþ 4H2O ! Fe3O4 þ 4H2 ð1Þ
Consistently, when the reaction of –O3SC3F6SO3

� in the presence
of zerovalent iron was carried out at 350 �C for 6 h, H2 made up
42.4% of the total gas after the reaction (corresponding to
3.21 mmol of H2), and the XRD pattern of the recovered iron pow-
der showed peaks that were assigned to Fe3O4 (Fig. 5b). According
to Eq. (1), the amount of H2 indicates that 2.41 mmol of the zero-
valent iron was consumed by the reaction with H2O. This value
was much larger than the initial amount of –O3SC3F6SO3

�

(14.7 lmol). In addition, the reactivity of Fe3O4 toward the sub-
strate was low: for example, when we carried out the reaction of
–O3SC3F6SO3

� (14.9 lmol) in the presence of Fe3O4 (9.60 mmol)
at 350 �C for 18 h, the proportion of remaining substrate was 74%
and the yield of F� was 20%.

Iron(II) oxide undergoes disproportionation to zerovalent iron
and Fe3O4 at higher temperatures (>257 �C) (Broussard, 1969;
Stølen et al., 1995):

4FeO ! Feþ Fe3O4 ð2Þ
If the disproportionation did occur in subcritical or supercritical

water, zerovalent iron would form in situ, and the formed iron
might be preferentially consumed by reaction with the substrate

Fig. 1. Reaction-time dependences of the decomposition of (a) –O3SC3F6SO3
� and

(b) C3F7SO3
� in the presence of zerovalent iron at 350 �C and temperature

dependences of the decomposition of (c) –O3SC3F6SO3
� and (d) C3F7SO3

� in the
presence of zerovalent iron. For the measurements of (a) and (b), an aqueous
solution (10 mL) of –O3SC3F6SO3

�or C3F7SO3
� (14.7 lmol; 1.47 mM) and zerovalent

iron powder (9.60 mmol) were introduced into the reactor, which was pressurized
with argon (0.60 MPa) and heated at 350 �C for 1–18 h. For the measurements of (c)
and (d), an aqueous solution (10 mL) of –O3SC3F6SO3

� or C3F7SO3
� (14.7 lmol;

1.47 mM) and zerovalent iron powder (9.60 mmol) were introduced into the
reactor, which was pressurized with argon (0.60 MPa) and (c) heated at 200–380 �C
or (d) heated at 250–380 �C for 6 h.

Fig. 2. Pseudo-second-order plot of the concentration of C3F7SO3
� vs. reaction time.

The reaction conditions were the same as those described in Fig. 1b.

Fig. 3. XPS spectrum [F(1s) region] of the recovered iron powder after reaction at
380 �C for 18 h. An aqueous solution (10 mL) of –O3SC3F6SO3

� (14.7 lmol;
1.47 mM) and zerovalent iron powder (9.60 mmol) were introduced into the
reactor, which was pressurized with argon (0.60 MPa) and heated, after which the
solid was recovered.

30 H. Hori et al. / Chemosphere 129 (2015) 27–32

─ 289 ─



than with water. To test this possibility, we carried out the reac-
tions of –O3SC3F6SO3

� and C3F7SO3
� in the presence of FeO, despite

the facts that their reactivity at 350 �C for 6 h was lower than those
of zerovalent iron (compare entries 3 and 5; 9 and 10 in Table 1).

The reaction-time dependences of the decomposition of –O3SC3

F6SO3
� and C3F7SO3

� in the presence of FeO at 350 �C are shown in
Fig. 6a and b, respectively. The amount of –O3SC3F6SO3

� decreased
and the amounts of F� and CO2 increased with increasing reaction
time (Fig. 6a). After 18 h, the amount of the substrate was

2.17 lmol (the proportion of remaining substrate was 15%) and
the amount of F� reached 58.0 lmol (65% yield). The decomposi-
tion of C3F7SO3

� was much slower than that of –O3SC3F6SO3
�. After

18 h, the remaining amount of the substrate was 12.7 lmol (85% of
the initial amount remained) and the amount of F� was 20.1 lmol
(19% yield) (Fig. 6b). These results indicate that FeO was less reac-
tive than zerovalent iron at 350 �C, even though the reaction time
was extended to 18 h.

However, the advantage of FeO over zerovalent iron was
observed when the reaction temperature was elevated to super-
critical state. The temperature dependence of the decomposition
of –O3SC3F6SO3

� in the presence of FeO at a constant reaction time
of 6 h is shown in Fig. 6c. When the reaction of –O3SC3F6SO3

� was
carried out in the presence of FeO at 380 �C, –O3SC3F6SO3

� com-
pletely disappeared from the reaction solution and the amount of
F� reached 79.5 lmol (89% yield) (Fig. 6c). This yield was higher
than the F� yield when zerovalent iron was used (77%). After
18 h, the F� amount reached 82.0 lmol (92% yield). This yield

Fig. 4. Reaction-time dependence of the intensity of the LC–MS peaks for HC3F6SO3
�

and HC2F4SO3
�. The reaction conditions were the same as those described in Fig. 1a.

Fig. 5. XRD patterns of the zerovalent iron powder (a) before and (b) after reaction
at 350 �C and of the FeO powder (c) before and (d) after reaction at 380 �C. For the
measurement of pattern (b), an aqueous solution (10 mL) of –O3SC3F6SO3

�

(14.7 lmol; 1.47 mM) and zerovalent iron powder (9.60 mmol) were introduced
into the reactor, which was pressurized with argon (0.60 MPa) and heated at 350 �C
for 6 h, after which the solid was recovered. For the measurement of pattern (d), an
aqueous solution (10 mL) of –O3SC3F6SO3

� (14.9 lmol; 1.49 mM) and FeO powder
(9.60 mmol) were introduced into the reactor, which was pressurized with argon
(0.60 MPa) and heated at 380 �C for 6 h, after which the solid was recovered.

Fig. 6. Reaction-time dependences of the decomposition of (a) –O3SC3F6SO3
� and

(b) C3F7SO3
� in the presence of FeO at 350 �C and temperature dependences of the

decomposition of (c) –O3SC3F6SO3
� and (d) C3F7SO3

� in the presence of FeO. For the
measurements of (a) and (b), an aqueous solution (10 mL) of –O3SC3F6SO3

� or
C3F7SO3

� (14.9 lmol; 1.49 mM) and FeO powder (9.60 mmol) were introduced into
the reactor, which was pressurized with argon (0.60 MPa) and heated at 350 �C for
1–18 h. For the measurements of (c) and (d), an aqueous solution (10 mL) of
–O3SC3F6SO3

� or C3F7SO3
� (14.9 lmol; 1.49 mM) and FeO powder (9.60 mmol) were

introduced into the reactor, which was pressurized with argon (0.60 MPa) and
heated at 250–380 �C for 6 h.
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was much higher than the F� yield that zerovalent iron was used
(73%), and was the highest F� yield among tested, while the
substrate was completely disappeared from the reaction solution.
The total fluorine content in the reaction solution was 84 lmol,
which was almost the same as the F� amount in the reaction
solution (82.0 lmol), indicating that the reaction solution after
prolonged reaction time (18 h) does not include organofluorine
component virtually.

The XRD patterns of the FeO powder before and after reaction of
–O3SC3F6SO3

� at 380 �C are shown in Fig. 5c and d, respectively.
After the reaction for 6 h, the recovered FeO powder from the
reaction mixture showed only peaks assignable to zerovalent iron
and Fe3O4 (Fig. 5d), indicating that the disproportionation of FeO to
zerovalent iron and Fe3O4 did occur, and the zerovalent iron that
formed in situ acted as the real reducing agent for the decomposi-
tion of the substrate, because Fe3O4 showed low reactivity toward
the substrate (as described above).

The temperature dependence of the decomposition of C3F7SO3
�

in the presence of FeO is shown in Fig. 6d. When the reaction was
carried out at 380 �C for 6 h, the amount of the substrate was
8.42 lmol (the proportion of remaining substrate was 57%) and
the amount of F� was 32.7 lmol (31% yield): the remaining sub-
strate was higher than that of zerovalent iron (6%), whereas the
F� yield was almost the same as that when zerovalent iron was
used (34%). After 18 h, the amount of the substrate decreased to
4.46 lmol (the proportion of remaining substrate was 30%) and
the F� amount reached 60.4 lmol (58% yield). This F� yield was
0.63 times the F� yield of –O3SC3F6SO3

� in the presence of FeO at
380 �C for 18 h.

4. Conclusion

Decomposition of –O3SC3F6SO3
� and C3F7SO3

� in pure subcriti-
cal water was negligible, as was decomposition in subcritical water
in the presence of O2. Addition of zerovalent iron accelerated the
decomposition of these substrates to F�. Although the reactivity
of FeO was lower than zerovalent iron in subcritical water at
350 �C, the reactivity was dramatically enhanced when the
reaction temperature was elevated to supercritical state, at which
temperature in situ disproportionation of FeO to zerovalent iron
and Fe3O4 did occur. The perfluoroalkane disulfonate –O3SC3F6SO3

�

decomposed more efficiently than C3F7SO3
� in the presence of

zerovalent iron or FeO.
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ABSTRACT: Decompositions of poly(vinylidene fluoride) (PVDF), poly(vinylidene fluoride-co-chlorotrifluoroethylene)
copolymer (poly(VDF-co-CTFE)), and poly(vinylidene fluoride-co-hexafluoropropylene) copolymer (poly(VDF-co-HFP)) in
subcritical water were investigated with the aim of developing a technique to recover the fluorine component. By use of H2O2,
these (co)polymers can be efficiently mineralized at a relatively low temperature (300 °C). When PVDF was heated with 3.0 M
H2O2 for 6 h, which corresponds to 31 times the molar amount of fluorine and 32 times the molar amount of carbon in the
polymer, both F− and CO2 yields reached 98%. Poly(VDF-co-CTFE) copolymer was also mineralized under the same reaction
conditions (the yields of F−, CO2, and Cl− were 98, 95, and 97%, respectively). Poly(VDF-co-HFP) copolymer was more readily
decomposed than poly(VDF-co-CTFE), leading to almost complete mineralization (F− yield, 96%; CO2 yield, 92%) with 2.0 M
H2O2. Addition of stoichiometric Ca(OH)2 to the reactions formed CaF2 well-identified by X-ray diffraction spectrometry.

■ INTRODUCTION

Fluoropolymers, olefinic polymers in which some or all of the
hydrogen atoms are replaced by fluorine atoms, are used in
many industrial applications owing to their high chemical and
thermal stability and other specific characteristics.1−8 Among
these polymers, poly(tetrafluoroethylene) (PTFE,
−(CF2CF2)n−) is most frequently used.1−6 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.4,6 To
overcome this limitation, poly(vinylidene fluoride) (PVDF,
−(CF2CH2)n−) has been developed and introduced in
industry.1−7 Besides PVDF, poly(chlorotrifluoroethylene)
(PCTFE, −(CF2CFCl)n−) is also a melt processable
commercially available fluoropolymer endowed with many
properties for various applications (gas barrier packaging,
coatings, liners for protections) while CTFE copolymers can be
involved in paints and materials for energy applications (e.g.,
fuel cell membranes and polymer electrolyte for lithium ion
batteries).8 PVDF shows a high resistance to temperature,
chemicals, ignition, mechanical stresses, and UV irradiation so
that it has been used for various applications including chemical
process equipment, electrical equipment, and especially energy-
related applications such as lithium ion battery electrode
binders.1−7 Recently, the production of PVDF reached the
largest volume of fluoropolymer after PTFE.5,7 Furthermore,
several copolymers based on VDF and other monomers, which
enhanced the properties such as the softness and impact
resistance, have been developed. Wider use of PVDF and
related copolymers will require the establishment of waste

treatment. These (co)polymers can be incinerated. However,
incineration requires high temperatures to break the strong C−
F bonds, and the released hydrogen fluoride gas can damage
the firebrick of an incinerator. Thus, in many cases, the wastes
of these (co)polymers are disposed of in landfills. If the
(co)polymers could be decomposed to F− ions (i.e., undergo
mineralization) by means of environmentally benign techni-
ques, the well-established protocol 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 reported the degradation of PVDF9−17 and

related copolymers,10−12 as well as that of PCTFE.11,18

However, most previous reports, including studies related to
batteries’ performance,13−16 examined the thermal stability or
aging characteristics of the (co)polymers and did not focus on
their decomposition to obtain F− ions for waste treatment.
Only our previous study reported that PVDF can be efficiently
decomposed into F− and CO2 in supercritical water at 380 °C
in the presence of an ca. 5.8-fold molar excess of O2 relative to
fluorine content in PVDF.17

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
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compounds.19 Subcritical water is defined as hot water with
sufficient pressure to maintain the liquid state, while super-
critical 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 trinitrotoluene20 and polychlorinated biphen-
yls.21 Subcritical water was widely used for the hydrothermal
biomass treatment22 and also used for decomposition of a
perfluoroalkyl sulfonic acid membrane.23

Although PVDF is efficiently mineralized in supercritical
water at 380 °C in the presence of an O2 excess, a technique
that can work under mild conditions (lower temperature and
pressure) is more preferable for real-world industrial processes.
The present study reports an effective method for complete
mineralization of PVDF and poly(vinylidene fluoride-co-
chlorotrifluoroethylene) copolymer (poly(VDF-co-CTFE),
−[(CH2CF2)m(CF2CFCl)n]p−) and poly(vinylidene fluoride-
co-hexafluoropropylene) copolymer (poly(VDF-co-HFP),
−[(CH2CF2)m(CF2CFCF3)]p−) in subcritical water at rela-
tively low temperature (∼300 °C) by use of H2O2.
Furthermore, the formation of CaF2 upon addition of a
stoichiometric amount of Ca(OH)2 to the reaction system is
reported.

■ EXPERIMENTAL SECTION
Materials. Powdered PVDF and 1,1,2,2-tetrafluoroethane

(F2HCCHF2) were purchased from SynQuest Laboratories
(Alachua, FL). The weight-average molecular weight of the
PVDF was 6.47 × 105 with a polydispersity of 2.52 (relative to
polystyrene as a standard). Poly(VDF-co-CTFE) copolymer
with a 67.0/33.0 VDF/CTFE molar ratio and poly(VDF-co-
HFP) copolymer with a 95.3/4.7 VDF/HFP molar ratio were
obtained from Elf Atochem (France), prepared by emulsion-
free radical copolymerization of VDF and CTFE or HFP. The
weight-average molecular weights of poly(VDF-co-CTFE) and
poly(VDF-co-HFP) relative to poly(methyl methacrylate) in
DMF were 3.5 × 105 with a polydispersity of 2.9 and 4.5 × 105

with a polydispersity of 3.2, respectively. Combustion ion
chromatography revealed that the fluorine contents in PVDF,
poly(VDF-co-CTFE) copolymer, and poly(VDF-co-HFP)
copolymer were 60.7, 51.5, and 59.4 wt %, respectively, and
the chlorine content in poly(VDF-co-CTFE) copolymer was
14.5 wt %. These analytical values were used to calculate the F−

yields (and Cl− yields when poly(VDF-co-CTFE) was used) of
the reactions. Argon (99.99%) and CO2 (0.995%)/N2 gases
were purchased from Taiyo Nippon Sanso (Tokyo, Japan).
Malonic acid (>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 31 mL. In a typical run, an aqueous
solution of H2O2 (0.1−5.0 M, 10 mL) and the powdered
(co)polymer (PVDF or copolymers, 30 mg) were introduced
into the reactor, which was then pressurized to 0.60 MPa with
argon, sealed, and heated to the desired temperature with a rate
of ca. 10 °C min−1. After a specified time passed, the reactor
was quickly cooled to room temperature, and the reaction
solution was subjected to ion chromatography. The gas phase
was collected with a sampling bag and subjected to gas
chromatography (GC) and gas chromatography−mass spec-
trometry (GC/MS). Reactions involving a stoichiometric

amount of Ca(OH)2 (the molar amount was half the molar
amount of fluorine atoms in the (co)polymer) were also
performed. The white precipitate that formed during these
reactions was collected by centrifugation, washed with pure
water, dried in vacuo overnight, and then subjected to X-ray
diffraction (XRD) analysis.

Analysis. The fluorine content in the (co)polymers was
quantified by combustion ion chromatography at Nissan Arc
(Yokosuka, Japan) by means of an instrument consisting of a
combustion unit (AQF-100, Mitsubishi Chemical Analytec,
Chigasaki, Japan; matrix combustion temperature, 1100 °C)
and an ion chromatograph unit (Dionex ICS-3000, Thermo
Fisher Scientific, Waltham, MA).
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); and 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 malonic acid and Cl−.
The mobile phase was an aqueous solution containing
NaHCO3 (1.7 mM), Na2CO3 (1.8 mM), and acetonitrile (23
vol %). 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, Kyoto, Japan) 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 transferred 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 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 of the collected precipitates were measured with
Cu Kα radiation (Multiflex, Rigaku, Tokyo, Japan).

■ RESULTS AND DISCUSSION
Decomposition of PVDF. H2O2 concentration depend-

ences of the F− amount in the reaction solution and the CO2
amount in the gas phase formed after the reactions at 300 °C
for 6 h are shown in Figure 1. When the reaction was carried
out in the absence of H2O2, a solid residue (18 mg) formed and
little CO2 formed in the gas phase. Simultaneously, 511 μmol of
F− formed in the reaction solution (Table 1, entry 1), which
corresponds to a yield [(moles of F− formed, i.e., 511 μmol)/
(moles of fluorine in the polymer, i.e., 959 μmol)] of 53%. We
previously reported that the reaction of PVDF in pure
supercritical water (without any additive, that is, in the
presence of argon) at 380 °C resulted in a carbon-rich solid
residue (for example, a solid after 6 h reaction consisted of 79.6
wt % carbon) and little formation of CO2; meanwhile, F−

clearly formed in the reaction solution.17 The results observed
here indicate that a similar phenomenon occurred, that is, the
decomposition of PVDF mainly proceeded via a dehydro-
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fluorination mechanism (Scheme 1a), as has been reported for
the thermolysis of PVDF.9−11

First, C−H scission occurs in 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 scission leads to the formation of a CC bond in the
polymer chain, eq 2, and HF formation.

− − − · − −

→ − − − = − −

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)

Further loss of HF along the polymer chain results in the
formation of carbon-rich residue.

In the absence of H2O2, a small amount of 1,3,5-
trifluorobenzene (0.20 μmol) was also detected, similar to the
previous result.17 The formation of 1,3,5-trifluorobenzene can
be explained by chain scission during the dehydrofluorination
processes (Scheme 1a).
We measured the carbon ratio of the residue obtained at 300

°C. The carbon ratio was 47.1 wt %, which was higher than the
carbon ratio of the initial polymer (37.5 wt %). This result
supports the conclusion that the decomposition of PVDF in the
absence of H2O2 proceeds via dehydrofluorination mechanism.
From these data, the carbon recovery for the present reaction
was calculated to be 79%, according to the equation [(moles of
carbon in the products, i.e., residue + CO2 + malonic acid
+1,3,5-trifluorobenzene)/(moles of carbon in the initial
PVDF)].
To our surprise, when the reaction was carried out in the

presence of H2O2, the F
− amount showed a unique dependence

on the H2O2 concentration (Figure 1a). The F− amount
decreased with increasing H2O2 concentration to 0.75 M, then
turned to increase around 1.0 M, and tended to saturate above
3.0 M. The solid residue observed in the absence of H2O2
disappeared when the H2O2 concentration increased above 2.0
M. When the H2O2 concentration was 3.0 M (that is, 30 mmol
in the initial reaction solution), which corresponds to a 31-fold
molar excess relative to the fluorine content of the polymer
(959 μmol), the F− amount reached 943 μmol (98% yield,
Table 1, entry 2). Meanwhile, the CO2 amount gradually
increased with increasing H2O2 concentration, increased
sharply above 1.0 M, and finally tended to saturate around
3.0 M. When 3.0 M of H2O2 was used, the CO2 amount
reached 917 μmol, which corresponds to a CO2 yield [(moles
of CO2 formed, i.e., 917 μmol)/(moles of carbon in the
polymer, i.e., 937 μmol)] of 98% (Table 1, entry 2). These
results indicate that virtually complete mineralization of
fluorine and carbon in PVDF was achieved at a relatively low
temperature (300 °C) by use of a 31-fold and a 32-fold molar
excess of H2O2 with respect to the fluorine and the carbon in
the polymer, respectively. Not only F− but also malonic acid
was detected in the reaction solution, although the amount
(0.3−1.0 μmol) was 2−3 orders of magnitude lower than the
F− amount (Figure 1b).
As described above, PVDF was efficiently mineralized in the

presence of excess H2O2. In such conditions, we propose the
reaction mechanism outlined in Scheme 1b.

Figure 1. H2O2 concentration dependence of PVDF decomposition in
subcritical water at 300 °C: detected amounts of (a) F− and CO2 and
(b) malonic acid. PVDF (30 mg; fluorine content, 959 μmol; carbon
content, 937 μmol) and an aqueous H2O2 solution (10 mL) were
introduced into the reactor, which was pressurized with argon (0.60
MPa) and heated at 300 °C for 6 h.

Table 1. Decomposition of PVDF and Related Copolymers in Subcritical Watera

entry (co)polymer
initial H2O2 conc.

(M)
reaction press.

(MPa)
F− (μmol)
[yield (%)]b

CO2 (μmol)
[yield (%)]c

malonic acid
(μmol)

Cl−(μmol)
[yield (%)]d

F2HCCHF2
(μmol)

1 PVDF none 10.1 511 [53] 27 [3] 0.4 − n.d.
2 PVDF 3.0 11.1 943 ± 9e [98 ± 1] 917 ± 21e [98 ± 2] 0.8 ± 0.1e − n.d.
3 poly(VDF-co-

CTFE)
none 9.8 9 [1] 2 [0] 0.2 15 [12] n.d.

4 poly(VDF-co-
CTFE)

3.0 11.4 796 [98] 700 [95] n.d. 119 [97] 0.5

5 poly(VDF-co-
HFP)

none 8.8 91 [10] 8 [1] 0.4 − n.d.

6 poly(VDF-co-
HFP)

2.0 10.0 897 [96] 832 [92] 5.7 − n.d.

aThe (co)polymer (30 mg) and an aqueous solution of H2O2 (10 mL) were introduced into the reactor, which was pressurized with argon and then
heated at 300 °C for 6 h. For the reactions in the absence of H2O2, pure water was used instead of an aqueous solution of H2O2.

bF− yield (%) =
[(moles of F− formed)/(moles of fluorine in the (co)polymer)] × 100. cCO2 yield (%) = [(moles of CO2 formed)/(moles of carbon in the
(co)polymer)] × 100. dCl− yield (%) = [(moles of Cl− formed)/(moles of chlorine in the copolymer)] × 100. eThese values were obtained from
two reactions under the same reaction conditions.
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The first step is an abstraction of a hydrogen atom from a
−CH2− group, eq 1. The resulting radical reacts with H2O2 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 (3)

This product is unstable and can cause scission of the main
chain, which results in a −CF2• terminal 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 (4)

The −CF2• radical can be transformed into an acid fluoride
end-group (−COF) in the presence of H2O2, and the aldehyde
can either undergo a direct cleavage of the C−C bond to form a
terminal −CF2• radical or can be oxidized into a carboxylic acid,
which is subsequently cleaved as shown in Scheme 1b. The acid
fluoride is hydrolyzed to the corresponding carboxylic acid.
This sequence of steps leads to mineralization of PVDF. The
formation of a carboxylic acid end-group and subsequent C−C
bond cleavage can shorten the polymer chain stepwise,
resulting in the formation of malonic acid as a final product.
As described above, when a small amount of H2O2 was

introduced into the reaction system (≤0.75 M), the F− amount
decreased. This observation suggests that the decomposition of
PVDF via dehydrofluorination mechanism was suppressed in
the presence of a small H2O2 amount: the presence of H2O2
around the −CH2− group may inhibit the CC bond
formation in the polymer chain (eq 2), at which conditions the
H2O2 amount is not enough to generate a hydroperoxide group
in the polymer chain.

Temperature dependence of PVDF decomposition in the
presence of 2.0 M of H2O2 at constant reaction time of 6 h is
shown in Figure 2a. At 200 °C, almost no decomposition of the
polymer occurred. Both F− and CO2 clearly formed during the
reaction at 250 °C, at which conditions the water is in a
subcritical state, and the F− and CO2 amounts increased further
with increasing reaction temperature. At 300 °C, the F−

amount reached 809 μmol (yield, 84%) while that of CO2
was 732 μmol (yield, 78%). We extended the reaction time in
the presence of 2.0 M H2O2 at 300 °C (Figure 2b). The
prolonged reaction time increased the mineralization further.
After 12 h, the F− and CO2 amounts reached 914 μmol (yield,
95%) and 846 μmol (yield, 90%), respectively. This means that
most of the fluorine and carbon in the polymer also mineralized
by use of 2.0 M of H2O2, a 21-fold molar excess relative to
fluorine or carbon in the initial polymer, by extending the
reaction time to 12 h.

Decomposition of Poly(VDF-co-CTFE) Copolymer.
H2O2 concentration dependences of the amounts of major
products and minor products after the reactions at 300 °C for 6
h are shown in panels a and b of Figure 3, respectively. Not
only F− but also Cl− formed in the reaction solution, and CO2
formed in the gas phase as major products (Figure 3a). As
minor products, F2HCCHF2 in the gas phase and malonic acid
in the reaction solution, the amounts of which were 3 orders of
magnitude lower than those of F− and CO2, were detected
(Figure 3b).
The reactivity of poly(VDF-co-CTFE) copolymer was

markedly different from that of PVDF. PVDF clearly formed
F− in the absence of H2O2 (the F− yield was 53%; Table 1,
entry 1), whereas poly(VDF-co-CTFE) copolymer released a
few F− ions (9 μmol, which corresponds to a yield of 1%; Table
1, entry 3). This result suggests that poly(VDF-co-CTFE)

Scheme 1. Proposed Mechanism for the Decomposition of PVDF (a) in the Absence of H2O2 and (b) in the Presence of a Large
Excess of H2O2 (≥3.0 M)
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copolymer cannot decompose via dehydrofluorination mecha-
nism, as proposed in the decomposition of PVDF in the
absence of H2O2 (Scheme 1a).
Whereas the amount of F− formed from PVDF showed a “V-

shape” dependence on the H2O2 concentration (Figure 1a), the
amounts of F− and CO2 from poly(VDF-co-CTFE) copolymer
were monotonically increased with increasing H2O2 concen-
tration (Figure 3a). Furthermore, a small amount of
F2HCCHF2 was detected during the decomposition of
poly(VDF-co-CTFE) copolymer with higher H2O2 concen-
trations (≥2.0 M) (Figure 3b). When the reaction was carried
out in the presence of 3.0 M H2O2, the amounts of F−, CO2,
and Cl− reached 796, 700, and 119 μmol, which correspond to
yields of 98, 95, and 97%, respectively (Table 1, entry 4), where
the Cl− yield (%) was calculated by the equation (moles of Cl−

formed, i.e., 119 μmol)/(moles of chlorine in the copolymer,
i.e., 123 μmol) × 100. That is, virtually complete mineralization
was achieved with 30 mmol of H2O2, which is 37 times the
molar amount of fluorine and 41 times the molar amount of
carbon in the copolymer.
Temperature dependence of the decomposition of poly-

(VDF-co-CTFE) copolymer in the presence of 2.0 M H2O2 at
constant reaction time of 6 h is displayed in Figure 4. The
formation of F− and Cl− was prominent when the reaction was
carried out at 300 °C. However, while F− and Cl− amounts
increased monotonically with increasing temperature, that of
CO2 showed only a slight increase above 300 °C (Figure 4a),

although the amounts of the minor products, malonic acid and
F2HCCHF2, increased at these temperatures (Figure 4b).
When the reaction was carried out at 350 °C, while the fluorine

Figure 2. (a) Temperature dependence of PVDF decomposition in
the presence of H2O2 and (b) time dependence of PVDF
decomposition in subcritical water in the presence of H2O2. For the
measurements shown in panel a, PVDF (30 mg) and an aqueous H2O2
solution (2.0 M, 10 mL) were introduced into the reactor, which was
pressurized with argon (0.60 MPa) and heated at 200−300 °C for 6 h.
For the measurements in panel b, PVDF (30 mg) and an aqueous
H2O2 solution (2.0 M, 10 mL) were introduced into the reactor, which
was pressurized with argon (0.60 MPa) and heated at 300 °C for 2−12
h. Besides F−, a trace of malonic acid was detected in the solutions
after the reactions described in panel a (0.1−0.6 μmol) and panel b
(0.3−0.5 μmol).

Figure 3. H2O2 concentration dependence of decomposition of
poly(VDF-co-CTFE) copolymer in subcritical water at 300 °C:
detected amounts of (a) F−, Cl−, and CO2 and (b) malonic acid
and F2HCCHF2. The copolymer (30 mg; fluorine content, 813 μmol;
carbon content, 737 μmol; chlorine content, 123 μmol) and an
aqueous H2O2 solution (10 mL) were introduced into the reactor,
which was pressurized with argon (0.60 MPa) and heated at 300 °C
for 6 h.

Figure 4. Temperature dependence of decomposition of poly(VDF-
co-CTFE) copolymer in subcritical water in the presence of 2.0 M of
H2O2: detected amounts of (a) F

−, Cl−, and CO2 and (b) malonic acid
and F2HCCHF2. The copolymer (30 mg) and an aqueous H2O2
solution (10 mL) were introduced into the reactor, which was
pressurized with argon (0.60 MPa) and heated at 250−350 °C for 6 h.
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content was completely converted to F− (yield, 100%), the
amounts of Cl− (88.4 μmol) and CO2 (345 μmol) resulted in
lower yields, 72 and 47%, respectively, and the color of the
reaction solution was slightly black. These results indicate that
the H2O2 concentration of 2.0 M (that is, 20 mmol in the 10
mL reaction solution) was insufficient to induce the complete
mineralization at 350 °C, suggesting that some decomposition
pathway(s) which does not lead to mineralization of the carbon
and chlorine of the copolymer to CO2 and Cl

−, for example, the
dehydrofluorination, which forms CC bonds in the polymer
chain, allowing incorporation of the chlorine atoms, may
participate at 350 °C.
Figure 5 exhibits the time dependence of the decomposition

of poly(VDF-co-CTFE) copolymer in the presence of 2.0 M

H2O2 at 300 °C. The F−, CO2, and Cl− amounts increased
monotonically with increasing reaction time (Figure 5a). After
18 h, the F−, CO2, and Cl− contents reached 732, 651, and 104
μmol, which correspond to yields of 90, 88, and 85%,
respectively, indicating that most of the fluorine, carbon, and
chlorine in the initial copolymer mineralized. When the F−

yield is compared with the Cl− yield, both values were similar at
each reaction time. This result indicates that the abstraction of
chlorine atoms from the polymer chain did not proceed prior to
the abstraction of the fluorine atoms and the −CH2CF2− unit
in the polymer chain may decompose preferentially. As for the
minor products, the amount of malonic acid decreased with
increasing reaction time (Figure 5b), which indicates that
malonic acid was an intermediate product in the decomposition
of the copolymer. In contrast, the amount of F2HCCHF2
increased with increasing reaction time, indicating that
F2HCCHF2 is a final product under these reaction conditions.

Decomposition of Poly(VDF-co-HFP) Copolymer.
Compared to poly(VDF-co-CTFE), poly(VDF-co-HFP) co-
polymer was more readily decomposed by H2O2. Figure 6a

shows H2O2 concentration dependences of the amounts of F−

and CO2 after the reactions at 300 °C for 6 h. When the
reaction was carried out in the absence of H2O2, the amounts of
F− and CO2 were 91 μmol (yield, 10%) and 8 μmol (yield,
1%), respectively (Table 1, entry 5). Although F− formed
clearly in the absence of H2O2, the yield was considerably lower
than that of PVDF (53%, Table 1, entry 1). This result suggests
that the decomposition of the copolymer via dehydrofluorina-
tion mechanism was limited, although 95% of the polymer
chain consisted of −CH2CF2− unit. When 0.5 M H2O2 was
added, the F− amount decreased to 46 μmol (yield, 5%),
whereas that of CO2 increased up to 54 μmol (yield, 6%). This
tendency is similar to the decomposition of PVDF (Figure 1a).
Further increase in the H2O2 concentration enhanced the
formation of F− and CO2. When the reaction was carried out in
the presence of 2.0 M H2O2 (20 mmol), the F− and CO2

contents reached 897 μmol (yield, 96%) and 832 μmol (yield,
92%), respectively (Table 1, entry 6). Therefore, almost
complete mineralization of the copolymer was achieved with
20 mmol H2O2, the molar amount of which was 21 times that
of fluorine and 22 times that of carbon in the copolymer. When
the reaction was carried out in the presence of medium H2O2

concentration (0.5 or 1.0 M), a small amount of CF3H was
detected in the gas phase (Figure 6b). Simultaneously, a small
amount of malonic acid was detected in the reaction solution.
We previously reported that CF3H was detected during the
decomposition of perfluoalkyl sulfonic acid membrane polymer
bearing CF3 group in the pendant chain of the polymer in

Figure 5. Time dependence of decomposition of poly(VDF-co-CTFE)
copolymer in subcritical water in the presence of H2O2 at 300 °C:
detected amounts of (a) F−, Cl−, and CO2 and (b) malonic acid and
F2HCCHF2. Poly(VDF-co-CTFE) (30 mg) copolymer and an
aqueous H2O2 solution (2.0 M, 10 mL) were introduced into the
reactor, which was pressurized with argon (0.60 MPa) and heated for
2−18 h.

Figure 6. H2O2 concentration dependence of decomposition of
poly(VDF-co-HFP) copolymer in subcritical water at 300 °C: detected
amounts of (a) F− and CO2 and (b) malonic acid and CF3H. The
copolymer (30 mg; fluorine content, 938 μmol; carbon content, 902
μmol) and an aqueous H2O2 solution (10 mL) were introduced into
the reactor, which was pressurized with argon (0.60 MPa) and heated
at 300 °C for 6 h.
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subcritical water and demonstrated that water was the source of
hydrogen in the CF3H by means of a reaction using D2O.

23

Similarly, the CF3H in the present study may form by a reaction
of the CF3 radical derived from the copolymer and water.
However, CF3H disappeared with increasing H2O2 concen-
tration to 2.0 M. In the gas phase, F2HCCHF2, which appeared
during the reaction of poly(VDF-co-CTFE) copolymer, was
quasi not detected or only trace amounts (10−8 mol) were
noted in the presence of H2O2.
Temperature dependence of the decomposition of poly-

(VDF-co-HFP) copolymer in the presence of 2.0 M H2O2 at
constant reaction time of 6 h is displayed in Figure 7. The main

products, F− and CO2, formed efficiently above 270 °C (Figure
7a), and CF3H and malonic acid were also detected at 270 and
280 °C as minor products. When the reaction temperature was
increased to 300 °C, CF3H disappeared and almost complete
mineralization (F− yield, 96%; CO2 yield, 92%) was achieved.
The time dependence of the decomposition of poly(VDF-co-

HFP) copolymer in the presence of 2.0 M H2O2 at 300 °C is
shown in Figure 8. The amounts of F− and CO2 reached 670
μmol (yield, 71%) and 598 μmol (66%) even after a short
reaction time of 1 h, and the amounts almost saturated after 4 h
(Figure 8a). After 4 h, the F− and CO2 amounts reached 906
μmol (yield, 97%) and 825 μmol (yield, 91%), respectively,
reflecting that the fluorine and carbon in the copolymer were
efficiently mineralized. In addition, CF3H disappeared after 6 h
(Figure 8b).
CaF2 Formation. To determine whether CaF2 formed in

such a reaction system, the (co)polymer decomposition
reactions were performed in the presence of Ca(OH)2. When
PVDF (30 mg, fluorine content, 959 μmol) and a
stoichiometric amount of Ca(OH)2 (481 μmol) were heated
at 300 °C for 12 h in the presence of 2.0 M H2O2 (20 mmol, 10

mL), a white precipitate was obtained. After purification by
simple washing with pure water, the XRD pattern of the
precipitate showed only peaks assigned to CaF2 (Figure S-1 in
Supporting Information). The molar amount of the collected
CaF2 was 370 μmol, which corresponds to 740 μmol of fluorine
atoms. That is, 77% of the fluorine atoms in PVDF were
recovered in the collected CaF2. When a reaction in the
absence of H2O2 was carried out under the same reaction
conditions as mentioned above, a black precipitate (51 mg),
which seems to be a mixture containing carbon, was obtained
instead of the white precipitate. This result indicates that H2O2
is required for the efficient CaF2 formation.
In a similar manner, when poly(VDF-co-CTFE) copolymer

(30 mg) was reacted in the presence of a stoichiometric
amount of Ca(OH)2 (409 μmol) and H2O2 (3.0 M, 30 mmol)
at 300 °C for 6 h, CaF2 (237 μmol, 58% yield) was obtained
(Figure S-2 in Supporting Information). Finally, the reaction of
poly(VDF-co-HFP) copolymer (30 mg) in the presence of
Ca(OH)2 (476 μmol) and 2.0 M H2O2 (20 mmol, 10 mL) was
carried out at 300 °C for 6 h, and CaF2 was obtained (375
μmol, 80% yield; the XRD pattern is shown in Figure S-3 in
Supporting Information). The lower CaF2 yield (58%)
observed for poly(VDF-co-CTFE) copolymer compared to
that of other (co)polymers may be ascribed to Ca2+ reacting
with not only F− but also with Cl−, although CaCl2 was
removed from the reaction mixture by washing with pure water.

■ CONCLUSION
Decompositions of PVDF, poly(VDF-co-CTFE), and poly-
(VDF-co-HFP) copolymers in subcritical water were inves-
tigated. Addition of H2O2 into the reaction system led to an
efficient mineralization of these (co)polymers that released to
F− and CO2 (and also Cl− if poly(VDF-co-CTFE) copolymer)
at a relatively low temperature (300 °C). When PVDF was

Figure 7. Temperature dependence of decomposition of poly(VDF-
co-HFP) copolymer in subcritical water in the presence of 2.0 M of
H2O2: detected amounts of (a) F− and CO2 and (b) malonic acid and
CF3H. The copolymer (30 mg) and an aqueous H2O2 solution (2.0 M,
10 mL) were introduced into the reactor, which was pressurized with
argon (0.60 MPa) and heated at 250−300 °C for 6 h.

Figure 8. Time dependence of decomposition of poly(VDF-co-HFP)
copolymer in subcritical water in the presence of H2O2 at 300 °C:
detected amounts of (a) F− and CO2 and (b) malonic acid and CF3H.
The copolymer (30 mg) and an aqueous H2O2 solution (2.0 M, 10
mL) were introduced into the reactor, which was pressurized with
argon (0.60 MPa) and heated at 300 °C for 1−6 h.
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heated in subcritical water at 300 °C for 6 h in the presence of
3.0 M H2O2, which corresponds to 31 times the fluorine molar
amount and 32 times the carbon molar amount in this polymer,
both the F− and CO2 yields reached 98%. That result indicates
a complete mineralization of this polymer. Poly(VDF-co-
CTFE) copolymer was also efficiently mineralized at 300 °C
for 6 h by use of 3.0 M H2O2, which corresponds to 37 times
the fluorine molar amount and 41 times the carbon molar
amount in the copolymer, leading to F−, CO2, and Cl

− yields of
98, 95, and 97%, respectively. Poly(VDF-co-HFP) copolymer
was readily decomposed faster in the presence of H2O2 than
poly(VDF-co-CTFE) copolymer: almost complete mineraliza-
tion of the copolymer (F− and CO2 yields were 96 and 92%,
respectively) was achieved after a reaction at 300 °C in the
presence of 2.0 M H2O2 for 6 h, which is 21 times the fluorine
molar amount and 22 times the carbon molar amount in the
copolymer. The H2O2 concentration dependence of the
formation of F− was different in these (co)polymers: the F−

amount from PVDF for 6 h showed a “V-shape” dependence
on the H2O2 concentration, whereas the F− amount from
poly(VDF-co-CTFE) copolymer was monotonically increased
with increasing H2O2 concentration. This difference suggests
that PVDF can decompose via dehydrofluorination mechanism
in the absence of H2O2, whereas poly(VDF-co-CTFE)
copolymer cannot. The behavior of poly(VDF-co-HFP)
copolymer was similar to that of PVDF, although the amount
of F− formed in the absence of H2O2 was considerably lower
than that of PVDF.
Addition of stoichiometric Ca(OH)2 into the reaction system

resulted in the formation of CaF2 with yields of 77, 58, and 80%
for PVDF and poly(VDF-co-CTFE) and poly(VDF-co-HFP)
copolymers, respectively.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.iecr.5b01716.

XRD patterns of the precipitates obtained from the
reactions of PVDF, poly(VDF-co-CTFE), and poly-
(VDF-co-HFP) copolymers in the presence of H2O2
and Ca(OH)2 (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*Tel: (+81)-463-59-4111. Fax: (+81)-463-58-9688. E-mail: h-
hori@kanagawa-u.ac.jp.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by a grant from the Japan Society for
the Promotion of Science (15H02841). The authors also thank
the Elf Atochem company (Pierre Benite, France) for free gifts
of poly(VDF-co-CTFE) and poly(VDF-co-HFP) copolymers.

■ REFERENCES
(1) Seiler, D. A. PVDF in the Chemical Process Industry. In Modern
Fluoropolymers: High Performance Polymers for Diverse Applications;
Scheirs, J., Ed.; John Wiley & Sons: New York, 1997; pp 487−506.
(2) Fluoropolymers: Synthesis and Applications; Hougham, G., Cassidy,
P. E., Johns, K., Davidson, T., Eds.; Plenum: New York, 1999; Vol. 1
and 2.

(3) Humphrey, J. S.; Amin-Sanayei, R. Vinyl Fluoride Polymers. In
Encyclopedia of Polymer Science and Technology, 3rd Ed; Mark, H. F.,
Ed.; John Wiley & Sons: New York, 2004; Vol. 4, pp 510−533.
(4) Drobny, J. G. Technology of Fluoropolymers, 2nd ed; CRC Press:
Boca Raton, FL, 2009.
(5) Ameduri, B.; Boutevin, B. Well-Architectured Fluoropolymers:
Synthesis, Properties and Applications; Elsevier: Oxford, UK, 2004.
(6) Handbook of Fluoropolymer Science and Technology; Smith, D. W.,
Iacono, S. T., Iyer, S. S., Eds.; Wiley: New York, 2014.
(7) Ameduri, B. From vinylidene fluoride (VDF) to the applications
of VDF-containing polymers and copolymers: recent developments
and future trends. Chem. Rev. 2009, 109, 6632.
(8) Boschet, F.; Ameduri, B. (Co)polymers of chlorotrifluoro-
ethylene: synthesis, properties, and applications. Chem. Rev. 2014, 114,
927.
(9) Hirschler, M. M. Effect of oxygen on the thermal decomposition
of poly(vinylidene fluoride). Eur. Polym. J. 1982, 18, 463.
(10) Loginova, N. N.; Madorskaya, L. Y.; Podlesskaya, N. K.
Relations between the thermal stability of partially fluorinated
polymers and their structure. Polym. Sci. U.S.S.R. 1983, 25, 2995.
(11) Zulfiqar, S.; Zulfiqar, M.; Rizvi, M.; Munir, A.; McNeill, I. C.
Study of the thermal degradation of polychlorotrifluoroethylene,
poly(vinylidene fluoride) and copolymers of chlorotrifluoroethylene
and vinylidene fluoride. Polym. Degrad. Stab. 1994, 43, 423.
(12) Zulfiqar, S.; Rizvi, M.; Munir, A.; Ghaffar, A.; McNeill, I. C.
Thermal degradation studies of copolymers of chlorotrifluoroethylene
and methyl methacrylate. Polym. Degrad. Stab. 1996, 52, 341.
(13) Younesi, R.; Hahlin, M.; Treskow, M.; Scheers, J.; Johansson, P.;
Edström, K. Ether based electrolyte, LiB(CN)4 salt and binder
degradation in the Li−O2 battery studied by hard X-ray photoelectron
spectroscopy (HAXPS). J. Phys. Chem. C 2012, 116, 18597.
(14) Komaba, S.; Yabuuchi, N.; Ozeki, T.; Han, Z. J.; Shimomura, K.;
Yui, H.; Katayama, Y.; Miura, T. Comparative study of sodium
polyacrylate and poly(vinylidene fluoride) as binders for high capacity
Si−graphite composite negative electrodes in Li-ion batteries. J. Phys.
Chem. C 2012, 116, 1380.
(15) Yu, J.; Huang, X.; Wu, C.; Jiang, P. Permittivity, thermal
conductivity and thermal stability of poly(vinylidene fluoride)/
graphene nanocomposites. IEEE Trans. Dielectr. Electr. Insul. 2011,
18, 478.
(16) Hassoun, J.; Reale, P.; Panero, S.; Scrosati, B.; Wachtler, M.;
Fleischhammer, M.; Kasper, M.; Wohlfahrt-Mehrens, M. Determi-
nation of the safety level of an advanced lithium ion battery having a
nanostructured Sn-C anode, a high voltage LiNi0.5Mn1.5O4 cathode,
and a polyvinylidene fluoride-based gel electrode. Electrochim. Acta
2010, 55, 4194.
(17) Hori, H.; Sakamoto, T.; Ohmura, K.; Yoshikawa, H.; Seita, T.;
Fujita, T.; Morizawa, Y. Efficient-oxygen induced mineralization of
melt-processable fluoropolymers in subcritical and supercritical water.
Ind. Eng. Chem. Res. 2014, 53, 6934.
(18) Myers, A. L.; Jobst, K. J.; Mabury, S. A.; Reiner, E. J. Using mass
detect plots as a discovery tool to identify novel fluoropolymer thermal
decomposition products. J. Mass Spectrom. 2014, 49, 291.
(19) Chemical Synthesis Using Supercritical Fluids; Jessop, P. G.,
Leitner, W., Eds.; Wiley-VCH: Weinheim, Germany, 1999.
(20) Hawthorne, S. B.; Lagadec, A. J. M.; Kalderis, D.; Lilke, A. V.;
Miller, D. J. Pilot-scale destruction of TNT, RDX, and HMX on
contaminated soils using supercritical water. Environ. Sci. Technol.
2000, 34, 3224.
(21) Kawasaki, S.-I.; Oe, T.; Anjoh, N.; Nakamori, T.; Suzuki, A.;
Arai, K. Practical supercritical water reactor for destruction of high
concentration polychlorinated biphenyls (PCB) and dioxin waste
streams. Process Saf. Environ. Prot. 2006, 84, 317.
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Efficient oxygen-induced decomposition of triphenylsulfonium
trifluoromethanesulfonate to fluoride ions in subcritical water

Hisao Hori *, Hiroaki Yokota

Department of Chemistry, Faculty of Science, Kanagawa University, 2946 Tsuchiya, Hiratsuka 259-1293, Japan

1. Introduction

Perfluoroalkanesulfonates (CnF2n+1SO3
�) and their derivatives

are widely used in industry because of their high thermal and
chemical stability, high surface-active effect, high transparency,
and so forth. Among these compounds, salts with organic cations
are vital to the electronics industry, and they are used as photoacid
generators in photolithography and other photochemical process-
es [1]. After it became clear that perfluorooctanesulfonate
(C8F17SO3

�, PFOS) persists and bioaccumulates in the environment
[2,3], international regulations on the production, use, and import
and export of PFOS were implemented [4], and efforts to develop
greener alternatives are advancing [5]. The main strategy for the
design of alternatives is to shorten the perfluoroalkyl chain,
because compounds with shorter chains are less bioaccumulative.
Triphenylsulfonium perfluoroalkanesulfonates with short per-
fluoroalkyl groups, that is, [(C6H5)3S][CnF2n+1SO3] (n = 1–4), are
representative of the greener photoacid generators that have been
introduced in industry [6], even though the surface active effect of
these chemicals is considerably lower than that of PFOS. The liquid
waste containing these chemicals can be incinerated. However,

high temperatures are necessary to break the strong C–F bonds,
and incineration results in the formation of hydrogen fluoride gas,
which can seriously damage the firebrick of an incinerator. If these
chemicals could be decomposed to F� ions by means of
environmentally benign techniques, the well-established protocol
for treatment of F� ions could be used, whereby Ca2+ is added to the
system to form environmentally harmless CaF2, which is a raw
material for hydrofluoric acid. Thus, the development of decom-
position techniques that work under mild conditions would allow
the recycling of fluorine, the global demand for which is increasing.

