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A tetranuclear cerium-containing polyoxometalate, TBA6-
[{Ce(H2O)}2{Ce(CH3CN)}2(¯4-O)(γ-SiW10O36)2] (I, TBA: tetra-
n-butylammonium), showed a unique intramolecular multiple
electron transfer (Ce3+-to-POM(W6+)) on irradiation of visible
light (­ > 400 nm). This could induce hydrogen (H2) evolution
using alcohols as the electron donors, and a high turnover
number (TON) of 1960 was achieved. Moreover, I could be
reused without an appreciable loss in its catalytic performance.

Photocatalytic conversion of light energy into chemical
fuels has attracted much attention because of increasing energy
demand and environmental issues.1,2 Over the past few decades,
significant progress has been made in the development of metal
oxide- and metal-based photocatalysts.2 Compared with these
heterogeneous catalysts, the structures and catalytic activities of
organometallic complexes and organocatalysts can finely be
controlled.3 However, there are concerns about their durability
and recyclability. The transformations concerning fuel produc-
tions and energy conversions (for example, hydrogen evolution,
water oxidation, and CO2 reduction) generally involve multi-
electron processes; therefore, development of efficient molecular
systems that can store and release multiple electrons is in great
demand.

Polyoxometalates (POMs) are a class of structurally well-
defined anionic molecular metal oxide clusters consisting of the
group V and VI metals in their highest oxidation states, such as
W6+, Mo6+, V5+, and Nb5+.4 They are thermally and oxidatively
stable in comparison with organometallic complexes and
organocatalysts, and their chemical and physical properties can
precisely be controlled by their structures and constituent
elements. In addition, they can store multiple electrons and
reversibly be reduced and reoxidized. Based on these unique
properties, POMs are attractive candidates as catalysts for
multielectron systems. Although it has been reported that POMs
show good electrocatalytic and photocatalytic performance for
hydrogen evolution,5,6 to date there have only been a few
systems using visible light and the catalytic activities are low
(Table S1).7 Therefore, there is still room for improvement.
Because the O-to-W (ligand-to-metal) charge transfers in POMs
are commonly responsive only to ultraviolet light, the develop-
ment of visible-light-responsive photocatalytic systems based on
the O-to-W charge transfers has been considered very difficult.

Very recently, we have reported the visible-light-responsive
tetranuclear cerium-containing POM, TBA6[{Ce(H2O)}2{Ce-
(CH3CN)}2(¯4-O)(γ-SiW10O36)2] (I), synthesized by the reaction
of a lacunary [γ-SiW10O36]8¹ POM with [Ce(acac)3] (acac:
acetylacetonato).8,9 In response to visible light (­ > 400 nm),
I showed a unique Ce3+-to-POM(W6+) charge transfer10,11 and
the reversible reduction­oxidation with preserving the structure.
Notably, I was the first efficient visible-light-responsive POM-

based photoredox catalyst for chemoselective functional group
transformations without any additional sensitizers, and photo-
catalytic oxidation of primary, secondary, and tertiary amines
smoothly proceeded in the presence of O2 (1 atm) as the sole
oxidant.8 Herein, we report that I shows intramolecular multiple
(at least four) electron transfer in the presence of alcohols such
as 4-methoxybenzyl alcohol and ethanol as the electron donors,
resulting in the remarkable catalytic performance for hydrogen
evolution on irradiation of visible light (­ > 400 nm; Figure 1).
To the best of our knowledge, the present catalytic system
showed the highest TON among the previously reported systems
with visible-light-responsive POMs.7

First, we investigated the visible-light-responsive charge
transfer in the presence of 4-methoxybenzyl alcohol as the
electron donor. When visible light (­ > 400 nm, 300W Xe lamp
with a 400 nm cutoff filter) was irradiated onto an acetonitrile
solution of a mixture of I and 4-methoxybenzyl alcohol under
Ar (1 atm), the color of the reaction solution changed from
reddish brown to dark blue (Figure 2a). The UV­vis spectra
showed that the intensities of the absorption bands around 670
and 840 nm, which are assignable to the W5+-to-W6+ interva-
lence charge transfer, increased (¾ = 11900 (670 nm) and
9400M¹1 cm¹1 (840 nm) after 21 h; Figure 2b). The UV­vis
spectrum of the photoreduced I (for 21 h) was almost the same as
that of I electrochemically reduced by four electrons at ¹1.35V
(vs. NHE) (Figures 2b and S1). The above-mentioned results
show that four-electron-reduced I is formed using 4-methoxy-
benzyl alcohol as the electron donor via the intramolecular
Ce3+-to-POM(W6+) charge transfer by irradiation of visible
light11 and that electrons are stored in [γ-SiW10O36]8¹ units.
After irradiation of visible light, the photoreduced I was readily
reoxidized by exposure to air within 1min, and the color of the

Figure 1. Schematic representations of the visible-light-induced
intramolecular charge transfer of I and hydrogen evolution.
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solution reverted to the original reddish brown back from dark
blue. These results clearly indicate that the visible-light-induced
four-electron reduction of I occurs and that the electrons can be
transferred to O2.