Reaction in subcritical or supercritical water is 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 types of organic compounds [7].
Subcritical water is defined as hot water at sufficient pressure to
maintain the liquid state, and supercritical water is defined as
water at temperatures and pressures higher than the critical point
(374 8C, 22.1 MPa). Recently, subcritical or supercritical water was
used for pilot-plant- and practical-plant-scale decomposition of
trinitrotoluene [8] and polychlorinated biphenyls [9]. We previ-
ously reported that although PFOS (potassium salt) is not
decomposed in pure subcritical water around 350 8C, it can be
decomposed by zerovalent iron in the same medium [10].
Decomposition of the cationic moiety of triphenylsulfonium
perfluoroalkanesulfonates induced by UV-light irradiation was
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based reducing agent (zerovalent iron or FeO) or an oxidizing agent (O2), was investigated with the aim
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on the decomposition of salts consisting of perfluoroalkanesulfonates and organic cations, which are

widely used in the electronics industry as photoacid generators. The highest F� yield was achieved by the

reaction in the presence of O2 at a temperature close to the critical point: when the reaction was carried
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described in several reports to explain the photoacid generation
mechanism [1,6]. However, there was no report focused on the
decomposition of the anionic moiety of these chemicals to obtain
F� ions for waste treatment.

Herein we report on the decomposition of triphenylsulfonium
trifluoromethanesulfonate, [(C6H5)3S][CF3SO3] (1), a typical tri-
phenylsulfonium perfluoroalkanesulfonate, in subcritical water in
the presence of an iron-based reducing agent (zerovalent iron or
FeO) or an oxidizing agent (O2). In addition, the reactivity of 1 is
compared with that of CF3SO3K (2). This is the first report not only
on the decomposition of salts consisting of perfluoroalkanesulfo-
nates and organic cations in subcritical water, but also on a
technique aimed at waste treatment that successfully achieves the
efficient formation of F� ions.

2. Experimental

2.1. Materials

Triphenylsulfonium trifluoromethanesulfonate (1, >98%) and
potassium trifluoromethanesulfonate (2, >97%) were purchased
from Wako Pure Chemical Industries (Osaka, Japan). Powdered
zerovalent iron (>99.9%, <53 mm) and FeO (>99.9%, <53 mm)
were purchased from Kojundo Chemical Laboratory (Saitama,
Japan) and used as received. Argon (99.99%), O2 (99.999%), CO2

(0.995%)/N2, CHF3 (0.971%/N2), and benzene (C6H6, 487 ppm/N2)
gases were purchased from Taiyo Nippon Sanso (Tokyo, Japan).
Other reagents were of high purity and were obtained from Wako
Pure Chemical Industries.

2.2. 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 31 mL. In a
typical run using zerovalent iron, an argon-saturated aqueous
(Milli-Q) solution (10 mL) of 1 (9.94 mmol, 0.99 mM) and
zerovalent iron (9.60 mmol) was introduced into the gold vessel,
and the reactor was pressurized to 0.60 MPa with argon and sealed.
The reactor was placed in an oven, and the reactor temperature
was raised to the desired value (in the range from 76 to 373 8C) and
then held constant for a specified time (e.g., 6 h), after which the
reactor was quickly cooled to room temperature. We also
conducted reactions in the absence of zerovalent iron, reactions
with FeO, reactions under O2 instead of argon (in the absence of
zerovalent iron), and reactions with 2.

2.3. Analysis

An ion-chromatography system (IC-2001, Tosoh, Tokyo, Japan)
consisting of an automatic sample injector (30-mL 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 8C), and a conductivity detector with a
suppressor device was used to quantify the F� and SO4

2�

concentrations in the reaction solution. The mobile phase was
an aqueous solution containing Na2B4O7 (6 mM), H3BO3 (15 mM),
and NaHCO3 (0.2 mM). The concentrations of CF3SO3

� (anionic
moiety of 1 and 2) were quantified by means of an ion-exclusion
chromatography system consisting of an automatic sample
injector (5.0-mL injection volume), a guard column (TSKgel
OApak-P, 7.8-mm i.d., 1.0-cm length, Tosoh), a separation column
(TSKgel OApak-A, 7.8-mm i.d., 30-cm length, Tosoh), a pump, a
column oven (40 8C), and a conductivity detector. The mobile
phase was phthalic acid (10 mM). The concentrations of

[(C6H6)3S]
+ (the cationic moiety of 1) were quantified by HPLC

(Agilent 1120, Agilent Technologies, Palo Alto, CA, USA) with UV
detection (235 nm). The mobile phase was a 70:30 (v/v) mixture of
aqueous NaH2PO4 (20 mM, adjusted to pH 3.0 with H3PO4) and
methanol, the separation column was a Tosoh TSKgel ODS-100Z
(4.6-mm i.d., 15-cm length), and the injection volume was 10 mL.

A Shimadzu TOC-LCSH analyzer (Shimadzu, Kyoto, Japan) was
used to quantify the total organic carbon content in a reaction
solution obtained after most of the fluorine content in 1 was
decomposed to F� ions (that is, the fluorine atoms in CF3SO3

�were
almost completely transformed into F�).

The gas-phase products were analyzed by gas chromatogra-
phy–mass spectrometry on an instrument (QP2010 SE, Shimadzu)
equipped with a fused silica capillary column (Rt-Q-BOND, Restek,
Bellefonte, PA, USA). The carrier gas was helium, and the injection
temperature was held constant at 120 8C. The sample gas was
introduced into the instrument in split mode (ratio, 20/1) and
analyses were conducted in full-scan mode (m/z 2.0–200). The
oven temperature was kept at 30 8C for 5 min, raised to 200 8C at a
rate of 20 8C min�1, and held at that temperature for 20 min.

3. Results and discussion

3.1. Reactions in the presence of iron-based reducing agents

Initially, we carried out the reactions of 1 in the presence of
zerovalent iron because we previously observed that PFOS is
efficiently decomposed to F� ions by zerovalent iron in subcritical
water. Plots of the temperature dependences of the amounts of
CF3SO3

� and F� in the reaction solution at a constant reaction time
of 6 h (Fig. 1) revealed that the amount of CF3SO3

� showed no sign
of decreasing at temperatures below 245 8C, reflecting the high
thermal and chemical stability of CF3SO3

�. When the reaction
temperature increased to 294 8C, at around which temperature the
characteristics of subcritical water, that is, high ionic dissociation
constant (�10�11) and low dielectric constant (�22) are prominent
[11], obvious consumption of CF3SO3

� and formation of F� were
observed. CF3SO3

� completely disappeared from the reaction
solution at 343 8C, and the amount of F� continued to increase with
increasing temperature. When the reaction was carried out at
373 8C, the amount of F� reached 22.2 mmol, corresponding to a
yield of 74.4% (Table 1, entry 4). In addition to F� ions, trace

Fig. 1. Reaction-temperature dependence of the amounts of CF3SO3
� and F� in the

reaction solution after the reaction of 1 in the presence of zerovalent iron. An

aqueous solution (10 mL) of 1 (9.94 mmol, 0.99 mM) and zerovalent iron powder

(9.60 mmol) were introduced into the reactor, which was pressurized with argon

(0.60 MPa) and heated at 76–373 8C for 6 h.
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amounts (�0.20 mmol) of SO4
2� were detected in the reaction

solutions above 245 8C.
Plots of the temperature dependences of the amounts of

gaseous products (Fig. 2) revealed that benzene and CO2 were
detected even at the low temperatures of 76 and 144 8C, at which
temperatures the amount of CF3SO3

� showed no sign of decreasing
(Fig. 1). This fact indicates that the cationic moiety, [(C6H6)3S]

+,
decomposed at these temperatures. Consistently, the amount of
[(C6H6)3S]

+ in the reaction solution was very low (0.01 mmol) even
at 76 8C, and the cation completely disappeared above 144 8C.
Increasing the reaction temperature further resulted in not only
the formation of benzene and CO2 but also the formation of CHF3
(Fig. 2). The amount of CHF3 formed increased sharply at above
around 300 8C, at which temperature CF3SO3

� consumption and F�

formation occurred efficiently (Fig. 1). These results clearly
indicate that [(C6H6)3S]

+ decomposed more readily than CF3SO3
�.

To examine the effect of CO2 on the reactivity of CF3SO3
�, the

reaction in the presence of a large amount of CO2 (49.9 mmol) was
carried out. After the reaction at 294 8C, 72.8% of the initial CF3SO3

�

remained and the F� yield was 9.6%, whereas the corresponding
values obtained from the reaction in the absence of CO2 was 52.1
and 23.1%, respectively (from the data in Fig. 1). These results
indicate that the presence of a large amount of CO2 inhibits the
decomposition of CF3SO3

�.
The results for reactions of 1 in subcritical water at 343–344 8C

and a constant reaction time of 6 h are summarized in Table 1
(entries 1–3). When the reaction was carried out under argon
without zerovalent iron (entry 2), 88.5% of the CF3SO3

� in the

initial 1 remained after the reaction, and the F� yield was only
10.6%. In contrast, when the reaction was carried out in the
presence of zerovalent iron (9.60 mmol) under argon, CF3SO3

�

disappeared from the reaction solution, and the F� yield reached
58.4% (entry 1), which is 5.5 times the yield without iron (entry 2).

As described above, CF3SO3
� was efficiently decomposed to F�

ions in the presence of zerovalent iron, and the highest F� yield,
74.4%, was obtained by reaction at 373 8C for 6 h (Table 1, entry 4).
In an attempt to increase the F� yield further, we examined the
decomposition of 1 in the presence of FeO, because FeO undergoes
disproportionation to zerovalent iron and Fe3O4 at temperatures of
>257 8C [12,13]. We speculated that zerovalent iron formed in situ
might be more reactive than zerovalent iron added at the
beginning of the reaction, as has been demonstrated in the
decomposition of fluorinated ionic liquid anions [14]. However,
when the reaction was carried out in the presence of FeO under
argon at 372 8C for 6 h, the F� yield (53.3%, entry 5 in Table 1) was
lower than the yield obtained by use of zerovalent iron (74.4%,
entry 4).

3.2. Reactions in the presence of O2

At 343 8C, the addition of O2 also enhanced the decomposition
of CF3SO3

�, although the CF3SO3
� consumption and F� formation

were not as great as those observed in the presence of zerovalent
iron at this temperature: when the reaction was carried out under
O2 (4.99 mmol), 67.5% of the CF3SO3

� remained after the reaction,
and the F� yield was 23.5% (Table, 1, entry 3). Note a large amount
of CO2 formed during the reaction in the presence of O2, suggesting
that O2 efficiently induced oxidative decomposition of [(C6H6)3S]

+.
We examined the reaction of 1 in the presence of O2 at 372 8C,
despite the fact that the reactivity of 1 at 343 8C in the presence of
O2 was lower than that in the presence of zerovalent iron. To our
surprise, elevating the temperature by 29 8C dramatically
increased the reactivity of 1. When the reaction of 1 was carried
out at 372 8C in the presence of O2, CF3SO3

� was no longer present
in the reaction solution after 0.5 h. Plots of the reaction-time
dependences of the amounts of products in the reaction solution
and in the gas phase (Fig. 3a and b, respectively) revealed that large
amounts of F� and SO4

2� had already formed after 0.5 h, and the
amounts remained nearly constant as the reaction time was
increased. These results indicate that the decomposition of
CF3SO3

� in 1 was complete within 0.5 h. After 6 h, the amount
of F� was 27.9 mmol, which corresponds to a yield of 93.6%
(Table 1, entry 6). That is, almost all the fluorine in 1 (=fluorine
atoms in CF3SO3

�) was transformed into F� ions. The amount of
SO4

2� after 6 h was 16.8 mmol, which indicates that 84.5% of the
sulfur content in the initial 1 was transformed into SO4

2�. In the
gas phase, a large amount of CO2 was detected, CHF3 was not
detected, and the formation of benzene was suppressed (Fig. 3b).
The amount of CO2 in the gas phase was 1 order of magnitude

Table 1
Decomposition of 1 in subcritical water under various reaction conditions.a

Entry Added gasb Reducing

agentc
Temp. (8C) Press.

(MPa)

Remaining CF3SO3
� (mmol)

[ratio (%)]

F� (mmol)

[yield (%)]d
CO2

(mmol)

CHF3
(mmol)

C6H6

(mmol)

1 Ar Fe 343 15.8 n.d.e [0] 17.4 [58.4] 1.91 2.43 3.78

2 Ar None 344 15.4 8.80 [88.5] 3.16 [10.6] 3.95 n.d. 1.18

3 O2 None 343 15.5 6.71 [67.5] 7.00 [23.5] 43.4 n.d. 0.60

4 Ar Fe 373 22.8 n.d. 22.2 [74.4] 4.57 2.43 3.92

5 Ar FeO 372 21.5 n.d. 15.9 [53.3] 4.71 1.92 1.94

6 O2 None 372 21.6 n.d. 27.9 [93.6] 41.2 n.d. 1.03

a Initial amount of 1, 9.94 mmol; reaction solution volume, 10 mL; reaction time, 6 h.
b 4.99 mmol.
c 9.60 mmol.
d F� yield (%) = [(moles of F� formed)/(moles of fluorine content in initial 1 = moles of initial 1 � 3)] � 100.
e n.d. = not detected.

Fig. 2. Reaction-temperature dependence of the amounts of benzene, CO2 and CHF3
in the gas phase after the reaction of 1 in the presence of zerovalent iron. The

reaction conditions were the same as those described in the caption of Fig. 1.
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higher than the amount formed by the reaction in the presence of
zerovalent iron (compare entries 4 and 6 in Table 1). The
disappearance of CHF3 is advantageous because it is a greenhouse
gas with a high global-warming potential [15].

We measured total organic carbon in the reaction solution after
the reaction in the presence of O2 for 6 h at 372 8C, under which
conditions 93.6% of the fluorine content in the initial 1 was
transformed to F� ions, as described above. The total organic
carbon content was measured to be 19.8 mmol. This value and the
carbon content in the initial 1 (189 mmol; calculated from the
number of moles of initial 1 � 19) indicate that 10.5% of the carbon
content in the initial 1 remained in the reaction solution, although
the fluorine content in the initial 1 was almost completely
transformed to F� ions.

Under this reaction condition, no product other than CO2

(41.2 mmol) and benzene (1.03 mmol) was detected in the gas
phase (Table 1, entry 6). From these data, the total carbon content
after the reaction (i.e., the sum of moles of total organic carbon in
the reaction solution and moles of carbon in CO2 and benzene in
the gas phase) was calculated to be 67.2 mmol, whereas the carbon
content in the initial 1 was 189 mmol. That is, the carbon recovery
was 35.6%. After the reaction, the pH value of the reaction solution
was 2.6, which indicates that some portion of the formed CO2

remained in the reaction solution. Furthermore, a solid residue
(�1.0 mg), which was tightly attached on the bottom and wall of
the gold vessel in the reactor, was present after the reaction. These

results suggest that the most of the rest of carbon atoms were
present in the solid residue.

3.3. Effect of the cation on decomposition of the anion

We also carried out reactions of 2, which has a potassium ion
instead of the organic cation in 1, and the results revealed that the
reactivity of CF3SO3

� in 2 was lower than that in 1 under all of the
tested reaction condition. For example, when the reaction of 2 was
carried out at 343 8C for 6 h in subcritical water under argon
without any additive, 93.9% of the initial CF3SO3

� remained and
only a small amount of F� formed (1.0% yield; Table 2, entry 2). In
contrast, when 1 was subjected to the same reaction conditions,
88.5% of the CF3SO3

� remained after the reaction, and the F� yield
was 10.6% (Table 1, entry 2). When the reaction of 2 was carried out
in the presence of O2 at 343 8C for 6 h, almost no decomposition of
CF3SO3

� occurred (Table 2, entry 3), whereas when 1 was used,
67.5% of the CF3SO3

� remained, and the F� yield was 23.5%
(Table 1, entry 3). Although the decomposition of CF3SO3

� in 2 was
somewhat increased by addition of zerovalent iron (Table 2, entry
1), the F� yield (13.6%) was considerably lower than that for 1
under the same conditions (58.4%, entry 1 in Table 1).

Comparison of the plots of the temperature dependences of the
decompositions of 2 and 1 in subcritical water at 373 8C in the
presence of O2 (Fig. 4) revealed that compared to the reaction of 1,
the reaction of 2 consumed less CF3SO3

� (Fig. 4a) and generated
less F� at each temperature (Fig. 4b). When the reaction of 2 was
carried out at 373 8C for 6 h, 22.9% of the initial CF3SO3

� remained,

Fig. 3. Reaction-time dependence of the decomposition of 1 in the presence of O2 at

372 8C: (a) amounts of F� and SO4
2� in the reaction solution and (b) amounts of CO2

and C6H6 in the gas phase. An aqueous solution (10 mL) of 1 (9.94 mmol, 0.99 mM)

was introduced into the reactor, which was pressurized with O2 (0.60 MPa,

4.99 mmol) and heated for 0.5–6 h. After each reaction, CF3SO3
�was not detected in

the reaction solution, and CHF3 was not detected in the gas phase.

Table 2
Decomposition of 2 in subcritical water under various reaction conditions.a

Entry Added gas Reducing agent Temp. (8C) Press. (MPa) Remaining CF3SO3
� (mmol) [ratio (%)] F� (mmol) [yield (%)] CO2 (mmol) CHF3 (mmol)

1 Ar Fe 343 15.5 8.55 [84.7] 4.12 [13.6] 3.58 0.32

2 Ar None 343 15.4 9.48 [93.9] 0.29 [1.0] Trace n.d.

3 O2 None 343 15.4 9.91 [98.1] 0.19 [0.6] Trace n.d.

4 Ar Fe 373 22.1 4.80 [47.5] 5.96 [19.7] 5.82 n.d.

5 O2 None 373 21.6 2.31 [22.9] 17.3 [57.1] 17.4 n.d.

a Initial amount of 2, 10.1 mmol; reaction solution volume, 10 mL; reaction time, 6 h.

Fig. 4. Reaction-temperature dependence of the decomposition of 1 and 2 in the

presence of O2: (a) amount of CF3SO3
� and (b) amount of F� in the reaction solution.

An aqueous solution (10 mL) of 1 (9.94 mmol, 0.99 mM) or 2 (10.1 mmol; 1.01 mM)

was introduced into the reactor, which was pressurized with O2 (0.60 MPa,

4.99 mmol) and heated at the desired temperature for 6 h.
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and the F� yield was 57.1% (Table 2, entry 5). In contrast, when 1
was used, almost complete decomposition of CF3SO3

� to F� ions
was achieved (Table 1, entry 6). These results clearly indicate that
the cation affected the reactivity of the anion.

4. Conclusions

We investigated the decomposition of 1 in subcritical water in
the presence of an iron-based reducing agent (zerovalent iron or
FeO) or an oxidizing agent (O2). Addition of zerovalent iron
enhanced the decomposition of the anionic moiety (CF3SO3

�):
when the reaction was carried out in the presence of zerovalent
iron at 373 8C for 6 h, the F� yield reached 74.4%. Simultaneously,
CHF3 and benzene were produced in the gas phase. The oxidative
decomposition of 1 in the presence of O2 increased the extent of
decomposition of CF3SO3

�: when the reaction was carried out in
the presence of O2 at 372 8C for 6 h, the F� yield reached 93.6%,
indicating that almost all the fluorine atoms in CF3SO3

� had been
transformed into F� ions. Furthermore, the formation of CHF3 and
benzene was suppressed by the use of O2. Although the CF3SO3

� in
1 was almost completely decomposed to F� ions in the presence of
O2, the CF3SO3

� in potassium salt 2 was more stable: the F� yield
was only 57.1% after reaction in the presence of O2 at 373 8C for 6 h.
This observation clearly indicates that the cation affected the
reactivity of the anion.
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a b s t r a c t

Recovery of rhenium from aqueous solutions by photoinduced-electron transfer from an electron donor
to excited-state ReO4

� is reported for the first time. Specifically, irradiation of aqueous ReO4
� in the pres-

ence of 2-propanol as the electron donor efficiently decreased the ReO4
� concentration in the solution and

resulted in formation of a precipitate consisting of amorphous ReO2 and ReO3 and formation of acetone
by oxidation of 2-propanol. After 19 h of irradiation, ReO4

� had completely disappeared, and 89.1% of the
initial rhenium content was recovered in the collected precipitate. Although an induction period prior to
the decrease in the ReO4

� concentration was observed, the induction period could be eliminated by intro-
duction of acetone to the reaction system, which afforded 94.7% recovery of rhenium within 6 h of irra-
diation. The acceleration of the reaction induced by acetone could be explained by an increase in the light
absorption of ReO4

� via precomplexation with acetone, which resulted in an increase in the emission
intensity from the excited rhenium species.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

Rhenium, which is a minor metal in the Earth’s crust and has a
high melting point (3180 �C, second only to that of tungsten), has
vital applications in industry. Rhenium used in superalloys for tur-
bine blades for aircraft and thermal power plants accounts for 70%
of total rhenium consumption, and rhenium in petroleum reform-
ing catalysts for the production of lead-free high-octane gasoline
accounts for 20% [1]. The rest is used in electronic parts such as
electrical contacts, electron targets, and heating elements. The util-
ity of rhenium for these applications arises from its high heat resis-
tance, high corrosion resistance, and high hardness [2]. In addition,
some rhenium compounds have unique catalytic activities: for
example, rhenium oxides catalyze the selective oxidation of
methanol to methylal (dimethoxymethane) [3], and rhenium dii-
mine complexes catalyze CO2 reduction to CO under visible-light
irradiation [4]. Increases in aircraft production (approximately
36,770 new airplanes will be built from 2014 to 2033, owing to
mainly the rapid growth of low-cost carriers [5]) and new applica-
tions of rhenium can be expected to increase the global demand for
this metal.

Molybdenum and copper ores are the sole economically viable
mineral sources of rhenium, which is obtained as a by-product of

the metallurgical processing of these ores; specifically, the rhe-
nium component is oxidized to volatile Re2O7 in the flue dusts
and then collected in aqueous solution in the form of perrhenate
ion (ReO4

�) [6–10]. In addition, during processing of secondary
raw materials (spent catalysts and alloys), the rhenium content is
also transformed into ReO4

� in aqueous solutions [7,11–13]. The
recovery of ReO4

� from aqueous solutions is difficult because of
its low concentration and high solubility at all pH values. Reported
techniques for effectively recovering rhenium (present as ReO4

�)
from aqueous solutions include adsorption on ion exchange resins
[7,9,13,14], solvent extraction with amines [15–17], precipitation
through the formation of a less-water-soluble zinc complex [12],
adsorption on activated carbon [18], and adsorption on biomateri-
als such as algae [19]. Among these techniques, ion exchange and
solvent extraction have been extensively studied and have been
introduced in real-world industrial processes [10,16]. However,
these techniques require additional steps to separate the collected
ReO4

� from resins or solvent, as well as recrystallization to precip-
itate a salt (typically NH4ReO4, generated by addition of NH4OH),
and the mother liquor generally contains a non-negligible amount
of ReO4

� (4–35 g/L as NH4ReO4) [12]. Finally, the collected precipi-
tate is heated at 700–800 �C in the presence of hydrogen gas to
produce metallic rhenium.

The emission of light from the excited state of ReO4
� has never

been reported, although the anion is known to have an absorption
maximum around 249 nm in water [20], and emissions from

http://dx.doi.org/10.1016/j.seppur.2015.10.007
1383-5866/� 2015 Elsevier B.V. All rights reserved.
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tetravalent ReCl62� and ReBr62� have been reported [21]. We specu-
lated that if aqueous ReO4

� could emit with a lifetime at least on the
order of nanoseconds, photoinduced electron transfer from an
electron donor to the excited state of the anion might result in
the formation and precipitate of an insoluble reduced rhenium
species (such as ReO3), which could easily be separated from the
aqueous solution (Scheme 1).

Such a reaction scheme would eliminate the need for further
separation and recrystallization steps. With this idea in mind, we
investigated the photochemical reactions of ReO4

� in the presence
of several electron donors. The overall reduction reactions of ReO4

�

may be represented by Eqs. (1) and (2) (E0: standard reduction
potentials) [22], if the products are ReO3 and ReO2.

ReO�
4 þ 2Hþ þ e¢ReO3 þH2O E0 ¼ 0:768 V ð1Þ

ReO�
4 þ 4Hþ þ 3e¢ReO2 þ 2H2O E0 ¼ 0:510 V ð2Þ
Herein, we report an effective method for photochemical recov-

ery of rhenium from aqueous solutions of ReO4
�, although the opti-

mum scheme ended up being somewhat different from the scheme
that we initially envisioned.

2. Experimental

2.1. Materials

Potassium perrhenate (99.99%) and rhenium (IV) oxide (ReO2,
99.7%) were purchased from Sigma–Aldrich (St. Louis, MO, USA).
Other reagents were obtained fromWako Pure Chemical Industries
(Osaka, Japan). Argon (99.99%) was purchased from Taiyo Nippon
Sanso (Tokyo, Japan).

2.2. Photochemical procedures

A cylindrical Pyrex photochemical cell (22-mL volume)
equipped with a quartz window and a rubber septum was used
for the photochemical reactions. The ionic strength of the reaction
solution was maintained by the addition of NaClO4. In a typical run
with 2-propanol as the electron donor, the cell was charged with
an aqueous solution (10 mL) containing ReO4

� (103.7 lmol;
10.37 mM, as the potassium salt), 2-propanol (0.50 M), NaClO4

(0.10 M) and a poly(tetrafluoroethylene) stir bar. The pH of the
solution was 5.2. The solution was saturated with argon gas, and
the cell was sealed with a rubber septum, placed in a water bath,
and irradiated with UV–visible light (220–460 nm) from a 200W
xenon–mercury lamp (L2001-01L; San-Ei Electric, Osaka, Japan)
while stirring. The light from the lamp was introduced into an
optical-quartz glass fiber, passed to a quartz cell containing pure
water to cut the infrared light, and then introduced into the cell.

The irradiance at the center of the light spot on the sample was
98 mW cm�2, as measured with a UV detector (UVD-S254, Ushio,
Tokyo, Japan; sensitive wavelength, 220–310 nm). The reaction
temperature was kept constant at 20 �C. After a specified time
passed, the cell was placed in an argon-filled globe bag and opened,
and the reaction mixture was centrifuged to separate the reaction
solution and the precipitate. The supernatant was subjected to ion
chromatography, inductively coupled plasma atomic emission
spectroscopy (ICP-AES), and headspace gas chromatography–mass
spectrometry (GC/MS). The collected precipitate was washed with
pure (Milli-Q) water under an argon atmosphere, dried under vac-
uum overnight, and subjected to X-ray diffractometry (XRD), X-ray
photoelectron spectroscopy (XPS), transmission electron micro-
scopy, and ICP-AES. The XRD, XPS, and transmission electron
microscopy measurements were performed in the absence of air
whenever possible.

2.3. Analysis

The ReO4
� concentrations in the reaction solutions were quanti-

fied with an ion-chromatography system (IC-2001, Tosoh, Tokyo,
Japan) consisting of an automatic sample injector (30-lL injection
volume), a degasser, a pump, a separation column (TSKgel IC-
Anion-PWXL, 4.6 mm i.d., 3.5-cm length, Tosoh), a column oven
(40 �C), and a conductivity detector equipped with a suppressor
device. The mobile phase was an aqueous solution containing
NaHCO3 (1.7 mM), Na2CO3 (1.8 mM), and acetonitrile (20 vol.%);
and the flow rate was 0.8 mL min�1. The detection limit for ReO4

�

was 78 lg L�1, calculated from a signal-to-noise ratio of 3. The total
rhenium concentrations in the reaction solutions were quantified
by ICP-AES (SPS-3500, SII Nanotechnology, Tokyo, Japan).

To elucidate the fate of 2-propanol, we analyzed the reaction
solutions with a headspace GC/MS system consisting of an auto-
matic headspace sampler (HP7694, Agilent Technologies, Palo Alto,
CA, USA) and a GC/MS instrument (GC6890N, Agilent) equipped
with a fused-silica capillary column (PoraBOND-Q, Agilent). The
carrier gas was helium, and the flow rate was 1.0 mL min�1. The
sample solution was heated at 80 �C for 1 h in the headspace
sampler, and an aliquot of the gas phase (1.0 mL) was introduced
into the GC/MS system in split mode (ratio, 30/1). The oven tem-
perature was kept at 50 �C for 2 min, raised to 200 �C at a rate of
10 �C min�1, and held at that temperature for 5 min. Analyses were
conducted in full-scan mode (m/z 10–100).

Re(VII)O4
–* 2-propanol

(2-propanol)

Re(VII)O4
–

hν

reduction

Re(VI)O3

collection as precipitate

Scheme 1. Postulated reaction scheme for photochemical recovery of rhenium
from aqueous solution.
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Fig. 1. Wavelength distribution for the absorptions of ReO4
� (10.37 mM in water), 2-

propanol (0.50 M in water) and acetone (9.0 mM in water) and the emission from
the xenon–mercury lamp. The path length for the measurement of the absorption
spectra was 1.0 cm. Effect of acetone on the reaction is discussed in Section 3.5.
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The XPS and XRD measurements of the collected precipitate
were carried out at Nissan Arc (Yokosuka, Japan) with, respectively,
a Quantum-2000 instrument with Al Ka radiation (Physical Elec-
tronics, Eden Prairie, MN, USA) and a SmartLab 9kW instrument
with Cu Ka radiation (Rigaku, Tokyo, Japan). The rhenium content
in the precipitate was quantified by ICP-AES after dissolution of the
precipitate in aqua regia. The surface of the precipitate particles
was observed by transmission electron microscopy at Nissan Arc
with a Tecnai G2 F20 instrument (FEI, Hillsboro, OR, USA).

Emission lifetime and time-resolved spectra were measured
with a Tempro Type-AKK1 fluorescence lifetime spectrofluorome-
ter (Horiba, Kyoto, Japan) by means of a time-correlated single-
photon counting method. As the excitation light source, the
third-harmonic wave of a Tsunami Ti:sapphire laser with a Spitfire
Regenerative Amplifier (266 nm and 1 kHz repetition rate, Spectra-
Physics, Santa Clara, CA, USA) and a Horiba NanoLED-265 (266 nm
and 1 MHz repetition rate) were employed for the emission decay
and time-resolved emission spectral measurements, respectively.
The aqueous ReO4

� solution (1.0 mM, potassium salt) was sealed

in a 1.0 � 1.0 � 4.0 cm quartz cell after argon had been bubbled
through the solution for 20 min, and the measurement was con-
ducted at 298 K.

3. Results and discussion

3.1. Photochemical reactions of ReO4
�

In our reaction conditions, an aqueous solution containing ReO4
�

and 2-propanol was irradiated with UV–visible light from a xenon–
mercury lamp through a water filter. The wavelength distributions
of the absorptions of ReO4

� and 2-propanol (at the concentrations
used for subsequent photochemical reactions) and the emission
from the lamp are shown in Fig. 1. Under these conditions, the
lamp emits mainly 220–460-nm light. Because ReO4

� strongly
absorbs light from the deep-UV region to 310 nm (the absorbance
at 255 nm exceeds 4) and 2-propanol absorbs only weakly at this
region (the absorbance of 2-propanol at 255 nm is 0.16), ReO4

�

was the predominant absorbing species under our reaction
conditions.

Investigation of the irradiation-time dependence of the concen-
tration of ReO4

� in the presence of 2-propanol (Fig. 2(a)) revealed
that the ReO4

� concentration in the reaction solution showed no
sign of decreasing until approximately 10 h after the start of irradi-
ation, which seemed to indicate that ReO4

� was not reactive under
these conditions. However, to our surprise, the concentration of
ReO4

� began to decrease monotonously after 10 h, with a zero-
order rate constant of 1.06 mM h�1, and a dark purple precipitate
formed simultaneously. After 19 h, the concentration of ReO4

�

decreased to below the detection limit of the ion chromatography.
We also monitored the total rhenium concentration in the reaction
solution to examine the possibility that some rhenium-containing
species other than ReO4

� remained in the reaction solution (Fig. 2
(b)), and we found that the irradiation-time dependence of the
total rhenium concentration was similar to that of the ReO4

� con-
centration (Fig. 2(a)). After 19 h, the total rhenium concentration
decreased to 0.03 g L�1 (the initial concentration was 1.93 g L�1);
that is, 98.4% of the rhenium initially present in the solution had
been removed.

We next carried out photochemical reactions of ReO4
�

(10.37 mM) with various combinations of light irradiation and
electron donors (Table 1). Virtually no reaction occurred in the
absence of either light irradiation or 2-propanol (entries 1 and 2,
respectively). In contrast, reaction in the presence of both light
irradiation and 2-propanol (entry 3) efficiently decreased the con-
centration of ReO4

�, clearly indicating that the combination of light
irradiation and 2-propanol was required for removal of ReO4

�.
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Fig. 2. Irradiation-time dependence of (a) ReO4
� concentration and (b) total

rhenium concentration in the reaction solution. An aqueous solution (10 mL)
containing ReO4

� (10.37 mM), 2-propanol (0.50 M), and NaClO4 (0.10 M) was
irradiated with a xenon–mercury lamp under argon.

Table 1
Effects of reaction conditions on remaining ReO4

� and total rhenium.a

Entry Initial ReO4
� (mM) Light Electron donorb Remaining ReO4

� (mM) [ratio (%)] Remaining total rhenium (g L�1)

1 10.37 Absent 2-Propanol 10.37 [100] 1.86
2 10.37 Present Absent 10.10 [97.4] 1.87
3 10.37 Present 2-Propanol n.d.c [0] 0.03
4 10.37 Present 1-Propanol 10.37 [100] –d

5 10.37 Present 1-Butanol 10.37 [100] –d

6 10.37 Present 2-Butanol 9.80 [94.5] –d

7 10.37 Present Glycerin 10.21 [98.5] –d

8 10.37 Present Sucrose 10.27 [99.0] –d

9 10.37 Present Triethanolamine 6.68 [64.4] –d

10 5.18 Present 2-Propanol n.d.c [0] 5 � 10�3

11 2.59 Present 2-Propanol n.d.c [0] 3 � 10�3

a Reaction time = 19 h.
b Initial concentration = 0.50 M.
c n.d. = not detected.
d Not measured.
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We also attempted to remove ReO4
� by using several other electron

donors (1-propanol, 1-butanol, 2-butanol, glycerin, sucrose, and
triethanolamine; entries 4–9). With these electron donors, almost
no precipitate formed, although when triethanolamine was used,
the ReO4

� concentration decreased to 64.4% of the initial concentra-
tion after 19 h, and the solution turned violet (entry 9). These
results suggest that a unique interaction occurs between ReO4

�

and 2-propanol and causes the decrease in the ReO4
� concentration

and the formation of the precipitate.
Photochemical removal of ReO4

� using 2-propanol was also
effective at lower initial ReO4

� concentrations (5.18 and 2.59 mM,
entries 10 and 11); after 19 h, the ReO4

� concentration was below
the detection limit.

In the above reactions using 2-propanol (0.50 M) and ReO4
�

(10.37 mM), the pH value of the initial reaction solution (before
light irradiation) was 5.2. When the initial pH value was changed
to 10.9 by use of NaOH, the ReO4

� concentration after 19 h irradia-
tion was decreased to 0.46 mM, which corresponds to 4.4% of the
initial concentration (10.37 mM). This result indicates that ReO4

�

was efficiently removed from the basic solution, although the
remaining ReO4

� ratio was somewhat higher than that obtained
at pH of 5.2 (the remaining ratio of ReO4

� was 0%).

3.2. Fate of 2-propanol

We expected that in the present reaction system, ReO4
� would

be reduced to ReO3 while 2-propanol was oxidized (Scheme 1).
To elucidate the fate of 2-propanol during the reaction, we ana-
lyzed the reaction solutions by headspace GC/MS, which revealed
the presence of acetone. A plot of the irradiation-time dependence
of the acetone concentration (Fig. 3) showed that acetone formed
after 6 h and the acetone concentration increased monotonously
with increasing irradiation time (rate constant, 0.62 mM h�1)
while the concentration of ReO4

� decreased (Fig. 2(a)). After 19 h,
at which point ReO4

� had disappeared from the reaction solution
(Fig. 2(a)), the acetone concentration was 8.90 mM. These results
clearly indicate that ReO4

� reduction was accompanied by 2-
propanol oxidation to acetone.

3.3. Consecutive reaction of ReO4
�

After the ReO4
� had completely disappeared (Fig. 2(a)), the

resulting solution was still reactive, and additional runs were

therefore possible. When an additional 103.7 lmol of ReO4
� (potas-

sium salt) was introduced to the reaction mixture (without
removal of precipitate formed during the initial 19 h irradiation
period), the concentration of ReO4

�, which was 10.37 mM at the
start of the second run, again decreased monotonously upon irra-
diation (rate constant, 1.01 mM h�1), falling below the detection
limit after 10 h of irradiation (Fig. 4, second run). Note that an
induction period prior to the decrease in ReO4

�, which was
observed in the first run, was not observed in the second run.
The rate constant for the decrease in ReO4

� concentration during
the second run (1.01 mM h�1) was similar to that observed after
the induction period in the first run (1.06 mM h�1).
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Fig. 3. Irradiation-time dependence of acetone concentration in the reaction
solution. The experimental conditions are described in the caption of Fig. 2.
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� (potassium salt) was introduced to the reaction mixture after 19 h of
irradiation at which point the initial charge of ReO4

� had completely disappeared.
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Fig. 5. Transmission electron microscopy image of the precipitate collected after
the photochemical reaction of ReO4

� in the presence of 2-propanol for 19 h. The
reaction conditions are described in the caption of Fig. 2.
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3.4. Characterization of the precipitate

The precipitate formed after the photochemical reaction in the
presence of 2-propanol for 19 h was washed with pure water
under argon, dried under vacuum, and then characterized. The
weight of the collected precipitate (27.0 mg) and the proportion
of rhenium (63.7 wt%, as quantified by ICP-AES) indicate that
89.1% of the rhenium content in the initial ReO4

� was recovered
in the collected precipitate after 19 h of reaction. The precipitate
consisted of aggregated particles of a fewmicrometers, and the pri-
mary particle size was approximately 100 nm (Fig. 5). The absence
of any diffraction peaks in the XRD pattern of the precipitate indi-
cates that the precipitate is amorphous (Fig. 6). XPS measurement
revealed that the precipitate, which we initially assumed to be Re
(VI)O3 (Scheme 1), consisted of Re(IV) and Re(VI) in an approxi-
mately 10:3 molar ratio (Fig. 7). Furthermore, the atomic ratio of
rhenium-bound oxygen to rhenium was estimated to be 2.4. These
results indicate that the particle surface consisted of an approxi-
mately 10:3 mixture of ReO2 and ReO3; that is, most of the ReO4

�

was reduced to ReO2.

3.5. Reactions in the presence of added acetone

As described above, the concentration of ReO4
� did not decrease

until 10 h after the start of irradiation (Fig. 2(a)); that is, there was
an induction period. Because induction periods are undesirable in
real-world applications, we tried to shorten the induction period
by various methods. As shown in Fig. 4, if additional ReO4

� was
introduced to the reaction mixture after the initial charge of ReO4

�

had been completely consumed, induction period did not appear in
the second run. The only difference in initial conditions between
the first and the second runs was that acetone and a precipitate
including ReO2 and ReO3 were present in the second run. To deter-
mine how the presence of the precipitate affected the induction
period, we carried out a reaction in the presence of finely pow-
dered ReO2 (22 mg) in addition to the usual aqueous solution con-
taining ReO4

�, 2-propanol, and NaClO4 (the concentrations were the
same as those described in the caption of Fig. 2). After irradiation
for 6 h, the concentration of ReO4

� had not decreased at all, suggest-
ing that it was not the precipitate but acetone that was responsible
for initiating the decrease in the ReO4

� concentration. To confirm
this, we carried out photochemical reactions of ReO4

� and 2-
propanol in the presence of acetone at several concentrations
(Fig. 8). As expected, the induction period became shorter as the
initial acetone concentration was increased. At an acetone concen-
tration of 9.02 mM, which is comparable to the initial ReO4

� con-
centration (10.37 mM), there was no induction period, and the
concentration of ReO4

� fell below the detection limit within 6 h of
the start of irradiation. Because acetone absorbs light very little
compared with ReO4

� (Fig. 1), ReO4
� is the predominant absorbing

species even though acetone is present. Increasing the initial ace-
tone concentration further (to 12.0 mM) did not have a noticeable
effect on the time profile of the ReO4

� concentration. These results
suggest that some interaction, such as precomplexation between
ReO4

� (or its excited state) and acetone, initiated the decrease in
the ReO4

� concentration. When the reaction was carried out in
the presence of 9.02 mM of acetone for 6 h, the weight (28.7 mg)
and the proportion of rhenium (63.7 wt%) of the collected precipi-
tate indicate that 94.7% of the rhenium content in the initial ReO4

�

was recovered in the collected precipitate. We also carried out a
photochemical reaction in the presence of acetone without 2-
propanol. Under these conditions, 99.8% of the initial ReO4

�

remained after 6 h of irradiation, and no precipitate formed.
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Fig. 6. XRD pattern of the precipitate collected after the photochemical reaction of
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These results indicate that acetone acted not as an electron donor
to ReO4

� but rather as a promotor for decreasing the ReO4
�

concentration.

3.6. Emission behavior of ReO4
� and role of acetone

Finally, we investigated the emission behavior of ReO4
� in pure

water because emission from the excited state of ReO4
� is a prereq-

uisite for the photochemical reaction that occurred in this system.
The emission decay profile of ReO4

� is shown in Fig. 9. As expected,
ReO4

� showed an emission, and its lifetime was measured to be
3.4 ns. The time-resolved emission spectra of ReO4

� (Fig. 10(b))
clearly show an emission maximum around 350 nm. These results
are consistent with a reaction mechanism involving reduction of
ReO4

� initiated by photoinduced electron transfer to the excited
state of ReO4

�.
As described above, addition of acetone, which concentration

was comparable to the initial ReO4
�, efficiently accelerated the

decrease in the ReO4
� concentration. To clarify the role of acetone

in the photochemical reaction, we measured the UV absorption
spectra of the aqueous solutions involving ReO4

�, ReO4
� and acetone,

and ReO4
� and acetone and 2-propanol (Fig. 10(a)). Significant dif-

ference was observed between the spectrum involving ReO4
� and

the spectrum involving ReO4
� and acetone, that is, red-shift (4–

9 nm) and increase in the absorbance occurred by addition of ace-
tone. On the other hand, the spectrum of the solution involving
ReO4

� and acetone was almost the same as that involving ReO4
�,

acetone and 2-propanol. These results strongly suggest the pres-
ence of precomplexation between ReO4

� and acetone. Addition of
acetone also affected the emission behavior of ReO4

�. The time-
resolved emission spectra of the aqueous solution involving ReO4

�

(1.0 mM) and acetone (9.0 mM) are shown in Fig. 10(c). It is clear
that not only each emission maximum was red-shifted (�20 nm),
but also the emission intensity was greatly increased in the pres-
ence of acetone (compare Fig. 10(c) and (b)). In this manner, addi-
tion of acetone causes an increase in the light absorption of ReO4

�,
which results in an increase in the emission intensity from the
excited species. In other words, the concentration of excited ReO4

�

increases when acetone is present. This phenomenon may be one
reason why addition of acetone accelerated the photochemical
reduction of ReO4

� to ReO3 and ReO2 in the presence of 2-propanol.

4. Conclusion

Recovery of rhenium from aqueous solutions by means of pho-
toinduced electron transfer from an electron donor to excited ReO4

�

was investigated. When ReO4
� was irradiated in the presence of 2-

propanol, the concentration of ReO4
� efficiently decreased: after

19 h, ReO4
� completely disappeared from the reaction solution,

and acetone formed as an oxidation product of 2-propanol. The dis-
appearance of ReO4

� was accompanied by the formation of a pre-
cipitate involving amorphous ReO2 and ReO3 (in 10:3 ratio on
the surface) with aggregated particle size of a few micrometers
and the primary particle size of approximately 100 nm. After reac-
tion for 19 h, 89.1% of the rhenium content in the initial ReO4

� was
recovered in the collected precipitate. Other electron donors, 1-
propanol, 1-butanol, 2-butanol, glycerin, sucrose, and tri-
ethanolamine, caused almost no precipitation.

Although an induction period prior to the decrease in the ReO4
�

concentration was observed, the induction period could be elimi-
nated by introducing acetone to the initial reaction solution: when
the initial acetone concentration was comparable to the initial
ReO4

� concentration, ReO4
� completely disappeared from the reac-

tion solution after 6 h of irradiation, and 94.7% of the rhenium con-
tent in the initial ReO4

� was recovered in the collected precipitate.
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(1.0 mM) and acetone (9.0 mM). In panel b and panel c, ‘t’ means time after laser
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These results indicate that acetone promoted the decrease in the
ReO4

� concentration. The acceleration of the reaction induced by
acetone can be explained by an increase in the light absorption
of ReO4

� via precomplexation with acetone, which increases the
emission intensity from the excited species.