With the visible-light-responsive multielectron-transfer sys-
tem in hand, we next investigated photocatalytic hydrogen
evolution with I. As we expected, catalytic hydrogen evolution
proceeded on irradiation of visible light (­ > 400 nm) in the
presence of H2[PtCl6] as the cocatalyst.12,13 Among the solvents
examined (N,N-dimethylacetamide, N,N-dimethylformamide,
dimethyl sulfoxide, and acetonitrile), N,N-dimethylacetamide
was the best solvent (Table S2 and Figure S2). The order of the
catalytic activity of I was as follows: N,N-dimethylacetamide >
N,N-dimethylformamide > acetonitrile > dimethyl sulfoxide.
This order was approximately the same as that of the W6+/W5+

redox potential (E1/2 (1st reduction)) of I in these solvents.
These results showed that the higher reduction ability of I
resulted in the higher catalytic activity in the present system.14

Under the present reaction conditions, the total amount of
hydrogen evolved after 10 h was 249¯mol, which corresponds
to the 249 TON based on I (Table 1, Entry 1). 4-Methoxyben-
zaldehyde was also produced, and the amount (227¯mol) was
close to that of evolved hydrogen. The catalyst was highly
durable; the catalytic activity was preserved over longer reaction
times, and the TON reached up to 1960 after 80 h (Figure 3 and
Table 1, Entry 2).12,15 In contrast, no hydrogen was evolved in
the absence of I (Table 1, Entry 8) or the presence of [Ce(acac)3]
(Table 1, Entry 9) or TBA4[SiW12O40] (Table 1, Entry 10).
Additionally, the reaction did not proceed at all without

irradiation of visible light (Table 1, Entry 4). Even when less
reactive ethanol was used as the electron donor, hydrogen was
also evolved (TON 224; Table 1, Entry 5). In contrast, no
hydrogen was produced when 4-methoxybenzylamine was used
as the electron donor (Table 1, Entry 6).8

The TON of I for hydrogen evolution was much higher than
those of the previously reported visible-light-responsive POMs;
K11H[Sn4(SiW9O34)2] (TON 1.4),7a [Cu(eda)2]11K4Na2[KNb24-
O72H9]2 (eda: ethylenediamine) (9.0),7b and TBA6[P2W17O61-
{O(SiC36H23N3O2Ir)}2] (41)7c (Table S1). Furthermore, the
performance of the present system was even higher than those
of the systems consisting of POMs with additional sensitizers
such as K5[AlSiW11O39(H2O)] + eosin Y (473),7d and [Mn4-
(H2O)2(VW9O34)2]10¹ + [Ru(bpy)3]2+ (42)7e (Table S1).

After the reaction, I could easily be retrieved as precipitates
by addition of excess diethyl ether. The CSI-MS spectrum of the
retrieved I showed the sets of signals assignable to [TBA7-
Ce4O(SiW10O36)2]+ (centered at m/z 7158) and [TBA8Ce4O-

Figure 2. a) Photographs representing the color change of the
solution upon irradiation of visible light (­ > 400 nm), b) UV­vis
spectra of I (0.2mM; red line), I (0.2mM) upon irradiation of visible
light for 21 h in the presence of 4-methoxybenzyl alcohol (4.5M) in
acetonitrile under Ar (1 atm; blue line), and I (0.1mM) upon electro-
chemical reduction at ¹1.35V (four-electron reduction, red line) in the
presence of 4-methoxybenzyl alcohol (4.5M; black broken line).

Table 1. Visible-light-induced photocatalytic hydrogen evolutiona

Entry Catalyst (/¯mol) Time/h H2 TONb

1 I (1) 10 249
2 I (1) 80 1960
3c I (1) 10 252
4d I (1), dark 10 <0.1
5e I (1) 80 224
6f I (1) 10 <0.1
7g I (1) 10 <0.1
8 none 10 ®

9 [Ce(acac)3] (4) 10 <0.1
10 TBA4[SiW12O40] (2) 10 <0.1

aReaction conditions: Catalyst, H2[PtCl6] (0.5¯mol), 4-
methoxybenzyl alcohol (50mmol), N,N-dimethylacetamide
(5mL), visible light (­ > 400 nm), Ar (1 atm). Amount of
hydrogen was determined by GC (TCD). bTON = (hydrogen
evolved/mol)/(catalyst/mol). cThis experiment used the re-
trieved I. dWithout photoirradiation. eWith ethanol (103mmol)
as the electron donor. fWith 4-methoxybenzylamine (50mmol)
as the electron donor. gWithout H2[PtCl6].
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Figure 3. Time courses for hydrogen evolution from the N,N-
dimethylacetamide (5mL) solution of I (1¯mol), H2[PtCl6] (0.5¯mol)
and alcohol (filled circle, 4-methoxybenzyl alcohol (50mmol); open
circle, ethanol (103mmol)) by irradiation of visible light (­ > 400 nm)
under Ar (1 atm).
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(SiW10O36)2]2+ (m/z 3700) (Figure S3), and the IR spectrum
was almost identical with that of the original I (Figure S4).
These data show that the structure of I was preserved even after
the reaction. In addition, the retrieved I could be reused without
an appreciable loss in its remarkable catalytic performance for
hydrogen evolution (252¯mol for 10 h; Table 1, Entry 3).

In conclusion, the tetranuclear cerium-containing POM I
showed the intramolecular multiple electron transfer on irradi-
ation of visible light (­ > 400 nm). Compound I could store up
to four electrons and be reoxidized by O2. Based on these
photoresponsive properties, I efficiently catalyzed hydrogen
evolution by irradiation of visible light in the presence of
alcohols (4-methoxybenzyl alcohol and ethanol) as the electron
donors. The present system did not require additional sensitizers,
and I could be reused without an appreciable loss in its
remarkable catalytic activity.
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