The effects of coexisting chemicals on the reaction system are
being investigated in our laboratory.
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The surface electronic structure and CO-oxidation activity of Pt and Pt alloys, Pt3T (T = Ti, Hf, Ta, Pt),

were investigated. At temperatures below 538 K, the CO-oxidation activities of Pt and Pt3T increased in

the order Pt o Pt3Ti o Pt3hHf o Pt3Ta. The center-of-gravity of the Pt d-band (the d-band center) of Pt

and Pt3T was theoretically calculated to follow the trend Pt3Ti o Pt3Ta o Pt3Hf o Pt. The CO-oxidation

activity showed a volcano-type dependence on the d-band center, where Pt3Ta exhibited a maximum in

activity. Theoretical calculations demonstrated that the adsorption energy of CO on the catalyst surface

monotonically decreases with the lowering of the d-band center because of diminished hybridization of

the surface d-band and the lowest-unoccupied molecular orbital (LUMO) of CO. The observed volcano-

type correlation between the d-band center and the CO oxidation activity is rationalized in terms of the CO

adsorption energy, which counterbalances the surface coverage by CO and the rate of CO oxidation.

1. Introduction

The development of environmental-remediation technologies is
of paramount importance to balance the growth in the economy
and the natural environment. One of the key objectives of the
current environmental-purification technologies is the reduction
of expensive precious-group metals (PGMs: Pt, Pd and Rh) in
automobile catalysts.1,2 There have been numerous approaches to
alloy PGMs andmore abundant metals such as Ni or Co to achieve
high performance and low material costs (alloy catalysts).3–7 How-
ever, it still remains a challenge to adequately design alloy catalysts
for exhaust purification, because of the lack of understanding of

the correlation between the catalytic activity and experimentally
measurable or theoretically calculable parameters of the alloys,
such as the center-of-gravity of the Pt d-band (the d-band center).8–14

Furthermore, surface segregation, which readily occurs on alloy
surfaces in harsh conditions including high-temperature exhausts,
makes it difficult to interrelate the apparent activity with the
electronic and/or atomic structure of unperturbed surfaces.15 To
evaluate an inherent alloying effect on the exhaust-purification
activity of alloy catalysts, it is required to investigate thermally stable
alloys with high melting points (42000 K), such as early-d-Pt alloys
(Pt-T: T = early d-metals), because their high ordering enthalpies can
inhibit surface segregation and segregation-induced changes on the
electronic or atomic structure of the surface.16–18

Here we report that a simple correlation can be established
between the apparent exhaust-purification activity and the
surface electronic structure of early-d-Pt alloys, Pt3T (T = Ti,
Ta of Hf). X-ray photoemission spectroscopy using synchrotron
radiation (Hard X-ray Photoemission Spectroscopy: HX-PES)
demonstrated that the surface of Pt3T was free from segregation
when exposed to a simulated exhaust (a 2 : 1 mixture of carbon
monoxide (CO) and O2 gases, 10 kPa) at temperatures below
598 K. At temperatures lower than 538 K, the catalytic activity
of Pt and Pt3T for the oxidation of CO increased in the order
Pt o Pt3Ti o Pt3Hf o Pt3Ta. This trend leads to a volcano-type
dependence of the CO oxidation activity on the theoretically
calculated center-of-gravity of the Pt d-band (the d-band center)
which increases in the order Pt o Pt3Hf o Pt3Ta o Pt3Ti.
Theoretical calculations have further demonstrated that the
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adsorption energy of CO on the catalyst surface decreases
monotonically with the lowering of the d-band center because
of diminished hybridization of the surface d-band and the
lowest-unoccupied molecular orbital (LUMO) of CO. The
observed volcano-type correlation between the d-band center
and the CO oxidation activity is accounted for in terms of the
CO adsorption energy which counterbalances the surface
coverage by CO and the rate of CO oxidation. This established
correlation allows us to understand and even predict the
exhaust-purification activity of unknown Pt-based alloys by
theoretically calculating and/or experimentally determining
the d-band center, which will be a guiding principle in the
quest for efficient alloy catalysts for exhaust purification.

2. Experimental section
2.1 Sample preparation

Polycrystalline samples of intermetallic Pt3T (T = Ti, Ta, and Hf)
were synthesized in a pure Ar atmosphere (99.9999%) using an
arc furnace. Prior to the synthesis, the arc furnace was evacuated
to a vacuum level with a pressure lower than 10�3 Pa and
backfilled with pure Ar. All starting materials were purchased
from Furuya Kinzoku Co. An aliquot of 1 g of Pt powder (99.9%)
was pelletized with a stainless-steel die and melted in the arc
furnace into an ingot. Titanium (sponge, 99%) and Ta (wire,
99%) metals were used as received. As-purchased Hf metal
(chunk, 98%) was first melted in the arc furnace to remove
surface oxides. The ingots of Pt and the other metals were
weighed such that the molar ratio was Pt : T = 3 : 1 and melted
together in the arc furnace. The ingot obtained, with a combined
weight of approximately 3 g, was cut into two halves with a
diamond saw. One of the halves was ground using an agate
mortar for powder X-ray diffraction (pXRD), Brunauer–Emmett–
Teller (BET) surface area measurements and catalytic CO oxidation
measurements. Slices that were 0.5 mm thick were cut from the
other half and polished to a mirror finish for hard X-ray photo-
emission spectroscopy (HX-PES) measurements.

2.2 Characterization

pXRD (RIGAKU RINT 2000, Cu-Ka radiation, l = 1.541 Å) was used
to examine the powdered samples of the Pt3T alloys. The specific
surface area of each sample was determined using the BET
method. A Micromeritics ASAP 2020 was used to collect a partial
adsorption isotherm at liquid-nitrogen temperature (77 K) using
krypton as the adsorption gas. HX-PES was performed at room
temperature in ultra-high vacuum using synchrotron radiation
(5.95 keV, SPring-8, beamline BLXU15) and an electron energy
analyzer (VG SCIENTA R4000).19 A 0.3 mm-thick Pt plate
(99.9%, Furuya Kinzoku Co.), a 0.3 mm-thick Ti plate (99.9%,
Nilaco Co.) and slices of Ta and Hf taken from button-shaped
ingots prepared in the arc furnace were used as references for
HX-PES. All samples for HX-PES were fixed using carbon
adhesives to grounded Cu sample holders. The HX-PES data
were referenced to the Fermi edge of an Au film that was
electrically connected to the samples via the sample holder.

2.3 Catalytic measurements

A fixed-bed flow micro-reactor (Ohkura Riken) equipped with a
gas chromatograph (GL Sciences) was used to evaluate the
catalytic activities of the samples for the oxidation of CO.20 An
aliquot of 150 mg of Pt or Pt3T powder was introduced into the
micro-reactor and subjected to a constant flow (100mlmin�1) of a
reactant gas that consisted of CO, O2 and He at a molar ratio of
2 : 1 : 97 (Sumitomo Seika Chemicals). The BET surface areas of the
powders were determined prior to the catalytic measurements. The
composition of the outlet gas from the micro-reactor was analyzed
at different sample temperatures ranging from 473 to 573 K.

2.4 Theoretical calculations

Theoretical calculations of the electronic structures of the
catalyst were performed using density-functional theory. The
exchange–correlation energy functional was represented by
the Perdew–Bruke–Ernzerhof21 generalized gradient approxi-
mation. Projector-augmented wave pseudopotentials were
employed as implemented in the VASP code.22,23 The valence
configurations of the pseudo-potentials were 5d96s1 for Pt,
3p63d34s1 for Ti, 5p65d36s2 for Ta and 5p65d26s2 for Hf. The
energy cutoff for the plane-wave basis set expansion was set at
500 eV. Monkhorst–Pack k-point sets of 12 � 12 � 12 and 10 �
10 � 10 were used for the 1-atom and 4-atom unit cells for Pt
and Pt3Ti, respectively, whereas an 8 � 8 � 8 set was used for
the 16-atom unit cells of Pt3Ta and Pt3Hf. The optimized lattice
constants were as follows: a = 3.98 Å for Pt; a = 3.95 Å for Pt3Ti;
a = 4.93 Å, b = 5.61 Å, c = 9.40 Å, b = 100.561 for Pt3Ta; and
a = 5.71 Å, b = 5.71 Å, c = 9.32 Å, g = 119.991 for Pt3Hf, which
are consistent with reported experimental crystallographic
parameters.24–26

The unit cells were extended for the creation of slabmodels of
the Pt(111), Pt3Ti(111), Pt3Ta(001) and Pt3Hf(001) surfaces. The
Pt(111) slab model consisted of 15 layers of Pt planes, including
120 atoms in total, and a vacuum of the same thickness as the Pt
slab. The 7–9th layers were fixed during the surface relaxations
to represent the bulk region. The 120-atom slab model of
Pt3Ti(111) was created in the same manner as that of Pt(111).
The Pt3Ta(001) slab model consisted of 12 layers of Pt3Ta planes,
including a total of 96 atoms, and a vacuum of the same
thickness as the Pt3Ta slab. The 5–8th layers were fixed during
the surface relaxations. A similar model was constructed for the
Pt3Hf(001) surface. For the surface calculations, the k-point
sampling was set at 2 � 2 � 1. The atomic positions of the slab
modes were fully relaxed except for the fixed layers. The total
density of states (DOS) was plotted with a smearing factor of
0.05 eV. The d-band centers were evaluated by applying the
following formula to the calculated DOS:

d-band center ¼
Ð
EDOSðEÞdEÐ
DOSðEÞdE

where DOS(E) is the density of states of the occupied d-states.
For the calculation of the CO adsorption energy on each

surface, a CO molecule was placed above a Pt atom with the
C–Pt distance fixed at 1.94 Å (Fig. S1, ESI†).27 The total energy of
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a single CO molecule, Etot(CO), was also computed using the
same size supercell to evaluate the CO adsorption energy
according to

Eads = Etot(CO-Metal) � Etot(Metal) � Etot(CO),

where Etot(CO-Metal) and Etot(Metal) are the total energies of the
slabs with or without a CO molecule on the surface, respectively.

3. Results and discussion

Fig. 1 presents the structural models for Pt and Pt3T: Pt, Fm%3m,
a = 3.9200 Å; Pt3Ti, Cu3Au type, Pm%3m, a = 3.9040 Å; Pt3Ta,
Pt3Nb type, P21/m, a = 4.8690 Å, b = 5.5370 Å, c = 9.2690 Å,
b = 100.621; and Pt3Hf, Ni3Ti type, P63/mmc, a = 5.6360 Å,
c = 9.2080 Å, b = 1201.24–26 The Pt and/or Pt12Ti cubo-octahedron
depicted by the stick-and-ball model and grey polyhedra in
Fig. 1a share the six square planes of the neighboring polyhedra
in forming the framework of Pt and/or Pt3Ti. The crystal struc-
tures of Pt3Ta and Pt3Hf, unlike that of either Pt or Pt3Ti, are
constructed from two types of Pt12T polyhedra with different
configurations (Fig. 1b and c). One of the two types of Pt12T
polyhedra is isomorphic to the Pt12Ti cubo-octahedron. The
other type of Pt12T polyhedron, which is depicted by a stick-
and-ball model and white polyhedra, is a structural derivative

obtained by rotating one of the eight Pt triangles of a Pt12T
cubo-octahedron by 1801. The monoclinic structure of Pt3Ta
is constructed by face- and edge-sharing of the Pt12T cubo-
octahedron and its structural derivative. The hexagonal structure
of Pt3Hf is also constructed by face- and edge-sharing of the two
types of Pt12T polyhedra, but in a different sequence (Fig. 1c).

Fig. 2 shows the pXRD profiles for Pt3T, together with the
diffraction patterns simulated using the reported crystallo-
graphic parameters. The pXRD profiles for Pt3Ti, Pt3Ta and
Pt3Hf are consistent with the simulated patterns. The synthe-
sized samples of Pt3T were single-phase ordered alloys with the
desired compositions and crystal structures.

Fig. 3 shows the HX-PES profiles for the core levels of the T
elements in Pt3T. The Ti 2p levels of Pt3Ti were shifted by 1.0 eV
toward high binding energies relative to those of pure Ti
(Fig. 3a). Similar shifts were observed for the other Pt3T
(Fig. 3b and c). Both the Ta 4f levels of Pt3Ta and the Hf 4f
levels of Pt3Hf were shifted by 1.5 eV toward high binding
energies relative to those of the corresponding pure metals
(Table 1).

The HX-PES profiles for the Pt 4f levels of pure Pt and Pt3T
are presented in Fig. 4. The Pt 4f7/2 and 4f5/2 levels were, in
descending order, Pt, Pt3Ti, Pt3Ta and Pt3Hf, where the ampli-
tude of the spin–orbit splitting was 3.35 � 0.20 eV irrespective
of the identity of T (Table 2). In summary, the synthesized Pt3T
samples were ordered alloys that exhibited different crystal

Fig. 1 Crystal structures of Pt and Pt3T. (a) Ball-and-stick model for a Pt12T
cubo-octahedron (left) and the crystal structures of Pt and Pt3Ti as a
polygonal model (right). The grey polyhedra correspond to the Pt12pt and/or
Pt12T cubo-octahedra. (b) Ball-and-stick model for a structural derivative of
the Pt12T cubo-octahedron (left) and a polygonal model for Pt3Ta (right). The
grey and white polyhedra correspond to the cubo-octahedral Pt12T and its
structural derivative, respectively. (c) Polygonal model for Pt3Hf.

Fig. 2 pXRD profiles for Pt3Ti (a), Pt3Ta (b) and Pt3Hf (c). Simulated
diffraction patterns are indicated as solid bars.
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structures and electronic structures from those of the consti-
tuent elements.

Prior to the catalytic testing, the chemical stability of each
Pt3T surface was examined at elevated temperatures in a
reactant gas that consisted of CO, O2 and He at a molar ratio
of 2 : 1 : 97. Each Pt3T surface was exposed to the reactant gas

for 1 hour in a fixed-bed flow micro-reactor at a temperature of
548, 598 or 823 K. After exposure to the reactant gas, the Pt3T
samples were transferred to the UHV chamber for HX-PES
measurements.

The left panel of Fig. 5a shows Pt 4f profiles for the Pt3Ti
surfaces subjected to different atmospheres. Both of the Pt 4f
profiles for the Pt3Ti surfaces heated at 548 K (light-blue
profile) or 598 K (green profile) were identical to that for the
as-prepared Pt3Ti surface (blue profile). The Pt 4f emission
peaks for the Pt3Ti surface heated at 823 K (red profile), however,
exhibited large shoulders at 71.02 � 0.20 and 74.36 � 0.20 eV.
These values were consistent with the Pt 4f emission peaks
for the pure Pt surface at 70.97 � 0.20 and 74.32 � 0.20 eV,
respectively (black profile). The Pt3Ti surface, when heated to
823 K in the reactant gas mixture, precipitated pure Pt.

The right panel of Fig. 5a shows the Ti 2p profile for the
Pt3Ti surfaces. The Ti 2p3/2 (454.87 � 0.20 eV) and Ti 2p1/2
(460.97 � 0.20 eV) levels of the as-prepared surface were
consistent with those of the surfaces heated at 548 K or 598 K,
though an additional peak was observed at 458.85 � 0.20 eV for
the heated surfaces. This peak was attributed to the adsorption
of oxygen onto the surface of Ti to form a suboxide, TiO2�x

(x 4 0).28–30,37 For the sample heated at 823 K, the Ti emission
peaks for Pt3Ti and TiOx (x o 2) nearly vanished. Two peaks
appeared at 459.25 � 0.20 and 465.00 � 0.20 eV instead,
corresponding to the Ti 2p3/2 and Ti 2p1/2 emissions,

Fig. 3 HX-PES profiles for the core levels of the T elements in Pt3T. (a) Ti 2p levels of Pt3Ti and pure Ti. (b) Ta 4f levels of Pt3Ta and pure Ta. (c) Hf 4f levels
of Pt3Hf and pure Hf.

Table 1 Core levels of the T elements in Pt3T

Material

Binding
energy
(eV)

Binding
energy
(eV)

Spin–orbit
splitting
Da (eV)

Ti 2p3/2 Ti 2p1/2
Pt3Ti 454.82 � 0.20 (455.2)b 460.92 � 0.20 (461.3)b 6.10
Ti 453.82 � 0.20 (454.0)c 460.02 � 0.20 (460.0)c 6.20

Ta 4f7/2 Ta 4f5/2
Pt3Ta 23.22 � 0.20 25.27 � 0.20 2.05
Ta 21.67 � 0.20 (21.7)d 23.57 � 0.20 (23.7)d 1.90

Hf 4f7/2 Hf 4f5/2
Pt3Hf 15.37 � 0.20 17.07 � 0.20 1.70
Hf 14.22 � 0.20 (14.31)e 15.87 � 0.20 (15.98)e 1.65 (1.67)e

Note: literature values are indicated in parentheses. a D: spin–orbit
splitting. b Ref. 28–30. c Ref. 31 and 32. d Ref. 33 and 34. e Ref. 35.

Fig. 4 HX-PES profiles for the Pt core levels of pure Pt and Pt3T.

Table 2 Pt core levels of pure Pt and Pt3T

Material

Pt 4f7/2
binding
energy (eV)

Pt 4f5/2
binding
energy (eV)

Spin–orbit
splitting
Da (eV)

Pt 70.97 � 0.20 (71.30)b 74.32 � 0.20 (74.23)b 3.35
Pt3Ti 71.37 � 0.20 (71.3)c 74.72 � 0.20 (74.65)c 3.35
Pt3Ta 71.52 � 0.20 74.82 � 0.20 3.30
Pt3Hf 71.62 � 0.20 74.92 � 0.20 3.30

a D: spin–orbit splitting. b Ref. 36. c Ref. 28–30.
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respectively, from titanium dioxide, Ti4+O2.
31,32 The Pt3Ti surface

retained its chemical composition when heated in the reactant
gas at temperatures below 598 K but was decomposed at 823 K
into pure Pt and TiO2.

The left and right panels of Fig. 5b show the Pt 4f and Ta 4f
profiles, respectively, for the Pt3Ta surfaces. The Pt 4f profiles for
the Pt3Ta surfaces heated at 548 or 598 K were virtually identical
to that of the as-prepared surface (left panel) and the Ta 4f profiles
for the Pt3Ta surfaces heated at 548 or 598 K were similar to that
for the as-prepared surface (right panel). A shoulder at 26.0 eV
and a weak peak at 28.0 eV on the Ta 4f profile for the as-prepared
Pt3Ta surface (blue profile in the right panel) correspond to a
surface contamination that was removed by heating in the
reactant gas. The Pt3Ta surface retained the chemical composi-
tion of the as-prepared surface when heated to temperatures
ranging from 548 to 598 K. At a temperature of 823 K, the
emission peaks that correspond to pure Pt (red profile in the left
panel) and Ta5+2O5 (red profile in the right panel) became clearly
visible.33,34 At 823 K, the Pt3Ta surface decomposed into pure Pt
and Ta2O5, similar to the behavior of the Pt3Ti surface.

The left and right panels of Fig. 5c show the Pt 4f and Hf 4f
profiles for the Pt3Hf surface. The Pt emission peaks for the
surfaces heated to 548 K or 598 K, 71.60 � 0.20 and 74.90 �
0.20 eV, respectively, were consistent with those observed for the
as-prepared Pt3Hf surface, at 71.62 � 0.20 and 74.92 � 0.20 eV,
respectively (left panel). The Hf emission peaks for the surfaces
heated at 548 K or 598 K, 15.35 � 0.20 and 17.00 � 0.20 eV,
respectively, were also consistent with those for the as-prepared
Pt3Hf surface, 15.37 � 0.20 and 17.07 � 0.20 eV, respectively
(right panel).

The Pt 4f and Hf 4f emission peaks for the Pt3Hf surfaces
heated at 548 or 598 K, unlike those for the as-prepared surface,
exhibited shoulders at lower binding energies. The binding
energies for the shoulders of the Pt 4f emission peaks were
revealed by deconvolution to be at 71.15 � 0.20 and 74.46 �
0.20 eV. These values were not consistent with the Pt 4f levels of
the pure Pt surface, 70.97 � 0.20 and 74.32 � 0.20 eV. The
binding energies for the shoulders of the Hf 4f emission peaks,
14.98 � 0.20 and 16.66 � 0.20 eV, were also inconsistent with
the values for HfO2 (16.60 � 0.20 and 18.10 � 0.20 eV), Pt3Hf
(15.37 � 0.20 and 17.07 � 0.20 eV) or pure Hf (14.22 � 0.20 and
15.87 � 0.20 eV).35

Morant et al. reported that a suboxide of Hf, HfO2�x (x 4 0),
was formed on a Hf surface at room temperature at an early
stage of adsorption of oxygen (r5 L).35 The reported binding
energies for the Hf 4f emissions from HfO2�x, 15.1 and 16.8 eV,
are similar to the values for the shoulders of the Hf 4f emissions
from Pt3Hf surfaces heated at 548 or 598 K, 14.98 � 0.20 and
16.66� 0.20 eV, respectively. The observed shoulders of the Hf 4f
peaks for the Pt3Hf surfaces heated at 548 or 598 K are assigned
to a suboxide of the surface Hf that may accompany a core-level
shift for the surface Pt.

The Pt 4f profile for the Pt3Hf surface heated at 823 K (red
profile in the left panel of Fig. 5c) was different from that for
the surface heated at either 548 or 598 K and was similar to that
for the pure Pt surface. The Hf 4f profile for the surface heated
at 823 K (red profile in the right panel of Fig. 5c) showed two
peaks that corresponded to Hf4+O2 at 16.60 � 0.20 and 18.10 �
0.20 eV. The Pt3Hf surface retained the chemical composition
of the as-prepared surface when heated to temperatures ranging
from 548 to 598 K but decomposed into pure Pt and HfO2 when
heated at 823 K.

Summarizing the HX-PES data in the core-level region, we
conclude that the Pt3T surfaces retain their chemical compositions
when exposed to the O2-containing reactant gas, as long as the
temperature is lower than 598 K. When the temperature exceeds
823 K, the Pt3T surfaces decompose into pure Pt and a transition-
metal oxide of T in its highest available oxidation state. Indeed, the
O1s emission peaks for the Pt3T surfaces heated at 823 K were
more intense than those for the surfaces heated below 598 K (see
Fig. S2, ESI†). Catalytic tests were performed at temperatures
below 598 K to establish a reliable correlation between the catalytic
activity and the surface electronic structure of Pt3T.

Fig. 6 shows the temperature dependence of the catalytic
activities of Pt and Pt3T toward the oxidation of CO. The
specific CO oxidation activity of Pt increased monotonically

Fig. 5 HX-PES profiles for the Pt3T surfaces subjected to different atmo-
spheres. (a) Pt 4f (left) and Ti 2p levels (right) of the Pt3Ti surface. (b) Pt 4f
(left) and Ta 4f levels (right) of the Pt3Ta surface. (c) Pt 4f (left) and Hf 4f
levels (right) of the Pt3Hf surface. Colored profiles correspond to the
as-prepared surfaces (blue) and to the surfaces heated in the reactant
gas at 548 K (light blue), 598 K (green) or 823 K (red). Black profiles
indicated in the left panels from a through c correspond to the Pt 4f levels
of the pure Pt surface.
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with increasing temperature (open circles in Fig. 6). The
specific CO oxidation activities of Pt at 473 and 573 K were
1.35 � 10�5 and 1.38 � 10�3 mol s�1 m�2, respectively. The
specific CO oxidation activity of Pt3Ti also increased with
increasing temperature but at a higher rate. The specific activity
of Pt3Ti at 473 K was 1.66 � 10�5 mol s�1 m�2, which was
higher than the value of Pt at the same temperature. At 573 K,
however, the specific activity of Pt3Ti was 2.91� 10�3 mol s�1 m�2,
which was double that observed for Pt. Pt3Ta showed the highest
specific CO oxidation activity at low temperatures. The specific
activity of Pt3Ta at 473 K, 8.62 � 10�5 mol s�1 m�2, was 5-fold
higher than the values for Pt or Pt3Ti. The specific activity of Pt3Hf
at each temperature was between those of Pt3Ta and Pt. The
specific CO oxidation activities of Pt and Pt3T were Pt o Pt3Ti o
Pt3Hf o Pt3Ta at temperatures below 538 K and Pt o Pt3Hf o
Pt3Ta o Pt3Ti above 538 K.

Fig. 7 shows the HX-PES profiles for the pure Pt and the
as-prepared Pt3T surfaces in the valence region, together with
the calculated DOS for Pt and T. Both the HX-PES and the DOS
profiles for pure Pt exhibit a large peak immediately below the
Fermi level, assigned to the Pt 5d orbital (Fig. 7a). In contrast,
the HX-PES profile for Pt3Ti exhibits no corresponding peak
below the Fermi level (Fig. 7b). Theoretical calculations have
shown that the Pt 5d and Ti 3d orbitals are hybridized to split
into anti-bonding and bonding states located above and below
the Fermi level.38 The valence band of Pt3Ti is a bonding state
of Pt and Ti that consists mostly of the Pt 5d state with a small
Ti 3d component. As with Pt3Ti, neither Pt3Ta (Fig. 7c) nor

Fig. 6 Catalytic CO oxidation over the Pt and Pt3T surfaces. The specific
activities for CO oxidation over Pt (J), Pt3Ti (&), Pt3Ta (’) and Pt3Hf (.)
are plotted as functions of temperature.

Fig. 7 HX-PES profiles and calculated density-of-states (DOS) for Pt and Pt3T in the valence region. (a) Pt. (b) Pt3Ti. (c) Pt3Ta. (d) Pt3Hf. The blue, red and
black profiles correspond to the experimental HX-PES data and the DOS components of Pt and T, respectively.
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Pt3Hf (Fig. 7d) shows any predominant peaks immediately
below the Fermi level in the HX-PES or DOS profiles: the Ta
5d orbital and the Hf 5d orbital are hybridized with the Pt 5d
orbital and split into anti-bonding and bonding states.

The calculated gravity centers of the filled Pt d-band (d-band
center) for Pt and Pt3T were ordered as Pt3Ti o Pt3Ta o
Pt3Hf o Pt (Fig. 8). Pure Pt has the highest energy d-band
center because the d-band in pure Pt is mostly filled by electron
pairs, as shown in the top-left inset. In Pt3T, however, few
electrons are donated by the T element, and only the bonding
states are occupied, which results in a downshift in the d-band
center (bottom-right inset). The energy level of the d-band
center of Pt3T is determined by the energy gap between the
d-orbitals of Pt and T: a smaller energy gap results in a lower
d-band center due to a larger energy splitting. The energy levels
of the d-orbitals were calculated as �5.52 eV (Pt), �4.12 eV (Ti),
�3.55 eV (Ta), and�2.64 eV (Hf). These values are consistent with
the trend presented in Fig. 8.

The CO oxidation activities at the lowest temperature in the
measurement range, 473 K, were plotted against the calculated
d-band centers (Fig. 9). The CO oxidation activity exhibited a
volcano-type dependence on the d-band center with Pt3Ta at the
top. The CO oxidation activities of Pt3Ti and Pt3Hf were higher
than that of pure Pt, but lower than that of Pt3Ta.

Fig. 10 shows the theoretically calculated CO adsorption
energy on the catalyst surface of Pt and Pt3T. The amplitude of
CO adsorption energy decreases monotonically as the d-band
center decreases. The CO adsorption energy on the Pt3Ti surface
is 30% lower than that on the pure Pt surface. This trend is
attributed to poor electron back-donation from the Pt3T surfaces
to CO admolecules, which is caused by the increased energy
gap between the d-band center and the lowest unoccupied 2p*
molecular orbital (LUMO) of the CO admolecules.27,39,40

The volcano-type correlation established in this work may be
assigned to a downshift in the d-band center of Pt3T relative to
that of Pt, which is accompanied by a weakening of the CO

adsorption. The CO adsorption onto the Pt surface is so strong
that the catalysis is blocked by the CO adlayer. In contrast, CO
oxidation is poorly promoted by Pt3Ti at low temperatures
because CO admolecules readily desorb from the surface.41–45

Pt3Ta, which exhibits an intermediate d-band center, achieves
the highest CO oxidation activity because of an optimum
balance in the adsorption and desorption of CO.

Fig. 8 Calculated d-band centers for Pt and Pt3T. Insets show schematic
energy diagrams for Pt (top left) and Pt3T (bottom right).

Fig. 9 Correlation between the CO oxidation activity and the d-band
center. Specific CO oxidation activities of Pt and Pt3T at 473 K are plotted
as a function of the d-band center.

Fig. 10 Correlation between the CO adsorption energy and the d-band
center.
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4. Conclusions

In conclusion, we have demonstrated that ordered early
d-metal alloys, Pt3T (T = Ti, Ta and Hf), exhibit catalytic
activities that are superior to that of pure Pt for the oxidation
of CO. The specific CO oxidation activities of Pt and Pt3T
showed a volcano-type correlation with the d-band center of
the catalyst. The observed volcano-type correlation has been
interpreted as a result of the weakening of CO adsorption onto
the catalyst surface caused by a downshift in the d-band center
of Pt3T relative to that of Pt.

The outstanding issues and potential limitations to be
addressed include the chemical composition of the catalyst
surface at work, the surface dynamics of the reaction inter-
mediates and how the atomic arrangement on the surface
affects the apparent activity. The Pt3Ta catalyst, which exhibited
a very high CO oxidation activity, should be synthesized in
the form of nanoparticles for practical use. These issues are
challenging, yet worthy of effort, because the high activity and
the reduced precious-metal content of alloy catalysts will
strongly promote the future development of such metal catalysts
for environmental and/or energy applications.

Acknowledgements

This work was supported by the JST PRESTO program. We
gratefully acknowledge the Toyota Motor Corporation for finan-
cial support. The HX-PES measurements were performed under
the approval of the NIMS Beamline Station (Proposal No.
2009B4608 and 2010A4609). The authors are grateful to HiSOR,
Hiroshima University, and JAEA/SPring-8 for the development
of HX-PES at BL15XU of SPring-8.

References

1 X. Xie, Y. Li, Z. Q. Liu, M. Haruta and W. Shen, Nature, 2009,
458, 746–749.

2 C. H. Kim, G. Qi and W. L. Dahlberg, Science, 2010, 327,
1624–1627.

3 S. Zhou, B. Varughese, B. Eichhorn, G. Jackson and
K. Mcilwrath, Angew. Chem., Int. Ed., 2005, 44, 4539–4543.

4 Y. Kang and C. Murray, J. Am. Chem. Soc., 2010, 132,
7568–7569.

5 J. L. Zhang, M. B. Vukmirovic, Y. Xu, M. Mavrikakis and
R. R. Adzic, Angew. Chem., Int. Ed., 2005, 44, 2132–2145.

6 V. R. Stamenkovic, B. S. Mun, K. J. J. Mayrhofer, P. N. Ross
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a b s t r a c t

This study investigates the photocatalytic decomposition of acetic acid and its reaction mechanism over
WO3-supported ordered intermetallic PtPb nanoparticle (NiAs-type structure, P63/mmc, a = 0.4259 nm;
c = 0.5267 nm) (PtPb NPs/WO3) co-catalysts under an oxygen-rich atmosphere and visible light. We
rationally designed and synthesized the ordered intermetallic nanoparticle on WO3 co-catalysts by a
photodeposition and polyol method. Remarkably enhanced activities were observed for the synthesized
PtPb NPs/WO3 catalyst toward the decomposition of organic compounds compared to pure WO3 and
WO3-supported individual Pt co-catalysts.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, semiconductor photocatalysts such as TiO2
and WO3 have gained attention for applications in environmen-
tal remediation [1], H2 evolution [2], water splitting [3], and CO2
reduction [4]. Photocatalysts that are active in the visible light
region can be very useful as they efficiently decompose harm-
ful organic compounds such as acetic acid (AcOH), acetaldehyde,
and formaldehyde under indoor light or sun-light [5,6]. In partic-
ular, WO3 has attracted considerable interest because of its visible
light-responsive properties and deeper holes in its valence band.
However, WO3 by itself cannot be used as a photocatalyst because
of its lower conduction band (CB) edge. The CB level of WO3
(+0.50 V vs. NHE) is slightly negative compared with the poten-
tial for the multi-electron reduction of oxygen (O2/H2O2 = 0.68 V
vs. NHE) [7]. The oxygen in WO3 lacks the ability to scavenge
CB electrons that causes the recombination rate of electrons and
holes to increase, resulting in a significant decline in photocatalytic
activity. Therefore, in order to improve the photocatalytic effi-
ciency of WO3 for decomposing organic compounds, WO3 requires

∗ Corresponding author. Fax: +81 45 413 9770.
E-mail address: fmatsumoto@kanagawa-u.ac.jp (F. Matsumoto).

a co-catalyst on its surface to facilitate oxygen reduction reactions
(ORR). Recently, Abe et al. reported that Pt nanoparticle-loaded
(1 wt.%) WO3 (Pt NPs/WO3) photocatalysts effectively decomposed
organic compounds under visible light and full arc in an oxygen-
rich atmosphere [8]. This indicated that the surface of the Pt NPs
facilitates oxygen reduction on WO3. We have previously reported
that ordered intermetallic PtPb NPs exhibit efficient electrocatalytic
activity for the oxidation of formic acid, methanol (MeOH), and
ethanol [9]. In our recent study, we demonstrated that ordered
intermetallic PtPb NPs on TiO2 electrochemically accelerated ORR
in acidic media [10]. In addition, we found that H2PtCl6·6H2O and
Pb(CH3COO)2 can be co-reduced using sodium borohydride to pre-
cipitate PtPb NPs (average particles size: 9.5 nm) over the WO3
support (PtPb NPs/WO3). PtPb NPs/WO3 showed substantial pho-
tocatalytic activity toward the decomposition of AcOH in aqueous
solutions [11]. However, its photocatalytic activity was not suf-
ficient with this method because the nanoparticle size was not
controlled and the details of the photocatalytic reaction mechanism
of PtPb NPs/WO3 were not disclosed.

The investigations suggested that the construction of ordered
intermetallic PtPb NPs as co-catalysts for photocatalysis on WO3
could potentially increase the photocatalytic activity. Herein, we
report the synthesis of PtPb NPs/WO3 via a photodeposition
and polyol method to control the particle size and demonstrate

http://dx.doi.org/10.1016/j.apcatb.2015.08.016
0926-3373/© 2015 Elsevier B.V. All rights reserved.
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Scheme 1. Schematic representation of Pt NPs and ordered intermetallic PtPb NPs loading on WO3 using two step synthesis method.

enhanced photocatalytic activity toward the decomposition of var-
ious organic compounds. The product is compared to pure WO3
and Pt NPs/WO3 toward the photocatalytic decomposition of var-
ious organic compounds. In addition, we discuss how co-catalysts
contribute in enhancing the decomposition of organic compounds
under visible light irradiation.

2. Experimental

2.1. Preapration of PtPb loaded WO3 photocatalyst

A two-step synthesis method for the formation of WO3-
supported ordered intermetallic PtPb NPs is shown in Scheme 1. Pt
(1 wt.%) NPs/WO3 was used as a starting material for the synthesis
of ordered intermetallic PtPb NPs/WO3. In the first step, Pt NPs/WO3
was synthesized through a photodeposition method reported by
Abe et al. [8]. In the second step, the synthesized Pt NPs/WO3
(0.4 g) was dispersed in ethylene glycol (50 mL) in the presence of
Pb(CH3COO)2 (0.03 mmol), and then potassium hydroxide (1 mg)
was added to the mixture. The mixture was sonicated for 20 min
in a bath-type sonicator. The mixture was then refluxed for 6 min
under a microwave (Focused microwave instrument, CEM) power
of 300 W. After cooling, the PtPb NPs/WO3 was collected by cen-
trifugation, washed with ethanol, and finally dried under vacuum.

2.2. Characterization

X-ray photoelectron spectroscopy (XPS) measurements (JEOL,
JP-9010 MC) were performed to examine the chemical states (Pt 4f
and Pb 4f) of the catalyst. MgK� as X-ray source with anodic volt-
age (10 kV) and current (10 mA) were used for XPS measurements.
All XPS spectra of the samples were obtained with a take-off angle
at 45◦ with respect to the specimens by using the pass energies
of 100 eV and 200 eV for narrow and survey scans, respectively.
We used a 200 kV transmission electron microscope (TEM and/or
STEM, JEM-2100F, JEOL) equipped with two aberration correc-
tors (CEOS GmbH) for the image- and probe-forming lens systems
and an X-ray energy-dispersive spectrometer (JED-2300T, JEOL) for
compositional analysis. Both the aberration correctors were opti-
mized to realize the point-to-point resolutions of TEM and scanning
transmission electron microscopy (STEM) as 1.3 and 1.1 Å, respec-
tively. A probe convergence angle of 29 mrad and a high-angle
annular-dark-field (HAADF) detector with an inner angle greater
than 100 mrad were used for HAADF-STEM observation. The sam-
ples for TEM were prepared by dropping a methanol suspension
of the sample powder onto a commercial TEM grid coated with
a collodion film. The sample was thoroughly dried in vacuum
prior to observation. The UV–vis experiments were conducted on a
UV-2600 (Shimadzu) double beam spectrometer with an integra-
tion sphere diffuse reflectance attachment. The powder samples
were measured from 300 to 800 nm. Powder X-ray diffractom-
etry (pXRD) was performed using CuK� radiation (Rigaku RINT-
Ultima III; � = 0.1548 nm) with an increment of 0.02◦ in a range of

diffraction angles from 20 to 80◦. An obliquely finished Si crystal
(non-reflection Si plate) was used as a sample holder to minimize
the background.

2.3. Evaluation of the decomposition rate of AcOH with Pt
NPs/WO3 and PtPb NPs/WO3

The photocatalytic decomposition of AcOH was carried out in a
circulation system made of Pyrex, in which a suspension of the pho-
tocatalyst powder (200 mg) in an aerated aqueous AcOH solution
(5 vol%, 300 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 by gas chromatography (GC-8A,
Shimadzu) equipped with a 2 m Porapak-Q column, a 2 m molec-
ular sieve 3× column, and a flame ionisation detector while using
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, UV cut-off filter (L-
42, HOYA Co., Ltd., Japan), and an IR cut-off filter (MR5090/CM).
A spectro-radiometer (USR-45D, Ushio Co.) measured the visible
light intensity, which was adjusted to 20 mW cm−2.

3. Results and discussion

Fig. 1 shows the XPS profiles for the (A) W 4f and (B) Pt 4f regions
of (a) PtPb NPs/WO3 and (b) WO3, respectively. Fig. 1A shows the
XPS profiles in the W 4f region for bulk WO3 and PtPb NPs/WO3 as
references. Spectra (a) and (b) shown in Fig. 1A show two peaks,
37.8 and 35.6 eV, assigned to W6+. This result was significantly
different from our previous study using sodium borohydride as a
reducing agent [11]. The spectra suggest that the oxidation state of
W does not change from the original state of WO3 after reduction by
ethylene glycol. The XPS profiles shown in Fig. 1B represent the Pt
4f regions for the (a) ordered intermetallic PtPb, (c) reference bulk
PtPb, and (d) bulk Pt NPs. The Pt 4f peaks in the bulk PtPb spectra
were shifted to a higher binding energy level (by +0.3 eV) than that
of bulk Pt. The Pt 4f peaks in PtPb NPs/WO3 corresponded to Pt 4f in
the bulk PtPb peaks. This indicated that the Pb ions were reduced
on the Pt NP sites of WO3 and could form intermetallic compounds
with the same chemical composition as bulk PtPb.

Fig. 2 shows the diffuse reflectance UV–vis absorption spec-
tra for pure WO3, Pt NPs/WO3 and PtPb NPs/WO3. The absorption
edges of the synthesized Pt NPs/WO3 and PtPb NPs/WO3 sample
are closely matched with pure WO3. This result indicates that Pt
NPs/WO3 and PtPb NPs/WO3 samples had ability to absorb visible
light as like pure WO3.

Fig. 3 shows the pXRD patterns of PtPb NPs/WO3 (Pt loading on
WO3: 1 wt.% and 4 wt.%). It is clear that, when the amount of PtPb
is 1 wt.%, no distinct peaks of PtPb in the PtPb NPs/WO3 sample
was found because of the PtPb NPs peak on PtPb NPs/WO3 was
much small in low loading amount (1 wt.%). However, we observed
corresponding PtPb peak in PtPb NPs/WO3 on high loading amount
(4 wt.%) of PtPb NPs.
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Fig. 1. XPS profiles in the (A) W 4f and (B) Pt 4f regions for (a) PtPb NPs/WO3 (Pt loading: 1 wt.%), (b) WO3, (c) bulk PtPb, and (d) bulk Pt.
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Fig. 2. Diffuse reflectance UV–vis absorption spectra of (a) pure WO3, (b) Pt
NPs/WO3 and (c) PtPb NPs/WO3 (b, c: Pt loading on WO3: 1 wt.%).

Fig. 4A shows a transmission electron microscopy (TEM) image
of PtPb NPs/WO3. The PtPb NPs attached to WO3 appear as dark
spots. The TEM images revealed that the average particle diame-
ter of the ordered intermetallic PtPb NPs on the WO3 surface was
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Fig. 3. pXRD diffractograms of (a) pure WO3, (b) PtPb NPs/WO3 (Pt loading on WO3:
1 wt.%) and (c) PtPb NPs/WO3 (Pt loading on WO3: 4 wt.%).

5.6 nm, which was larger than the photodeposited Pt NPs (average
diameter: 3.8 nm for photodeposited Pt NPs) on the WO3 surface
(see Fig. S1). Furthermore, this result implies that the Pb ions may
site-selectively react with the Pt NPs immobilized on the WO3 sur-

Fig. 4. (A) TEM and (B) HR-TEM images of PtPb NPs/WO3 (Pt loading: 1 wt.%). (C) FFT pattern obtained from (B). (D) HAADF-STEM image of PtPb NPs/WO3 and corresponding
mapping images. Inset shows the simulated atomically ordered intermetallic PtPb.

─ 333 ─



478 T. Gunji et al. / Applied Catalysis B: Environmental 181 (2016) 475–480

face. A high-resolution TEM (HR-TEM) image and its corresponding
fast-Fourier transformation (FFT) pattern for the PtPb NPs in PtPb
NPs/WO3 are shown in Fig. 4B and C. The PtPb phase clearly shows
two kinds of lattice fringes in which the PtPb NPs have atomi-
cally ordered structures on the WO3 surface. The d lattice fringes
of the NPs shown in the HR-TEM image are 0.216 and 0.202 nm
(Fig. 4B), respectively. This is quite similar to that of the (1 1 0) and
(0 1 1) phase of an ordered intermetallic PtPb phase (Fig. 4C). Fig. 4D
shows a scanning transmission electron microscopy (STEM) image
and compositional mapping with an HAADF-STEM of the PtPb NPs.
From the data, it was determined that the Pt and Pb atoms were
uniformly dispersed in the particles and that the Pt and Pb molar
ratio was 67:33. As shown in Figs. 1–4, Pb precipitation on Pt NPs
can site-selectively occur to form individually isolated PtPb NPs on
the WO3 supports. Thus, we succeeded in forming ordered inter-
metallic compounds of PtPb NPs by photodeposition and polyol
methods.

The photocatalytic activity of WO3, Pt NPs/WO3, and PtPb
NPs/WO3 was examined for the decomposition of AcOH. The CO2
evolution during decomposition of AcOH over the WO3 (black),
Pt NPs/WO3 (blue), and PtPb NPs/WO3 (red) photocatalysts under
visible light irradiation is shown in Fig. 5A. WO3 shows poor CO2
generation without Pt or PtPb co-catalysts. Conversely, the photo-
catalytic activity of WO3 was enhanced significantly when loaded
with Pt NPs. Furthermore, the highest yield of CO2 evolution was
observed with PtPb NPs/WO3. The amount of CO2 generation at 5 h
for PtPb NPs/WO3 was 6.4 times more than that for Pt NPs/WO3. In
addition, the CO2-generation rate at 0–5 h with the PtPb NPs/WO3
(575.2 �mol h−1) was much higher than that of the Pt NPs/WO3
(66.5 �mol h−1) and WO3 (19.6 �mol h−1). Furthermore, the appar-
ent quantum efficiency (QE) of PtPb NPs/WO3 for CO2 generation
from AcOH was 23%, whereas that of Pt (1 wt.%) NPs/WO3 was 7.3%
(Fig. 5A inset). The apparent QE of Pt NPs/WO3 and PtPb NPs/WO3
were determined as four- and two-electron reactions, respectively
(see Supplementary material, for the detail of QE). The QE was
calculated using the rate-limiting light amount. The QE of PtPb
NPs/WO3 was much higher than that of Pt NPs/WO3 despite its two-
electron reaction. Abe et al. also reported that the apparent QE for
the decomposition of AcOH with Pt NPs/WO3 was approximately
10% [6,8]. In addition, the PtPb NPs in PtPb NPs/WO3 were stable
even after 5 h of measurements and the photocatalytic activity did
not change even after reuse (see Supplementary material, STEM
and STEM-EDS mapping profiles and XPS after the reaction of PtPb
NPs/WO3 (Figs. S2 and 3). Fig. S4 shows stability tests for the pho-
tocatalytic activity of AcOH decomposition with PtPb NPs/WO3).

The ordered intermetallic PtPb NPs/WO3 exhibited enhanced
photocatalytic activity toward AcOH decomposition. This can
be explained by the difference in the decomposition mecha-
nism of AcOH between the Pt and PtPb NPs. In considering the
AcOH decomposition reaction mechanism, we have determined
the amount of H2O2 produced from ORR by the co-catalyst.
The redox reactions co-instantaneously proceed in the photo-
catalytic reaction. When using WO3 as a supporting material
to decompose AcOH, multi-electron reduction reaction of oxy-
gen (O2/H2O2 = 0.68 V, O2/H2O = 1.23 V vs. NHE) proceeds on the
reduction sites because the single-oxygen reduction reaction
(O2/HO2

− = −0.13 V, O2/O2
− = −0.56 V vs. NHE) was more negative

than the CB level of pure WO3 (+0.5 V vs. NHE). H2O2 was produced
as a product of the two-electron reduction of oxygen on the Pt
and/or PtPb NP co-catalysts. When Pt NPs are used as the co-catalyst
on WO3 for decomposing AcOH, CO2 was not produced in a short
timeframe (within 30 min); in such a reaction, H2O2 was generated
on the reduction sites (see Supplementary material, decomposition
of AcOH over Pt NPs/WO3, Fig. S5). In addition, CO2 and H2O2 were
the only reaction products observed. These results indicate that CO2
was not directly produced when AcOH was decomposed with the

Pt NP co-catalysts. Accordingly, the following reaction mechanism
is proposed:

H2O + h+ → H+ + •OH (1)

CH3COOH + h+ → •CH2COOH + H+ (2)

•CH2COOH + •OH → HOCH2COOH (3)

HOCH2COOH + h+ → •CHOHCOOH + H+ (4)

•CHOHCOOH + h+ → OHCCOOH + H+ (5)

OHCCOOH + •OH + h+ → HOOCCOOH + H+ (6)

HOOCCOOH + 2h+ → 2CO2 + 2H+ (7)

CO2 was formed through several oxidation reactions when using Pt
NPs as co-catalysts. The �-carbon of AcOH was oxidized from the
methyl group to the carboxyl group (Eqs. (2)–(6)). H2O2 evolution
from the reduction reactions in a short timeframe suggests that the
oxidation reactions also proceeded. However, CO2 generation was
not observed during this timeframe because of the sequential oxi-
dation of the methyl group. Glycolic acid (Eq. (3)) and glyoxylic acid
(Eq. (5)) could not be analyzed because of chemisorption onto the
Pt co-catalyst. Eventually, CO2 was generated through the oxida-
tion of oxalic acid (Eqs. (6) and (7)). In fact, no C C bond could be
cleaved until the formation of oxalic acid.

Decomposition of AcOH on the Pt and PtPb NP co-catalysts pro-
ceeds via different mechanisms. In contrast to the Pt NPs, the PtPb
NPs generate CO2 in a short period (within 10 min) (see Supplemen-
tary material, decomposition of AcOH over PtPb NPs/WO3, Fig. S6).
In addition, other products were analyzed for considering the reac-
tion mechanism with the PtPb NP co-catalysts. MeOH and ethane
were analyzed using PtPb NPs as co-catalysts for AcOH decomposi-
tion (Fig. 5C and D). Accordingly, we propose the following reaction
mechanism:

H2O + h+ → H+ + •OH (8)

CH3COOH + h+ → •CH3 + CO2 + H+ (9)

•CH3 + •OH → CH3OH (10)

•CH3 + •CH3 → CH3CH3 (11)

CH3OH + h+ → •CH2OH + H+ (12)

•CH2OH + h+ → HCOH + H+ (13)

HCOH + •OH + h+ → HCOOH + H+ (14)

HCOOH + 2h+ → CO2 + 2H+ (15)

Unlike the Pt NPs co-catalysts, CO2 formed during AcOH decom-
position with PtPb NPs because C C bonds were cleaved in the
initial process (Eq. (9)). Pb might act as a surface modifier to mediate
interactions between the co-catalyst and AcOH and accelerate the
photochemical cleavage of C C bonds. Evidently, CO2 was detected
when H2O2 was formed on the reduction sites. Methane radicals
were formed as radical intermediates because MeOH and ethane
were produced. In order to cleavage C C bond, radical intermediate
has to be stably-formed on catalyst. Pb atom in ordered intermetal-
lic PtPb was strongly contributed a stabilization of methane radical
when compared with pure Pt co-catalyst. Formaldehyde and formic
acid were not detected because the decomposition of AcOH pro-
ceeded rapidly than that of MeOH.

The PtPb NPs are thought to work as co-catalysts for reduction
of O2 and oxidative decomposition of AcOH on the surface on WO3
based on our previous works and present results [10]. Although the
PtPb NPs are formed in the reduction sites because the Pt NPs were
formed by the electron excited by absorbing visible light and the
PtPb NPs was formed by reacting Pb atoms with the Pt NPs, the sur-
face of PtPb NPs would become both sites where electrons and holes
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Fig. 5. Time course of (A) CO2, (B) H2O2, (C) ethane and (D) methanol evolution during the decomposition of AcOH over WO3 (black), Pt NPs/WO3 (blue) (Pt loading: 1 wt.%)
and PtPb NPs/WO3 (red) (Pt loading: 1 wt.%) photocatalysts suspended in an aqueous AcOH solution in the presence of O2 under visible light irradiation (� > 420 nm). Insets
(A): Quantum efficiency of the corresponding decomposition of AcOH. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

formed by absorbing visible light are consumed. On the surface of
WO3 which does not exhibit preferential orientation (Fig. 1A) and
has low degree of the crystallinity, it could be considered that the
reduction and oxidation sites are fixed on the WO3 surface and
shift the position depending on the situation. The photochemical
cleavage of CC bonds which is characteristic phenomena in the PtPb
NPs/WO3 is produced by catalytic activity of the PtPb NPs. When
Pb ions are reduced with polyol, the question whether Pb atoms
are deposited on only the Pt NPs or not is significantly important
for the interpretation of the reaction mechanism. We confirmed
that Pb ions were not reduced by an individual action of polyol
and Pb ions were reduced catalytically on the Pt surfaces by polyol.
However, the possibility that cluster of Pb is deposited on the WO3
surface cannot be denied. The Pb cluster would become Pb oxide
cluster in the photocatalytic activity tests. We positively formed

the PbO2 NPs on the WO3 surfaces with Pb ions and holes formed
by absorbing visible light on the WO3 to check the contribution
of PbO2 NPs to the photochemical cleavage of CC bonds. The Pt
NPs/PbO2 NPs/WO3 could not exhibit the photo-chemical cleavage
of CC bonds. We concluded that origin of the photochemical cleav-
age of CC bonds is the surface of PtPb NPs and is not the surface of
PbO2 NPs.

Fig. 6A and B shows the oxidation of formaldehyde and MeOH
with various photocatalysts (see Supplementary material, decom-
position of formaldehyde and MeOH over Pt NPs/WO3, Fig. S7).
When using WO3 without Pt or PtPb NP co-catalysts, the decompo-
sition of formaldehyde and MeOH did not proceed. In contrast, CO2
was produced in the decomposition of formaldehyde and MeOH
with the co-catalysts. The CO2-generation rate in the oxidation of
formaldehyde with PtPb NPs/WO3 at 0–5 h was 12.6 times higher

Fig. 6. Time course of CO2 evolution during the decomposition of (A) formaldehyde and (B) MeOH over WO3 (black), Pt NPs/WO3 (blue) (Pt loading: 1 wt.%) and PtPb NPs/WO3

(red) (Pt loading: 1 wt.%) photocatalysts suspended in an aqueous formaldehyde or MeOH solution in the presence of O2 under visible light irradiation (� > 420 nm). Insets:
Quantum efficiency of the corresponding decomposition of formaldehyde or MeOH. (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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than that with Pt NPs/WO3 (Fig. 6A). For MeOH oxidation, the CO2-
generation rate with PtPb NPs/WO3 at 0–5 h was 11.3 times higher
than that with Pt NPs/WO3 (Fig. 6B). In addition, the apparent QEs
of formaldehyde and MeOH with PtPb NPs/WO3 for CO2 generation
were 74% and 13%, respectively. The apparent QEs for formaldehyde
and MeOH generation were calculated as four- and six-electron
reactions, respectively.

Hongsen et al. propound the electrochemical reaction mecha-
nism of oxidation for formaldehyde and/or MeOH over ordered
intermetallic PtPb and pure Pt [12]. They suggest that formalde-
hyde and MeOH electrooxidations on PtPb and Pt produce different
adsorbed substances as intermediates. When PtPb NPs are used as
electrocatalysts for the oxidation of formaldehyde and MeOH, the
oxidation pathway via COads is precluded at all potentials. However,
when Pt NPs are used as electrocatalysts, adsorbed CO is formed
on the Pt surface from the dehydrogenation of formaldehyde and
MeOH. Therefore, the enhanced photocatalytic performance of PtPb
NPs/WO3 was shown by the formation of ordered intermetallic
compounds; PtPb NPs/WO3 was more tolerant than Pt NPs CO poi-
soning when formaldehyde and/or MeOH were decomposed by the
photocatalysts. These results show that the photocatalytic reac-
tion mechanism for the decomposition of organic compounds was
strongly dependent on the co-catalyst. Furthermore, it is proba-
ble that the oxidation of organic compounds in the photocatalytic
decomposition occurred on the co-catalyst.

4. Conclusion

We have successfully synthesized WO3-supported PtPb NPs
using a photodeposition and polyol method. The XPS and
TEM/STEM characterizations demonstrated that ordered inter-
metallic PtPb co-catalyst NPs were formed on the WO3 surface.
Furthermore, we demonstrated effective decomposition of various
organic compounds over PtPb NPs/WO3 compared with bare WO3
and pure Pt NPs/WO3. PtPb NPs/WO3 exhibited enhanced photo-
catalytic activity toward various organic compounds. The reaction
mechanism of the photocatalytic decomposition of various organic
compounds was investigated. Higher photocatalytic activity was
dependent on the co-catalyst. Both co-catalysts (Pt and PtPb NPs)
showed different organic compound decomposition products (or
chemisorbed species) and proceeded via different reaction path-
ways.
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Amorphous lithium phosphorus oxynitride （LiPON） thin films were deposited on SUS plates from a Li3PO4 target using RF 
magnetron sputtering with induction gas having various N2 concentrations. The ionic conductivity of the amorphous LiPON films was 
approximately 7.6×10－6 S•cm－1 at 75% N2 concentration, at which both doubly and triply phosphorus-coordinated nitrogen units would 
be linked to the Li3PO4 structure.

Keywords : Lithium-ion Secondary Battery, Amorphous Solid Electrolyte, LiPON, Sputtering Pressure, Higher Order Structure

1 ．緒　　言

　リチウムイオン二次電池（LIBs）は，その高いエネルギー密
度と起電力のため電気自動車や携帯電話など幅広い分野に用
いられている。しかし LIBsの構成部材には，可燃性有機電
解液，酸素を放出する可能性のある正極材料が存在すること
から，高電位・高レートでの充放電中の発熱や電極間の内部
短絡，あるいは衝撃による液漏れの際に発火する危険性があ
る。このため，発火・引火の危険性が無い安全な LIBs技術
の開発が求められている。現在までに安全性を高める方法と
して様々な方法が検討されているが，その一つとして，可燃
性有機電解液を使用せず，内部に液体成分を含まない全固体
電池 1）,2）の開発がある。
　有望な全固体電池の確立には良質な固体電解質の確立が急

務であり，その固体電解質には高いイオン伝導性，電気化学
的安定性（電位窓が広い），熱的・化学的な安定性などの性能
が求められるが，これら全てを満たす材料は発見されていな
い。結晶性電解質として報告された Thio-LISICON（Lithium 
superionic conductor）3）は室温で 10－3 S･cm－1以上のイオン伝導
度を示し，輸率もほぼ 1である。さらに，最近報告された
Li10GeP2S12は有機性電解液を超える 1.2 × 10－2 S･cm－1のイオ
ン伝導度を誇る 4）。しかし硫化物系は水分に対して不安定で
あり，人体に有害な H2Sを生成する可能性があるため生産工
程や安全性に問題がある。比較的安全な LISICON型：
γ-Li3PO4型骨格を基礎とする酸化物固溶体 3），ペロブスカイト
型 La0.51Li0.34TiO2.94，NASICON型 Li1.3Al0.3Ti1.7（PO4）3，ガーネッ
ト型 Li7La3Zr2O12

5）などの酸化物系は安定性に優れるが，通常
1000 ℃以上で焼結しなければ高いイオン伝導度（10－6 S･cm－1

程度）を得ることはできず，現状，工業的に用途拡大は困難と
もいえる。

ノ ー ト
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　これまで我々のグループでは，発火の危険性がある有機電
解液を用いない全固体薄膜型 LIBsの開発に向けて，アモル
ファス状態でも優れたイオン伝導性を示すことが報告されて
いるリン酸リチウムオキシナイトライド（LiPON）6）,7）に着目
し，マグネトロンスパッタ法を用いた LiPON薄膜の作製方
法について検討している。本稿では，特に，既報の室温付近
での LiPONのイオン伝導度（2.0 ～ 4.0 μS･cm－1）7）～12）のさら
なる向上を図るべく，マグネトロンスパッタ時の導入ガス中
の有効窒素濃度の検討ならびにイオン伝導性の優劣を左右す
る LiPON構造の解析を行った結果について報告する。

2 ．実験操作

　2．1　LiPON薄膜の作製とイオン伝導度測定
　基板には SUSコイン（タクミ技研製φ 16 mmスペーサー
SUS316L）を採用し，電極層の形成前に機械研磨を施すこと
により，走査型プローブ顕微鏡（日本電子製，JSPM-4200）観
察に基づく算術平均粗さ 50 nm程度まで表面を平滑化して
用いた。この基板に RFマグネトロン式スパッタリング装置
（神港精機製 4300 型）により図 1aに示すような形で電極層を
成膜した。LiPON層の成膜には，Li3PO4をターゲットとし
て用い，スパッタ時に導入する Arを N2で一部置換（N2：10，
25，50，75，100 vol%）したガス雰囲気中（ガス流量 50 sccm），
真空度：2× 10－1 Pa，チャンバー内温度 20 ～ 30 ℃，出力
150 Wで 10 時間のスパッタを実施した。イオン伝導度の測
定には交流インピーダンス法を用いた。固体電解質の場合，
通常の電気化学測定とは異なり，参照電極のない二極式の対
称セルで測定を行うことが一般的である。本研究では，SUS
コイン上に Pt電極と電解質を積層した電極試験片 Pt/LiPON/
Pt/Ti/SUS（図 1b）を測定セル（HSセル 宝泉製）にセットし，
周波数応答解析装置（Bio-Logic製 VMP3）を用いて，周波数
範囲：10 mHz～ 500 kHz，印可電圧：2 mVで交流インピー
ダンスを測定し，得られた結果を EC-LAB（Bio-Logic）で解

析することによりイオン伝導度を算出した。なお，本稿に登
場する全ての電極試験片は，2.2で述べる膜厚評価に基づき，
SUSコイン上に形成した Pt（表層側），LiPON，Pt，Ti層（SUS
コイン側）の膜厚が，それぞれほぼ 100，1000，300，50 nm
となるように規定して用いた。
　2．2　LiPON薄膜評価法
　作製した電極片の各層の膜厚は，クロスセクションポリッ
シャーを用いてサンプルを加工し，その断面を切り出すこと
によって評価した。装置には電界放出形走査型電子顕微鏡
（FE-SEM：日立製 SU-8010）を用いた。LiPONの結晶構造は，
薄膜アタッチメント付き X線回折装置（薄膜 XRD：リガク
製 UltimaIII）を用いて平行ビーム法により評価した。また，
X線光電子分光法（XPS）により成膜した固体電解質を測定し，
検出した各スペクトルについて数値解析ソフト Igorを用い
フィッティングすることにより構成元素の化学状態を分析し
た。この結果をイオン伝導度の結果と照合し，イオン伝導発
現の機構についても考察した。XRD，XPSの評価には，
Si<100>ウェハー上に 2.1と同条件で成膜した LiPON薄膜
を用いた。

3 ．実験結果及び考察

　図 1cにスパッタリング時の導入ガス中の窒素濃度 50 vol%
でスパッタリングにより成膜した薄膜層の X線回折図形を
示す。成膜後無処理のサンプルでは特にピークは検出されず，
10 ～ 30 度付近にアモルファス状の生成物の存在を示唆する
勾配が見られた。このサンプルの交流インピーダンス測定結
果から算出したイオン伝導度は約 2.2 × 10－6 S･cm－1であり，
これまでに報告されている室温付近での LiPON層のイオン
伝導度（2.0 ～ 4.0 μS･cm－1）7）～12）と同程度の値となることが
わかった。このサンプルを大気雰囲気下で加熱したところ，
図 1cに示すように，450 ℃で 5時間熱処理した場合にター
ゲットに用いた Li3PO4に対応する回折パターンが見られた。

Fig. 1　 Fabrication of the thin film of LiPON solid electrolyte and its crystallographic data. a）Sche-
matic illustration of RF magnetron sputtering system, b）photograph（top view）and cross-
sectional structure of a tested electrode with a LiPON layer, c）XRD pattern of a LiPON thin 
film synthesized on a Si wafer before and after annealing at 100 and 450 ℃ for 5 h.
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また450 ℃での熱処理後のサンプルのイオン伝導度は，Li3PO4
に典型的なレベルである 10－8 S･cm－1以下（5.6× 10－9 S･cm－1）
までの急激な低下を示した 7）。これは，熱処理中に LiPON
構造中の Nが Oで置換されたことにより，Li3PO4の結晶化
が進行したためであると考えられる。以上のことから，スパッ
タリングによって得られたサンプルはアモルファス状の
LiPONであることを確認した。
　図 2aに，スパッタリング時の導入ガス中の窒素濃度を 10，
25，50，75，100 vol%（図中，N10 ～ N100 と表記）と変化さ
せ成膜した，LiPON層を Pt層で挟んだ積層電極片の交流イ
ンピーダンス測定結果としての Cole-Coleプロットを示す。
なお，以後登場する全ての LiPON層については，熱処理を
行わず，スパッタ後のアモルファス状のまま評価に供してい
る。測定点が高周波数側で散逸し解析不能と判断した導入ガ
ス中の窒素濃度 25 vol%の系を除き，いずれの系のスペクト
ルも高周波数側の比較的大きい不完全な円弧と低周波数側の
小さな円弧のセットを描き，低周波数側の円弧の末端が実数
軸上に収束する共通点をもつ（10 vol%の系も 120 Ω付近で収
束する）ことがわかった。本研究の電極のスペクトルは導入
ガス中の窒素割合が高くなるにつれて高周波数側に縮む傾向
を示し，特に，全体として抵抗値が小さい系であるほど，高
周波数側の円弧は半分以上が欠けたような不明確な形状に
なった。これは，導入ガス中の窒素濃度が高くなるにつれて
LiPONバルク中のイオン伝導が複雑な素過程を経るように
なり，複数の緩和時間を持つためであると考えられる。さら
に高周波数域からの測定を行えば明確なプロットを観測でき
る可能性があるが，現状ではこれが限界である。他方，低周
波数側の円弧はスペクトルが全体として高周波数寄りにある
ほど直径の小さい半円となる傾向を示した。本研究では，高
周波数側の円弧が不完全でも実数軸に収束した位置までを固
体電解質 LiPONのバルク抵抗値とみなし，この値と仮定した
等価回路を用いてフィッティングすることによってイオン伝
導度を算出した（図 2b）。図 2bの等価回路において，R1およ
び CPE1は，バルク応答の抵抗ならびに定位相成分（Constant 

Phase Element，CPE）を表し，一方，Pt電極－ LiPON電解質
界面（表層側ならびに SUS基板側）間の抵抗ならびに定位相
成分が，それぞれ R2および CPE2として並列で表される。
図 2bに示されるように，インピーダンス測定から求めた
LiPONのイオン伝導度は，導入ガス中の窒素濃度の変化に応
じて変動し，窒素濃度 50 vol%までは既報 7）～12）と同程度かそ
れ以下，50 vol%より高濃度では既報を超える値に大別された。
特に導入ガス中の窒素濃度が 75 vol%まで及ぶと，50 vol%ま
でのイオン伝導度に比べて標準偏差が大きくなるものの，本
研究で最大となる約 7.6 × 10－6 S･cm－1のイオン伝導度を示し，
既報の値を上回ることがわかった。
　図 3に，導入ガス中の窒素濃度を変えて作製された LiPON
薄膜の XPS測定結果を示す。10 vol%（N10）の窒素濃度で作製
されたサンプルの O1sスペクトルでは，1つの非対称なピー
クが 531 eV付近に観察され，導入ガス中に占める窒素量が増
加するにつれて高エネルギー側へのシフトを示した。このピー

Fig. 2　 AC impedance data of LiPON thin films prepared using N2 concentration from 10 vol% to 100 
vol% as a ratio to Ar in the induction gases. Cole-Cole plot a）and ionic conductivity plot b）
of LiPON thin films obtained by changing N2 ratio in the induction gases. The inset in Fig. 2b 
represents the electrical equivalent circuit fitted to the spectra in Fig. 2a.

Fig. 3　 O1s and N1s XPS spectra of LiPON thin films deposited at N2 
concentration from 10% to 100% as a ratio to Ar in the induction 
gases.
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クはフィッティングにより P-O-P（533.5 eV），Li＋...－O-P
（532.3 eV），P＝O（531.4 eV）の 3つの化学状態に帰属するこ
とができ 13），窒素濃度の変化に応じて Oの化学状態が明確
に異なることがわかった。また N1sでも1つの非対称なピー
クが見られ，各濃度ともにN元素のドープを示す P－N＜（P）2
（399.9 eV），P－N＝P（397.9 eV）の 2つの状態をもつことが
明らかになった。このような種々の結合様態を持つ LiPON
のイオン伝導は，図 2bで示されるように導入ガス中の窒素
濃度に依存して顕著に変化する。そこで，XPSスペクトル
の各化学状態に対応するピークの積分値から各結合の存在比
を算出し，この比を基に構造とイオン伝導の関係について考
察を行った。
　図 4には，本研究で提案される Li3PO4中に Nがドープさ
れた場合に形成しうる主要構造を示す。N元素が Li3PO4構
造中にドープされた場合，P－O－P結合の O元素と置換さ
れる。もし LiPON中に P－N＝P構造単位が生成した場合，
N3－の有効イオン半径（1.32 Å）は O2－（1.24 Å）よりも大きいた
め P＝Oは P－O－へと転換し，構造内にひずみを生じる。こ
のとき 2つの P－N＝P部位が生成すると 1つの P－O結合
が構造から切断される（以下，P－2配位型と呼ぶ）11）,12）,14）～16）。
P－2配位型では単結合と二重結合が共役的に配置されるこ
とになるため，電子は非局在化し，Li＋は一次ないし二次元
的に移動しやすくなるものと思われる。これに対し，P－N
＜（P）2構造単位が形成される場合には，Nが構造上近接す
る他の主鎖構造中の Pとも結合して高次構造を形成するた
め，P－2配位型に比べて著しい構造ひずみを生じる。この
とき 2つの P－N＜（P）2単位が生成すると 2つ以上の P－O
結合が失われることになる（以下，P－3配位型と呼ぶ）。そ
れゆえ，P－3配位型による静電的エネルギーの低下に対す
る寄与は P－2配位型に比べて大きくなり，Li＋の移動度を高
めることにつながると考えられる。本研究の LiPON薄膜の
イオン伝導度は，10 vol%から 25 vol%まで導入ガス中の窒
素濃度を増やすと一度解析不能なレベルまで低下し，それ以
後は増加傾向を示し，75 vol%で極大域値となる（図 2b）。こ
の挙動は，図 3の異なる窒素濃度で製膜された LiPON層の
N1sスペクトルで示される P－3配位型構造の形成度合いと

良く一致した。しかし LiPON構造中には P－2型配位も混在
するため，窒素濃度 75 vol%でのスパッタリングの場合など
では P－2および P－3型の両者が調和したネットワーク（P
－2・P－3配位混成型）構造を形成しうる。以上のことから，
LiPONの Li＋の伝導機構においては，一次ないし二次移動と
して P－2型を利用した移動，そして高次移動として他の主
鎖構造との間での架橋を介する三次元的な移動によってイオ
ン伝導性の優劣が支配されていると考察した。

4 ．結　　言

　スパッタリング中の導入ガス中の窒素濃度を変化させて
LiPON薄膜を作製し，そのイオン伝導度と XPS構造解析か
ら以下の点が明らかとなった。
（1）得られた LiPON薄膜はアモルファス構造を有しており，
その状態で 10－6 S･cm－1レベルのイオン伝導度を発揮し
た。

（2）LiPON薄膜のイオン伝導度は，窒素濃度を 10 vol%か
ら 25 vol%まで上げると一度低下するが，75 vol%まで
増加させると本研究で検討した限り最大レベルとなる約
7.6 × 10－6 S･cm－1にまで達した。

（3）P－3配位型からのイオン伝導性の改善は P－2配位型
からの影響に比べて顕著であり，高いイオン伝導性は P
－2，P－3配位型の調和の結果として発現した。

（Received May 13, 2015 ; Accepted August 17, 2015）
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PtPb ordered intermetallic nanoparticles (NPs) were
deposited on titanium oxide (TiO2)/cup-stacked carbon
nanotubes (CSCNT) to improve the activity of the
electrochemical oxygen reduction reaction (ORR). The
PtPb NPs/TiO2/CSCNTs were prepared by the step-by-
step preparation method, first annealing under an inert
atmosphere with Ti-alkoxide to obtain TiO2, then Pt NP
photodeposition and finally microwave synthesis to
prepare ordered intermetallic PtPb NPs on TiO2.
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PtPb ordered intermetallic nanoparticles (NPs) were deposited on
titanium oxide (TiO2)/cup-stacked carbon nanotubes (CSCNT) to
improve the activity of the electrochemical oxygen reduction reaction
(ORR). The use of CSCNTs as a support material resulted in high
loading of PtPb NPs/TiO2. The PtPb NPs/TiO2/CSCNTs were
prepared by the step-by-step preparation method, viz. first annealing
under an inert atmosphere with Ti-alkoxide to obtain TiO2, then Pt NP
photodeposition, and finally microwave synthesis to prepare ordered
intermetallic PtPb NPs on TiO2 via reaction of Pb2+ with Pt/TiO2. The
new particles enhanced ORR electrocatalytic activity.

Problems associated with the consumption of fossil fuels,
including air pollution caused by carbon dioxide (CO2), nitrogen
oxide (NOx), and sulfur dioxide (SO2), are damaging the environment
and human health.1 To save limited natural resources and sustain life,
the development of new energy sources and improvements in the
efficiency of energy generation, conversion, and storage have become
crucial issues.2 Fuel cells are thought to be a promising technology to
directly convert chemical energy into electricity via electrochemical
reactions. Recently, there has been increased interest in polymer
electrolyte membrane fuel cells (PEMFCs). PEMFCs have energy
conversion efficiencies as high as 80%. However, the durability of
PEMFCs has been recently recognized as one of the most important
issues that must be addressed before the commercialization of
PEMFCs.3 Pt surface area loss due to carbon corrosion and Pt
dissolution from the carbon support and/or aggregation on the carbon
support are considered some of the major problems to address.4 Carbon
black (CB) is normally used as a support material for the Pt catalyst to
maximize the mass activity of the catalyst. However, the oxidized sites
of CB accelerate the degradation of the support material for Pt NPs. CB
will oxidize at the edge sites because polar functional groups can form
at those sites. The polar functional groups will be further oxidized and
will eventually corrode away. Recently, carbon nanotubes (CNTs) have
been proposed as promising support materials for Pt NPs because the
CNT supports exhibit high conductivity and mass transport capability
as well as high chemical stability. However, there are no novel binding
sites for adsorbing Pt ions on the CNT surfaces, although the surfaces
of CNT are composed of non-oxidized graphitic carbon. Usually,
functional groups are generated on the external walls to make the
binding sites for the Pt source using harsh oxidative treatments, such as
refluxing in HNO3 or H2SO4HNO3.5 However, the treated CNT
surfaces will suffer from serious carbon corrosion under conditions
such as low pH, high potential, high humidity, and high temperature
(ca. 80 °C). A new methodology for the deposition of catalyst NPs on
CNT surfaces should be developed that satisfies the requirements of
both high NP dispersion and chemical stability. Recently, nanocrystal-
line TiO2 as a catalyst support has received increasing attention due to
its inherent stability in the electrochemical environment, its commer-
cial availability, and its enhancement of electrocatalytic activity due to
its corrosion resistance and the synergistic effect between NPs and
TiO2.6 For example, a novel electrocatalyst based on mesoporous
TiO2-supported Pt NPs was reported by Shen et al.7 It showed high

stability under accelerated stress test conditions and an activity
comparable to that of the commercial Pt/C catalyst.7 Manzo-Robledo
et al. reported a Pd/TiO2-C electrode that exhibits higher methanol-
oxidation kinetics compared to a Pd/C electrode.8 Based on these
studies, we considered the preparation of PtPb/TiO2 on cup-stacked
carbon nanotubes (CSCNTs) to enhance the oxygen reduction reaction
(ORR). CSCNTs are tubular carbon nanostructures with a stacked cup
arrangement of graphene layers. Therefore, the edges of the graphene
layers are densely exposed on the surface of the CSCNTs. The
graphene edges are used as scaffolds to thoroughly coat the CSCNT
surface with TiO2 layers. The PtPb ordered intermetallic NP electro-
catalyst was selectively deposited on the TiO2 layers. The CSCNT
functions as an electron conducting path. The surface of the CSCNT
that cannot be covered with TiO2 can be transformed into the surface of
a multiwalled carbon nanotube through a high-temperature treatment
after the formation of TiO2/CSCNT.9 Recently, we reported that PtPb/
TiO2 showed enhancement of electrocatalytic activity for the ORR.10

The nature of the support, the composition of catalytic sites, the sites’
interaction with the support, and the electronic structure of the catalytic
sites all most likely influenced the observed electrochemical behavior.
In this study, PtPb NPs were chemically deposited on small, thin TiO2

layers that were prepared on CSCNTs. Scheme 1 depicts the step-
by-step preparation method of PtPb NPs/TiO2/CSCNT by annealing
under an inert atmosphere with Ti-alkoxide to obtain TiO2, photo-
deposition for Pt NPs, and microwave synthesis to prepare ordered
intermetallic PtPb NPs on TiO2 via the reaction of Pb2+ with Pt/TiO2.
A commercially available CSCNT (50 nmº, Sankei Giken Kogyo Co.,
Ltd., Japan) was treated with an acidic solution of H2SO4 (6M) and
HNO3 (6M) at 90 °C for 6 h to introduce carboxylic acid functional
groups on the CSCNT surfaces, followed by washing with water and
drying overnight at 110 °C. The purchased CSCNTs have the following
characteristics: average length of 2.0¯m, BET surface area of
99m2 g¹1, volume resistivity of 0.05³ cm (30MPa), and G/D Raman
peak ratio of 0.85. A Ti precursor solution was prepared by dissolving
Titanium(IV) isopropoxide (TTIP, 0.2 g) in isopropanol (100mL).

Functionalized carbon was added to the solution under vigorous
stirring. Deionized water (1.0mL) was used to accelerate the reaction
of TTIP. After further stirring for 6 h, the resulting mixture was
collected and dried overnight under vacuum, followed by heat
treatment at 450 °C for 1 h under Ar atmosphere to yield CSCNT-

Scheme 1. Schematic representation of the step-by-step method to
prepare ordered intermetallic PtPb NPs/TiO2/CSCNT.
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supported TiO2 (TiO2/CSCNT).11 Pt NPs were photochemically
deposited on TiO2/CSCNT. Next, 0.25mmol of H2[PtCl6], which
was used as the Pt source, and 50mg of TiO2/CSCNT were dissolved
in 50 vol% aqueous methanol solution (100mL). This solution was
stirred for 12 h under irradiation with a UV lamp (Xe lamp, 300W).
The PtPb/TiO2/CSCNTs were prepared using the polyol method. The
Pt NPs/TiO2/CSCNTs (0.030 g) and Pb(CH3COO)2¢3H2O (0.022
mmol) were dissolved in 50mL of ethylene glycol. The mixture was
bath-sonicated and then treated in a flask under reflux for 1min with
300W microwave radiation. The mixture in the flask was cooled to
room temperature with water. The mixture was again treated under
microwave radiation (focused microwave instrument, CEM) at 300W
for 9min. After the mixture cooled, the PtPb NPs/TiO2/CSCNT was
collected by centrifugation, washed sequentially with methanol, and
dried under vacuum. Transmission electron microscope (TEM) and
scanning transmission electron microscope (STEM) images were
obtained using a JEOL 2100-F microscope with a 200 kV operating
voltage. The composition of the PtPb NPs/TiO2/CSCNTwas analyzed
using an energy-dispersion spectroscopic (EDS) analyzer (Oxford link
system), which was coupled to the TEM. The TEM sample was
prepared by dropping a suspension of the sample powder in methanol
onto a copper microgrid, followed by thoroughly drying under vacuum
prior to observation. The chemical composition of the samples and
loading weight of Pt and PtPb on CB or TiO2/CSCNT were deter-
mined using inductively coupled plasma-mass spectrometry (ICP-MS,
PE-3300 DV, Perkin-Elmer). The loading weight of TiO2 on TiO2/
CSCNT was estimated by thermogravimetry (Thermo plus EVO
TG8120, Rigaku) under air. An aliquot of 1mg of PtPb NPs/TiO2/
CSCNT (or commercially available Pt NPs/CB (10wt% Pt, E-TEK)
or prepared PtPb NPs/CB) was suspended in a solution of 995¯L of
distilled water and 250¯L of isopropanol. Additionally, 5¯L of a 5%
w/w Nafionμ solution (EW: 1100, Aldrich) in alcohol was added to
this suspension. The resulting suspension was bath-sonicated for 1 h.
The suspension was coated onto a 5-mm-diameter glassy carbon (GC)
electrode. The ORR activities of PtPb NPs/TiO2/CSCNT and Pt NPs/
CB were subsequently examined in O2-saturated 0.1M HClO4

aqueous solution using a three-electrode cell with an Ag/AgCl (3M
NaCl) reference electrode. The electrochemical tests were performed
at room temperature (23 « 1 °C), at a sweep rate of 10mVs¹1 and a
rotation speed of 2000 rpm.

Figure 1 shows low-resolution TEM images of (a) CSCNT and
(b) TiO2-coated CSCNT. From TEM image (a) at high magnification,
the stacking morphology of truncated conical sheets at an angle to the
fiber axis can be seen; because of this angle, a large portion of the
graphene edges are exposed and opened at the apparent tube surface as
well as at the inner hollow core. After the TiO2 coating treatment, the
CSCNT surface does not reveal a stacking morphology due to the
coated material. X-ray powder diffraction (XRD) analysis with the
treated CSCNT sample indicated the formation of TiO2 by matching
the obtained XRD patterns with the standard TiO2 pattern (not shown
here). To confirm the TiO2 distribution on CSCNT, a STEM image and
its compositional mappings (Figure 2) were obtained using TiO2/
CSCNT. Small white spots in the STEM image correspond to TiO2.
The small spots, having diameters less than 10 nm, were heteroge-
neously dispersed on the surfaces. Red, orange, and green colors,
indicating the existence of C, O, and Ti atoms, respectively, always
overlap in the compositional mappings obtained from TiO2/CSCNT.

Figure 3 shows a low-resolution TEM image of Pt NPs/TiO2/
CSCNT. Pt NPs appeared as dark spots uniformly dispersed on the CB.
The size distribution of the Pt NPs was evaluated using approximately
100 particles in the TEM images. The average diameter of the Pt NPs
was calculated as 2.5 nm, and the Pt NPs exhibited a narrow particle-
size distribution. Uniformly dispersed deposition of Pt NPs on un-

treated CSCNTs or multiwalled CNTs using a Pt ion precursor and
reducing agent could not be achieved. After converting Pt NPs to PtPb
NPs by reacting Pb ions with Pt NPs and a polyol, a STEM image and
its compositional mapping of PtPb/TiO2/CSCNT was obtained to
confirm the mixture of Pt and Pb atoms in the NPs (Figure 4). The
atomic ratio of Pt:Pb was fairly consistent with the desired value of
a PtPb ordered intermetallic phase, 54 « 2:46 « 2.0. In the mapping
image, Pb atoms could be observed only in PtPb NPs, not on CSCNT
surfaces; that is, Pb NPs were not formed on CSCNTs in the
microwave reaction, indicating the selective reaction of Pb atoms with
Pt NPs on the TiO2/CSCNT surfaces, as both Bauer and the current
authors have previously reported.12,13 The average diameter of the
PtPb NPs prepared on TiO2 was calculated to be 4.5 nm from the TEM
images. Some PtPb NPs seemed to sit outside the TiO2 islands.
However, it is possible that the majority of PtPb NPs sit on the TiO2,
although this cannot be proven by TEM images. As will be discussed
below, the deposition of PtPb on TiO2 prevents Pb atoms on the PtPb

Figure 1. Low-resolution TEM image of (a) CSCNT and (b) TiO2/
CSCNT.

Figure 2. Scanning transmission electron microscope (STEM)
image of the TiO2/CSCNT (TiO2 loading weight on TiO2/CSCNT:
10wt%) and the corresponding compositional mapping images.

Figure 3. Low-resolution TEM image of Pt/TiO2/CSCNT and its
particle size distribution histogram.
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NPs from electrochemical dissolution, which in turn stabilizes the high
ORR activity on PtPb NPs/TiO2/CSCNT.

Figure 5A displays a high-resolution TEM (HR-TEM) image of
the PtPb NPs, and Figure 5B shows the corresponding fast Fourier-
transform (FFT) patterns obtained from Figure 5A. Together, these
images indicate that the NPs are single crystalline. The d lattice
spacing of the NPs presented in the HR-TEM image are 0.242 and
0.247 nm, which closely match those of the ð1�11Þ and ð�111Þ planes,
respectively for PtPb ordered intermetallic compounds (0.242 nm for
the ð1�11Þ plane and 0.246 nm for the ð�111Þ plane, ICDD PDF File #06-
0374). The FFT image shown in Figure 5B demonstrates that the Pt
and Pb atoms were arranged in crystal structures corresponding to
structurally modified PtPb ordered intermetallic phases.

Figure 6 compares the linear sweep voltammograms (LSVs) for
the ORR recorded after 100 potential cycles with (a) PtPb NPs/TiO2/
CSCNT, (b) Pt/TiO2/CSCNT, (c) Pt/CB, (d) PtPb/CB, and (e) PtPb/
TiO2 in O2-saturated 0.1M HClO4 solution. Here, CB-supported Pt
NPs (c) were used as the control. The ORR curve (a) obtained with
PtPb NPs/TiO2/CSCNT is shifted in the positive direction, owing to
the formation of PtPb ordered intermetallic phase and the interaction
between NPs and TiO2 when compared with curve (b) with Pt/TiO2/
CSCNT and with curve (c) with Pt/CB. After 100 cycles, curve (d),
obtained with PtPb/CB, indicates degradation of ORR activity
because Pb atoms dissolve from the PtPb NPs surface on CB. The
TiO2 support material on CSCNT would prevent the Pb atoms on the
PtPb NP surface from electrochemical dissolution. As shown in curve
(e), PtPb supported on TiO2 (average particle size: 50 nm) did not
show enhancement of ORR activity. The reason for low ORR activity
at PtPb/TiO2 might be the high electron resistance of the TiO2 support
powder. The electronic interaction between PtPb and TiO2 could not

be confirmed with the PtPb/TiO2 sample. Therefore, the CSCNT-
supported PtPb/TiO2 sample was prepared and examined for enhance-
ment of ORR activity in this study.

In this study, we proposed a preparation method for a catalyst
with high catalytic activity for the ORR. The deliberate formation of
PtPb on TiO2 to make the most of the electric interaction between PtPb
NPs and TiO2 was confirmed with XRD, XPS, TEM, and STEM, from
the viewpoint of crystallinity, size, degree of dispersion, and the
electronic states of the NPs. The unique catalytic property of PtPb
ordered intermetallic NPs and the strong interaction between PtPb NPs
and TiO2 layers successfully afforded enhancement of ORR in acidic
aqueous solutions. The improved ORR performance of PtPb NPs/
TiO2/CSCNT is not an effect of the CSCNT support material. Rather,
the higher performance is due to the interaction between PtPb NPs and
TiO2. The CSCNTs can provide a large amount of structure to PtPb
NPs on TiO2 on the CSCNT surface. In future work, the tolerance of
PtPb/TiO2/CSCNT during ORR cycles under a high oxidation
atmosphere will be examined.
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PtPb/TiO2/CSCNT used to obtain the LSVs.
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� Al2O3-coated Li[Li0.2Ni0.18Co0.03Mn0.58]
O2 was synthesized and investigated.

� The surface-modification layer is
composed of LieAl oxides and Al
oxides.

� An interlayer formed between the
modification layer and Li[Li0.2Ni0.18
Co0.03Mn0.58]O2 particles.

� A discharge capacity >310 mA h�1

and excellent cycling stability at
50 �C are achieved.
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a b s t r a c t

Controlling a cathode/electrolyte interface by modifying the surface of a cathode material with metal
oxides or phosphates is a concept being explored as a possible strategy for improving the electrochemical
performance of such materials. This study therefore looks at the crystal structure and chemical bonding
state from bulk to surface of Al2O3-coated Li[Li0.2Ni0.18Co0.03Mn0.58]O2 and explores the influence that
surface modification has on the electrochemical performance. Investigation by X-ray diffraction, hard X-
ray photoelectron spectroscopy (HAXPES) and galvanostatic charge/discharge reaction reveals that the
surface-modification layer is composed of LieAl oxides and Al oxides, with a LiM1�xAlxO2 (M ¼ transition
metal) interlayer formed between the modification layer and Li[Li0.2Ni0.18Co0.03Mn0.58]O2 particles. The
cycling performance of the Li-rich layered oxide is enhanced by its surface modification with Al2O3,
achieving a discharge capacity of more than 310 mA h�1 and excellent cycling stability at 50 �C when
combined with a more gradual Li-insertion/de-insertion process (i.e., stepwise precycling treatment).
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1. Introduction

There is currently a demand for greater energy density in
lithium secondary batteries that is being driven by their increasing
use in portable energy storage devices, large-scale batteries for
automobiles and power storage units. In order to meet these needs,
it is essential to develop high-capacity cathode materials that are
cheap, safe and exhibit good cycling performance. Recently, Li-rich
layered oxides with a chemical formula of xLi2MnO3e(1 � x)LiMO2
(M ¼ Ni, Co, Mn) have attracted considerable attention as a
promising cathode material for next-generation lithium-ion bat-
teries. These materials offer several advantages over conventional
cathode materials such as LiCoO2, including: a capacity as high as
~250 mA h g�1, low cost, structural stability, and high capacity
retention at high voltages [1e9]. The high capacity of these mate-
rials has been attributed to their charge/discharge reaction mech-
anism, which differs from conventional cathode materials in which
Liþ extraction during charging causes oxidation of the transition
metal. Instead, the delithiation of Li-rich layered oxides during the
initial charging process is accompanied not only by an increase in
the valency of the transition metal ions, but also by the oxidation of
O2�. This results in irreversible oxygen loss [10,11] at the surface
and/or O� formation in the lattice [5,12,13]. Furthermore, it has
been found that the specific charge reaction of Li-rich layered ox-
ides induces a structural rearrangement [14,15], which in turn
lowers the valency of some manganese ions from Mn4þ to Mn3þ

[10,11,16] and results in the formation of a by-product [17] due to
the oxygen-reductive reaction during the 1st discharge. Note that
althoughMn3þ in layered rock-salt-type oxides is electrochemically
inactive, the structural rearrangement that occurs during the 1st
charge/discharge process makes these ions active and means that
the Mn3þ/Mn4þ redox reaction contributes to the charge/discharge
capacity from the 2nd cycle onwards. However, there is also an
irreversible oxygen loss during the 1st cycle that creates micro-
cracks at the cathode surface in conjunction with lattice distortion,
thereby producing a large irreversible capacity and subsequent
lowering of the cycling performance [18]. There is therefore clearly
a trade-off between the activation of the manganese redox reaction
after the 1st cycle and the cycling performance, which ultimately
results in deterioration in crystallinity at the cathode surface due to
oxygen extraction.

In previous studies, we were able to improve the cycling per-
formance of Li-rich layered oxides, xLi2MnO3eyLiNi1/2Mn1/

2O2ezLiNi1/3Co1/3Mn1/3O2 (x þ y þ z ¼ 1), and increase their
discharge capacity through a stepwise precycling treatment. In this,
the Liþ extraction/insertion and redox reaction of the oxide ions
during charge/discharge were slowed by maintaining an upper
potential limit of more than 4.5 V [18,19]. The main effect of this
stepwise precycling treatment is that it inhibits the formation of
microcracks at the surface of the material particles, while also
preventing lattice distortion during the 1st charge to 4.8 V. Indeed,
no microcracks or amorphous regions were observed in the treated
samples, not even after 50 charge/discharge cycles [18].

The surface modification of cathode materials with other metal
oxides or phosphates is a proven technique for preventing any loss
in surface crystallinity during the charge/discharge reaction
[20e26]. The main role of this surface modification layer is to
protect the surface structure of the cathode material from side re-
actions with the electrolyte, though in the case of Li-rich layered
oxides, this layer may also restrict the loss of oxygen from the
lattice that would otherwise reduce the irreversible capacity of the
cathode. Herein, we report a method for further improving the
cycling performance of cathodes based on Li-rich layered oxides

through a combination of both stepwise precycling and surface
modification with Al2O3.

2. Experimental

Samples of Li[Li0.2Ni0.18Co0.03Mn0.58]O2 were synthesized by
mixing a NieMneCo precursor with LiOH$H2O. The precursor was
prepared in advance through coprecipitation using Ni(NO3)2$6H2O,
Co(NO3)2$6H2O and Mn(NO3)2$4H2O as the starting materials, and
2 mol L�1 Na2CO3 and 0.2 mol L�1 NH4OH solutions as the pre-
cipitation agents. For this, the stoichiometric starting materials
were first dissolved in distilled water to form a 2-mol L�1 solution,
and then the precipitation agents were added drop-by-drop to
obtain a composite carbonate precursor. This was dried at 120 �C
for 5 h, sintered at 500 �C for 5 h, ground, and then mixed with
LiOH$H2O. This mixture was pressed into pellets, and finally sin-
tered at 900 �C in air for 12 h. The resulting pristine Li[Li0.2Ni0.18-
Co0.03Mn0.58]O2 powder was subjected to surface modificationwith
Al2O3 through a wet-coating process, in which Al(NO3)3$9H2O was
dissolved in deionized water with a pH of ~7, though this increased
to ~9 following the addition of the Li-rich layered oxide powder.
After being filtered, the precursor was dried at 120 �C overnight,
and then sintered at 450 �C in air for 3 h.

Synchrotron X-ray diffraction patterns of the samples were
obtained using the BL02B2 beam line at SPring-8, Japan. A
DebyeeScherrer diffraction camera was used for the measure-
ments, which were performed at room temperature using speci-
mens sealed in a glass capillary (diameter: 0.2 or 0.3 mm) under
vacuum. Diffraction data were collected in steps of 0.01� from 3.0�

to 70�, with the wavelength of the incident beam having been
calibrated in advance using a NIST SRM Ceria 640b CeO2 standard
and fixed at 0.6 Å. The lattice parameters and structures of the
samples were determined by X-ray Rietveld analysis, which was
performed using the RIETAN-FP program [27].

A spherical aberration (Cs)-corrected scanning tunneling elec-
tron microscope (STEM) was used to determine the distribution of
Al2O3 on the Li[Li0.2Ni0.18Co0.03Mn0.58]O2 particles. Samples for this
were prepared by embedding in epoxy resin to improve ease of
handling, followed bymechanical grinding and Ar ionmilling. AMo
grid was used as the sample holder for the Cs-STEM imaging.

High-angle annular dark-field (HAADF)-STEM imaging and
energy-dispersive X-ray spectroscopy (EDX) were performed on a
2-wt%-Al2O3-coated Li[Li0.2Ni0.18Co0.03Mn0.58]O2 sample using a
JEM-ARM200F system (JEOL) equipped with a “JEOL Centurio” sil-
icon drift detector (100 mm2) and EDX analysis station. For Cs-
STEM observations, an accelerating voltage of 200 V, beam diam-
eter of ~0.2 nm and energy resolution of ~0.5 eV (full width at half
maximum (FWHM)) were used.

Hard X-ray photoelectron spectroscopy (HAXPES) measure-
ments were performed using a VG SCIENTA R-4000 hemispherical
electron-energy analyzer at the BL46XU beam line at SPring-8,
Japan [28,29]. The excitation energy was set to 7939.05 eV and
the analyzer was at an acceptance angle of ±7.5� from the sample.
By measuring the Fermi edge of gold, the energy resolution for the
HAXPES measurements was found to be ~235 meV. To inhibit peak
shift attributable to the charging effect in the sample, sheet elec-
trodes containing a conductive additive (carbon) were cut and
placed on a sample stage. Using an Ar glove box, this was inserted
into a transfer vessel, which was then connected to the HAXPES
preparation chamber to reduce the pressure to less than
3 � 10�4 Pa. All HAXPES measurements were performed at room
temperature under a pressure of less than 5 � 10�6 Pa. The escape
depth was controlled by varying the take-off angle (TOA) of the
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photoelectrons relative to the sample surface, as shown in Fig. S1.
The excitation energy was set to 7939.05 eV and the energy reso-
lution for the HAXPES measurements was confirmed to be
~235 meV by fitting the gold Fermi level.

Galvanostatic charging/discharging of bare and 2-wt%-Al2O3-
coated Li[Li0.2Ni0.18Co0.03Mn0.58]O2 samples was performed using
2032-type coin cells at 25 and 50 �C. These cells consisted of a Li
metal anode and 1 M LiPF6 in ethylene carbonate/dimethyl car-
bonate (ratio of 1:2) as the electrolyte. The working electrode was
made from a mixture of the test sample/conductive carbon/poly-
vinylidene fluoride (85:10:5). The mass of active material loaded in
the sheet electrodes is approximately 4 mg (1.99 mg cm�2). The
charging rate was set to C/10 over a potential range of 2.0e4.8 V.
Stepwise precycling treatment was performed by increasing the
upper potential limit from 4.5 to 4.8 V by 0.1 V every two cycles, as
reported previously [18,19].

3. Results and discussions

In the synchrotron X-ray diffraction (SXRD) profiles of the bare
and 2-wt%-Al2O3-coated Li[Li0.2Ni0.18Co0.03Mn0.58]O2 samples
shown in Fig. 1(a), the diffraction peaks can be indexed to a con-
ventional, layered rock-salt-type structure with a space group of
R3m. The exceptions to this are the superlattice peaks [8,30,31]
observed at 8e10�. No extra peaks corresponding to impurity
phases are observed in the case of the surface-modified sample,
which indicates that the surface-modification process did not result
in decomposition of the sample or produce any change in its
structural symmetry. The inset transmission electron microscopy

(TEM) image in Fig. 1(a) shows that a continuous amorphous layer
is formed on the surface of the highly crystalline Li[Li0.2Ni0.18-
Co0.03Mn0.58]O2 particles to a thickness of ~3 nm. The elemental
mapping shown in Fig. 1(b) and (c) confirms that Al is uniformly
dispersed on the particles. The structural parameters of both
samples are determined by Rietveld analysis, which is performed
using the RIETAN-FP program [27]. The refinement parameters and
fitting profiles in Tables 1a and b and Fig. 2, respectively, show that
the a-axis shrank and the c-axis expand after surface modification
with Al2O3. This change in the lattice corresponds to the early stage
of Liþ deintercalation from the Li-rich layered oxide [15] during
charging, thereby indicating that the Al2O3-modified surface reacts
with Liþ on the surface of the cathode material. HAADF-STEM im-
aging and linear elemental analysis performed using EDX (Fig. 3)
reveal that Al ions are present on the surface of the Li[Li0.2Ni0.18-
Co0.03Mn0.58]O2 particles to a depth of ~10 nm into the bulk after
surface-modification.

The chemical bonding state of Al in the Al2O3-coated Li
[Li0.2Ni0.18Co0.03Mn0.58]O2 sample is examined nondestructively
using HAXPES [28,29], which allows for detection at greater depths
and over a wider range of energies than conventional photoelec-
tron spectroscopy techniques based on vacuum-ultraviolet and soft
X-rays [32]. The detection depth of the sample can be determined
by varying the TOA, with a TOA of 80� related to the chemical
bonding state of the bulk at a depth of ~33 nm or more. Conversely,
surface-sensitive information (i.e., a depth of ~10 nm or more) can
be obtained using a TOA of 15�. Because Li-rich layered oxides are
insulating materials, sheet electrodes containing a conductive ad-
ditive (carbon) are needed to inhibit peak shift caused by charging
effects. Fig. 4(a) and (b) show the HAXPES Al 1s spectra for Al2O3-
coated Li[Li0.2Ni0.18Co0.03Mn0.58]O2 at TOA angles of 80� and 15�,
respectively. Note that Al-doped Li[Li0.2Ni0.18Al0.03Mn0.58]O2 is used
as a reference to detect the bonding state of Al in the lattice of the
Li-rich layered oxide, as shown in Fig. 4(c). The Al 1s peak for the
Al2O3-coated Li[Li0.2Ni0.18Co0.03Mn0.58]O2 sample appears at a
lower binding energy than in the case of a-Al2O3 (1562.3 eV, see
Fig. S2(a)); but more importantly, the main spectrum of the Al-
doped Li[Li0.2Ni0.18Al0.03Mn0.58]O2 indicates that the binding en-
ergy of Al in the bulk is 1560.1 eV (Fig. 4(c)). It can therefore be
assumed that the coating layer consists mainly of Al oxides and
Li(M1�xAlx)O2 (M ¼ Ni, Co, and/or Mn). To clarify this, curve fittings
of the Al 1s spectra are carried out for the Al2O3-coated and Al-
doped samples. The FWHM values for the peaks of Al 1s of
LiM1�xAlxO2 are fixed at the same value (1.25 eV) as the main peak
of the Al-doped sample, whereas those of the other peaks detected
in the high-energy range are fixed at the same value (1.66 eV) as the
a-Al2O3 sample (Fig. S2). Other parameters such as the intensity
and peak positions are allowed to vary. The peak with the lowest Al
1s binding energy is observed at approximately the same binding

Fig. 1. (a) SXRD profiles of bare and Al2O3-coated Li[Li0.2Ni0.18Co0.03Mn0.58]O2 samples.
Inset shows a TEM image of the Al2O3-coated sample. (b) STEM image and (c)
elemental map showing the uniform coating of Al2O3 over the sample particles.

Table 1a
Rietveld refinement results for the X-ray diffraction patterns of bare Li[Li0.2Ni0.18-
Co0.03Mn0.58]O2.

Atom Site g x y z B/Å2

Li(1) 3a 1-gNi(1) 0 0 0 ¼BNi(1)
Ni(1) 3a 0.0244 0 0 0 1.084(10)
Li(2) 3b 1.2-gLi(1) 0 0 0.5 ¼BNi(2)
Ni(2) 3b 0.183-gNi(1) 0 0 0.5 0.396(3)
Co(1) 3b 0.0033 0 0 0.5 ¼BNi(2)
Mn(1) 3b 0.584 0 0 0.5 ¼BNi(2)
O(1) 6c 1 0 0 0.2419(2) 0.836(3)

Unit cell: Rhombohedral Re3m, a ¼ 2.85907(6), c ¼ 14.2534(2).
Rwp ¼ 4.70, Rp ¼ 3.605, Re ¼ 4.00, S ¼ Rwp/Re ¼ 1.174, RI ¼ 1.68, RF ¼ 0.61.
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energy as the Al-doped sample, and the fact that the intensity of
this peak increases when the TOA is 15� (surface-sensitive mea-
surement) indicates that Al ions in the lattice are localized in a
region extending no more than 10 nm from the surface. The second
peak, which is observed at 1561 eV, is attributed to LieAl oxides on
the basis of the fact that the Al 2s peak of LiAlO2 occurs at 118.7 eV
[21,22], with the corresponding Al 1s line occurring at 1560.6 eV.
The peak at 1561.9 eV could also be related to one of the Al oxides
though, as the binding energy of a-Al2O3 is very similar (1562.3 eV)

(see Fig. S2(a)). The peak at 1563.3 eV, on the other hand, is most
likely the result of AleF or AleOeF bonds given that the Al 2p lines
of AlF3, (AleOeF), and Al(OH)xF3�x occur at 76.6, 75.8, and 76.0 eV,
respectively, with the corresponding to the binding energy of Al 1s
lines at 1563.4, 1562.6, and 1562.8 eV [21,22]. This fluoride-
containing component is believed to be formed by a reaction be-
tween polyvinylidene difluoride and the cathode materials during
the 120 �C vacuum drying process used to make the sheet elec-
trodes. These results indicate that the surface-modification layer is
composed of LieAl oxides and Al oxides, and that a LiM1�xAlxO2
interlayer is formed between the modification layer and the Li-rich
layered oxide, as illustrated in Fig. 5. It is known that doping
cathode materials with Al improves their electrode performance
because it increases their structural and thermal stability, with the
dissolution of Mn in the electrolyte at high temperatures (�50 �C)
known to be inhibited by doping Al into the spinel structure (i.e., by
the formation of Li[Li0.1Al0.1Mn1.8]O4) [33]. Similarly, layered rock-
salt-type Li[Ni0.8Co0.15Al0.05]O2 has been commercially successful
as a cathode material because of the improvement in structural
stability that Al doping brings. The LiM1�xAlxO2 interlayer created
in this study is therefore expected to enhance the cycling perfor-
mance of Li-rich layered oxides.

Fig. 6(a) shows the cycling performance of bare and 2-wt
%-Al2O3-coated Li[Li0.2Ni0.18Co0.03Mn0.58]O2 samples before and
after stepwise precycling treatment at 25 �C. We see from this that
the initial discharge capacity of the bare cathode material without
precycling is 245 mA h g�1, and that its capacity retention rate is
89% after 30 cycles. In contrast, the surface-modified sample ach-
ieves a discharge capacity of more than 270 mA h g�1, and its ca-
pacity does not deteriorate even after 30 cycles. Thus, its
electrochemical performance is almost the same as that of the
sample subjected to only precycling, yet precycling treatment of the
surface-modified sample does not improve its electrochemical
properties. Generally, high temperatures tend to bring about an
increase in charge/discharge capacity, but a decrease in capacity
retention due to side reactions of the electrolyte such as metal
dissolution. As shown in Fig. 6(b), the surface-modified sample
exhibits an initial discharge capacity of more than 310 mA h g�1

without precycling treatment, but has a low cycling stability at
50 �C. On the other hand, the sample subjected to both surface
modification and precycling exhibits not only high discharge ca-
pacity, but also excellent cycling performance. This means that high
electrochemical performance at high temperatures requires both
surface modification and precycling treatment.

The charge/discharge profiles of the two samples at 25 and 50 �C
are compared in Fig. 6(c)e(f), fromwhich it is evident that the bare
and surface-modified samples not subjected to precycling treat-
ment exhibit a plateau at ~4.5 V in the 1st charging curve. This can
be mainly attributed to lithium extraction that is accompanied by
partial oxidation of the oxide ions, resulting in an irreversible ox-
ygen loss from the lattice (Fig. 6(c) and (e)) [10,11]. The character-
istic reaction of Li-rich layered oxides during their initial charging
process often leads to the formation of microcracks and amorphous
domains on the surface, which in turn triggers a large irreversible
capacity loss during the 1st cycle that subsequently leads to ca-
pacity fading [1]. Compared to the bare sample, the surface-
modified sample demonstrates only a small 1st charge capacity,
but a large 1st discharge capacity. This low irreversible capacity
indicates that the surface-modification layer inhibits the electro-
chemical inactivation of the cathode material, and that this is
accompanied by an extreme release of oxygen and electrolyte side
reactions during the 1st charging process. There are also differences
in the shapes of the discharge curves after the 30th cycle, with an
increase in discharge capacity after the surface-modification pro-
cess being observed for voltages lower than 3.5 V (Fig. 6(c)). In the

Table 1b
Rietveld refinement results for the X-ray diffraction patterns of 2-wt%-Al2O3-coated
Li[Li0.2Ni0.18Co0.03Mn0.58]O2.

Atom Site g x y z B/Å2

Li(1) 3a 1-gNi(1) 0 0 0 ¼BNi(1)
Ni(1) 3a 0.150(2) 0 0 0 1.144(11)
Li(2) 3b 1.2-gLi(1) 0 0 0.5 ¼BNi(2)
Ni(2) 3b 0.183-gNi(1) 0 0 0.5 0.366(3)
Co(1) 3b 0.0033 0 0 0.5 ¼BNi(2)
Mn(1) 3b 0.584 0 0 0.5 ¼BNi(2)
O(1) 6c 1 0 0 0.2418(4) 0.959(2)

Unit cell: Rhombohedral Re3m, a ¼ 2.85841(2), c ¼ 14.26688(10).
Rwp ¼ 4.54, Rp ¼ 3.45, Re ¼ 4.81, S ¼ Rwp/Re ¼ 0.9445, RI ¼ 2.97, RF ¼ 1.59.

Fig. 2. Synchrotron X-ray Rietveld refinement profiles of (a) bare and (b) 2-wt%-Al2O3-
coated Li[Li0.2Ni0.18Co0.03Mn0.58]O2 samples. The final observed, calculated, and resid-
ual differences are indicated by red crosses, a cyan line, and blue line, respectively. The
green tick marks indicate the positions of the Bragg reflections. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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case of Li-rich layered oxides, it has been suggested that some tetravalent manganese ions are reduced to a trivalent state by the

Fig. 3. HAADF-STEM images and related EDX results for 2-wt%-Al2O3-coated Li[Li0.2Ni0.18Co0.03Mn0.58]O2.
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irreversible oxygen release that occurs during the 1st charging
process and the subsequent reinsertion of Li during the discharge
reaction, which results in an increase in capacity at voltages lower

than 3.5 V [10,11,16]. If so, then this Mn3þ/Mn4þ redox reaction
likely contributes to the charge/discharge capacity of the surface-
modified sample. In contrast, no significant difference is observed
in the charge/discharge curves of the precycled samples (Fig. 6(d)).
With the measurements performed at 50 �C, the initial charge ca-
pacity of the bare and surface-modified samples increases to close
to the theoretical capacity, with the discharge capacity also
increasing to more than 310 mA h g�1 (Fig. 6(e)). However, capacity
fading is also observed in the surface-modified sample after a few
cycles at 50 �C, as is the case with the bare sample. It would
therefore seem that the extraction of a greater amount of Li and the
oxidation of a greater number of oxygen ions from the crystal

structure during the 1st charging process at 50 �C induces an
irreversible structural rearrangement, which could include the
migration of transition metal ions to lithium sites, a phase

Fig. 4. Al 1s HAXPES spectra of Al2O3-coated Li[Li0.2Ni0.18Co0.03Mn0.58]O2 and Li
[Li0.2Ni0.18Al0.03Mn0.58]O2 samples obtained at TOA values of: (a) 80� , (b) 15� , and (c)
80� . Fitted curves and their components are shown by the red and blue lines,
respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 5. Schematic of the structure of 2-wt%-Al2O3-coated Li[Li0.2Ni0.18Co0.03Mn0.58]O2.

Fig. 6. Cycling performance and charge/discharge curves of bare and Al2O3-coated Li
[Li0.2Ni0.18Co0.03Mn0.58]O2 samples at: (a) 25 �C, (b) 50 �C, (c) with no treatment at
25 �C, (d) after stepwise precycling at 25 �C, (e) with no treatment at 50 �C, and (f) after
stepwise precycling at 50 �C.
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transition to a spinel-like structure and/or the formation of inactive
amorphous domains [14,15,18]. Consequently, surface modification
with Al2O3 is insufficient to maintain the primary electrochemical
performance at 50 �C. Fig. 6(f) shows the charge/discharge curves of
samples subjected to stepwise precycling, and though these are
obtained immediately after stepwise precycling, there is little dif-
ference between the bare and the surface-modified samples. The
notable exception is the fact that the discharge capacity of the
surface-modified sample after 30 cycles is greater than that of the
bare sample.

4. Conclusion

This study has confirmed that a LiM1�xAlxO2 interlayer is formed
between an Al2O3 modification layer and Li[Li0.2Ni0.18Co0.03Mn0.58]
O2 particles. At room temperature, surface modification with Al2O3
results in almost the same degree of improvement in cycling per-
formance as stepwise precycling treatment. Stepwise precycling of
the surface-modified sample does not result in any further
improvement in performance at room temperature; however, a
synergistic effect of combining Al2O3 surface modification and
precycling is present at 50 �C. The surface-modified sample sub-
jected to precycling exhibited a capacity of more than 310 mA h g�1

and excellent cycling performance, this being despite the fact that
the charge/discharge reaction at 50 �C readily degrades perfor-
mance. These results therefore clearly demonstrate that combining
Al2O3 surface-modification and stepwise precycling is an effective
approach to inhibiting the deterioration in electrochemical per-
formance of Li-rich layered oxides at high temperatures.
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Abstract Uniform cathode films were prepared with a

Li-rich solid-solution (Li[Li0.2Ni0.18Co0.03Mn0.58]O2)

cathode material and a water-based hybrid polymer bin-

der (TRD202A, JSR, Japan) composed of acrylic polymer

and fluoropolymer, carboxymethyl cellulose, and con-

ducting carbon additive. The films exhibited

stable charge/discharge cycling performances (average

discharge capacity: 260 mAh g-1) when cycled between

4.8 and 2.0 V for 80 cycles. After 80 cycles in the

chemical environment of Li-ion cells, a cathode film

prepared with the water-based hybrid polymer binder

showed longer-term reliability as well as higher electro-

chemical resistance when compared with a cathode film

using the conventional polyvinylidene difluoride binder.

Additionally, even without electrochemical pretreatment,

the Al2O3 coating on the cathode surfaces improved the

cycling stability by preventing the cathode surface from

making direct contact with H2O.
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1 Introduction

Recently, water-soluble and aqueous polymers (water-based

polymers) have attracted much attention as binders for

lithium ion batteries (LIBs) because of the need for low-cost

materials and environmentally compatible electrode fabri-

cation processes [1–8]. For example, N-methyl-2-pyrroli-

done (NMP), which is listed as a carcinogenic chemical with

reproductive toxicity [1, 9, 10] is often used as a solvent

to prepare a slurry (cathode material particle/conducting

carbon additive/conventional polyvinylidene difluoride

(PVdF) binder/NMP solvent) employed in the fabrication

process of electrode films on current collectors; this slurry

should be recycled without releasing it to the atmospheric

environment. Therefore, switching from a nonaqueous-based

fabrication process to an aqueous-based process has been

widely investigated. In graphite anodes, styrene butadiene

rubber has already been employed in some commercially

available Li-ion batteries [11, 12]. Furthermore, for cathodes,

the employment of water-soluble or aqueous binders is under

investigation. Some companies have produced prototype

models using water-soluble and aqueous binders, and they

have reported their battery test results [13, 14]. The hurdles in

developing water-soluble and aqueous polymer binders for

use in cathodes in LIBs are still high; improvements are

necessary to increase the resistance to electrochemical oxi-

dation and dissolution of metal oxide surfaces in water. In

order to overcome these problems, a variety of polymer

materials have been applied in the fabrication of cathodes

with water-based slurries [3, 7, 15–18]. For example, car-

boxymethyl cellulose (CMC) is attracting interest as a binder

in LIBs, and because the price of CMC is much lower ($1.1/

lb, when compared with one of the prices of PVdF at $5.5/lb

[1, 19]), it is expected to decrease the cost of LIBs by

replacing conventional organic solvent-based binders. Sev-

eral interesting papers have already been published [20–22]

demonstrating that CMC binder can be applied as a cathode

binder. However, the oxidation of CMC is initiated at volt-

ages over 4.5 V, and it does not exhibit the strong adhesion

properties necessary for forming stable cathode films to

withstand long-term charge/discharge cycles. New binders

exhibiting strong adhesion properties and high resistance to

electrochemical oxidation should be developed as quickly as

possible to respond to industrial demand.

In recent years, Li-rich solid-solution layered cathode

materials comprising layered LiMO2 (M: transition metals)

and Li2MnO3 have attracted much interest because some

materials exhibit capacities as high as 250 mAh g-1 in the

voltage range of 2.0 and 4.8 V [23–28]. These materials are

charged to above 4.5 V (vs. Li/Li?) to fully activate the

Li2MnO3 component, and after activation, the cathodes are

charged to 4.5 V to reach discharge capacities over 250
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mAh g-1 [29–31]. To use these promising high-voltage and

high-capacity cathodes in the next-generation Li-ion bat-

teries prepared in environmentally compatible electrode

fabrication processes with a water-based binder, water-

based binders having high resistances to electrochemical

oxidation during charging process should be developed. In

this study, an aqueous hybrid polymer (TRD202A, JSR),

which was composed of acrylic polymer and fluoropoly-

mer, was selected as a binder for the Li-rich solid-solution

layered cathode material Li[Ni0.18Li0.20Co0.03Mn0.58]O2. A

cathode prepared with Li[Ni0.18Li0.20Co0.03Mn0.58]O2 par-

ticles, TRD202A binder, CMC, and conductive carbon

additive was tested and analyzed for charge/discharge

capacity, cycle stability, rate performance, mechanical

resistance, resistance of electrochemical oxidation, and

changes of the surface composition and structure after

water-treatment used for preparing water-based slurry. The

water-based TRD202A cathode binder is a water-based

emulsion and is designed with a unique hybrid polymer

developed from acrylic polymer and fluoropolymer to

satisfy both the requirements of high adhesion and chem-

ical and electrochemical resistances. Wu and co-workers

have already reported an application of the TRD202 binder

in a Li-rich solid-solution cathode. They mentioned that the

TRD202A binder can be used for high-voltage cathodes in

the voltage range of 2–4.6 V [13], and its thermal stability

is equivalent to that of PVdF. Prosini has also examined

polyvinyl acetate as a binder for the high-voltage cathode

material LiNi0.5Mn1.5O4 and reported the results of cycling

and rate tests [14].

However, they have not examined the water-based bin-

ders for charge/discharge capacities, long cycle stability,

rate performance, mechanical resistance, resistance of

electrochemical oxidation, or changes of the surface com-

position and structure after water-treatment used for

preparing the water-based slurry. We have examined in

depth the above points with the Li-rich solid-solution cath-

ode (3/5)Li2MnO3�(1/5)Li[Ni0.5Mn0.5]O2 �(1/5)Li[Ni1/3Co1/
3Mn1/3]O2. The composition studied here can be alternately

expressed as Li[Ni0.18Li0.20Co0.03Mn0.58]O2 in the standard

notation for such layered compositions. The notation of

Li[Ni0.18Li0.20Co0.03Mn0.58]O2 will be used for the rest of

this paper. We reported that a Li[Ni0.18Li0.20Co0.03Mn0.58]-

O2 cathode exhibited stable charge/discharge capacities

following an electrochemical pretreatment used to stabilize

the charge/discharge capacities [32]. The electrochemical

pretreatment applied to stabilize the charge/discharge

capacity of the Li-rich solid-solution cathode materials was

developed by Ito and Sato [33]. As shown in this paper and

reported by other groups [31–33], the Li[Ni0.18Li0.20Co0.03-
Mn0.58]O2 cathodes require a high voltage of 4.8 V in the

charging process, and its charge/discharge performances are

stable for long cycles. Its stable charge/discharge

performances are reliable for the performance tests of the

water-based TRD202A binder with a high-voltage Li-rich

solid-solution layered cathode material; namely, the

TRD202A binder was blamed for the performance degra-

dation of the cathode prepared with that binder. The results

of the cathode performance tests with TRD202A-based

cathodes are compared with those obtained with conven-

tional PVdF-based cathodes in this paper. The relative

merits of the TRD202A and PVdF binders are discussed

with respect to the charge/discharge capacities, long cycling

stability, rate performance, mechanical resistance, resis-

tance of electrochemical oxidation, and changes of the sur-

face composition and structure after water-treatment for the

preparation of a water-based slurry.

2 Experimental

2.1 Preparation of the cathode material and Al2O3-

coated cathode material

The Li[Ni0.18Li0.20Co0.03Mn0.58]O2 cathode material exam-

ined in this study was synthesized using a co-precipitation

procedure using the following commercial reactants: nickel

sulfate hexahydrate (NiSO4�6H2O, 99 %, Kano Chemical.

Co., Inc., Japan), manganese sulfate monohydrate (MnSO4-

H2O, 99 %, Kano Chemical. Co., Inc., Japan), cobalt sulfate

heptahydrate (CoSO4�7H2O, 99 %, Wako Pure Chemical

Industries, Ltd, Japan), and sodium carbonate (Na2CO3,

99.8 %, Wako Pure Chemical Industries, Ltd, Japan). All of

the reactants were used without further purification. In order

to obtain a target composition of the synthesized cathode

of Ni:Co:Mn = 0.18:0.03:0.58 (atomic ratio), 46 mmol

NiSO4�6H2O, 147 mmol MnSO4�H2O, and 7.0 mmol CoSO4�
7H2O were dissolved in 100 mL H2O. The total concentration

of the transition metal ions in the solution was adjusted to

2 M. Further, 2 M Na2CO3 and 1.4 wt% NH4OH aqueous

solutions were prepared. Next, 80 mL of the 2 M Na2CO3

solution was injected at a speed of 0.5 cm3 s-1 into the

transition metal ion solution at 60 �C. During the whole

synthesis, the pH was kept at 7.5 with pH meter by injecting

the NH4OH solution. The carbonates of Ni, Mn, and Co

precipitated out of the transition metal ions and sodium car-

bonate mixture solution. The precipitates of the transition

metal carbonate were recovered by filtration. They were dried

under vacuum at 100 �C for 5 h after they were washed

several times with hot water until the filtrate exhibited neural

pH during the washing process. Afterward, to compensate for

any possible losses, the transition metal carbonate was mixed

with an excess (7.0 %) of lithium carbonate (Li2CO3, 98 %,

Kano Chemical. Co., Inc., Japan) using a wet planetary ball-

milling machine with a Teflon jar (672 mL) containing

Teflon balls (diameter 1.5 cm, 88 balls) and acetone (80 mL)
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under ambient conditions at a speed of 300 rpm for 3 h. After

ball milling, the mixture was dried at 120 �C for 5 h. A pellet

(diameter: 2 mm) of the dried mixture was formed using 30

kN of pressure. The pellet was then sintered at 900 �C for

12 h in air, quenched with liquid N2 ,and ground with a

mortar to obtain the particles used to prepare the cathode

films on an Al current collector.

A 45-mm aluminum nitrate aqueous solution was pre-

pared with aluminum nitrate nonahydrate (Al(NO3)3�9H2O,

98 %, Kano Chemical. Co., Inc., Japan) to prepare the

Al2O3-cated Li[Ni0.18Li0.20Co0.03Mn0.58]O2 sample. The

solution was adjusted to a neutral pH with an NH3 aqueous

solution. Then, 2.5 g Li[Ni0.18Li0.20Co0.03Mn0.58]O2 was

added to 20 mL of the Al(NO3)3 solution and mixed with a

stirrer for 3 h. After filtering and drying the Li[Ni0.18-
Li0.20Co0.03Mn0.58]O2 dispersion, the Li[Ni0.18Li0.20Co0.03-
Mn0.58]O2 sample was annealed in air at 900 �C for 3 h.

2.2 Characterization of synthesized cathode

materials

Powder X-ray diffractometry (pXRD) was performed using

CuKa radiation (Rigaku RINT-UltimaIII; k = 0.1548 nm)

at an increment of 0.02� at diffraction angles ranging from

20� to 80�. An obliquely finished Si crystal (nonreflective

Si plate) was used as the sample holder to minimize the

background noise. The average sizes and shapes of the

cathode particles were evaluated with a field-emission

scanning electron microscope (FE-SEM, S-4000, Hitachi).

For the cross-sectional images of the cathode layer on the

Cu current collector with the FE-SEM, a cross-section

polisher (JEOL) was used with the following conditions:

accelerating voltage, 5 kV; Ar flow rate, 8.5 m3/min. The

Li:Ni:Co:Mn elemental ratio for the synthesized cathode

materials and the loading of Al2O3 on the cathode material

were determined by ICP-MS using an Agilent, 7700 9

spectrometer. X-ray photoelectron spectroscopy (XPS)

measurements (JEOL, JP-9010 MC) were performed to

examine the chemical states (Al 2p) of the cathode material.

A MgKa X-ray source with an anodic voltage (10 kV) at a

current of (10 mA) was used for XPS measurements. All

XPS spectra of the samples were obtained with a take-off

angle of 45� with respect to the specimens by using the pass

energies of 100 and 200 eV for narrow and survey scans,

respectively. A 200 kV transmission electron microscope

(TEM and/or STEM, JEM-2100F, JEOL) equipped with two

aberration correctors (CEOS GmbH) for the image- and

probe-forming lens systems and an X-ray energy-dispersive

spectrometer (JED-2300T, JEOL) were used for composi-

tional analysis. Both aberration correctors were optimized to

realize the point-to-point resolutions of TEM and scanning

transmission electron microscopy (STEM) as 1.3 and 1.1 Å,

respectively. A probe convergence angle of 29 mrad and a

high-angle annular-dark-field (HAADF) detector with an

inner angle greater than 100 mrad were used for HAADF-

STEM observation. HAADF-STEM was used to perform

microscopic observation of the morphologies and particle

sizes of the materials. The samples for the HAADF-STEM

analysis were prepared by dropping a methanol suspension

of the sample powder onto a commercial TEM grid coated

with a polymer film. The sample was thoroughly dried in a

vacuum prior to observation. The adhesion of the cathode

films to the Al current collector was investigated using tack

testing with a Tackiness tester (TAC1000) from Rhesca

Corporation with the following conditions: approaching

speed (30 mm/min), pressurization (100 gf), duration (10 s),

and speed of pulling (600 mm/min). The cathode samples

(2 cm2) were adhered to glass slides with double-coated

adhesive tape (Nitto Denko, No. 515, Japan). The adhesive

tape was attached to the tip of a metal probe (diameter:

2 mm). The tip of the probe faced the surface of the cathode

samples and the adhesive tip of the probe made contact with

the cathode surface. The probe was separated from the

sample at the specified speed. The adhesive force of the

cathode films on the Al current collector was evaluated by

measuring the pulling force at the time when the cathode

films separated from the Al current collector. The samples

after charge/discharge cycles were rinsed with dimethyl

carbonate (DMC) and then dried under vacuum before per-

forming the tackiness test.

2.3 Cell preparation and electrochemical tests

A total of 910 mg of accurately weighed Li[Ni0.18Li0.20-
Co0.03Mn0.58]O2 active material, 50 mg of acetylene black

(AB, DENKA BLACK, DENKI KAGAKU GOGYO,

Japan), 10 mg of CMC (CMC, Polyscience Inc, cat.#6139),

and 30 mg of water-soluble binder (TRD202A, JRS) were

mixed in Milli-Pore water ([18 MX) with planetary mix-

ing equipment (Mazerustar, KK-250S, KURABO, Japan)

until they formed a homogenous mixture; the mixture had a

suitable viscosity for coating the cathode films to preserve

the wt% of the cathode material:TRD202A:AB:CMC =

91:3:5:1 in the prepared cathode films. The mixture was

coated using a doctor-blade (100 lm gap) coater on Al

current collector. The mixture thin film/Al was dried at

130 �C for 5 h in a vacuum drying oven. The loading of the

cathode materials on the Al current collector was

2.0–3.0 mg cm-2. The resulting cathode/Al contained a

200 mm2 stainless steel mesh as the current collector under

300 kg cm-2 pressure. For comparison, polyvinylidene

difluoride (PVdF, KF9130, Kureha, Japan) was used as a

binder as received without any further treatment. The wt%

of the cathode films was cathode material:PVDF:AB =

91:4:5:1. Electrochemical tests were performed using a

CR2032 coin-type cell. The test cell was composed of a
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cathode and a lithium metal anode separated by a porous

polypropylene film (Celgard 3401). The electrolyte used in

the tests was a 1 M LiPF6-ethylene carbonate (EC)/DMC

mixture (1:2 by vol., Ube Chemicals, Japan). The charge/

discharge cycling was performed using a multichannel

battery tester (model BTS2004, Nagano Corp., Japan). All

the tests were performed at room temperature. A constant-

current/constant-voltage (CC-CV) mode was used for the

cycling tests. The charge/discharge cycling tests that fol-

lowed the pretreatment process were performed at a

charge/discharge current density of 0.07–0.09 mA cm-2

with a cutoff voltage of 2.0–4.8 V (vs. Li/Li?). In CV

mode in the charging process, a voltage of 4.8 V was held

constant for 5 h. In the pretreatment, the discharge voltage

limit was fixed at 2.0 V, and the charge voltage limit was

increased 0.1 V stepwise from 4.5 to 4.8 V every two

cycles to stabilize the charge/discharge capacities in the

following charge/discharge tests. The charge/discharge

capacities observed during the pre-cycling process are

hereafter included with the results of the charge/discharge

cycle tests in all of the figures and in the discussion sec-

tion. In the voltammetric experiments used to estimate the

oxidation potential of the TRD202A and PVdF binders,

binder-coated glassy carbon disk (GC, diameter: 0.3 cm)

electrodes were used with a Li metal counter/reference

electrode (electrode area: 0.1 cm2) and a 1 M LiPF6- EC/

DMC mixture at 1 mV s-1. The electrochemical mea-

surements were carried out using a Bio-Logic SAS work-

station (Model, VMP3). The binder-coated GC electrodes

were prepared by pasting a slurry of the binder/AB/NMP

(1:1:7 wt ratio) on the GC electrode surfaces and drying

the electrodes under vacuum at 90 �C.

3 Results and discussion

3.1 Characterization of as-prepared and water-

treated Li[Ni0.18Li0.2Co0.03Mn0.58]O2 cathode

materials

Figure 1 shows an SEM image of the as-prepared Li[Ni0.18
Li0.2Co0.03Mn0.58]O2 cathode material particles. The cathode

particles appear as agglomerates of particles with 30–200 nm

diameters. The distribution of size of the cathode particleswas

evaluated on the basis of approximately 100 particles in the

SEM images. The average diameter of the as-prepared cath-

ode particles was calculated as 100 nm. They exhibited a

narrow particle size distribution (inset of Fig. 1). A cross-

sectional SEM image of the cathode film prepared with a

water-based slurry of Li[Ni0.18Li0.2Co0.03Mn0.58]O2 particle/

AB/CMC/TRD202A is shown in Fig. 2. From the cross-sec-

tional image, the cathode particles are illustrated as having

several micron diameters, even though the as-prepared

cathode particles have 30–200 nm diameters. It can be con-

sidered that the as-prepared cathode particles agglutinate

strongly to form the agglomerations having several micron

diameters. The SEM–EDS mapping profile of the C, Mn, Ni,

and Co elements exhibits uniform dispersion of the elements

in the prepared cathode films with the TRD202A binder and

does not exhibit segregation of the binder or the cathode

particles in the cathode films. Secondary particles of the

cathode materials are efficiently bounded by a small amount

of TRD202A binder in the prepared cathode films.

Figure 3 shows the XRD patterns (A) observed with the

as-prepared Li[Ni0.18Li0.2Co0.03Mn0.58]O2 cathode material

powder (a) and with the cathode films prepared with the

TRD202A (b) and PVdF (c) binders. The three results

shown in Fig. 3 have similar peak patterns, which can be

indexed as the layered rock salt-type symmetry (R3-m). No

impurity phase was found, and a peak shift due to the

difference in the preparation processes between the two

binders was not observed. Broad peaks detected in the

range of 22–25� show that these materials have a super

lattice structure, in which Li? ions order themselves in the

transition metal layer. A difference in the observed peak

patterns between the as-prepared (a) and filmed Li[Ni0.18-
Li0.2Co0.03Mn0.58]O2 (b, c) is noted from the peak inten-

sity; for example, in the as-prepared particle sample, the

[003] peak is the highest and the [104] peak is the next

highest; conversely, in the TRD202A- and PVdF-based

cathode films, the highest peak is the [104] peak. Apart

from that, there is also a difference in the peak intensity at

approximately 64�–66�. The reason for the difference in

the peak intensity may be because of the prominent ori-

entation of the cathode particles on the Al current collector.

The peak shift was compared for the three peak patterns (a–

c) with the magnified [104] peak as the typical peak

(Fig. 3b). The filmed cathode particles used with the

Fig. 1 An SEM image of the as-prepared Li[Li0.2Ni0.18Co0.03-
Mn0.58]O2 particles and their particle size distribution histograms
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TRD202A and PVdF binders exhibited new peaks at

approximately 44�–45� when compared with the as-pre-

pared cathode particles. The new peaks could not be

assigned to any peak patterns typically seen for transition

metal oxides and lithium oxides. However, aside from the

difference in the peak sizes at approximately 44�–45�, it is
noted that cathode particles that were treated with both

water and organic solvent also exhibited the peaks that

were located at the same degree. Therefore, the large

change in the crystal structure of the cathode particles does

not occur as a result of their exposure to water during the

water-based slurry preparation process. The Li:Ni:Mn:Co

elemental ratio of the synthesized cathode particles was

determined to be 1.2: 0.18: 0.03: 0.58 using an ICP spec-

trometer, and the values are listed for comparison with the

STEM-EDS data in Table 1. The mol% of oxygen atoms in

the as-prepared sample corresponds to the resulting surplus

when subtracting the total of mol% among metals such as

Li, Mn, Ni, and Co from 100 %.

Figure 4 shows low-resolution (right side) and high-

resolution (left side) TEM images of the as-prepared

Li[Ni0.18Li0.2Co0.03Mn0.58]O2 particles (a) and Li[Ni0.18
Li0.2Co0.03Mn0.58]O2 particles (b) recovered from the

cathode film that was prepared with the TRD202A binder

and was exposed to water. The as-prepared Li[Ni0.18Li0.2
Co0.03Mn0.58]O2 particles (a) exhibit a single-crystal com-

position. The d lattice spacing of the particles presented in the

HR-TEM image is 0.475 nm, which closely matches those of

the [003] plane, for Li[Ni0.18Li0.2Co0.03Mn0.58]O2 particle

(0.475 nm for the [003] plane [34]). The lattice fringe

observed on the as-prepared Li[Ni0.18Li0.2Co0.03Mn0.58]O2

Fig. 2 a A cross-sectional SEM image and element (Mn, Ni, Co, Al, C) mapping of a Li[Li0.2Ni0.18Co0.03Mn0.58]O2 cathode film prepared with

TRD202A binder on an Al current collector

Fig. 3 a XRD diffractograms of (a) as-prepared Li[Li0.2Ni0.18Co0.03-
Mn0.58]O2 and Li[Li0.2Ni0.18Co0.03Mn0.58]O2 films prepared with

(b) TRD202A and (c) PVdF binders, and b a comparison of the XRD

diffractograms with a magnified (104) peak as a typical peak

Table 1 The surface compositions of the as-prepared and water-

treated cathode particles with ICP-MS and STEM-EDX

Atomic %

O Mn Ni Co

ICP-MS data 71.7 20.8 6.4 1.1

As-prepared sample Bulk 75.9 18.0 5.0 1.1

Surface 75.8 17.9 5.3 1.0

Sample dispersed in water slurry Bulk 75.3 18.4 5.2 1.1

Surface 77.4 17.0 3.7 1.9
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particles can be seen even at the surface of the particles.

Furthermore, in the TEM images observed for the water-

treated Li[Ni0.18Li0.2Co0.03Mn0.58]O2 particles (b), the lattice

fringe, which was observed in the as-prepared Li[Ni0.18Li0.2
Co0.03Mn0.58]O2 particles, has the same d spacings as the

inner part of the water-treated cathode particles. Fragmented

clear lattice fringes could be observed near the surface of the

cathode particles, and disordered layers were clearly observed

on the water-treated particle surfaces. The average thickness

of the surface layer was 3.4 nm. The surface and bulk com-

positions of the as-prepared and water-treated Li[Ni0.18Li0.2-
Co0.03Mn0.58]O2 particles that were analyzed with STEM-

EDX are summarized in Table 1. The surface composition of

the water-treated sample differs from the inner compositions

and the surface composition of the as-prepared sample even

when the as-prepared sample exhibits the same values both on

the surface and in the inner part of the particle, and the

compositions of the as-prepared sample nearly coincided with

the inner part of the water-treated sample. The results indicate

that the surface of the Li[Ni0.18Li0.2Co0.03Mn0.58]O2 particles

dissolved during water-treatment used to prepare the water-

based slurry with Li[Ni0.18Li0.2Co0.03Mn0.58]O2/AB/binder/

H2O, and the dissolved metals were deposited on the surface

of the Li[Ni0.18Li0.2Co0.03Mn0.58]O2 particles. To date, it has

been reported that the change of the surface structure and

composition of the cathode particles affect the value of the

charge/discharge capacities and the cathode stability [31, 32,

35, 36]. It is uncertain whether the formation of the surface

layer during the water-treatment used for the incorporation of

a water-soluble binder influences the performance of the

cathodes; this is discussed in the next section. The differences

in the composition of the cathode samples resulting from the

ICP-MS and STEM-EDX analyses are clearly shown in

Table 1. This difference may come from the nonuniformity of

the composition in the sample particles or from uncertainties

inherent in the STEM-EDX and ICP-MS procedures. Re-

examination of the compositional analysis of the cathode

samples is under investigation.

3.2 Cycle and rate performance

of the Li[Ni0.18Li0.2Co0.03Mn0.58]O2 cathode

prepared with TRD202A and PVdF binders

Figures 5 shows the results of charge/discharge cycle tests

obtained from the TRD202A- and PVdF-based Li[Ni0.18-
Li0.2Co0.03Mn0.58]O2 cathode films at room temperature

and at a 0.1 C charge/discharge rate. The charge/discharge

capacities observed during the pre-cycling process are

hereafter included with the results of charge/discharge

cycling tests in these figures. For both the TRD202A- and

the PVdF-based cathodes, stable average discharge

capacities of approximately 275 mAh g-1 were observed

after pretreatment until the 80th cycle. Figure 6 shows

every tenth charge/discharge cycle curve of the TRD202A

(a)- and PVdF (b)-based Li[Ni0.18Li0.2Co0.03Mn0.58]O2

cathodes using a 0.1 C rate between 2.0 and 4.8 V. The two

cathodes exhibit similar voltage fade behaviors observed

from the charge/discharge cycles, which is a negative

characteristic of Li-rich solid-solution cathode materials

and should be improved to develop high energy–density

Li-ion batteries for everyday use [37, 38]. The degree of

voltage fade during the charge/discharge cycles is similar

for the TRD202A- and PVdF-based Li[Ni0.18Li0.2Co0.03
Mn0.58]O2 cathodes. The use of the TRD202A binder in the

preparation of the cathode does not enhance the voltage

fade and does not change the charge and discharge curves

for any of the cycles. The rate performance is a very

important aspect for the application of Li[Ni0.18Li0.2
Co0.03Mn0.58]O2 cathodes [39, 40]. Figure 7 shows the rate

capabilities of TRD202A- and PVdF-based Li[Ni0.18Li0.2
Co0.03Mn0.58]O2 cathodes at room temperature. All cells

were charged at the same current with a 0.1 C rate to ensure

identical initial conditions for each discharge. The dis-

charge current is at 0.1, 0.2, 0.5, 1, 2, and 3 C. This fig-

ure shows that the Li[Ni0.18Li0.2Co0.03Mn0.58]O2 cathodes

prepared with TRD202A and PVdF binders exhibit com-

parable discharge capacities even at high rate currents. It is

clear from this result that the TRD202A binder also does

not negatively influence the rate performance.

In Fig. 8, the stability of the TRD202A- and PVdF-based

Li[Ni0.18Li0.2Co0.03Mn0.58]O2 cathodes under a fully

charged condition to 4.8 V was examined. After

Fig. 4 Surface TEM images of as-prepared Li[Ni0.18Li0.20Co0.03-
Mn0.58]O2 particles (a) and Li[Ni0.18Li0.20Co0.03Mn0.58]O2 particles

(b) treated with TRD202A/CMC/AB/H2O slurries
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pretreatment was performed for new coin cells preparedwith

TRD202A- and PVdF-based Li[Ni0.18Li0.2Co0.03Mn0.58]O2

cathodes, the cells were charged to 4.8 V and left in open-

circuit conditions at room temperature (25 �C) for 28 days.

After 28 days, the cells were discharged to estimate the

discharge capacities. The result are shown for the discharge

curves obtained before and after 28 days with TRD202A-

and PVdF-based Li[Ni0.18Li0.2Co0.03Mn0.58]O2 cathodes.

The resistances of the binders to electrochemical oxidation

under the full-charge conditions were compared for the

TRD202A and PVdF binders. The capacity of the cell pre-

pared with a PVdF-based Li[Ni0.18Li0.2Co0.03Mn0.58]O2

cathode faded to 12.7 % over 28 days in open-circuit con-

ditions. The capacity faded 10.0 % in the TRD202A-based

Li[Ni0.18Li0.2Co0.03Mn0.58]O2 cathode, which is smaller

than that of the cathode made with the PVdF binder. In the

subsequent charge/discharge cycles at 0.1 C, both the

Fig. 5 Cycling performance obtained for the Li[Ni0.18Li0.20Co0.03Mn0.58]O2 electrodes prepared with a TRD202A and b PVdF binders on an Al

current collector

Fig. 6 Charge and discharge curves measured for the Li[Ni0.18Li0.20Co0.03Mn0.58]O2 cathodes prepared with the a TRD202A and b PVdF

binders on Al current collectors

Fig. 7 The rate performances of Li[Ni0.18Li0.20Co0.03Mn0.58]O2

cathodes prepared with the TRD202A and PVdF binders
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TRD202A- and the PVdF-based Li[Ni0.18Li0.2Co0.03
Mn0.58]O2 cathodes exhibited a recovery of the charge/dis-

charge capacities to the values observed before the 28-day

open-circuit test. The TRD202A-based Li[Ni0.18Li0.2
Co0.03Mn0.58]O2 cathodes had lower self-discharge rates

than those of PVdF-based Li[Ni0.18Li0.2Co0.03Mn0.58]O2

cathodes. In addition, TRD202A and PVdF binders had

comparable resistances to electrochemical oxidation when a

potential difference of 4.8 V (vs. Li/Li?) was applied to the

cathodes. It is assumed that TRD202 and PVdF cannot be

oxidized at an electrode potential less than 4.8 V and do not

suffer serious damage from the electrochemical oxidation at

this potential. To get more information on the oxidation

potential of the TRD202A and PVdF binders, linear-poten-

tial sweep voltammetry was applied to the TRD202A- and

PVdF-coated GC electrodes in a 1 M LiPF6-EC/DMC

mixture under a dry Ar atmosphere. As a reference, the

oxidation potential of CMC was also measured with the

CMC/AB-coated electrode. As seen from Fig. 9, the

TRD202A (a) and PVdF (b) binders start to oxidize at

approximately 5.5 V. Also from these voltammograms, the

electrochemical resistivity of the TRD202A binder to oxi-

dation can be confirmed. CMC (c) is oxidized at approxi-

mately 4.8 V,which corresponds to the cutoff potential in the

charge process. TheCMC,which is one of the components in

the cathode films, may be oxidized when the high voltage of

approximately 4.8 V is applied. CMC was added to the

cathode slurry to improve the viscosity of the slurry and does

not act as a binder between the cathode active material and

conductive additive. If the CMC molecules are oxidized in

the cathode film at approximately 4.8 V, the oxidation

reaction would not cause serious damage such as the

decomposition of the electron pathway or the detachment of

the cathode material particles from the cathode films.

Adhesion of the cathode films before and after charge/dis-

charge cycles with TRD202A and PVdF was also compared

with a tackiness tester. The tackiness strengths of the cathode

films before and after 70 charge/discharge cycles are

examined. Although the tackiness strengths obtained for the

TRD202A- and PVdF-based cathode films were nearly

similar before charge/discharge cycles, after 70 cycles, the

TRD202A-based cathode film exhibited a fluctuation in a

narrow range, while the strength of the PVdF-based cathode

decreased to less than half. The tests of the tackiness strength

before and after multiple charge/discharge cycles revealed a

clear difference in the TDR202A and PVdF binders. The

results clearly demonstrate the distinction characteristics of

the TDR202A as a binder for maintaining the electrode

structure for the high charge/discharge performance of high-

voltage cathodes.

3.3 Characterization and cycle performance

of Al2O3-coated Li[Ni0.18Li0.2Co0.03Mn0.58]O2

cathode

Figures 10a, b are TEM images obtained from Al2O3-

coated Li[Ni0.18Li0.2Co0.03Mn0.58]O2 cathode materials.

The surface layer seen in both figures has a different

d lattice spacings compared to the bulk layer. The average

Fig. 8 The discharge curves measured from Li[Ni0.18Li0.20Co0.03Mn0.58]O2 cathodes prepared with the a TRD202A and b PVdF binders before

and after holding under full-charge condition for 28 days at 25 �C

Fig. 9 Linear sweep voltammograms of a TRD202A/AB-, b PVdF/

AB-, and c CMC/AB-coated GC electrodes in a 1 M LiPF6-EC/

DMC solution in an Ar-saturated atmosphere for the evaluation of the

oxidation potential of the binders. The potential sweep rate: 1 mV s-1
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thickness is 4.0 nm. The Li[Ni0.18Li0.2Co0.03Mn0.58]O2

particles are nearly fully covered with an Al2O3 layer

having 3–5 nm in thickness. To confirm the Al2O3-coating

on the cathode particle surface, an STEM image (c) and its

compositional mappings (d–h) were obtained using the

Al2O3-coated Li[Ni0.18Li0.2Co0.03Mn0.58]O2 particles. In

image (c), a thin Al2O3-layer can be seen on the cathode

particle surface. Blue, green, white, and red, indicate the

existence of Mn(d), Co(e), Ni(f), and Al(g) atoms,

respectively. The signals of Mn, Co, and Ni always overlap

in the compositional mappings obtained from the Al2O3-

coated Li[Ni0.18Li0.2Co0.03Mn0.58]O2 particles. The Al

signals can be seen nearly entirely throughout the cathode

surfaces in the overlapping of the Mn, Co, Ni, and Al

signals in image (h).

A pXRD measurement of the Al2O3-coated Li[Ni0.18
Li0.2Co0.03Mn0.58]O2 particles was attempted to confirm

the formation of an Al2O3-layer on the particle surface,

although the localization of Al atoms throughout the par-

ticle surface was confirmed from the STEM compositional

mappings of Fig. 11h. However, peaks originating from

Al2O3 were not detected in the pXRD pattern obtained;

therefore, the electron states of the Al atoms of the Al2O3

layers were evaluated with XPS. Figure 11 shows the XPS

spectra (red lines) and fitted curves (blue lines) for the Al

2p3/2 of Al2O3-coated Li[Ni0.18Li0.2Co0.03Mn0.58]O2 cath-

odes to confirm the formation of an Al2O3 layer on the

cathode particles. The Al 2p3/2 peak observed from the

cathode particles was located at 74.27 eV, which shifted

1.27 eV higher relative to the corresponding peak for Al

metal. The observed value of 74.27 eV is consistent with

values reported in other papers [36], indicating that Al2O3

layers were formed on the cathode surface. The TEM/

STEM and XPS characterization results clearly indicate

that the formation of Al2O3 layers can be achieved on the

surface of Li[Ni0.18Li0.2Co0.03Mn0.58]O2 particles.

In Fig. 12, the results of the charge/discharge cycling

test obtained without the pretreatment of Li[Ni0.18Li0.2
Co0.03Mn0.58]O2 at room temperature are shown. These

cathodes were prepared with the TRD202A and PVdF

binders. A stable average discharge capacity of 260 mAh

g-1 was observed for the PVdF-based Li[Ni0.18Li0.2
Co0.03Mn0.58]O2 cathode even without pretreatment, while

the TRD202A-based Li[Ni0.18Li0.2Co0.03Mn0.58]O2 cath-

ode, which was not electrochemically treated, exhibited a

gradual degradation of the discharge capacity from 260 to

Fig. 10 TEM images (a, b), an STEM (c) image, and STEM-EDS

mapping profile (d–h) images of the Al2O3-coated Li[Ni0.18Li0.20
Co0.03Mn0.58]O2 particles

Fig. 11 XPS spectra (red lines) and fitted curves (blue lines) in the

Al 2p3/2 region of the Al2O3-coated Li[Ni0.18Li0.2Co0.03Mn0.58]O2

cathodes
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240 mAh g-1 at the 30th cycle. The reason for the dif-

ference in behavior between the two cathodes without

electrochemical pretreatment is due to changes in the sur-

face composition of the Li[Ni0.18Li0.2Co0.03Mn0.58]O2

particles that occurred when exposing the cathodes’ surface

particles to water during the preparation of the water-based

slurry, as shown in Table 1 and discussed above. The

water-treated cathode particles need the electrochemical

treatment to exhibit stable charge/discharge capacities. An

Al2O3-coated Li[Ni0.18Li0.2Co0.03Mn0.58]O2 cathode pre-

pared with the TRD202A binder shows a stable discharge

capacity of 260 mAh g-1 during 30 cycles even without

electrochemical pretreatment. The results show that coat-

ing Al2O3 on the Li[Ni0.18Li0.2Co0.03Mn0.58]O2 particles

were effective for improving the cycle performance even

without electrochemical pretreatment. The Al2O3 layer

coated on the cathode particles prevents direct contact

between the cathode particle surface and water when the

slurry of cathode material/TRD202A/CMC/AB is prepared

with water. The effectiveness of Al2O3 as a coating

material to improve the stability of the cycle performance

has already been reported in many papers [36, 41–43]. It is

understood that the Li? ion can pass through the Al2O3

layers on the cathode material surface [44, 45]. Fully

coating the cathode surface with Al2O3 does not appear to

prevent Li? ions from reaching the cathode material nor

the diffusion of Li? ions from the cathode material through

the Al2O3 layers. This result demonstrates the best way to

use the cathode materials with a water-soluble binder.

4 Conclusions

The characteristics of a water-based hybrid polymer binder,

TRD202A, composed of acrylic polymer and fluoropoly-

mer, were examined for applications in high-voltage

cathodes. The charge/discharge capacities, cycle stability,

rate performance, mechanical resistance, resistance of

electrochemical oxidation, changes of the surface compo-

sition and structure were studied after water-treatment

during the preparation of a water-based slurry. The

TRD202A binder exhibited equivalent charge/discharge

capacities, cycle stability, rate performance, and resistance

to electrochemical oxidation when compared with the

conventional PVdF binder, while exhibiting a higher

mechanical resistance. From these results, the TRD202A

binder was identified as a promising water-based binder

that satisfies many necessary characteristics for the devel-

opment of high-performance and environmentally friendly

cathodes. Fortunately, the Li[Ni0.18Li0.2Co0.03Mn0.58]O2

cathode materials were not influenced by the water-treat-

ment process when the water-based slurry of Li[Ni0.18-
Li0.2Co0.03Mn0.58]O2 cathode material/TRD202A/CMC/

AB was prepared for the fabrication of cathode films.

However, some Li-rich solid-solution cathode materials

having different compositions of Li, Mn, Ni, and Co ions

exhibited gradual decreases in the discharge capacity. On

the surface of a Li[Ni0.18Li0.2Co0.03Mn0.58]O2 cathode

material treated with water, unknown transition metal

oxide layers, which formed by the dissolution of the sur-

face of the cathode particles, covered the surface of the

Li[Ni0.18Li0.2Co0.03Mn0.58]O2 cathode material; as a result,

the unknown layers prevented the surface of the

Li[Ni0.18Li0.2Co0.03Mn0.58]O2 cathode material from dis-

solving further. The protective layers can enhance the

stability of the charge/discharge performance even after

water-treatment of the cathode particles. As shown in this

paper, to realize stable charge/discharge performances at

all compositions, a water-stable surface layer, such as

Al2O3 or carbon, should be formed on the cathode parti-

cles. In our next work, we will try to identify protective

surface layers for a variety of Li-rich solid-solution cathode

materials having different compositions of Li, Mn, Ni, and

Co ions.

References

1. Wood IIIDL, Li J, Daniel C (2015) J Power Sources 275:234–242

2. Yuca N, Zhao H, Song X, Dogdu MF, Yuan W, Fu Y, Battaglia

VS, Xiao X, Liu G (2014) ACS Appl Mater Interfaces

6:17111–17118

3. Yabuuchi N, Kinoshita Y, Misaki K, Natsuyama T, Komaba S

(2015) J Electrochem Soc 162:A538–A544

Fig. 12 Cycling performance obtained for nonelectrochemically

treated Al2O3-coated and un-coated Li[Ni0.18Li0.20Co0.03Mn0.58]O2

electrodes prepared with TRD202A and un-coated Li[Ni0.18Li0.20-
Co0.03Mn0.58]O2 electrodes prepared with PVdF binders

J Appl Electrochem

123

Author's personal copy

─ 364 ─



4. He M, Yuan L-X, Zhang W-X, Hu X-L, Huang Y-H (2011) J

Phys Chem C 115:15703–15709

5. Mancini M, Nobili F, Tossici R, Mehrens MW, Marassi R (2011)

J Power Sources 196:9665–9671

6. Komaba S, Yabuuchi N, Ozeki T, Han Z-J, Shimomura K, Yui H,

Katayama Y, Miura T (2012) J Phys Chem C 116:1380–1389

7. Sun M, Zhong H, Jiao S, Shao H, Zhang L (2014) Electrochim

Acta 127:239–244
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39. Vu A, Walker LK, Barenõ J, Burrell AK, Bloom I (2015) J Power

Sources 280:155–158

40. Martha SK, Nanda J, Veith GM, Dudney N (2012) J Power

Sources 199:220–226

41. Song B, Liu H, Liu Z, Xiao P, Lai MO, Lu L (2013) Sci Rep

3:3094

42. Pol VG, Li Y, Dogan F, Secor E, Thackeray MM, Abraham DP

(2014) J Power Sources 258:46–53

43. Zou GS, Yang XK, Wang XY, Ge L, Shu HB, Bai YS, Wu C,

Guo HP, Hu L, Yi X (2014) J. Soild State Electrochem

18:1789–1797

44. Xu M, Chen ZY, Li LJ, Zhu HL, Zhao QF, Xu L, Peng NF, Gong

L (2015) J Power Sources 281:444–454

45. Choi M, Ham G, Jin B-S, Lee S-M, Lee YM, Wang G, Kim H-S

(2014) J Alloy Compd 606:110–117

J Appl Electrochem

123

Author's personal copy

─ 365 ─



Quantum Mechanical and Molecular Dynamics Studies of the
Reaction Mechanism of the Nucleophilic Substitution at the Si Atom
Toshiaki Matsubara* and Tomoyoshi Ito

Department of Chemistry, Faculty of Science, Kanagawa University, 2946, Tsuchiya, Hiratsuka, Kanagawa 259-1293, Japan

*S Supporting Information

ABSTRACT: The mechanism of the nucleophilic substitution at the Si
atom, SiH3Cl + Cl*− → SiH3Cl* + Cl−, is examined by both quantum
mechanical (QM) and molecular dynamics (MD) methods. This reaction
proceeds by two steps with the inversion or retention of the configuration
passing through an intermediate with the trigonal bipyramid (TBP) structure,
although the conventional SN2 reaction at the C atom proceeds by one step
with the inversion of the configuration passing through a transition state with
the TBP structure. We followed by the QM calculations all the possible paths
of the substitution reaction that undergo the TBP intermediates with the cis
and trans forms produced by the frontside and backside attacks of Cl−. As a
result, it was thought that TBPcis1 produced with a high probability is readily
transformed to the energetically more stable TBPtrans. This fact was also
shown by the MD simulations. In order to obtain more information con-
cerning the trajectory of Cl− on the dissociation from TBPtrans, which we
cannot clarify on the basis of the energy profile determined by the QM method, the MD simulations with and without the water
solvent were conducted and analyzed in detail. The QM-MD simulations without the water solvent revealed that the dissociation
of Cl− from TBPtrans occurs without passing through TBPcis1′. The ONIOM-MD simulations with the water solvent further
suggested that the thermal fluctuation of the water solvent significantly affects the oscillation of the kinetic and potential energies
of the substrate to facilitate the isomerization of the TBP intermediate from the cis form to the trans form and the subsequent
dissociation of Cl− from TBPtrans.

■ INTRODUCTION

The substitution reaction as well as the elimination reaction are
of primary importance in organic syntheses1 and are therefore
widely utilized in the field of the chemical industry. Also, the
substitution reaction constantly occurs everywhere in vivo,
which is essentially concerned with the important process in the
organism.2,3 For example, it is well-known that an alkylation of
a part of DNA by the substitution reaction leads to cancer.4,5

The SN2 reaction is a type of mechanism of the nucleophilic
substitution, and an archetypal model of this reaction is as fol-
lows, i.e., the reaction of chloromethane with the chloride anion.

In this reaction, the chloride anion preferentially attacks the
central carbon from the backside, and both the association of
incoming chloride anion and the dissociation of leaving chlo-
rine synchronously occur with the inversion of configuration
through the transition state with a trigonal bipyramid struc-
ture. The SN2 reaction thus proceeds by one step in the case
of carbon.
However, when we replace the C atom by the Si atom, the

substitution reaction proceeds by two steps, since the trigonal

bipyramid structure exists not as a transition state but as an
equilibrium structure as follows.

Due to the great interest in the stability of the trigonal
bipyramidal structure, various studies concerning the 5-coordinate
cluster of Si has been conducted in both experimental and
theoretical aspects.6−17 In recent years, the energy profiles of
eq 2 were calculated by the density functional and perturbation
theory methods.18−20 The calculations showed that the poten-
tial energy surface from the reactant to the trigonal bipyramid
intermediate is downhill and that from the trigonal bipyramid
intermediate to the product is uphill. The potential energy
profile of the substitution reaction thus drastically changes when
we exchange the C atom for the Si atom. The large energy bar-
rier existing in the case of the C atom disappears in the case
of the Si atom. A. P. Bento and F. M. Bickelhaupt attributed
this drastic change in the energy profile to the change in the
steric repulsion between the spectator H atoms and the reacting
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Cl atoms.18 Namely, the congestion of the atoms around the
central Si atom is significantly reduced due to the larger size of
the Si atom in the third period. In fact, when the H atoms are
replaced by the more bulky OMe goups, the energy barrier
reappears, since the 5-coordinate intermediate destabilizes in
energy due to the increase in the steric repulsion between the
OMe goups and the reacting Cl atoms and becomes a transition
state.
The frontside attack as well as backside attack are possible

in the case of Si.19,20 In the case of the frontside attack, the
5-coordinate intermediate has a cis form and the substitution
reaction proceeds with the retention of the configuration. Thus,
the chloride anion can attack the central Si atom from any
side without energy barrier. Since the edge attack also exists
besides the face attack (Figure 1),11,12,21,22 four paths, paths
a−d, to form the 5-coordinate intermediate are considered as
presented in Figure 2. In the formed 5-coordinate intermediate

TBPcis1 with the cis form, the rearrangement of the position of
Cl can occur by two ways, i.e., a Berry pseudorotation (BPR)23

and an intramolecular migration (IM). The two Cl at the
equatorial and axial positions in TBPcis1 switch each other by
BPR forming TBPcis1′, and the Cl trans to H in TBPcis1
migrates to the position trans to Cl by IM isomerizing to
TBPtrans with the trans form. Accordingly, three substitution
reaction paths have been considered so far,11,12 i.e., the first one
follows: TBPtrans is generated by the backside face attack of
Cl−, and the axial Cl in TBPtrans dissociates. The second one
follows: TBPcis1 is generated by the frontside face attack of
Cl−, and after the subsequent switch between the axial and
equatorial Cl by BPR, the axial Cl in TBPcis1′ dissociates. The
third one follows here: TBPcis1′ is generated by the frontside
edge attack of Cl−, and the axial Cl in TBPcis1′ dissociates.
The substitution reaction path passing through TBPcis2 does
not practically exist as mentioned in the Results and Discussion
section. These possible routes of the substitution reaction are
systematically described in Figure 2. Although the most
favorable path has not been clarified so far, it is reasonable to
think on the basis of our calculation results that even if a cis
form is generated first, it is transformed to the energetically
most stable intermediatde TBPtrans with the trans form by IM
before the Cl− dissociation, and then the Cl− dissociation
occurs in TBPtrans. We will discuss the preference of the path
for the formation of the 5-coordinate intermediate in the first
section of the Results and Discussion section.
For the dissociation of Cl− from the 5-coordinate

intermediate TBPtrans, two paths, paths e and f, are thought.
In path e, the Cl− dissociation occurs after the transformation

Figure 2. Reaction scheme of the nucleophilic substitution, SiH3Cl + Cl*− → SiH3Cl* + Cl−. Bond distances (Å) of the optimized structures at the
B3LYP/cc-pVTZ level and the relative energies (kcal/mol) at the B3LYP/cc-pVTZ, B3LYP/aug-cc-pVQZ, MP2/aug-cc-pVQZ, MP4SDQ/aug-cc-pVQZ,
QCISD(T)/aug-cc-pVQZ, and the CCSD(T)/aug-cc-pVQZ levels are also displayed together. Numbers in italic type are the bond distances, and the
relative energies at the HF/3-21G(d) level and the numbers in parentheses are the Gibbs free energies at the B3LYP/cc-pVTZ level.

Figure 1. Pattern of the attack of Cl− to SiH3Cl.
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to TBPcis1′, and on the other hand, in path f, the Cl− dissoci-
ation occurs in TBPtrans without the transformation to TBPcis1′.
We have to answer the question which path is more favorable in
order to clarify the entire mechanism of the substitution reaction.
It is however impossible to find the answer to this question on
the basis of the potential energy profile calculated by the usual
quantum mechanical method, because both the transition state
to form TBPcis1′ and the intermediates TBPcis1′ involved in
path e are more stable in energy than the product 1′ as
mentioned in the Results and Discussion section. We therefore
conducted a quantum mechanical molecular dynamics simulation
taking account of the thermal motion that is thought to be one of
the effective tools to obtain such information concerning the
reaction path. We also have a great interest in the solvent effect
in this Cl− dissociation process, because an environmental effect
caused by the thermal motion, which we have reported as a
dynamical environmental effect,24,25 is expected to promote the
dissociation of Cl− that requires a large thermal energy. In fact,
we have found that the thermal fluctuation of the water
molecules of the solvent significantly affects the kinetic and
potential energies of the substrate in this study. In order to take
account of the water solvent in the present reaction system, we
used the ONIOM-molecular dynamics method.26

In the present study, we examine the reaction mechanism of
the nucleophilic substitution, SiH3Cl + Cl*− → SiH3Cl* + Cl−,
as follows. First, we search the reaction paths at the various
levels of the quantum mechanical (QM) method. Second, we
analyze the reaction paths taking account of the thermal motion
by means of the QM-molecular dynamics (MD) method, and
third, we shed light on the solvent effect on the reaction using
ONIOM-molecular dynamics (MD) method. Here, we used
water as a solvent. Following the explanation of the compu-
tational details, we will discuss these three things in turn.
Conclusions are summarized in the final section.

■ COMPUTATIONAL DETAILS
Quantum Mechanical (QM) Calculation. All the quantum

mechanical (QM) calculations were performed using the
GAUSSIAN03 program package.27 The geometry optimizations
were carried out by the density functional theory (DFT) at the
B3LYP level, which consists of a hybrid Becke + Hartree−Fock
exchange and Lee−Yang−Parr correlation functional with non-
local corrections,28−30 using the basis set cc-pVTZ. We con-
firmed that the geometries and energies calculated by this level
are in good agreement with those reported previously.18,19

The equilibrium and transition state structures 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.31 We furthermore
performed the B3LYP, MP2, MP4SDQ, QCISD(T), and
CCSD(T) single-point calculations with the aug-cc-PVQZ basis
set at the B3LYP/cc-pVTZ optimized geometry to obtain a more
reliable energetics. We also confirmed that the HF/3-21G(d)
level we adopted for the molecular dynamics simulations repro-
duces the geometries and the energetics calculated by these post-
Hartree−Fock levels very well. The Gibbs free energies were
calculated at the B3LYP/cc-pVTZ level with a scale factor of
0.961432 for calculated vibrational frequencies at the temperature
of 298.15 K. The atomic charge was obtained by the natural bond
orbital (NBO) analysis.33 The basis set superposition error
(BSSE) included in the interaction (INT) energies between
SiH3Cl and Cl− was corrected by the counterpoise method.34,35

In order to analyze the component of the INT energies, we
performed the energy decomposition analysis (EDA)36 at the
HF/6-31G level using the GAMESS program.37

QM- and ONIOM-Molecular Dynamics (MD) Simula-
tions. For the molecular dynamics (MD) simulations, we used
the QM- and ONIOM-molecular dynamics (MD) methods.26

The direct MD simulations were performed for the two
intermediates of the substitution reaction, TBPtrans and TBPcis,
with and without the water solvent calculating the energy and
its gradient by the QM or the ONIOM method on the fly. The
time evolution of the nuclei was performed using the Beeman
algorithm38 with a time step of 1 fs under the constant
temperature through the use of Berendsen’s velocity scaling
algorithm.39 The MD simulations of the intermediates, TBPtrans
and TBPcis, without the water solvent were performed by the
QM-MD method, where the energy was calculated at the HF
level of theory with the basis set 3-21G(d) for all the atoms,
because the HF/3-21G(d) level was confirmed to be good
enough to describe the geometries and the energetics of the
present substitution reaction (see Figure 2). On the other hand,
the MD simulations of the intermediates, TBPtrans and TBPcis,
with the water solvent were carried out by the ONIOM-MD
method. To mimic the water solvent, 1055 water molecules are
randomly placed inside the spherical space with the radius of
20 Å, where the substrate, TBPtrans or TBPcis, is centered. No
periodic or constrained spherical boundary conditions were
used during the MD simulations. All the water molecules were
involved in the outer part of the ONIOM method and treated
by the molecular mechanics (MM) method with the TIP3P40

force field parameters. The van der Waals parameters reported
by Rappe et al.41 were used for the Si, Cl, and H atoms of the
substrate TBPtrans or TBPcis. The stretching, bending, and
torsional contributions involving Si are set to zero. The
substrates TBPtrans and TBPcis were included in the inner part
and treated by the QM method at the HF/3-21G(d) level.
In the present study, the optimized structure is used as the

initial geometry of the MD simulation, and the potential energies
relative to that of the optimized structure are presented. The
geometry optimizations for the system with the water solvent
were performed by the ONIOM-MD method by solving the
Newton’s equation of motion at zero Kelvin. The nuclei with
initial velocities of zero start to move on the potential energy

Table 1. Comparison of the Distance, Population, Inter-
action (INT) Energy, and the Energy Decomposition Analysis
(EDA) among the Si−Cl Bonds of TBPtrans and TBPcis1

TBPtrans TBPcis1

Si−Clax Si−Clax Si−Cleq
Distance (Å)a 2.370 2.556 2.147
Population (e)a 0.181 0.149 0.306
INT energy (kcal/mol)a 50.3 24.6 80.2
EDAb (kcal/mol)
ES −83.0 −51.3 −125.4
EX 77.5 59.3 135.5
PL −16.4 −9.8 −70.1
CT −29.4 −21.2 −54.1
MIX 7.4 5.8 43.1
total −43.9 −17.2 −70.9

aCalculations were performed at the B3LYP/cc-pVTZ level. Coun-
terpoise corrections are included for the INT energies. See the
Computational Details section for the detail. bEDA were performed at
the HF/6-31G level.
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surface downward. The nuclei slowly come close to the mini-
mum of the potential energy surface with the velocities always
staying small by the velocity scaling of the Berendsen ther-
mostat and finally stop at the minimum with the velocities of
zero. The energy of the entire system as well as the tempera-
ture is almost constant during the MD simulation as shown
by Figure S2. We monitored the water solvent during the
ONIOM-MD simulations and confirmed that there is no signi-
ficant change in the structure of the water solvent, which is
explicitly shown by the change in the ONIOM energy of the
entire system (Figure S2B). The data collected every 10 fs from
10 to 100 ps were used to calculate the average and the stan-
dard deviation of the geometric parameter and energy, because
the potential energy of the entire system as well as the temper-
ature becomes almost constant after 10 ps. The standard devi-
ation (fluctuation) σ is defined as follows.

∑σ = − ̅
=n

X X
1

( )
i

n

i
1

2

(3)

■ RESULTS AND DISCUSSION

Quantum Mechanical (QM) Calculations of the
Intermediates and the Transition States. As mentioned
in the Introduction, SiH3Cl interacts with Cl− to form
SiH3Cl2

−, which is an equilibrium structure. The nucleo-
philic substitution of SiH3C with Cl− therefore undergoes an
intermediate SiH3Cl2

− and proceeds by an associative mecha-
nism consisting of two steps, the association of Cl− and the
dissociation of the other Cl−. Both cis and trans isomers can be
formed for the intermediate SiH3Cl2

−, since Cl− can attack the
Si atom from both frontside and backside, as shown in Figure 1.
We have confirmed that this formation of the trigonal
bipyramidal intermediate SiH3Cl2

− is energetically downhill
and proceeds without energy barrier. In the case of C, the
trigonal bipyramid CH3Cl2

− is a transition state of the SN2
substitution reaction (see Figure S1).
When Cl− facially attacks the Si atom from the backside as

the SN2 substitution reaction in the case of C, the trans form of
the intermediate SiH3Cl2

− is formed as presented in path a in
Figure 2. The substitution reaction is then completed by the

Figure 3. Changes in the geometric parameters and in the ratio of the kinetic energy and the force in the substrate TBPcis1 (A) and TBPtrans (B) in
the QM-MD simulations in the gas phase at 300 K. In the geometric parameters, the following colors are relevant: black, d(Si1−Cl2); orange,
d(Si1−H3); green, d(Si1−Cl4); red, d(Si1−H5); blue, d(Si1−H6); pale blue, ∠Cl2−Si1−Cl4. In the ratio of the kinetic energy, the following
colors apply: blue, three H; red, two Cl. In the ratio of the force, the following colors apply: blue, three H; red, two Cl.
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dissociation of the other Cl− with the inversion of the structure.
On the other hand, when Cl− facially attacks the Si atom from
the frontside, the cis form of the intermediate SiH3Cl2

− is
formed (path b in Figure 2) and the incoming Cl− occupies the
axial position. In this case, the two Cl need to switch their
position to complete the substitution reaction, because it is
considered that the Cl not at the equatorial position but at the
axial position dissociates. As presented in Table 1, the bond
distance is longer by 0.409 Å for the Si−Clax than for the
Si−Cleq, and the bond population is also consistently smaller
for the Si−Clax than for the Si−Cleq in TBPcis1, suggesting that
the bond energy is smaller for the Si−Clax than for the Si−Cleq.
Actually, the calculated interaction energy was much smaller for
the Si−Clax than for the Si−Cleq. This is due to the small
polarization and charge transfer energies for the Si−Clax
compared to those for the Si−Cleq, as revealed by the energy
decomposition analysis (EDA). As a pathway of the switching
between two Cl at the axial and equatorial positions, the Berry
pseudorotation (BPR)19 is well-known (vide infra).
The incoming Cl− can also attack the Si atom on the edge as

displayed in Figure 1, although its probability is low. If the Cl−

attacks from the frontside, the cis form TBPcis1′ is produced
(path c in Figure 2). Since the incoming Cl− occupies the
equatorial position and the leaving Cl− occupies the axial
position in this case, the switch of the position between the two
Cl at the equatorial and axial positions is not needed to
complete the substitution reaction. On the other hand, if the
Cl− attacks from the backside (path d in Figure 2), the other cis
form TBPcis2, where both Cl species occupy the equatorial
position, is produced. However, the geometry optimization of

TBPcis2 revealed that TBPcis2 does not exist as an equilibrium
structure.
After the association of Cl− to SiH3Cl to form the 5-coordinate

complex SiH3Cl2
−, a switch of the position between two Cl

or an isomerization would occur as summarized in Figure 2.
A switch of the position between two Cl in the cis form occurs
by BPR. TBPcis1 formed by the frontside face attack is
transformed to TBPcis1′ through the transition state TSBPR,
which has a square pyramidal structure. This step is ener-
getically neutral, and the energy barrier was 4−5 kcal/mol at
the various level. The other BPR from TBPtrans to TBPcis2 is
impossible, because TBPcis2 does not exist as mentioned above.
From TBPcis1, the isomerization to TBPtrans is possible by the
intramolecular migration (IM) of Cl through the transition
state TBPIM. The Cl at the position trans to H migrates to the
position trans to Cl without the dissociation. The energy bar-
rier of this migration is very small, because the trans form
TBPtrans is much more stable in energy than the cis form TBPcis1.
On the basis of these results, the most probable path of the

substitution reaction would be considered, as displayed by the
red and blue arrows in Figure 2. First, the cis form TBPcis1 would
be formed by the association of Cl−, because the probability of
the frontside face attack is predominantly high. The cis form
TBPcis1 would be then converted to the trans form TBPtrans by
IM of Cl with the very small energy barrier. Accordingly, the
dissociation of Cl− would take place from TBPtrans by path e or f.
In path e, the reaction undergoes TBPcis1′ before reaching 1′.
However, we cannot know which path is more favorable from
the energy profile obtained by the quantum chemical calcu-
lations, because both TSIM and TBPcis1′ involved in path e are

Figure 4. Changes in the geometric parameters (A), potential energy (B), kinetic energy (C), and the ratio of the kinetic energy (D) of the
substrate in the QM-MD simulation of the isomerization from TBPcis1 to TBPtrans in the gas phase at 400 K. In part A, the following colors
apply: black, d(Si1−Cl2); orange, d(Si1−H3); green, d(Si1−Cl4); red, d(Si1−H5); blue, d(Si1−H6); pale blue, ∠Cl2−Si1−Cl4. In part D, the following
colors apply: blue, three H; red, two Cl.
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lower in energy than 1′. We therefore performed the molecular
dynamics simulations to obtain the information about the prefer-
ence of the reaction path.
QM-Molecular Dynamics (MD) Ssimulations in the

Gas Phase. We performed the QM-MD simulations at 300 K
in the gas phase for the 5-coordinate intermediate TBPcis1 and
TBPtrans, which is involved in the dissociation process of Cl−.
Both temperature and potential energy become constant
immediately after starting the MD simulation (Figure S2).
The changes in the geometric parameters and the distribution
of the kinetic energy and the force are presented in Figure 3.
There is no distinctive change in the oscillation in the case of
the cis form TBPcis1. In contrast, in the case of the trans form
TBPtrans, one can find an obvious change in the oscillation of
each geometric parameter during the MD simulation. We have
obtained the same feature of the oscillation in every MD
simulation of TBPtrans in the gas phase. When the vibration of
the entire molecule starts, the Cl2−Si1−Cl4 axis, which is
originally linear, bends by 7.3°, and the rotation of the entire
molecule around the Cl2−Si1-Cl4 axis also starts. This rotation
around the axial axis never takes place in the case of the cis
form TBPcis1. The rotation velocity becomes constant after
40 ps, which is 0.5 times per ps. The magnitude of the vibra-
tion of each bond also changes after 40 ps, i.e., that of two
Si−Cl bonds becomes larger, and in contrast that of three
Si−H bonds becomes smaller. The stretching of two Si−Cl bonds
occurs alternately in TBPtrans.
The distribution of the kinetic energy and the force in the

entire molecule strongly depend on the geometric formation of

the trigonal bipyramid SiH3Cl2
−. The sum of the kinetic energy

of three H is larger than that of two Cl in the cis form through-
out the MD simulation. This order is however reversed, and the
kinetic energy of two Cl finally becomes much larger than that
of three H in the trans form. The same tendencies for the kinet-
ic energy in the cis and trans forms were found also for the
force. In the trans form, the force of three H becomes small and
that of two Cl becomes large after 40 ps, because a lot of kinetic
energy distributed to the vibration of the three Si−H bonds is
transferred to the vibration of the two Si−Cl bonds.
When the temperature of TBPcis1 is raised from 300 to

400 K, the isomerization from TBPcis1 to TBPtrans through TSIM
readily occurrs as presented in Figure 4. By this increase in the
temperature, the magnitude of the fluctuation of the potential
energy of the entire molecule increased from 0.5 to 0.7 kcal/mol.
Since the magnitude of the oscillation of the potential energy at
400 K becomes almost equal to the energy barrier of 1.4 kcal/mol
for the isomerization, the probability of the occurrence of the
isomerization becomes high. It should be noted here that the
magnitude of the oscillation of the Si−Clax stretching and the
Cleq−Si−Clax bending becomes small just before the isomer-
ization at around 80 ps. This fact would indicate that the kinetic
energy of the Clax that largely moves in the isomerization is
consumed for its movement. The thermal energy of about
16 kcal/mol emitted during the isomerization is mainly
transformed to the kinetic energy of the migrating Cl. The
order of the magnitude of the kinetic energies of the three H
and the two Cl is switched just when the transformation from
TBPcis1 to TBPtrans takes place at around 80 ps. As mentioned

Figure 5. Changes in the geometric parameters (A), and in the potential energy and kinetic energy (B), and the ratio of the kinetic energy (C) of the
substrate and the plot of d(Si1−Cl4) vs ∠Cl2−Si1−Cl4 (D) in the QM-MD simulation of the dissociation of Cl− starting from TBPcis1 in the
gas phase. See the text for the detail of the MD simulation. In part A, the following colors apply: black, d(Si1−Cl2); orange, d(Si1−H3); green,
d(Si1−Cl4); red, d(Si1−H5); blue, d(Si1−H6); pale blue, ∠Cl2−Si1−Cl4. In part B, the following colors apply: blue, kinetic energy; red, potential
energy. In part C, the following colors apply: blue, three H; red, two Cl.
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above, the kinetic energy of two Cl is smaller than that of three
H in TBPcis1, but is larger than that of three H in TBPtrans.
Even if we further raise the temperature of the entire

molecule, it is hard to simulate the dissociation of Cl− from the
5-coordinate intermediate. However, as we have already
reported for the enzymatic reaction,42 the reaction proceeds
when a thermal energy is provided for an appropriate local unit
that significantly contributes to the normal mode correspond-
ing to the reaction coordinate. We therefore selected the Cl4

that largely moves in both isomerization and dissociation and
intentionally increased the kinetic energy of the Cl4 increasing
the velocity of the Cl4 by 1.01 times in the Berendsen’s velocity
scaling when 50 ps passed starting from the intermediate
TBPcis1 at 300 K. Thereby, the probability of the occurrence of
the Cl− dissociation increases, since the thermal energy is
efficiently provided for the normal mode that corresponds to
the Cl− dissociation.
After starting the supply of the kinetic energy to the Cl4, the

cis form is immediately transformed to the trans form as
presented in Figure 5A. The formed trans form is converted to
the cis form two times before and after 52 ps. The dissociation
of Cl− finally occurs at around 53.7 ps in the trans form.
The changes in the kinetic and potential energies are presented
together in Figure 5B. Most of the kinetic energy of the entire
molecule comes from the kinetic energy of the Cl4. The kinetic
energy provided to the Cl4 is slightly transmitted to the Si1 and
the Cl2, but is not at all to the H3, H5, and H6. Just after the
kinetic energy increases, the potential energy also increases, and

the trans form is converted to the cis form two times before the
dissociation of the Cl−. However, the dissociation of Cl− never
occurs in the cis form, because the kinetic energy of two Cl is
remarkably decreased in the cis form (Figure 5C), and in
addition, the cis form cannot keep the supplied kinetic energy
(Figure S3B,D). Thus, the dissociation of Cl− occurs from the
trans form without passing through the cis form, although the
Si−Clax bond in TBPcis1′ is much weaker than the Si−Clax bond
in TBPtrans. During the dissociation of Cl− from the trans form,
the angle ∠Cl2−Si1−Cl4 is reduced as shown by Figure 5D,
because the dissociating Cl− is able to escape from the strong
attraction of Si. Before the Cl− dissociation, the Si1−Cl2 and
Si1−Cl4 bonds stretch alternately, and the Si1−Cl2 bond
shortens when the Cl4 dissociates (Figure S3C).

ONIOM-Molecular Dynamics (MD) Simulations in the
Water Solvent. In order to examine the effect of the water
solvent on the Cl− dissociation process after the formation of
the 5-coordinate intermediate, we performed the ONIOM-MD
simulations for TBPtrans and TBPcis1 in the water solvent. The
oscillation of the geometric parameters of TBPtrans at 300 K is
displayed in Figure 6A. It is obvious that the oscillation of all
the geometric parameters is affected by the thermal motion of
the surrounding water molecules of the solvent, and its
magnitude becomes large compared to that in the gas phase.
We have reported this effect of the thermal motion of the
environment for the organometallic reactions.24,25 Especially,
the magnitude of the vibration of the two Si−Cl bonds fur-
ther enlarges at intervals of 20 ps. The rotation of the entire

Figure 6. Changes in the geometric parameters of the substrate (A), kinetic energy and force of Cl2 (B) and Cl4 (C), potential energy of the
substrate and number of water molecules existing in the area within the radius of 5 Å from Si1 (D), kinetic energy and force of the water molecules
existing in the area within the radius of 5 Å from Si1 (E), and the number for the water molecules existing in the area within the radius of 5 Å from
Si1 (F) in the ONIOM-MD simulation of TBPtrans in the water solvent at 300 K. In part A, the following colors apply: black, d(Si1−Cl2); orange,
d(Si1−H3); green, d(Si1−Cl4); red, d(Si1−H5); blue, d(Si1−H6); pale blue, ∠Cl2−Si1−Cl4. In parts B, C, and E, the following colors apply: blue,
force; red, kinetic energy. In part D, the following colors apply: orange, potential energy of the substrate; green, number of water molecules existing
in the area within the radius of 5 Å from Si1. The change in the potential energy of the substrate in the gas phase (black) is also presented together.
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molecule around the Cl2−Si1−Cl4 axis that was found in the
gas phase does not occur in the water solvent. As shown by
Figure 6B,C, the kinetic energy and the force of the Cl2 and the
Cl4 are also significantly affected by the thermal motion of the
surrounding water molecules of the solvent. These changes in
the kinetic energy and the force of two Cl would cause the
changes in the vibration of two Si−Cl bonds, as shown by the
fact that the trend in the change coincides each other.
The oscillation of the potential energy of the entire molecule

is also remarkably influenced by the thermal motion of the
surrounding water molecules (Figure 6D). Both the average
and the fluctuation of the potential energy become much larger
than those for the gas phase. This dynamical environmental
effect of the water molecules of the solvent would promote the
reaction. In fact, the isomerization from TBPcis1 to TBPtrans
that never occurs at 300 K in the gas phase during the simu-
lation readily occurs even at low temperature in the water
solvent as mentioned below. The oscillation of the potential
energy of the substrate in the water solvent further enlarges at
intervals of 20 ps, with this feature being the same as that found
for the vibration of the Si−Cl bonds.
In order to clarify the reason why this feature of the

oscillation appears, we focused on the number of water
molecules existing around the substrate. The number of water
molecules existing in the area within the radius of 5 Å from the
Si1 is shown in Figure 6D. The number of water molecules
largely fluctuates, suggesting that the local density of the water
molecule significantly changes. Figure 6F shows that the water
molecules that are in the area of 5 Å radius from the Si1

frequently switch with other water molecules that are in the
outer area and never stay in the same area for a long time at
300 K. It is thought that this movement of the water molecules
would cause the change in the density of a local area. The
condition with a high density would make the substrate
unstable in energy. In fact, when the density of the water
molecule increases at intervals of 20 ps, the potential energy of
the substrate also increases. The fluctuation of the density of
the surrounding water molecules would play an important role
in the occurrence of the reaction of the substrate. In the
crowded condition at intervals of 20 ps, the kinetic energy and
the force of the surrounding water molecules also similarly
increase as shown by Figure 6E.
TBPcis1 was immediately converted to TBPtrans in the water

solvent at 300 K. This fact would be reasonably explained by
the effect of the water solvent mentioned above. Since the
potential energy of the substrate largely fluctuates in the water
solvent, the isomerization reaction can easily proceed by
jumping over the small energy barrier of 1.4 kcal/mol. We
therefore intentionally lowered the temperature up to 100 K
in order to simulate the isomerization reaction properly.
Figure 7A shows that the isomerization takes place at around
65 ps. The corresponding geometric parameters change at that
moment. The potential energy is lowered by about 15 kcal/mol
by this isomerization from TBPcis1 to TBPtrans (Figure 7B).
The generated thermal energy is released outside mainly via the
Cl4 atom as indicated by Figure 7C. No obvious change in the
kinetic energy and the force was found at around 65 ps for the
atoms other than the Cl4. The decay of the potential energy of

Figure 7. Changes in the geometric parameters of the substrate (A), potential energy of the substrate and number of water molecules existing in the
area within the radius of 5 Å from Si1 (B), kinetic energy and force of Cl4 (C) and Cl2 (D), and the kinetic energy and force of the water molecules
existing in the area within the radius of 5 Å from Si1 (E) in the ONIOM-MD simulation of the isomerization from TBPcis to TBPtrans in the water
solvent at 100 K. In part A, the following colors apply: black, d(Si1−Cl2); orange, d(Si1−H3); green, d(Si1−Cl4); red, d(Si1−H5); blue, d(Si1−H6);
pale blue, ∠Cl2−Si1−Cl4. In part B, the following colors apply: black, potential energy of the substrate; green, number of water molecules existing in
the area within the radius of 5 Å from Si1. In parts C, D, and E, the following colors apply: blue, force; red, kinetic energy.
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the substrate after the isomerization is slow compared to the
case of the gas phase (see Figure 4B), because the kinetic
energy of the Cl4 remains for a while due to the presence of the
surrounding water molecules.
As we expected, the number of water molecules existing in

the area within the radius of 5 Å from the Si1 increased just
before the isomerization (Figure 7B). This indicates that the
fluctuation of the density of the surrounding water molecule of
the solvent plays an important role in the occurrence of the
reaction. The increase in the density of the surrounding water
molecule would make the substrate active and promote the
isomerization reaction. Figure 7D shows that the kinetic energy
and the force of the Cl2 increase when the density of the
surrounding water molecule increases. The migration of Cl4 cis
to Cl2 would be induced by an active motion of Cl2. When the
density of the surrounding water molecule becomes high, the
kinetic energy and the force of those water molecules also
become large (Figure 7E), as mentioned above.
Even in the water solvent, it is difficult to simulate the

dissociation of Cl− from the 5-coordinate intermediate by an
usual manner. We therefore intentionally increased the kinetic
energy of the Cl4 increasing the velocity of the Cl4 by
1.01 times in the Berendsen’s velocity scaling, as mentioned in
the previous section. The simulation was performed starting
from the intermediate TBPcis1 at 300 K, and the kinetic energy
of the Cl4 was increased after 50 ps. At that moment, TBPcis1

is already transformed to TBPtrans. The dissociation of Cl−

immediately occurs after 50 ps (at around 50.7 ps), as shown in
Figure 8A. The dissociation of Cl− occurs in TBPtrans also in
the water solvent, although the kinetic energy is not localized
on the two Cl of TBPtrans in the water solvent. The angle
∠Cl2−Si1−Cl4 largely decreases during the Cl− dissociation in
order to escape from the strong attraction of Si, which is similar
to the case of the gas phase. However, TBPtrans never passes
through TBPcis1′. The water molecules of the solvent would
come into the space made by the elongation of the Si1−Cl4
bond and break the Si1−Cl4 bond before reaching TBPcis1′.
When we perform the same MD simulation from 50 ps without
the water solvent, it takes a longer time to complete the
dissociation of Cl− as shown by Figure 9A. This suggests that
the thermal motion of the water molecules of the solvent
promotes the dissociation of Cl−.
In our final details, we focus on the changes in the potential

and kinetic energies of the substrate and the water molecules of
the solvent existing in the area within the radius of 5 Å from the
substrate just before the dissociation of Cl−. The changes in the
potential energies of the substrate with and without the water
solvent are presented in Figure 8B. The potential energy of the
substrate TBPtrans gradually increases until reaching the
potential energy of the product 1′ without the water solvent.
On the other hand, with the water solvent, the potential energy
of the substrate suddenly increases to more than 30 kcal/mol
just before the Cl− dissociation, which is much larger than the
potential energy of the product 1′. This suggests that TBPtrans

Figure 8. Changes in the geometric parameters of the substrate (A), potential energy of the substrate (B), kinetic energy of the substrate and
distance d(Si1−Cl4) (C), and the kinetic energy of the water molecules and number of water molecules existing in the area within the radius of 5 Å
from Cl4 (D) in the ONIOM-MD simulation of the dissociation of Cl− starting from TBPtrans in the water solvent. See the text for the detail of the
MD simulation. In part A, the following colors apply: black, d(Si1−Cl2); orange, d(Si1−H3); green, d(Si1−Cl4); red, d(Si1−H5); blue, d(Si1−H6);
pale blue, ∠Cl2−Si1−Cl4. In part B, the change in the potential energy of the substrate without the water solvent (blue) is also presented together.
In part C, the following colors apply: red, kinetic energy of the substrate; blue, distance d(Si1−Cl4). In part D, the following colors apply: red, kinetic
energy of the water molecules existing in the area within the radius of 5 Å from Cl4; blue, number of water molecules existing in the area within the
radius of 5 Å from Cl4.
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can obtain a larger thermal energy and the Cl− dissociation is
more facile in the water solvent. The kinetic energy of TBPtrans
in the water solvent also remarkably increases just before the
Cl− dissociation (Figure 8C), although there is no such increase
in the kinetic energy of TBPtrans without the water solvent
(Figure 9B). At that moment, the number of water molecules
existing in the area within the radius of 5 Å from the Cl4

becomes constant despite the rise in temperature of the entire
system, and the kinetic energy of those water molecules also
significantly increases (Figure 8D). Thus, the thermal energies
of the substrate and an area around the substrate are increased
and retained in a certain time just before the Cl− dissociation by
the thermal fluctuation of the surrounding water molecules of
the solvent, which promotes the dissociation of Cl−.

■ CONCLUDING REMARKS

It is known that the nucleophilic substitution at the Si atom
proceeds by two steps with the inversion or retention of the
configuration passing through an intermediate with the trigonal
bipyramid (TBP) structure, although the conventional SN2
reaction at the C atom proceeds by one step with the inversion
of the configuration passing through a transition state with the
TBP structure. In the present study, we examined in detail
the mechanism of SiH3Cl + Cl*− → SiH3Cl* + Cl− as a model
reaction by means of both quantum mechanical (QM) and
molecular dynamics (MD) methods. Since both frontside and
backside attacks of Cl− are possible, there exist three paths,
paths a−c, to generate the 5-coordinate intermediates.
Path d by the backside edge attack of Cl− is absent, because the
5-coordinate intermediate TBPcis2 does not exist as an
equilibrium structure. It is intuitionally thought that the
reaction would take path b by the frontside face attack of Cl−

that has a high probability due to the large area of Cl− attack.
The generated 5-coordinate intermediate TBPcis1 would be
immediately transformed to the energetically more stable
TBPtrans. As for the dissociation of Cl− from the TBPtrans,
we conducted the MD simulations in order to obtain more
information concerning the trajectory of Cl−. The QM-MD
simulations in the gas phase for the TBP intermediate with the
cis form showed that the cis form is immediately transformed
to the trans form, and then the dissociation of Cl− from
TBPtrans occurs without passing through TBPcis1′, although the
Si−Clax bond in TBPcis1′ is much weaker than the Si−Clax bond
in TBPtrans. For the TBP intermediates in the water solvent,

we performed the ONIOM-MD simulations. As a result, it was
found that TBPcis1 is more readily transformed to TBPtrans in
the water solvent and the generated TBPtrans similarly never
passes through TBPcis1′ in the Cl− dissociation. The ONIOM-
MD simulations also suggested that the thermal fluctuation of
the water solvent significantly affects the oscillation of the
kinetic and potential energies of the substrate to facilitate the
isomerization of the TBP intermediate from the cis form to
the trans form and the subsequent dissociation of Cl− from
TBPtrans.
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Abstract 
 

 A comparison of the photocatalytic activity on acetic acid (AcOH) 
decomposition with Pt nanoparticle (NP)-deposited, Pd NP-deposited and Pd-Au 
alloy NP-deposited TiO2 will be reported in this paper. Pd and Au atoms were co-
deposited on the TiO2 surfaces via reductions of the photo-excited electrons under 
light irradiation. The composition, particle size, distribution and structures of the 
synthesized NPs were characterized by X-ray diffraction (XRD), transmission 
electron microscope (TEM) and X-ray photoelectron spectroscopy (XPS). The 
photocatalytic experiments revealed that the CO2 elimination rate in the 
decomposition of AcOH was enhanced on Pd-Au-deposited TiO2 compared to the 
photocatalysts of pure TiO2, Pt- and Pd-deposited TiO2.

Introduction 

The remediation of environmental pollution using photocatalysts is a promising solution to 
the increasing demand for energy and the associated environmental concerns (1). Particularly, 
photocatalytic degradation of organic compounds using titanium dioxide (TiO2) as a 
photocatalyst is a powerful tool, which is often applied in the purification of water and 
wastewater (2, 3). Because of its eccentric physical and chemical behaviors, easy availability and 
nontoxicity, TiO2 acts as a significant photocatalyst and has been widely investigated in energy 
and environmental fields (4, 5). However, its poor quantum efficiency, which is due to the rapid 
recombination rate of photogenerated electron-hole pairs, still limits the widespread use of TiO2
in practical applications. Suppressing the recombination of charge carriers and extending the 
optical absorption edge will be essential for the enrichment of its photocatalytic activity. Hence, 
various strategies have been used to improve the photocatalytic performance of TiO2, including 
textural modification, transitional or rare earth metal doping and noble metal particle deposition 
(6). In particular, modifying the surface of the photocatalysts with noble metals is a feasible 
approach to enhancing the photocatalytic activity. These small metal particles accelerate the 
separation of photogenerated charge carriers.  

To date, several methods have been employed to synthesize supported metal catalysts. Among 
these methods, the photo-deposition method is considered an effective method for the synthesis 
of supported metal catalysts. This process is effective due to its ability to design nano-sized 
metals with well-controlled sizes on solid supports. It has been reported that under light 
irradiation, the semiconductor material TiO2 leads to charge separation, in which electrons are 
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promoted to the conduction band and holes are left in the valence band (7-9). Hence, a mixture 
of semiconductor materials and metal precursor ions irradiated under light irradiation initiates 
reduction by the conduction band electrons, which leads to the formation of metal nanoparticles 
(NPs) (10).  

Palladium (Pd) has attracted great attention due to its wide application in catalytic processes 
and in promoting O2 to scavenge photo-generated electrons, and Pd significantly inhibits the 
photocatalytic deactivation (11). Moreover, Pd loaded TiO2 has been used in gas-phase 
photocatalysis and decomposition of organic compounds (11, 12). In addition, it has been 
reported that metallic Au acts as an excellent electronic conductor and facilitates the rapid 
transfer of photoelectrons on TiO2. Moreover, the combination of Pd and Au alloy exhibited an 
obvious synergetic effect and greatly enhanced their catalytic activities and selectivity (13-16).
Furthermore, bimetallic alloy nanoparticles (NPs) have attracted significant interest due to their 
large surface area and abundant active sites exposed on branched surfaces (17-19). Recently, it 
has been shown that Pd-Au/TiO2 catalysts were prepared by the photo-assisted deposition 
method and used for direct synthesis of H2O2 (20); a Pd-Au/TiO2 nanotube film was also used 
for the photocatalytic degradation of malathion (21), and Pd-Au NP-decorated TiO2 nanofibers 
were used for the decomposition of formic acid and high-yield hydrogen production (22).

Herein, we have attempted to synthesize a TiO2-supported Pd-Au alloy NP photocatalyst (Pd-
Au/TiO2) by the photo-assisted deposition method and have examined the application of such a 
system to the photocatalytic decomposition of acetic acid (AcOH). The designed photocatalyst 
system was characterized by pXRD, TEM and XPS. AcOH decomposition is important in waste 
water treatment and in the production of hydrocarbons in the “photo-Kolbe” reaction (23). In 
addition, the application of AcOH as a model compound is reasonable, as it is among the final 
by-products of photocatalytic degradation of most organic compounds in water, where various 
aliphatic acids, including AcOH, are also present. Hence, we have used the present Pd-Au NP 
catalysts in the decomposition of AcOH. The Pd-Au co-catalyst NP/TiO2 system showed
enhanced photocatalytic activity toward AcOH decomposition compared to pure TiO2 and Pd- 
and Pt-deposited TiO2.

Experimental 

Materials 
TiO2 (P25, average primary particle size: 21 nm) was purchased from Nippon Aerosil Co. Ltd, 

Japan. PdCl2 was purchased from Wako pure chemicals (99%). HAuCl4·3H2O was purchased 
from Sigma-Aldrich and was used without further purification. All other chemicals were used as 
analytical grade reagents without further purification.  

Preparation of co-catalysts on TiO2
The Pd-Au/TiO2 and Pd/TiO2 photocatalysts were synthesized by the previously reported 

procedure with slight modifications (20). 500 mg of metal oxide was dissolved in H2O (20 mL) 
and stirred for 15 minutes. Then, 8.3 mL of a diluted HCl aqueous PdCl2 (5.7 mM) and
HAuCl4·3H2O (5.7 mM) solution was added to the metal oxide suspension. The mixture was 
stirred for 20 minutes under Ar atmosphere. After that, the suspension was transferred to the 
quartz cell and irradiated with light using a 200 W high-pressure Hg lamp with stirring for 3 h. 
The synthesized sample was centrifuged, washed repeatedly with millipore water and dried 
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under 383 K for 8 h. The photodeposition of Pd on the TiO2 was also carried out by the same 
method using an aqueous solution of Pd precursors containing TiO2 particles. 

Characterization 
High resolution XRD measurements were carried out using the high brilliance synchrotron 

radiation at BL15XU (λ = 0.65297 Å) of SPring-8 at the Japan Synchrotron Radiation Research 
Institute. The size and distribution of the synthesized NPs on the TiO2 surfaces were 
characterized using a transmission electron microscope (TEM, JEOL 2100-F) with an operating 
voltage of 200 kV. The samples for TEM measurements were prepared by dropping a methanol 
suspension of the catalyst powder onto a copper grid (150 mesh). X-ray photoelectron 
spectroscopy (XPS) measurements were applied to the synthesized samples to identify the 
chemical states of the Pd and Au atoms on the catalysts using an XPS spectrometer (JPS-9010,
JEOL), where MgKα was used as the X-ray source with anodic voltage (10 kV) and current (10 
mA). The absorbance spectra were recorded in a UV-Vis diffuse reflectance spectrophotometer 
(UV-2600, Shimadzu). The metal contents of the products were determined using inductively 
coupled plasma-mass spectrometry (ICP-MS, Agilent, 7700x). 

Photocatalytic measurements  
The photocatalytic decomposition of AcOH was performed at room temperature with a 

circulation system made of Pyrex, in which a suspension of the photocatalyst powder (0.30 g) 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 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 and a cold mirror unit (MR5090/CM, Eagle Co., Ltd). The components 
in the gas phase were analyzed by 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 while 
using Ar as the carrier gas.  

Results and discussion 

Fig. 1 shows a high resolution powder XRD pattern using high brilliance synchrotron 
radiation for PdAu/TiO2, where reference data of pure Au (24) and Pd (25) are also shown. 
Using synchrotron radiation, a number of weak peaks were clearly observed and can be assigned 
because of the high intensity used compared to conventional Lab. XRD. The high resolution 
XRD pattern shows weak peaks assigned to the Pd-Au alloy besides the TiO2 support. The Pd-
Au alloy peaks are situated between the reference peaks of Au and Pd. The composition of the 
Pd-Au alloy particles on TiO2 can be estimated using Vegard’s law, which describes the linear 
relationship between the crystal lattice parameter and the composition of a solid solution alloy. 
According to the law, the lattice constant of a binary Pd-Au solid solution system varies linearly 
with composition, as shown in Fig. 2. Using the linear relation, the estimated composition of the 
Pd-Au alloy particles on TiO2 is 76.1% Au and 23.9% Pd, where 4.034 Å was used as the lattice 
constant and was calculated from the Pd-Au alloy peaks of the high resolution XRD pattern (Fig. 
1).  
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Figure 1. Powder XRD pattern using high brilliance synchrotron radiation for Pd-Au/TiO2.
Reference data of Au and Pd are also shown for comparison. 

 

 
Figure 2. Vegard's law plot of the lattice parameters of a Pd-Au alloy system as a function of 
Au content. 
 

Pd and PdAu deposition on TiO2 was verified by TEM analysis, which yields valuable, direct 
information on the dimension and the distribution of Pd and Pd-Au NPs on the TiO2 surface. 
Figure 3 shows TEM images of the Pd/TiO2 (a) and the Pd-Au/TiO2 (b) photocatalyst systems. 
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As observed in Fig. 3 (a) and (b), the average diameters of the Pd and Pd-Au NPs are 3.20 ± 0.20 
and 3.40 ± 0.20 nm, respectively. Pd and Au were well-dispersed on the TiO2 surface. 

Figure 3.  TEM images of (a) Pd/TiO2 and (b) Pd-Au/TiO2 photocatalysts. 

 
 

Figure 4.  XPS profiles of the (A) Pd 3d and (B) Au 4f regions of Pd-Au/TiO2 and Pd and Au 
bulks.

 
The XPS profiles of the Pd 3d (a) and Au 4f (b) regions of Pd-Au/TiO2, as well as the Pd and Au 
bulks, are shown in Fig. 4. As shown in Fig. 4a, the Pd 3d5/2 and 3d3/2 peaks in the spectrum of 
the Pd-Au/TiO2 catalysts are located at 336.19 ± 0.10 and 340.58 ± 0.10 eV, respectively, 
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exhibiting shifts toward the higher binding energy region compared to metallic Pd0. In contrast, 
the Au 4f7/2 and Au 4f5/2 peaks in the spectrum of the Pd-Au/TiO2 photocatalyst are located at 
87.43 ± 0.10 and 83.74 ± 0.10 eV, respectively (Fig. 4b), exhibiting shifts toward the lower 
binding energy region compared to metallic Au0. The shifts of the binding energy for Au and Pd 
in the Pd-Au/TiO2 catalyst could be attributed to the charge transfer effect between them due to 
the formation of the Pd-Au alloy. 

 
 

Figure 5.  Time courses of CO2 evolution during the decomposition of AcOH over (a) pure TiO2,
(b) Au/TiO2, (c) Pd/TiO2, (d) Pt/TiO2 and (e) Pd-Au/TiO2 photocatalysts suspended in aqueous 
AcOH in the presence of O2 under full arc ( > 380 nm). NP loading on TiO2: 1.0 wt %. 

The activity tests for photocatalytic AcOH decomposition on the prepared samples were 
carried out under UV-Vis light irradiation. Fig. 5 shows the amount of CO2 production over 
different photocatalysts as a function of irradiation time. The pure TiO2 sample shows a low CO2

evolution rate (a, average rate: 2.49 mol h-1 between 0 and 300 min of irradiation time). The 
average CO2 generation rates of the Au/TiO2 (b), Pd/TiO2 (c) and Pt/TiO2 (d) photocatalysts 
were approximately 3.37, 4.06 and 5.32 mol h-1, respectively. Among the tested samples, the 
Pd-Au alloy NPs deposited on TiO2 (d) shows the highest CO2 generation rate of 8.18 mol h-1.
The CO2 generation rate of the Pd-Au NPs deposited on TiO2 was approximately 2 times higher 
than that of the Pd NPs deposited on TiO2. In addition, the Pd-Au/TiO2 composites exhibited 
higher efficiency for the decomposition of AcOH than the benchmarked Pt/TiO2. The higher 
photocatalytic activity of the composites could be attributed to the efficient oxidative 
decomposition of AcOH and/or reduction of O2 on the Pd-Au NPs surface. 
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Conclusions 

In summary, to accelerate the decomposition of AcOH, the bimetallic co-catalyst Pd–Au alloy 
was applied to the TiO2 surface. Although it has been reported that many bimetallic alloy 
surfaces exhibit higher catalytic activities in homogeneous and heterogeneous chemical reactions, 
few publications have employed bimetallic alloy NPs as co-catalysts in photocatalysis reactions. 
In the present study, the Pd-Au alloy NPs were synthesized on TiO2 photocatalyst surfaces by a 
co-photodeposition of Pd and Au with the assistance of UV light. On the basis of pXRD, TEM 
and XPS data, the formation of Pd-Au alloy NPs on a TiO2 surface was confirmed. The 
photodeposited Pd-Au/TiO2 exhibited a higher generation rate of CO2 from the AcOH 
decomposition than the pure TiO2, Pd/TiO2, Au/TiO2 or benchmarked Pt/TiO2 photocatalysts.
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Abstract 

Dealloyed PtCu nanoparticles (NPs) were prepared on titanium oxide 
(TiO2) surfaces with chemical reduction of Pt and Cu ion precursors 
using a reducing agent in an organic solvent containing TiO2, which was 
followed by an electrochemical dealloying process of potential cycling (-
0.2~1.2 V vs. RHE). Dealloyed PtCu NPs/TiO2 shows higher and 
substantial electrocatalytic activities towards oxygen reduction reactions 
(ORR) compared to conventional carbon black-supported Pt NPs (Pt 
NPs/CB). The current densities at 0.9 V (vs. RHE) were -4.0 and -2.0 
mAcm-2 on dealloyed PtCu NPs/TiO2 and Pt NPs/CB, respectively. 

Introduction 

Current problems arising from the depletion of fossil fuels and air pollution following 
their combustion have captured the attention of scientists and policy makers world-wide.1
The development of new energy sources and improvements in energy efficiency, 
generation, conversion and storage have become some of the most pressing issues 
confronting today’s scientific community.2 The use of fuel cells that directly convert 
chemical energy into electricity by using electrochemical reactions, which can reach 
efficiencies as high as 90%, has been presented as one of the most promising 
technologies.3 Recently, there has been an increased interest in polymer electrolyte 
membrane (PEM) fuel cells that use hydrogen gas (H2) fuels and oxidants of oxygen gas 
(O2). However, in these technologies, expensive electrocatalysts containing platinum (Pt) 
are required to produce fuel cells that satisfy demand from both an economic and 
environmental point of view. To spread the application of PEM to various areas, the 
oxidation reaction of H2 and reduction reaction of O2 (ORR) at the anode and cathode,
respectively, have to be accelerated while at the same time decreasing the amount of Pt 
that is used as an electrocatalyst. Specifically, in order to accelerate the ORR kinetics to 
reach a practical usable level in fuel cells, the development of cathode ORR catalysts that 
can address cost and durability issues as well as sluggish ORR kinetics is needed. The 
partial4,5 and complete6,7 replacement of Pt metal and core-shell structures8,9 has attracted 
considerable interest on ORR. Many studies of enhancements to ORR have been 
reported.9,10 Alternately, dealloying, the selective dissolution of elemental components 
from Pt-based alloys, is currently being used to tailor the morphology and composition 
gradient of Pt-based alloy nanoparticles (NPs) for catalytic applications.11,12 It has been 
reported that the selective dissolution of the less-noble component from the NPs typically 
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results in an enhancement of the electrocatalytic reaction.13-15 For example, Strasser has 
demonstrated that electrochemical dealloying of non-noble base metals from base-metal-
rich Pt bimetallics significantly alters the surface catalytic rates for ORR with Pt0.25Cu0.75
alloy NPs.15 He explains the reason for the electrocatalytic enhancement with geometric 
effects and hypothesizes that the dealloying creates favorable structural arrangements of 
Pt atoms at the particle surface, such as additional active crystallographic facets or more 
favorable Pt-Pt interatomic distances for ORR. We directed our attention to the favorable 
structural arrangements of Pt atoms and hypothesize that dealloying of less-noble metals 
from Pt-based ordered intermetallic phases, such as PtPb and PtBi, which, in contrast to 
disordered alloys have definite compositions and structures, can produce unique and 
uniform crystallographic structures that can enhance ORR on the NP surfaces. In addition, 
we have recently reported that PtPb NPs with immobilized titanium oxide (TiO2) showed 
substantial electrocatalytic activity for ORR.16 The nature of the support as well as the 
NP interactions with the support and the electronic structure of catalytic sites may all 
influence the observed accelerated electrochemical behavior. The synergistic effects of 
the favorable structural arrangements of Pt atoms by dealloying and the electronic 
interactions 17,18 between dealloyed NPs and TiO2 are expected to produce superior ORR 
activity. In this study, dealloyed NPs/TiO2 were prepared with the PtCu ordered 
intermetallic NPs, followed by dealloying of Cu atoms from the PtCu ordered 
intermetallic NPs. The electrocatalytic performance of dealloyed NPs/TiO2 for ORR was 
examined with respect to its activity and stability. 

Experimental 

1. Synthesis of PtCu ordered intermetallic NPs 
Dichloro(1,5-cyclooctadiene)platinum(II) (Pt(COD)Cl2, 0.0151 mmol, Sigma-Aldrich), 

Cu10H14CuO4 (0.0227 mmol, Sigama-Aldrich) and TiO2 (ST01, Ishihara Sangyo 
Kaisha,Ltd.) or Vulcan carbon black(CB, XC-72R, E-TEK) (0.020 g) were dissolved in a
two-neck flask containing 15 mL of distilled tetrahydrofuran (THF) under a dry Ar 
atmosphere. Then, the mixture was stirred for 30 min. Again under a dry Ar atmosphere, 
0.72 mmol of the reducing agent triethylborohydride was added into 20 mL of distilled 
THF. The reducing agent solution was then transferred into a syringe. The reducing agent 
solution was injected through the septum into the two-neck flask containing the stirred 
precursor solution, followed by stirring for 18 hrs. After stirring overnight, the solvent 
was distilled off at a reduced pressure to leave a dark-brown precipitate. The PtCu
NPs/CB or PtCu NPs/TiO2 were collected by centrifugation, washed sequentially with 
EtOH and water and finally dried under vacuum. The products were air-stable black 
powders. 

2. Characterization of synthesized PtCu ordered intermetallic NPs on TiO2
Powder X-ray diffractometry (pXRD) experiments were performed using CuKα

radiation (Rigaku RINT- UltimaⅢ; λ = 0.1548 nm) in increments of 0.02 degrees from 
20 to 80 degrees. An obliquely finished Si crystal (non-reflection Si plate) was used as a 
sample holder to minimize the background. A 200 kV transmission electron microscope 
(TEM, JEM-2100F, JEOL) was used for evaluating the dispersion of NPs on TiO2 and 
CB. The samples for the TEM experiments were prepared by dropping a methanol 
suspension of the sample powder onto a commercial TEM grid coated with a polymer 
film. The sample was dried thoroughly under a vacuum before observation. The loadings 
of Pt on the synthesized Pt NPs/WO3 and PtPb NPs/WO3 were estimated through 
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inductively coupled plasma-mass spectrometry (ICP-MS, Agilent, 7700x). X-ray
photoelectron spectroscopy (XPS) measurements (JEOL, JP-9010 MC) were performed 
to examine the chemical states (Pt 4f and Cu 2p) of the catalyst. MgKα was used as the 
X-ray source with an anodic voltage (10 kV) and current (10 mA). All of the XPS spectra 
for the samples were obtained with a take-off angle at 45 relative to the specimens. 

3. Electrochemistry 
An aliquot of 1 mg NPs/CB or NPs/TiO2 was suspended in a solution of 995 L of 

distilled water and 250 L of isopropyl alcohol. Additionally, 5 L of a 5% w/w Nafion®

solution (EW: 1,100, Aldrich) in alcohol was added to this suspension. The resulting 
suspension was sonicated for 1 hr. The suspension was coated onto a 5-mm-diameter GC 
electrode. The ORR activities of Pt NPs/CB, Pt NPs/TiO2, dealloyed- PtCu NPs/CB and 
PtCu NPs/TiO2 were subsequently examined in O2-saturated 0.1 M HClO4 using a three-
electrode cell with an Ag/AgCl (3 M NaCl) reference electrode and a salt bridge of 
NaClO4. The electrochemical tests were performed at room temperature (23 ± 1°C), at a 
sweep rate of 10 mVs-1 and a rotation speed of 2000 rpm. The geometric area of the GC 
electrode was used to calculate the current density of ORR. The electrode potential 
measured with the Ag/AgCl reference electrode was converted to the value referred to 
reversible hydrogen electrode (RHE) in voltammograms. Pt NPs/CB (20 wt% Pt loading, 
E-TEK) was used as a control. 

Results and discussion 

Figure 1 shows the pXRD profiles for (a) as-prepared PtCu NPs/CB, (b) as-prepared 
PtCu NPs/TiO2 and (c) TiO2. The simulated pXRD patterns for the PtCu (hexagonal, 
P63/mmc, a = b = 0.426 nm, c = 0.548 nm) and Pt phase (face-centered cubic (fcc), Fm-3
m, a = 0.3925 nm) are indicated by the solid bars below the graph. The pXRD profile (a) 
exhibits two peaks at 25.0° and 43.5° that correspond to the (0 0 2) and (1 0 1) reflections 
of carbon, respectively. The peaks corresponding to the (2 0 0) and (2 2 0) reflections of 
pure PtCu (Fm-3 m, a = 0.3925 nm) indicated in the simulated pXRD peak pattern at the 
bottom of the figure can be seen at approximately 46.3° and 70.5°. The (1 1 1) peak 
observed around 41° for pure PtCu overlaps the (1 0 1) peak of carbon. The formation of 
PtCu ordered intermetallic phases on CB can be confirmed from the pXRD profile. In 
profile (b), the (1 1 1) peak that can be indexed to the hexagonal type structure of PtCu
ordered intermetallic structure can be seen at 41.3°. All other peaks in profile (b) match 
the characteristic peaks for TiO2 (c). The peak at 41.3° does not clearly match the 
simulated (1 1 1) peak of Pt. The formation of pure PtCu ordered intermetallic NPs on 
TiO2 is barely confirmed from these results. 

Figure 2 (A) and (B) show the TEM images obtained with (A) as-prepared PtCu
NPs/CB and (B) PtCu NPs/TiO2. PtCu NPs appear as dark spots that are uniformly 
dispersed on the CB and TiO2. The distributions of the size of the PtCu NPs on CB and 
TiO2 were evaluated on the basis of approximately 100 particles in the TEM images. The 
average diameters of the Pt NPs on CB and TiO2 were calculated as 2.1 and 2.5 nm, 
respectively, and they exhibit a narrow particle-size distribution. ICP-MS showed that the 
average mole ratios of Pt to Cu for as-prepared PtCu NPs was Pt:Cu= 48-51:52-49 on 
TiO2 and CB. The loadings Pt on as-prepared PtCu NPs/TiO2 and PtCu NPs/CB were 
estimated to be 9.1% and 8.8%, respectively. 

Figure 3 shows cyclic voltammograms for ORR obtained with PtCu NPs/CB(A) and 
PtCu NPs/TiO2(B) at 0, 25, 50 and 100 cycles in a 0.1 M HClO4 aqueous solution in the 
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potential region of 0.4-1.1 V (vs. RHE). For both of the NPs, the ORR curves shifted to 
the positive direction with the potential cycles, indicating the enhancement of the ORR. 
The ORR acceleration might be due to activation of the NP surfaces caused by 
electrochemical dealloying of Cu atoms from the NP surfaces during potential cycles. 
After 100 cycles, stable ORR curves could be observed on both of the NP surfaces.  

Figure 4 shows linear-sweep voltammograms for ORR obtained with Pt NPs/CB (a), 
PtCu NPs/CB (b, after 100 cycles in 0.1 M HClO4 aqueous solution), Pt NPs/TiO2 (c) and 
PtCu NPs/TiO2 (d, after 100 cycles in 0.1 M HClO4 aqueous solution) in an oxygen-
saturated 0.1 M HClO4 solution. Here, CB-supported Pt NPs (a) were used as a control. 
The current densities at 0.9 V (vs. RHE) were -4.0, -3.9, -1.2 and -2.0 mAcm-2 on 
dealloyed- PtCu NPs/TiO2 and PtCu NPs/CB, Pt NPs/TiO2 and Pt NPs/CB, respectively. 
Our results clearly indicate that the Pt atomic arrangement in the dealloyed PtCu NPs on 
CB and TiO2 supports significantly enhances the ORR activity. Although the difference 
in the ORR activity between the dealloyed PtCu NPs on TiO2 and CB cannot be 
recognized at 0.9 V, the ORR current density measured over 0.9 V with dealloyed PtCu 
NPs on TiO2 is higher than the one observed with dealloyed PtCu NPs on CB. It has been 
reported that Pt NPs/TiO2 enhance ORR in acidic solutions 17,18. Our Pt NPs/TiO2
exhibited less ORR activity than conventional Pt NPs/CB. It is possible that the reason 
for the decrease in ORR activity of our sample is because of high resistivity in the TiO2
particles (particle size < 25 nm) on which the dealloyed NPs are immobilized. The 
dealloyed PtCu NPs immobilized on high resistivity TiO2 particles showed the highest 
ORR activity. This result indicates that if the resistivity of the TiO2 support is reduced by 
thin TiO2 layers immobilized on CB, the dealloyed PtCu NPs on TiO2 will exhibit higher 
ORR activity. Strasser has reported that electrochemical dealloyed Pt0.25Cu0.75 alloy 
NPs/CB show -3.1 mAcm-2 for ORR in O2-saturated 0.1 M HClO4 aqueous solution.15

Our dealloyed NPs produced with a PtCu ordered intermetallic phase on TiO2 show a
significant enhancement in the ORR. The surface compositions of as-prepared and 
dealloyed PtCu NPs were evaluated with the results of XPS measurements. As mentioned 
above, the average mole ratios of Pt to Cu for as-prepared PtCu NPs was consistent with 
the desired value for a PtCu ordered intermetallic phase, Pt:Cu= 51.2:48.8. As predicted 
from the voltammograms, the mole ratios of Pt to Cu for dealloyed PtCu NPs after 
potential cycling for ORR increases to Pt:Cu= 78.2:21.8. 

Figure 5 shows the changes in current densities for ORR at 0.9 V with potential 
cycling between 1.1 and 0.4 V on (a) Pt NPs/CB, (b) Pt NPs/TiO2 (c) PtCu NPs/CB and 
(d) PtCu NPs/TiO2 in O2-saturated 0.1 M HClO4 aqueous solutions. The electrodes that 
were treated with potential cycling in Fig. 3 were used in these experiments for 
evaluation of the durability of the NPs. The ORR current density of Pt NPs/CB decreased 
steeply with an increase in the ORR cycles. PtCu NPs/CB also exhibited a slow decrease 
in the ORR current. On the other hand, TiO2-supported Pt and PtCu NPs maintained 
stable ORR current densities even after 500 cycles, indicating that these stable ORR 
current performances arise from the interactions between the TiO2 support and the NPs 
during ORR.  

Conclusions 

PtxCuy ordered intermetallic NPs have previously been used to form unique surface 
structures by the alloying of Cu atoms from the surface for enhancing ORR in acidic 
aqueous solutions15,19. The dealloyed surface of PtxCuy ordered intermetallic NPs have 
exhibited higher ORR activity than a conventional Pt NPs15,19. However, stable ORR 
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activities on a dealloyed PtxCuy surface have not been reported as far as we know. In this 
study, in order to improve the stability of the activity with high ORR activity, PtCu 
ordered intermetallic NPs were selected as an ordered structure in which less-noble 
metals were dealloyed from the NP surfaces to form Pt-rich dealloyed surfaces showing 
high ORR activity. In addition, the NPs were immobilized on TiO2 supports to enable a
strong electronic interaction17,18 between dealloyed NPs and TiO2. Dealloyed PtCu 
NPs/TiO2 showed higher and substantial electrocatalytic activity towards ORR when 
compared to conventional CB-supported Pt NPs. The current densities at 0.9 V (vs. RHE) 
were -4.0 and -2.0 mAcm-2 on dealloyed PtCu NPs/TiO2 and Pt NPs/CB, respectively. 
The activity and its stability are better than the results previously reported with PtCu 
NPs/CB19 and Pt0.25Cu0.75 NPs/CB.15 The strong electronic interactions between 
dealloyed PtCu NPs and the TiO2 support was confirmed to induce higher electrocatalytic 
activity and a substantial improvement in performance of dealloyed PtCu NPs/TiO2 in 
ORR. The voltammograms obtained using a dealloyed PtCu NPs/TiO2-fixed glassy 
carbon (GC) electrode for ORR contain some resistances because dealloyed PtCu NPs 
were deposited on high resistivity TiO2 particles. In the future work, dealloyed PtCu NPs 
will be chemically deposited on small, thin TiO2 particles that are prepared on CB or 
carbon nanotube to obtain ORR voltammograms that do not show resistance of TiO2. 
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Figure 1. pXRD profiles of (a) PtCu/CB, (b) PtCu/TiO2 and (c) TiO2. 

                         

Figure 2. TEM images of (a) PtCu/CB and (b) PtCu/TiO2. Inset: particle size distribution 
evaluated with the TEM images. 
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Figure 3. Cyclic voltammograms for ORR obtained with (A) PtCu NPs/CB and (B) 
PtCu NPs/TiO2 at (a) 0, (b) 25, (c) 50 and (d) 100 cycles in O2-saturated 0.1 M HClO4
aqueous solution at 2000 rpm and 10 mV s-1. 

Figure 4. Comparison of ORR polarization curves obtained with catalyst-coated GC
electrodes after 100 cycles in O2-saturated 0.1 M HClO4 aqueous solution at 2000 rpm 
and 10 mVs-1. (a) Pt NPs/CB, (b) Pt NPs/TiO2 (c) PtCu NPs/CB and (d) PtCu NPs/TiO2. 
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Figure 5. Change in the ORR current densities at 0.9 V with potential cycles after 100 
cycles with (a) Pt NPs/CB, (b) Pt NPs/TiO2 (c) PtCu NPs/CB and (d) PtCu NPs/TiO2 in 
O2-saturated 0.1 M HClO4 aqueous solutions.
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Abstract 

We developed micro-machines constructed using metal or polymer materials that 
move by converting the chemical energy of hydrogen peroxide (H2O2) and glucose to the 
mechanical energy of dioxygen (O2) bubble impulses. The conversion process is based on 
electrochemical and enzymatic reactions. The micro-machines with enzymatic reactions 
exhibited a higher moving speed than the conventional micro-machines with 
electrochemical reactions. Our originally designed Au/Pt/cationic polymer/glucose 
oxidase (GOx)/catalase type micro-machines could move using glucose as fuel. However, 
the speed of movement achieved using glucose is much smaller compared with other 
micro-machines that move using H2O2 as fuel. 
  

Introduction 

Recently, micro- and nano-machines with components at or near the micro- and nano-
meter scale have attracted significant attention. This research area has the potential for 
micro- and nano-machines to be applied as useful tools in various aspects of our daily life 
such as drug delivery systems, actuators, micro- and nano-robots (1-3). One promising 
application is the fabrication of micro- and nano-robots that can independently move and 
work by continuously consuming energy. However, this application still faces the issue of 
which energy sources to use and how to continuously supply the energy to the micro- and 
nano-machines. To our knowledge, Ismagilov was the first to report a system in which 
plates moved under the impulse of dioxygen (O2) bubbles that were generated using 
platinum-catalyzed decomposition of hydrogen peroxide [2H2O2 (l) + O2 (g) →2H2O(l)] 
(4). After his initial research, a significant amount of research was reported (5-7). For 
example, Wang and co-workers suggested a widely accepted bipolar electrochemical 
mechanism (“self-electrophoresis”) to achieve self-propulsion of bimetallic catalytic 
nanomotors with a bi-segmented nanowire to induce electromigration of protons from 
one end of the metal to another in an electrical double layer, which surrounds the 
nanowire (8). The Ozin group fabricated the catalytic conical tube microjet engines that
operate based on the impulse of O2 bubbles (the bubble-driven mechanism) (9), which is 
similar to the work of Ismagilov. In addition, Wang has fabricated the catalytic conical 
tube microjet engines (a hollow body type) by sequentially depositing platinum and gold 
on an etched silver wire template, followed by template dicing and dissolution (5).  

In this study, to examine unsolved problems of the developed machines and motors 
we fabricated four types of micro-machines, as shown in Fig. 1. The unsolved problems 
include movement speed, toxicity of metals used as materials for the machines and 
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energy sources used by the machines to move or work (most of the developed machines 
can move when H2O2 is dissolved in the test solution where the machines are immersed 
in), when the application of micro-machines to human bodies is considered. Fabrication 
of an Au/Pt (outside wall: Au, inside wall: Pt) metal type micro-machine [Fig. 1-(a)] and 
its movement have been reported by Wang (5). We also attempted to prepare an Au/Pt 
metal type micro-machine to compare the movement rate with other three micro-
machines that we originally prepared. The Au/Pt metal type micro-machine operates 
according to the electrochemical reaction of hydrogen peroxide (H2O2) on the Pt and Au 
metal surfaces. Specifically, H2O2 is reduced on Au metal surfaces to H2O. Furthermore, 
the continuous formation of O2 bubbles on Pt, which is the driving force of the micro-
machines, occurs by oxidation of H2O2 on Pt metal surfaces. The second type of micro-
machine based on Pt/Au/thiol/catalase [Fig. 1-(b)] is similar to the Au/Pt metal type (a). 
Specifically, the continuous formation of O2 bubbles by oxidation of H2O2 on catalase 
molecules, which are attached on the Au inside wall in the hollow body of the micro-
machine, can move the micro-machine. Thiol compounds that adsorb on the Au surface 
and a glutaraldehyde linker that reacts with the adsorbed thiol compounds fix the catalase 
molecules on the Au surface of the inside wall. The next micro-machine type [Fig. 1-(c)],
the polymer hollow-type body design, was considered to lighten the hollow-type body to 
improve its movement rate and because the nano- and micro-meter sized Au and Pt 
metals are toxic to human bodies. The walls of the polymer hollow-type body are 
composed of two types of polymer layers. The inside wall is the photoresist polymer 
layer A that contains a compound with amino groups. The polymer layer B in the outside 
wall is composed of only the photoresist polymer. Amino groups that exist on the 
polymer layer A were used to fix catalase on the inside wall surface in the polymer 
hollow-type body with a glutaraldehyde linker. The Au/Pt/cationic polymer/glucose 
oxidase (GOx)/catalase type micro-machine [Fig. 1-(d)] uses glucose as a fuel to move in 
glucose solutions. The following serial reactions (eq. 1 and 2) form O2 bubbles to move 
the micro-machine via redox reactions of glucose in the test solution. 

GOx
D-glucose + O2(l) + H2O → D-gluconic acid + H2O2(l) (1)

Catalase 
2 H2O2(l) → O2(g) + 2 H2O(l) (2)

We used the layer-by-layer (LbL) method to fix a large number of GOx and catalase 
molecules on the inside wall of the micro-machine. The LbL assembly consists of the 
sequentially adsorbed complementary multivalent molecules on the surface, which occurs 
by either electrostatic or non-electrostatic interactions (10). In the Au/Pt/cationic 
polymer/GOx/catalase type micro-machine, which was based on the electrostatic 
interactions between the cationic polymer and enzyme molecules (GOx or catalase), the 
alternating multilayers of the cationic polymer layer and the enzyme layer were 
accumulated on the Pt inside wall, as shown in Fig. 1-(d).   

The objectives of the present study are to select materials to construct various types of 
micro-machines, to optimize preparation conditions (concentrations of chemicals and 
reaction times when micro-machines are constructed) and to compare the movement rates 
and the paths traced by moving micro-machines among four micro-machine types. In 
addition, the movement of the Au/Pt/cationic polymer/GOx/catalase type micro-machine,
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which was designed as a micro-machine for moving in human blood using glucose as fuel,
is demonstrated in this paper.  

Experimental 

1. Preparation of micro-machine shapes 
A silver (Ag) wire (0.5 mm diameter, Nilaco, Japan) was dipped in a 25 wt% nitric 

acid aqueous solution for 5 s and was then removed from the nitric acid solution. The 
dipping and pulling process was repeated until the tips of the Ag wires were sharp and 
pointy due to acid etching. First, platinum (Pt) and then gold (Au) (or Au and, then, Pt)
were deposited on the etched Ag wire using Pt and Au electrodeposition baths (PTP-6 for 
Pt deposition and Eco-gold for Au deposition, Nissin Kasei Co., Ltd., Japan). For the 
electrodeposition of Pt and Au on the Ag wire, a constant current density of 0.5 Adm-2

was used. After the deposition of Pt and Au (or Au and then Pt), the deposited Au/Pt/Ag 
wires were cut into 500 m long segments with a cutter using a microscope. The 500 m
long Au/Pt/Ag wires were immersed again in a 25 wt% nitric acid aqueous solution for 1 
day to dissolve the Ag cores. Finally, the hollow bodies composed of a Pt inside wall and 
an Au outside wall (or vice versa) were obtained [Fig. 2-(a) and (b)]. As seen in Fig. 2-b, 
the Pt and Au layers are deposited on the inside and outside walls of the hollow bodies, 
respectively. In the catalase-fixed hollow bodies, an Au layer was formed as the inside 
wall to fix the catalase molecules using thiol compounds that spontaneously adsorb on 
Au surfaces. 

To prepare the hollow bodies with polymer materials, first, the etched Ag wires were 
dipped into a photoresist (FPPR-200, Fuji Chemicals Industrial Co., Ltd. Japan) solution 
containing 1,10-diaminodecane (1 wt%, Wako, Japan). Then, the wires were dried under 
air to form polymer layer A, which contains amino groups of 1,10-diaminodecane. In the 
next step, the polymer-layer-coated Ag wires were dipped into a 1,10-diaminodecane-free 
photoresist solution to form polymer layer B on top of polymer layer A and were then 
dried under air. In each step, the photoresist layers were baked at a low temperature to 
evaporate residual solvent. The photoresist layer-coated Ag wires were exposed to 
ultraviolet light through a metal mask (Fig. 2-c). The ultraviolet light-exposed resist areas 
were removed by rinsing with a rinsing solvent (FPPR-D, Fuji Chemicals Industrial Co., 
Ltd. Japan); then, the 500 m long photoresist layers were left on the Ag wire surfaces 
(Fig. 2-d). The photoresist polymers/Ag wires were immersed again in a 25 wt% nitric 
acid aqueous solution for 1 day to dissolute the Ag cores. The polymer hollow bodies 
were formed (Fig. 2-e and f). The photograph (f) indicates hollow body formation using 
polymer materials. 
2. Modification of the hollow body micro-machines 

The Pt/Au metal hollow bodies (outside: Pt, inside: Au) were immersed into a 0.024 
wt% 11-amino-1-undecanethiol (11A1UT, Wako, Japan)/ethanol solution for 24 h to
adsorb 11-amino-1-undecanethiol to the Au surface. For comparison, a modification of 2-
aminoethanethiol and 7-amino-1-heptanethiol (Wako, Japan) was also examined as a
starting material for fixing catalase on the Au surfaces. After rinsing it with ethanol, a 1% 
glutaraldehyde aqueous solution was reacted for 2 h with 11A1UT-adsorbed Pt/Au to 
modify the amino groups of the 11A1UT molecules. The modified ends of the 11A1UT 
molecules that were adsorbed on the Au surfaces were reacted for 1 h with the amino 
groups existing on the surface of catalase molecules, resulting in the fixation of catalase 
molecules on the Au inside wall of the Pt/Au hollow bodies.  
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In the polymer-type hollow bodies, the amino groups existing on the inside walls, 
which were composed of polymer layer A and an amino group, were used to fix the 
catalase molecules. Similar to the case of modification with 11A1UT, glutaraldehyde was 
used as a linker to bind catalase molecules to polymer layer A. 

Fabrication of the Au/Pt/cationic polymer/GOx/catalase type micro-machines was 
performed using the layer-by-layer method with the cationic polymers 
(polyethyleneimine (PEI, Wako, Japan), polyallylamine (PAMN, Nittobo Medical Co., 
Ltd., Japan), and polyacrylamide (PAMD, Wako, Japan) to assemble the GOx and 
catalase layers on the Pt inside layer of the Au/Pt hollow bodies. In total, 50 mg mL-1 of 
the GOx and catalase phosphoric buffer aqueous solutions (pH 7.4) were prepared. The 
cationic polymer solutions of PEI, PAMN and PAMD were prepared by dissolving 50 mg 
of cationic polymers in 1 mL of water. The Au/Pt hollow bodies were immersed in the 
cationic polymer solutions for 5 min. After the Au/Pt hollow bodies were removed from 
the cationic polymer solutions, the Au/Pt hollow bodies were immersed in the GOx 
solution for 5 min and were then removed from the solution. The process of dipping into 
the cationic polymer or GOx solutions was repeated 10 times to form a GOx/cationic 
polymer multilayer on the Pt inside wall. A catalase/cationic polymer multilayer was 
formed on the GOx/cationic polymer multilayer on the Pt surface by repeating the 
catalase and cationic polymer adsorption process 10 times. 
3. Movement evaluation of the micro-machines 

For the movement tests, the prepared micro-machines were placed in 9 cm diameter 
petri dishes filled with 3 wt% H2O2 (Kanto Chemical Co. Inc., Japan) or 1 M D(+)-
glucose (Junsei Chemical Co., Ltd., Japan) aqueous solutions. The petri dishes were 
placed on a vibration-isolation table to prevent micro-machines from moving due to 
vibrations of the test solutions. The paths traced by the moving micro-machines were 
recorded using a digital camera for 30 min. A poly(oxyethylene)octylphenyl ether 
surfactant (TritonX-100, Dow Chemicals) was added to the test solution (1 wt% Triton 
X-100 solution) for the movement test of the Au/Pt metal type micro-machines to remove 
the O2 bubbles from the surface of the hollow metal bodies. To compare the H2O2 amount 
formed during the reaction of glucose and molecular dioxygen (O2) on the GOx fixed on
the inside wall of the micro-machines, a quantitative analysis of H2O2 formed in the 
micro-machines, where only the GOx molecules were fixed on the inside wall of the 
micro-machines, was performed based on the following reaction (3): 

H2O2(l) ＋3I-(l) → I3
-(l) ＋ 2OH-(l) (3)

The I3
- concentration was determined using the absorption coefficient (2.6×104 M-1 cm-1

at 350 nm) of I3
-. From the I3

- concentration, the H2O2 concentration was estimated based 
on an assumption that all H2O2 formed in the test solution react with I- ions. 

Results and discussion 

The selection of the thiol compounds used for the Pt/Au/thiol/catalase type micro-
machine and the optimization of the modification time of the thiol compounds on the Au 
inside wall were examined with 2-aminoethanethiol, 7-amino-1-heptanethiol and 
11A1UT, with a modification time of 3-24 h. The optimized conditions were determined 
using the average movement speed of the fabricated micro-machines in H2O2 solutions 
for 5 min. 11A1UT and a 24 h modification time for 11A1UT were selected. The 
compounds with amino groups (2-aminoethanethiol, 1,10-diaminodecan, 3-
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phenylpropylamine, n-dodecylamine) that were mixed in polymer layer A on the inside 
wall of the polymer/catalase type micro-machine were also examined, and 1,10-
diaminodecan was chosen for the movement speed evaluation of the Au/Pt/cationic 
polymer/GOx/catalase micro-machines. Figure 3 shows the paths traced by the Au/Pt 
metal type moving micro-machines, which were recorded for 1 min using a digital 
camera. To confirm that the Au/Pt metal type micro-machines move due to 
electrochemical reaction of H2O2 on the Pt inside and Au outside walls and to examine 
the effectiveness of the addition of Triton X-100 surfactant to the H2O2 test aqueous 
solutions on the movement speed of micro-machines, the mobility of the Au hollow type 
and Au/Pt type micro-machines was evaluated in the H2O2 and H2O2-free solutions and 
the H2O2 solution in the presence or absence of the Triton X-100 surfactant. From Fig. 3, 
it is clear that the conditions that exhibited the largest movement distance in 1 min were a
combination of the Au/Pt type micro-machine, the H2O2 solution and the addition of 
surfactant to the test solution, which indicates the necessity to move the micro-machines 
faster.  

Figure 4 shows the comparison of the movement distances for 1 min of (a) a 
conventional Au/Pt metal type, (b) a Pt/Au/thiol/catalase type and (c) a polymer/catalase 
type micro-machine in 30 wt% H2O2 aqueous solutions. All three micro-machine types 
randomly moved in the H2O2 test solution. Although there was a small difference in the 
paths traced by the moving micro-machines, the paths of the Pt/Au/thiol/catalase type and 
polymer/catalase type micro-machines in H2O2 solutions draw circles compared with the 
Au/Pt type micro-machine. Even the O2 bubble formation from the inside walls of the 
Pt/Au/thiol/catalase type and polymer/catalase type micro-machines with enzyme 
reactions realizes a circular orbital. From the results in Fig. 4, it is clear that the micro-
machines can go in straight lines in test solutions by improving bubble formation 
uniformity in the inside walls. Regarding the movement distance in 1 min, the 
Pt/Au/thiol/catalase type micro-machine moved the longest distance among the three 
micro-machine types. The micro-machine type that moved the second longest distance is 
the polymer/catalase type micro-machine. It is found that the use of enzymatic reaction to 
move the micro-machines is the best choice. The polymer/catalase type micro-machine 
would move a longer distance by increasing the amount of catalase fixed on inside walls 
of the polymer/catalase type micro-machine by optimizing the polymer material and the 
compounds contained on the sidewall of the polymer layer A. In subsequent experiments, 
the movement direction control of micro-machines was examined, as shown in Fig. 5. In 
Fig. 5, the concentrated H2O2 solutions were injected into the H2O2-free aqueous 
solutions to make the H2O2 concentration gradient in the test solutions. The 
Pt/Au/thiol/catalase type micro-machine could climb up the H2O2 concentration gradient 
from a low concentration area to a high concentration area. The Pt/Au/thiol type micro-
machine that was not modified by catalase, which was a blank sample, did not move in 
the concentrated H2O2 solution injection point direction. The difference in behavior of the 
Pt/Au/thiol/catalase and Pt/Au/thiol type micro-machines clearly suggests the capability 
to control the movement direction of the Pt/Au/thiol/catalase type micro-machine.  

Finally, the preparation of a micro-machine that can move using glucose as a fuel was 
tested by our enzymatic reaction-based micro-machine design. As mentioned in the 
introduction, the sequential GOx and catalase reactions use glucose molecules as fuel to
generate impulses of dioxygen (O2) bubbles in the inside walls of the micro-machine, and 
the LbL method was applied to fix GOx and catalase on the inside walls. The comparison 
of the H2O2 amount formed in the multilayer GOx and cationic polymer layers on the 
inside walls of the Pt, Au and Ag hollow body types of the micro-machine to determine 
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the best cationic polymer and material to use as the inside wall is shown in Fig. 6. The 
dotted line in Fig. 6 corresponds to the H2O2 amount consumed by the 
Pt/Au/thiol/catalase hollow body in 5 min. Specifically, the amount of H2O2 of 0.9 mol 
is the H2O2 amount required for a hollow body to move. Thus, this amount should be 
formed in the inside walls by the reaction between GOx and glucose. The combination of 
the cationic polymer and the inside wall material, where an amount of more than 0.9 
mol of H2O2 can be formed, was examined. From the nine combinations of cationic 
polymers and metals, only the combination of PAM and Pt produced more than 0.9 mol
of H2O2 in 5 min. In addition, because the combination of PAM and Au did not form a
large amount of H2O2 compared with PAM and Pt, the Au metal was used as the outside 
wall material to inhibit bubble formation on the outside wall surface. Using the LbL 
method, the Au/Pt hollow body that was modified with PAM and GOx was sequentially 
modified with PAM and catalase to form the multilayer of cationic polymer and catalase 
layers on the multilayer of PAM/GOx. The mobility of the Au/Pt/cationic 
polymer/GOx/catalase type micro-machine with H2O2 as a fuel was confirmed. The 
Au/Pt/cationic polymer/GOx/catalase type micro-machines moved using H2O2, with a
movement rate comparable with that of the Pt/Au/thiol/catalase type micro-machine. The 
two results [1) that the Au/Pt hollow body modified with PAM and GOx could form the 
necessary amount of H2O2 via the enzymatic reaction between glucose and O2 to move 
the micro-machine and 2) that the Pt/Au/cationic polymer/GOx/catalase type micro-
machine could move with H2O2] indicate that the Au/Pt/cationic polymer/GOx/catalase 
type micro-machine can move using glucose molecules dissolved in the test solution as a 
fuel. Unfortunately, the movement examination of the Au/Pt/cationic 
polymer/GOx/catalase type micro-machine did not show any dynamic movement 
compared with the Pt/Au/thiol/catalase type micro-machine. However, the Au/Pt/cationic 
polymer/GOx/catalase type micro-machine demonstrated movement in the glucose 
solution in the absence of H2O2. Figure 7 is the movement rate summary of the four 
micro-machines examined in this study. The Au/Pt/cationic polymer/GOx/catalase type 
micro-machine exhibited the lowest performance among the four examined micro-
machines. Although the functions of GOx and catalase in cationic polymer/GOx/catalase 
multilayers were confirmed to generate movement similar to that of the 
Pt/Au/thiol/catalase type micro-machine, we believe that the unexpected result occurred 
because the sequential reaction of GOx and catalase [eq. (1) and (2)] did not effectively 
collaborate to form a large amount of O2 bubbles in the inside walls of the Au/Pt/cationic 
polymer/GOx/catalase type micro-machine. The optimization of amount of GOx and 
catalase fixed on the inside walls and the order of the GOx and catalase layers in the 
multilayers (e.g., cationic polymer/GOx/cationic polymer/catalase/cationic polymer), will 
be examined as the next step of our research.

Conclusions 

In this study, the three types of micro-machines were prepared with a mild method 
using Ag wire, metal deposition and dissolution of core Ag wire to fabricate hollow body 
type micro-machines. The Pt/Au/thiol/catalase and polymer/catalase type micro-machines 
exhibited higher movement rates compared with a conventional Au/Pt type micro-
machine. The use of an enzymatic reaction to decompose H2O2 to O2 was effective for 
the preparation of hollow body type micro-machines. The enzymatic reaction type micro-
machine was applied to examine the movement of the hollow type micro-machine in a
glucose solution in the absence of H2O2. Micro-machine movement using glucose was 
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confirmed. However, the movement speed was much lower than that of the other three 
micro-machines. The design modification of the GOx and catalase layers in the hollow 
body type micro-machine will be examined in detail in subsequent studies.
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Fig. 1 Schematic depictions of four-types of micro-machines fabricated in this study. The 
(a) Au/Pt metal, (b) Pt/Au/thiol/catalase, (c) Polymer/catalase, and (d) 
Au/Pt/cationic polymer/GOx/catalase types. 
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Fig. 2 Photographs of the micro-machine: The (a, b) Pt/Au/thiol/catalase and (e, f)
Polymer/catalase types. (b, f): a cross-sectional image of the Pt/Au/thiol/catalase 
type micro-machine. (c) A metal mask with 500 m gaps for preparing a thin 
resist layer (length: 500 m) on an Ag wire. (d) A photograph of an Ag wire 
with thin 500 m long resist layers. 

Fig. 3 One minute time courses of the fabricated Au/Pt and Au metal type micro-
machines under various conditions. The circle (○) is the starting point for each 
micro-machine. The concentration of H2O2 in the test solution is 30 wt%.  

ECS Transactions, 69 (39) 17-26 (2015)

24 ) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 131.112.181.204Downloaded on 2016-01-27 to IP 

─ 400 ─



Fig. 4 One minute time courses of the fabricated (a) Au/Pt metal, (b) Pt/Au/thiol/catalase,
and (c) Polymer/catalase type micro-machines in a 30 wt% H2O2 aqueous solution. 
The circle (○) is the starting point for each micro-machine. 

Fig. 5 Photographs indicating the time courses of the fabricated Pt/Au/thiol/catalase type 
micro-machines after injecting H2O2 solution at the injection point. Examination 
with the (a) Pt/Au/thiol/catalase and (b) Pt/Au/thiol micro-machines. X and ○ are 
the starting points and positions after 1 min for each micro-machine,
respectively.  
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Fig. 6 Amount of H2O2 formed on the micro-machine in which glucose oxidase was 
fixed with PEI, PAA and PAM cationic polymers. The inside walls were prepared 
using Ag, Au and Pt metals. The concentration of glucose is 0.1 M in aqueous 
solutions. 

Fig. 7 Movement rate summary of the Au/Pt, Pt/Au/thiol/catalase, Polymer/catalase and 
Au/Pt/PAM/GOx/catalase type micro-machines in a 30 wt% H2O2 aqueous 
solution.  
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Abstract 

The ordered intermetallic PtBi, which has a NiAs type structure 
(NiAs-type structure; P63/mmc, a = b = 0.431 nm; c = 0.549 nm), was 
prepared on the surface of tungsten oxide (WO3) using the 
photodeposition method and polyol method. The prepared ordered 
intermetallic PtBi nanoparticles (NPs) used as co-catalyst showed much 
higher photocatalytic activity towards the decomposition of acetic acid 
(AcOH) under visible light irradiation (λ > 420 nm) than that observed 
with photodeposited Pt NPs/WO3.  

Introduction 

The photocatalyst tungsten oxide (WO3) has been intensively investigated for use in 
environmental remediation because of its highly efficient adsorption of visible light and 
its valence band potential that is similar to that of TiO2. However, WO3 cannot be used as 
a photocatalyst for the photodecomposition of volatile organic compounds without a co-
catalyst because its conduction level (+0.5 V vs. NHE) is slightly negative when 
compared with that for the two electron reduction reaction (+0.68 V vs. NHE).1 Co-
catalyst loaded WO3 photocatalyst surfaces such as Pt 2 and Pd 3 have proved to be an 
effective approach to promote charge separation and transfer, suppress charge 
recombination and facilitate the multi oxygen reduction reaction. As a result, it exhibits a 
higher photocatalytic activity for the decomposition of organic compounds under visible 
light irradiation.2,3  

Recently, we reported that ordered intermetallic compound PtPb nanoparticles (NPs) 
used as a co-catalyst for the WO3 photocatalyst effectively decompose various organic 
compounds such as acetic acid (AcOH) and formaldehyde.4 To explain this observed 
enhancement of photocatalytic reactions, we suggest that because the ordered 
intermetallic compound PtPb can also electrochemically oxidize formic acid, methanol 
and ethanol on the WO3 photocatalyst,5,6 the PtPb NPs work as a co-catalyst for the 
oxidation reaction. However, the Pb atoms contained in the ordered intermetallic PtPb 
NPs are well-known to be poisonous to human health, damaging the nervous system and 
causing brain disorders. Although the PtPb NPs exhibit attractive behavior for 
photodecomposition, its employment for environmental conservation cannot be permitted.
An alternative to PtPb NPs that exhibits similar or higher photodecomposition activities 
for organic compounds under visible light irradiation should be identified and developed.
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PtBi ordered intermetallic NPs have attracted much interest as an alternative to PtPb 
because it exhibits electrochemical behavior close to that of PtPb NPs but is low-toxic. 
PtBi has a NiAs type structure, which is the same crystal structure as the ordered 
intermetallic PtPb.7 As shown in the case of PtPb NPs, carbon-supported ordered 
intermetallic PtBi exhibits much enhanced electrocatalytic activity towards the oxidation 
reaction of formic acid and alcohols when compared to pure Pt.8,9 Herein, to find new 
co-catalyst exhibiting high photocatalytic activity towards the decomposition of AcOH, 
we examined the application of ordered intermetallic PtBi as a co-catalyst of WO3
photocatalysis for the photodecomposition of AcOH. The ordered intermetallic PtBi was 
prepared by our original two-step preparation method with photodeposition and the 
polyol method. The amount of CO2 formed during the photodecomposition of AcOH 
with PtBi NPs/WO3 was compared to that of pure WO3 and Pt NPs/WO3. 

Experimental 

Figure 1 shows a schematic diagram of the preparation of PtBi NPs/WO3. In the first 
step, WO3 photocatalyst-supported Pt NPs were prepared using the photodeposition 
method. 0.02 mmol of H2PtCl6•6H2O, which was used as a Pt source, and 400 mg of 
WO3 powder were dispersed in a 5 vol% methanol aqueous solution. This slurry was 
stirred for 3 h under irradiation with visible light (λ > 420 nm: Xe lamp, 300 W). In the 
second step, ordered intermetallic PtBi was prepared using the polyol method. The 
synthesized WO3 photocatalyst-supported Pt NPs (Pt NPs/WO3) were used as a starting 
material. 0.01 mmol of Bi(NO3)3･5H2O, which was used as a Bi precursor, and 200 mg 
of Pt NPs/WO3 were dispersed in 50 mL of ethylene glycol, which was used as a solvent 
and reducing agent. The mixture was then sonicated in a bath-type ultrasonicator and 
treated in the flask with a reflux set for 15 min under 300 W microwave radiation. After 
the mixture cooled, the PtBi NPs/WO3 was collected via centrifugation, washed 
sequentially with methanol and dried under vacuum.

A 200 kV transmission electron microscope (TEM and/or STEM, JEM-2100F, JEOL,
Japan) equipped with two aberration correctors (CEOS GmbH) for the image- and probe-
forming lens systems and an X-ray energy-dispersive spectrometer (STEM-EDS, JED-
2300T, JEOL, Japan) was used for compositional analysis. X-ray photoelectron 
spectroscopy (XPS, JP-9010 MC, JEOL, Japan) measurements were performed to 
examine the chemical states (Pt 4f and W 4f) of the catalyst. MgKα was used as the X-ray 
source with an anodic voltage (10 kV) and current (10 mA). All of the XPS spectra for 
the samples were obtained with a take-off angle of 45 relative to the specimens. 

The photocatalytic decomposition of AcOH was carried out in a circulation system 
made of Pyrex, in which a suspension of the photocatalyst powder (200 mg) in an aerated 
aqueous AcOH solution (5 vol%, 300 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 by gas chromatography (GC-8A, Shimadzu, Japan) equipped with a 2 m 
Porapak-Q column, a 2 m molecular sieve 3X column, and a flame ionization detector 
while using 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, UV cut-off filter (L-42, HOYA Co., Ltd., Japan), and cold mirror 
unit (MR5090/CM, Eagle Co., Ltd). A spectro-radiometer (USR-45D, Ushio Co., Japan)
was used to measure the visible light intensity, which was adjusted to 20 mW cm-2. 

Results and discussion 
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Figure 2 shows the TEM images of Pt NPs/WO3 (A) and PtBi NPs/WO3 (B) and the 
STEM image of the prepared PtBi NPs and their STEM-EDS mapping profiles. The PtBi 
NPs were deposited on the surface of the WO3 photocatalyst. The PtBi NPs on the WO3
photocatalyst were slightly larger than those of the WO3-supported pure Pt NPs because 
Bi was selectively reacted on the Pt NPs on the WO3 surface. The images in the lower 
part of Fig. 2 represent a STEM image and compositional mapping with a HAADF-
STEM to demonstrate that the Pt and Bi atoms are uniformly dispersed in a particle of 
PtBi NPs. The Pt and Bi mole ratio was calculated to be 62.2 : 37.8 % based on the EDS 
analysis. These results indicate that the PtBi NPs on the WO3 surface completely formed 
an ordered intermetallic compound by the photodeposition and polyol methods. Figure 3 
shows the XPS profile in the (A) W 4f and (B) Pt 4f regions for (a) PtBi NPs/WO3 (Pt 
loading: 1 wt. %), (b) WO3 and (c) bulk Pt. The oxidation state of W is maintained 
before and after the preparation of the PtBi NPs on the WO3 surfaces. The Pt 4f peak in 
the PtBi NPs/WO3 exhibited a 0.5 eV shift to a higher binding energy compared with that 
of the pure bulk Pt. This shift indicates the formation of an intermetallic phase of PtBi.  

Figure 4 presents the plots of CO2 generation during the liquid-phase decomposition 
of AcOH over the (a) WO3, (b) Pt NPs/WO3 and (c) PtBi NPs/WO3 under visible light 
irradiation (λ > 420 nm). The rates of CO2 generation over the bare WO3, Pt NPs/WO3
and PtBi NPs/WO3 were estimated with the slope of the CO2 formation vs. time in the 
time range of 0 to 300 min. The CO2 generation rates are 19.6, 66.5 and 464.0 µmol·h-1

on the WO3, Pt NPs/WO3 and PtBi NPs/WO3, respectively. The PtBi NPs/WO3 exhibited 
much enhanced photocatalytic activity towards the decomposition of AcOH. In addition, 
the apparent QEs of AcOH with PtBi NPs/WO3 for CO2 generation were ca.18 %. The 
apparent QEs for AcOH generation were calculated as two-electron reactions.4 This result 
indicates that the surfaces of the PtBi NPs work more efficiently for the decomposition of 
AcOH as a co-catalyst, not only enhancing the oxygen reduction reaction but also the 
oxidation reaction of AcOH. We have reported that a high activity towards the 
photocatalytic decomposition of AcOH can be observed on the PtPb ordered intermetallic 
NPs used as a co-catalyst.4 Unfortunately, the CO2 generation during the photocatalytic 
decomposition of AcOH over PtBi NPs/WO3 exhibited a slightly lower photocatalytic 
activity compare with when PtPb was used as a co-catalyst (575.2 µmol·h-1).4 From these 
results, it can be understood that the oxidation of organic compounds in the 
photocatalytic decomposition occurred on the co-catalyst of the ordered intermetallic 
compound surface. In addition, the ordered intermetallic PtBi enhanced the photocatalytic 
decomposition towards the electro-oxidation of not only AcOH but also formic acid, 
methanol and ethanol. The mechanism of the photo-oxidation reaction and the reason for 
the difference in the reaction activity between the PtPb and PtBi NPs as co-catalysts will 
be discussed in our next paper. 

Conclusions 

The WO3-supported ordered intermetallic PtBi NPs was prepared using a two-step 
synthesis method incorporating the photodeposition and polyol methods. The physical 
characterization, such as STEM and STEM-EDS, demonstrates that ordered intermetallic 
PtBi co-catalyst NPs were formed on the WO3 surface. Furthermore, the decomposition 
rate of AcOH over PtBi NPs/WO3 was enhanced compared with those over bare WO3
and pure Pt NPs/WO3. The comparison of the photocatalytic activity towards the 
decomposition of AcOH between Pt NPs/WO3 and PtBi NPs/WO3 suggests the efficiency 
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of ordered intermetallic PtBi NPs as a co-catalyst for the oxidation reaction. A new non-
toxic ordered intermetallic PtBi co-catalyst exhibiting a higher photodecomposition 
activity for AcOH is proposed in this study.  
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Figure 1. Schematic representation of Pt NPs and ordered intermetallic PtBi NPs loaded
on WO3 using two-step preparation method.
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Figure 2. TEM images of (A) Pt NPs/WO3 and (B) PtBi NPs/WO3. Lower images: 
HAADF-STEM image of PtBi NPs/WO3 and corresponding mapping images.  

Figure 3. XPS profiles in the (A) W 4f and (B) Pt 4f regions for (a) PtBi NPs/WO3 (Pt 
loading: 1 wt. %), (b) WO3 and (c) bulk Pt. 
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Figure 4. 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) bare 
WO3, (b) Pt NPs/WO3, and (c) PtBi NPs/WO3. Insets summarize the CO2 generation rate 
with all the photocatalysts. 
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Abstract 

The effect of brighteners such as 4-pyridinecarboxylic acid hydrazide (4-PCAH),
3-pyridinecarboxylic acid hydrazide (3-PCAH), 2-pyridinecarboxylic acid hydrazide (2-
PCAH) and conventional 1,10-phenanthroline (PH) on the electrodeposition efficiency 
and brightness of aluminum (Al) was investigated. Electrodeposited Al films were 
prepared with constant currents in an aluminum chloride (AlCl3)-ethyl-3-
methylimidazolium chloride (EMIC)-toluene bath, and the results were compared using a
scanning electron microscope (SEM) and UV-vis spectrometer. Among the four 
brighteners used in this study, 4-PCAH exhibited the highest brightness on the 
electrodeposited Al surfaces.

Introduction 

Aluminum (Al) is the second most abundant metallic element in the Earth's crust after 
silicon. Al has been widely used as a coating material because of its ability to resist 
corrosion that results from the phenomenon of passivation and to reflect high visible light. 
Some of the many uses of Al include applications in transportation, packaging, 
construction, and consumer durables. Thin layers of Al are usually deposited onto flat 
surfaces by physical vapor deposition (1), chemical vapor deposition (2) or a hot-dip 
coating process (3). Specifically, electrochemical deposition of Al at ambient temperature 
has attracted much interest for applications in corrosion-resistive coatings (4), decorative 
coatings (5), electro-refining processes (7) and Al-ion batteries (7). This is because the 
deposition processes do not require expensive equipment, the size of the Al films can be 
easily scaled up or scaled down, and Al films of uniform thickness can be prepared on the 
surface of various shapes. However, as demonstrated by the Pourbaix diagram of Al (8),
the reduction of protons preferentially occurs in aqueous solutions at any pH, making Al 
electrodeposition infeasible. Aprotic electrolytes such as inorganic molten salts (9),
organic molten salts (i.e., ionic liquids) (10), and molecular organic solvents (11) have 
been applied for Al electrodeposition. There have been many published papers in which 
various electrolytes and conditions were used (12-14). Of the aprotic electrolytes, ionic 
liquids composed solely of ions with melting points below 100℃ are being increasingly 
employed as replacements for organic solvents in metal research where electrodeposition 
in aqueous solutions is infeasible (15, 16). Numerous ionic liquid electrolytic systems for 
use in Al electrodeposition have been investigated (17-20). These studies aimed to form 
smooth Al films that exhibited high visible light reflectivity on the surface. It was 
reported that trace amount of brighteners such as 1,10-phenanthroline (PH) (21, 22) and 
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nicotinic acid (23) were added to the ionic liquid electrolytes to obtain a smooth surface 
of the Al films. However, electrodeposition of bright Al has been unsuccessful even with 
the addition of such electrolyte additives. We found that sonicotinic acid hydrazine can 
function as a brightener for the preparation of bright Al films. In this study, we report the 
effectiveness of 4-pyridinecarboxylic acid hydrazide (4-PCAH) in smoothing deposited 
Al surfaces in terms of brightness, surface roughness and film thickness compared with 
Al films prepared with 3-pyridinecarboxylic acid hydrazide (3-PCAH), 2-
pyridinecarboxylic acid hydrazide (2-PCAH) and PH. The Al films prepared with the 
mixture of ionic liquid/organic solvent containing 4-PCAH had brighter surfaces and 
generated films between 20-100 m in thickness.

Experimental 

(1) Preparation of electrolytic baths

Electrolytic baths was prepared in an argon-filled glove box (Miwa, MDB-1KXV) by
the stepwise addition of anhydrous AlCl3 grains (0.19 mol, Fluka, crystallized, 99%; used 
as received) to EMIC (9.5 x 10-2 mol, Wako Pure Chemical, 99%; used as received) at 
25℃. Toluene (0.87 mol) was added to the electrolyte bath, and 1.8 x 10-3 mol of the 
brighteners was then added to the AlCl3/EMIC/toluene bath at 25℃. The temperature of 
the baths and agitation speed of the stirrer tips during the mixing process were controlled 
using a hot magnetic stirrer (As-one, TJA-550) at 25℃ and 100 rpm. 4-PCAH (98+%, 
Alfa Aesar), 3-PCAH, 2-PCAH and PH (98+%, Wako) were used as a brightener without 
further purification. 
(2) Electrodeposition of aluminum films

A 50 mL glass beaker was used as an electrolytic cell. The temperature of the baths 
and agitation speed of the stirrer tips were controlled during electrodeposition processes 
by a hot magnetic stirrer (As-one, TJA-550) at 25℃ and 100 rpm. The surfaces of Cu 
plates were polished and washed to remove surface impurities and to flatten the surfaces 
of plates used as working electrodes. Al sheets (99.999%, 5 cm x 5 cm) and Al wire (1 
mm diameter, 3 cm length) were used as counter and reference electrodes, respectively.
Portions of the Cu plates were covered with PTFE tape such that only a 10 mm x 10 mm 
area was exposed. The distance between the Cu plates and the Al counter electrodes was 
10 mm. The electrochemical deposition of Al was carried out with an electrochemical 
analyzer (Hokuto Denko, HZ-5000). 
(3) Characterization of the prepared aluminum films

The surfaces and cross sections of the prepared Al films were observed using a field 
emission type SEM (FE-SEM, SU-8010, Hitachi). Cross sections of the prepared Al film 
samples were made by milling the samples with sandpaper after embedding the samples 
in a conductive polymer (Technovit 5000, Kulzer). A UV-vis spectrometer (UV-2600,
Shimadzu) was used to evaluate the reflectivity of the deposited Al films. 

Results and discussion 

Figure 1 shows photographs of the Al films obtained by electrodeposition of Al from 
(A) EMIC/AlCl3/toluene/4-PCAH, (B) EMIC/AlCl3/toluene/3-PCAH, (C) 
EMIC/AlCl3/toluene/2-PCAH and (D) EMIC/AlCl3/toluene/PH baths. In these baths, a
constant current of 8 mAcm-2 (A-D) was used for Al electrodeposition. In order to 
recognize the differences in brightness of the Al surfaces, the characters “KU KU UNIV”
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were reflected onto the Al film surfaces. Whether or not the reflected characters could be 
observed was used as an index for surface brightness, i.e., surface smoothness. The Al 
films obtained with the EMIC/AlCl3/toluene/4-PCAH bath exhibited the highest 
brightness among the four brighteners, though the brightness began to degrade as the 
deposition time increased. In contrast, the Al films obtained with the 
EMIC/AlCl3/toluene/PH bath and deposition times of 10 and 30 min barely reflected the 
characters. For deposition times that exceeded 2 h (Fig. 2-(d)), dull characters could 
barely be observed on the partial area. PH has been reported as a representative 
brightener for Al electrodeposition in several papers.21, 22 4-PCAH, which was applied as 
a Al deposition brightener for the first time, demonstrated a remarkable improvement in 
the brightness of the Al surfaces when compared to brightness levels obtained with 
EMIC/AlCl3/toluene/3-PCAH, EMIC/AlCl3/toluene/2-PCAH and 
EMIC/AlCl3/toluene/PH baths. Al electrodeposition using the EMIC/AlCl3/toluene/4-
PCAH bath over 2 h with 4 and 12 mAcm-2, and the EMIC/AlCl3/toluene/PH bath with 4 
mAcm-2 resulted in brightness degradation. Employment of a 12 mAcm-2 current in the 
EMIC/AlCl3/toluene/PH bath naturally led to the same brightness level as Al films 
prepared with an 8 mAcm-2 current in the EMIC/AlCl3/toluene/PH bath (results not 
shown).

The surface SEM images of the deposited Al films (Fig. 2-(1)) revealed that the Al 
surfaces obtained with the (a) EMIC/AlCl3/toluene/4-PCAH and (b)
EMIC/AlCl3/toluene/3-PCAH baths were smooth. On the other hand, the surface images 
of films obtained with the (c) EMIC/AlCl3/toluene/2-PCAH and (d)
EMIC/AlCl3/toluene/PH baths exhibited grains that were several micrometers in size. 
The grain sizes were closely related to the surface roughness, and the Al films obtained 
with EMIC/AlCl3/toluene/3-PCAH, EMIC/AlCl3/toluene/2-PCAH and 
EMIC/AlCl3/toluene/PH baths had much larger grains than those resulting from 
deposition in the EMIC/AlCl3/toluene/4-PCAH bath. Cross-sectional SEM images (Fig. 
2-(2)) confirmed that all Al films obtained in this study were composed of dense Al 
layers. Figure 3 shows the dependence of film thickness on deposition time. The 
thickness of the Al films was extracted from the cross-sectional SEM images. The 
estimated thickness has the errors of 8-12%. The dotted lines represent theoretical 
thicknesses that were calculated using charge flows for electrodeposition and density of 
Al metal. The downward deviation of data points from the lines corresponds to the 
decrease in current efficiency. All Al films prepared in this study had current efficiencies 
of almost 100%. 

Figure 4 shows reflectance spectra of the Al films obtained with AlCl3-EMIC-
toluene-4-PCAH (b), AlCl3-EMIC-toluene-3-PCAH (c), AlCl3-EMIC-toluene-2-PCAH 
(d) and AlCl3-EMIC-toluene-PH (e) baths. Spectrum (a) was obtained using commercial
Al foil (A1N80H-H18, Mitsubishi Aluminum, Japan). The Al films were prepared with a 
deposition time of 2 h and constant current of 8 mAcm-2. The Al film obtained with 
AlCl3-EMIC-toluene-4-PCAH (b) exhibited reflectivity similar to that observed with Al 
foil, followed by the Al film obtained with AlCl3-EMIC-toluene-PH (e). The 4-PCAH, 3-
PCAH and 2-PCAH brighteners are positional isomers, and studies to investigate their 
differences in reflectivity yielded interesting results, highlighting the importance of 
adsorption of brighteners on Al surfaces.

Conclusions 
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In this study, we demonstrated that the addition of 4-PCAH to EMIC/AlCl3/toluene
baths improved the brightness of deposited Al films. The Al films clearly reflected
characters on their surfaces such that they could be read. The reflectivity of Al surfaces
prepared with EMIC/AlCl3/toluene/4-PCAH was 84% at 450 nm, which to our 
knowledge is the highest value reported to date. Although the EMIC/AlCl3/toluene/4-
PCAH, /3-PCAH, /2-PCAH and /PH baths exhibited current efficiencies close to 100%, 
both the grain size and surface smoothness of the prepared Al films differed significantly.
Importantly, the fact that different structural isomers produced Al surfaces with different 
surface roughness and reflectivity suggests that the position of hydrazine on the pyridine
ring affects the surface roughness of Al films; the highest reflectivity was observed for Al
surfaces prepared with 4-PCAH, which has N atoms in the pyridine ring and hydrazine in
the para position. We propose that the pyridine N atoms of 4-PCAH adsorbed to the 
surface of Al allowing hydrazine to partially coordinate with Al3+ ions; alternatively, the 
hydrazine N atoms could have adsorbed on the Al surface allowing pyridine to partially 
coordinate with the Al ions. The mechanism used to flatten the Al surfaces deposited 
with 4-PCAH will be discussed in our next paper.
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Table 1  Bath composition and deposition conditions for Al electrodeposition 

Fig. 1 Micrographs of the Al film surfaces obtained on a Cu substrate by coulometric
electrodeposition in (a) AlCl3-EMIC-toluene-4-PCAH, (b) AlCl3-EMIC-toluene-3-PCAH,
(c) AlCl3-EMIC-toluene-2-PCAH and (d) AlCl3-EMIC-toluene-PH baths. Deposition 
time: 2 h; constant current: 8 mAcm-2.
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Fig. 2  SEM images of the surface (1) and cross sections (2) of the Al films 
electrodeposited in (a) AlCl3-EMIC-toluene-4-PCAH, (b) AlCl3-EMIC-toluene-3-PCAH, 
(c) AlCl3-EMIC-toluene-2-PCAH and (d) AlCl3-EMIC-toluene-PH baths. Deposition 
time: 2 h. Constant current: 8 mAcm-2.

Fig. 3  Relationship between the thickness of the deposited Al and deposition time. 
Electrochemical deposition baths: (○) AlCl3-EMIC-toluene-4-PCAH, (●) AlCl3-EMIC-
toluene-3-PCAH, (□) AlCl3-EMIC-toluene-2-PCAH and (△) AlCl3-EMIC-toluene-PH
baths. Constant current: 8 mAcm-2.
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Fig. 4  Reflectance spectra of Al deposition films in AlCl3-EMIC-toluene-4-PCAH (b), 
AlCl3-EMIC-toluene-3-PCAH (c), AlCl3-EMIC-toluene-2-PCAH (d) and AlCl3-EMIC-
toluene-PH (e) baths. Spectrum (a) was obtained using commercial Al foil. 
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序論 
金属イオンは生体内で様々な重要な役割を果たして

いるとともに、医薬品や MRI 造影剤などの病態診断

として重要な無機化合物や金属錯体も数多く存在す

る 1, 2)。

　生理活性を示す無機化合物として、無機系抗菌剤

の一群がある。やけど、褥瘡、皮膚潰瘍の外用感染

治療薬として、銀化合物を含む塗り薬がある（スル

ファジアジン銀 (I) (silver sulfadiazine) (Fig. 1)）。
　無機系抗菌剤の一般的な特徴として、広範な抗菌

スペクトルを示すこと、古くから用いられているた

め安全性が高いとされていること、有機抗菌剤より

熱に安定であることが挙げられる。

　無機抗菌性化合物の応用分野は、水処理、家庭用

品への抗菌性付加、繊維製品の抗菌、防臭加工、生

活資材、機械・器具、土建・塗料と広い。無機抗菌

性化合物は、1) 光触媒機能を持つ酸化チタン及び 2)
ケイ酸塩、リン酸塩に銀、銅、亜鉛イオンを担持さ

せたものに大別されている 3)。

　我々は、これまで無機系抗菌剤の中で、広い抗菌

Abstract:  The coordination environment of Ag+, i.e., not only the atom coordinated with the 
silver(I) ion, but also the structure around the silver(I) ion and the ease of ligand replacement,  
plays an important role in the antimicrobial activities of silver(I) complexes. Water –soluble 
neutral and anionic silver(I) complexes with histidine (D-1, L-1 and L-4) and water-insoluble 
ones (D-2, L-2 and DL-3) were prepared depending on the reaction conditions, including the 
reaction time and pH.  They exhibited a wide spectrum of effective antimicrobial activities 
against both Gram-negative (Escherichia coli and Pseudomonas aeruginosa) and Gram-posi-
tive (Bacillus subtilis and Staphylococcus aureus) bacteria as well as yeasts (Candida albicans 
and Saccharomyces cerevisiae).  Various structures of silver(I) complexes with basic amino 
acids suggest that histidine as well as arginine and lysine residues can uptake silver(I) ion in 
peptides and proteins and transfer metal ions outside the cell depending on local proton con-
centrations in the cell.
Keywords:  Silver(I) complexes, basic amino acid, histidine, antimicrobial activity, EXAFS, 
ESI-MS

ヒスチジンを中心とした塩基性アミノ酸を配位子とする
ポリマー性銀 (I) 錯体の合成、構造解析及び抗菌活性
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Fig. 1.  Silver sulfadiazine.
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スペクトルを持つ銀 (I) 錯体に着目してきた。銀 (I)
イオンは膜結合型酵素のチオール基と銀 (I) イオン

が結合し、それらの酵素に影響すると言われている

が、詳細は明らかになっていない 4)。銀 (I) イオンに

有機化合物が配位した銀 (I) 錯体の抗菌作用につい

ては、さらに不明である。そこで、高純度の新規銀

(I) 錯体を合成し、分子構造決定後、実用的に抗菌作

用が望まれているバクテリア（E. coli、B. subtilis、
S. aureus、P. aeruginosa）、 酵 母（C. albicans、
S. cerevisiae）、 カ ビ（A. brasiliensis (niger)、P. 
citrinum）を選んで、それらの抗菌活性評価を最小

発育阻止濃度 (Minimum inhibitory concentration, 
MIC µg/mL) により行ってきた。供与原子（O, N, P, 
S）ごとに銀 (I) 錯体を分類し、配位子の交換しやす

さと抗菌活性の相関を調べてきたところ、配位子交

換性が高い Ag-N, Ag-O 結合性の銀 (I) 錯体が、Ag-
S, Ag-P 結合性銀 (I) 錯体よりも抗菌スペクトルが広

く、優れた抗菌活性を示す 5)。　 
　以上から、タンパク質を構成するαアミノ酸を配

位子とする銀 (I) 錯体は関心が持たれるが、これまで

光に不安定な銀 (I) 錯体が多く、単離が難しいとされ

てきた。原料の銀塩として酸化銀を用いることによ

り、いくつかのホモレプティックな中性の銀 (I) アミ

ノ酸錯体 ( ∞ {[Ag(DL-Hasp)]2}･1.5H2O アスパラギン

酸 (H2asp)、∞ [Ag(L-asn)] アスパラギン (Hasn)) を単

離し、報告してきた 5), 6)。S 原子を含まない中性、酸

性のアミノ酸銀 (I) 錯体は、α炭素のアミノ基、カル

ボキシル基と、酸性官能基の供与原子が銀 (I) イオン

に配位する。銀 (I) イオンに配位するのは窒素原子

と酸素原子であるが、配位様式は４種類ある。i) ２
つの Ag…Ag を２つの COO- が架橋する様式、ii) Ag
に２つの供与原子が O-Ag-O、N-Ag-N で連結する直

線２配位と、iii) Ag に２つの供与原子が O-Ag-N で

連結する直線２配位、iv) 窒素原子のみで連結する直

線２配位である (Fig. 2)。
　αアミノ酸の中で、側鎖、置換基 R が、イミダゾ

リルメチル基、3- グアニジノプロピル基、4- アミノ

ブチル基を持つヒスチジン、アルギニン、リシンは、

塩基性アミノ酸に分類される。塩基性アミノ酸を配

位子とした銀 (I) 錯体は、pH により塩基性官能基が

アニオン、中性、カチオンすべての状態をとること

が可能であることから、中性、酸性のアミノ酸配位

子からなる銀 (I) 錯体より多様な結合様式を持つ銀

(I) 錯体が形成されることが予想される。今回はその

ような配位子としてヒスチジン (Fig. 3)7) に着目し、

条件により多様なヒスチジン銀 (I) 錯体が形成される

ことを明らかにし、抗菌活性試験結果とともに報告

する。また関連のあるアルギニン銀 (I) 錯体について

も分子構造、抗菌活性について触れる。

Fig. 2.  Classification of silver (I) complexes with amino-
acid ligands with N and O donor atoms and without an S 
atom.

材料と方法
材料
Ag2O、AgNO3、ヒスチジン (H2his)、アルギニン

(Harg)、リシン (Hlys)、EtOH、D2O は市販品をそ

のまま用いた。

　水溶性D- またはL- ヒスチジン銀 (I) 錯体∞ {[Ag(D-
Hhis)･0.2EtOH]2}(D-1)、 ∞ {[Ag(L-Hhis)･0.2EtOH]2} 
(L-1) 、水に不溶なD- またはL- ヒスチジン銀 (I) 錯
体 ∞ {[Ag(D-Hhis)]} (D-2)、∞ {[Ag(L-Hhis)]} (L-2) 、水

に不溶なDL- ヒスチジン銀 (I) 錯体 ∞ {[Ag2(D-Hhis)
(L-Hhis)]2} (DL-3)、粘性の∞ {Na[Ag3 (L-Hhis)2]} (L-4)
はスキーム（Fig. 4）に従って合成した。

　アルギニン銀 (I) 錯体は硝酸銀とアルギニンを水中

Fig. 3.  Various structures of histidine (H2his).
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で 1 : 1 のモル比で反応させ pH を調整後、有機溶媒

に沈殿させて得た。

Fig. 4.  Synthetic diagram of silver(I) comlexes with 
histidine ligand.

測定方法
CHN 元 素 分 析 は Perkin-Elmer PE2400series II 
CHNS/O を用いた。熱分析データ (TG/DTA) は
Rigaku Thermo Plus 2 TG 8120 を 使 用 し、30 ℃

から 500℃まで１分間に 4℃温度上昇させながら

測定した。赤外吸収スペクトルは日本分光 FT-IR 
4100 で測定した。1H, 13C NMR スペクトルは日本

電子 ECP300 または ECP500NMR 装置で DSS を

内部標準として測定した。単結晶 X 線構造解析は

Bruker SMART APEX CCD または Rigaku Saturn 
CCD 回折計と解析ソフトウエア SHELX-TL また

は Yadokari-XG2009 を使用した。CSI-MS および

ESI-MS スペクトルは日本電子 JMS-T100LC で測定

した。粘度計は東機産業の TVC-5 粘度計を用いた。

XANES と EXAFS 測定は東レリサーチセンターに

依頼した。

　バクテリア（グラム陰性菌の大腸菌 (E. coli)、緑

膿菌 (P. aeruginosa)）グラム陽性菌の枯草菌 (B. 
subtilis)、黄色ブドウ球菌 (S. aureus) の４種類）、酵

母 (C. albicans, S. cerevisiae の２種類 )、カビ (A. 
brasiliensis, P. citrinum の２種類 ) に対する最少発

育阻止濃度 (MIC, µg/mL または mmol /L) 測定は秦

野食品安全センターに依頼した 8)。

結果
中性のヒスチジン銀 (I) 錯体　L-1, D-1, D-2, L-2, 
DL-3
中性のヒスチジン銀 (I) 錯体は、いずれもイミダゾ

ール環とアミノ基の窒素原子が銀イオンに配位した

type IV の配位様式をとっていた。副生成物は水以外

なく、粉体では銀 (I) 錯体はほぼ定量的に得られる。

結晶化しても 50% ほどの収率で単結晶が生成した。

D-1 と L-1 を混合すると DL-3 が生成したことから、

水溶液中で Ag-N 結合は交換可能であることが示さ

れた 9)。

アニオン性のヒスチジン銀 (I) 錯体　L-4
L-1 の水溶液は pH が７（中性付近）であるが、1M 
NaOH 水溶液を加え、アルカリ性にすると粘性がで

てきた。エタノールに再沈殿するとナトリウムを含

む吸湿性の粉体が得られた。粉末 X 線回折装置では

シグナルが現れなかったことから、アモルファスな

物質であり、元素分析、ESI-MS (Fig. 5) の結果から

Na+ : Ag+ : his2-= 1 : 3 : 2 の組成であることが示され

た。他のアルカリ金属塩（Li, K, Cs 塩）の調製も行

ったが、ナトリウム塩の純度が一番高かったので、

ナトリウム塩のキャラクタリゼーションを行った 10)。

Fig. 5.  Positive-iin ESI-MS of an aqueous solution 
of L-4.10)

討論
アニオン性のヒスチジン銀 (I) 錯体　L-4 の構造
元素分析や MS より銀 (I) の３核錯体であること、ま

た XRD の結果から L-4 はアモルファスであること

がわかった。構造に関する情報は NMR と EXANS, 
EXAFS (Fig. 6) から得た。それらの結果からアニオ

ン性ヒスチジン銀 (I) 錯体は、Ag-Ag 結合を含むポ

リマーであることが示唆された。配位供与原子はヒ

スチジンの窒素原子と水分子の酸素原子が考えられ、

溶液の濃度、アルカリ金属イオンの濃度により Fig. 
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7 のいずれか、または２つの構造が混在していると

推定される。

Fig. 6.  The Ag K-edge X-ray absorption spectrum (above) 
and radial distribution function (below) of L-4.10)

Fig. 7.  Plausible structures of L-4.

　長らく銀イオンに耐性を持つバクテリアは知られ

ていなかったが、最近銀イオンに耐性を持つバクテ

リアが報告された。その耐性メカニズムの一つに、

SilE の (a periplasmic silver-binding protein) が挙げ

られており、そのモデル化合物として Fromm らは

２種類のカチオン性ヒスチジン銀 (I) 錯体を報告して

いる (Fig. 8)。彼らは SilE 中のヒスチジン残基が銀

(I) イオンなどの重金属イオンに中性条件で配位し、

細胞中の局所 pH 環境の変化によりそれらのイオン

放出に関与している可能性を示した (Fig. 9) 11)。 

Fig. 8.  Two cationic silver(I) complexes with histidium 
ligands11).

Fig. 9.  Proposed mode of action of SilE by Fromm
et al.11)
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　L-4 を得た我々は、中性条件下に加えて、アニオ

ン性条件下でも銀 (I) イオンがペプチド、タンパク質

のヒスチジン残基に取り込まれることを示した。

塩基性アミノ酸であるアルギニンやリシンについて

も硝酸銀と反応させると、反応時の pH に依存して

中性、カチオン性の銀 (I) 錯体が得られることもわ

かった。アルギニン銀 (I) 錯体の例を Fig. 10 に示す
12)。耐性たんぱく質中で、ヒスチジン以外にアルギ

ニン残基やリシン残基、またはそれらの組み合わせ

が金属イオン輸送等に関与している可能性がある。

ヒスチジン銀 (I)錯体の抗菌活性
グラム陽性菌の枯草菌 (B. subtilis)、黄色ブドウ球菌

(S. aureus)、グラム陰性菌の大腸菌 (E. coli)、緑膿

菌 (P. aeruginosa)、酵母 (C. albicans, S. cerevisiae)、
カビ (A. brasiliensis, P. citrinum) に対する、各ヒス

チジン銀 (I) 錯体の抗菌活性を MIC により評価した。

結果を Table １に示す。ヒスチジン、L-1, L-4 は水

溶液を菌液に加え、水に不溶の L-2, DL-3 は懸濁液

を菌液に加えて、最小発育阻止濃度を決めた。

Ag-N 及び Ag-O 結合性銀 (I) 錯体としていずれも広

いスペクトルの抗菌活性が見られた。水溶性銀 (I) 錯
体 L-1, L-4、不溶性の L-2, DL-3 ともにグラム陽性、

陰性菌、さらに酵母、カビに抗菌作用を示すことが

わかる。水溶性の錯体はバクテリアに対する抗菌活

性が不溶性の銀 (I) 錯体より強めであった。アルギニ

ン銀 (I)、リシン銀 (I) 錯体にもバクテリアに対する

抗菌活性があった。チオール残基は銀イオンとの結

合が強く放出が難しい。しかし塩基性アミノ酸では

Ag-N 結合が配位子交換やプロトネーション可能で

あるため、輸送蛋白中に含まれる残基として適し

ていると考えられる。

　以上、ヒスチジンに加えアルギニン、リシンとい

った塩基性アミノ酸およびそれらの残基が銀 (I) イオ

ン耐性タンパク質に関与する可能性を示した。

Fig. 10.  Crystal structure of ∞ {[Ag(L-Harg)]
(NO3)]2･H2O}･12).

Table 1.  Antimicrobial activities of silver complexes with histidine ligand and related complexes evaluated by mini-
mum inhibitory concentration (MIC; µg mL-1)

8 8 8 9 9
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