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Abstract: Oxidative photocurrents measured upon irradiation by a 7-W visible light (wavelength 312-700
nm) demonstrated that the sulfo-polyoxometalate anion clusters [S2W18O62]4- (1a), [S2Mo18O62]4- (1b), and
[SMo12O40]2- (2) may be activated photochemically to oxidize the organic substrates benzyl alcohol, ethanol,
and (-)-menthol. In the case of catalytic photooxidation of benzyl alcohol to benzaldehyde in the presence
of 1a, quantitative electrochemical methods have identified pathways for the oxidation of reduced forms of
1 generated during the catalysis. More generally, the oxidation pathways P(n+2)- + 2H+ / Pn- + H2 and
2P(n+2)- + O2 + 4H+ / 2Pn- + 2H2O have been evaluated by monitoring acidified acetonitrile solutions of
the 2e--reduced clusters by rotating disk electrode voltammetry under anaerobic and aerobic conditions,
respectively. Neither of the reduced forms 1b(2e-) nor 2(2e-) reacted under these conditions. In contrast,
1a(2e-) was oxidized via both pathways, consistent with its more negative redox potential, with the rate of
oxidation by air-oxygen being significantly faster than that by H+. The present work demonstrated that the
crucial step necessary to oxidize reduced catalyst in photocatalytic reactions involving the anions studied
may be achieved or accelerated by application of an external potential more positive than the first redox
potential of the polyoxometalate anion. Voltammetric analysis revealed that this in situ electrolytic
regeneration of the reduced catalyst is an option that leads to a viable photoelectrocatalytic pathway, even
when the H+ and O2 pathways are not available.

Introduction

In recent years, catalytic oxidation processes based on
polyoxometalate redox chemistry have received considerable
attention as environmentally and economically viable alterna-
tives to classical stoichiometric methods, which use powerful
oxidants such as chromate, permanganate, lead dioxide, nitric
acid, and hypochlorite.1 Apart from their ready availability and
their low toxicity, these cluster anions have the attraction of

being less prone to redox degradation than catalysts containing
organic ligands.

Liquid-phase catalytic oxidation involving polyoxometalate
anions is being addressed currently by four principal lines of
research. Several groups have investigated H2O2 as an oxidant
(Ventruello/Ishii chemistry).1e,g,2 The second approach has
employed mixed-addenda heteropolyanions such as [PVnMo12-n-
O40](3+n)- in electron-transfer redox-type oxidations.1a,g,3A third
category has used a lacunary or unsaturated Keggin het-
eropolyanion, [XM11O39]q-, to bind a transition metal cation,
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yielding a metal-substituted heteropolyoxometalate catalyst.1g,4

The fourth type focuses on photooxidation promoted by
polyoxometalate anions.1i,5

Irradiation of specific clusters with visible or near-ultraviolet
light can promote a range of oxidation reactions that are
thermodynamically or kinetically unfavorable in the dark. Key
factors for the establishment of effective catalytic processes
include identification of the active species and efficient catalyst
regeneration and recovery. Peroxo complexes2c,e,6 and intact
polyoxometalates7 have been identified as the active species in
the H2O2 systems. Excited states of intact polyoxometalate
anions operate in the photocatalytic systems.1i,5 Oxidation of
the reduced catalyst is an important step in photocatalysis and
has been investigated to a limited degree only.1i,f,5e,8 These
studies employed UV-vis, NMR, ESR, IR, gas chromatogra-
phy, and labeling techniques to show that (i) the catalytic cycle
can be closed at the expense of molecular oxygen or hydrogen
ions and (ii) the ease of oxidation (regeneration of catalyst)
varies considerably between different cluster anions.

The essential reactions for a photocatalytic pathway are
summarized in formal eqs 1-6, which contain the simplification
of an overall two-electron oxidation of general substrate SH2

by the polyoxometalate anion Pn-.

Equation 1 represents formation of the electron-donor-acceptor
complex with rate constantkEDA. Light is represented byhν,
andkET is the electron-transfer rate constant. Regeneration by
O2 (eq 5) may generate a number of reduced oxygen species
(H2O, H2O2, HO2).8d The emphasis in most of the studies de-
scribed to date has been on the efficiency of the steps leading
to substrate oxidation (eq 1-3) rather than on the nature and
role of the reduced forms of the cluster anions (eqs 3, 5, and 6).

Electrochemical studies have established that many polyoxo-
metalate anions can undergo a series of reversible redox cycles
involving electron- and proton-transfer reactions.1h,9The present
work has investigated systematically the nature and reactions
of reduced forms of the anions[S2M18O62]4- (M ) W,9a,10

Mo9b,11) and [SMo12O40]2-9c,12 using in situ voltammetric
techniques. At the same time, the concept of electrolytic
regeneration of the photocatalysts (eq 7) has been examined as
an alternative to the O2/H+ regeneration pathways (eqs 5 and
6), which are often thermodynamically or kinetically unfavor-
able.

The use of voltammetric techniques has allowed a detailed
study of the nature and redox chemistry of the anions to be
undertaken at low concentrations during the course of photo-
chemical reactions with organic substrates, and consequently
their potential as homogeneous oxidation catalysts has been
evaluated for the first time.

Experimental Section

Reagents.Acetone (Aldrich, HPLC grade, 99.9+%), acetonitrile
(Merck, HPLC grade, 99.9%), benzyl alcohol (BDH), benzaldehyde,
ethanol (BDH, 95-96%), (-)-menthol (Aldrich), and ferrocene (BDH)
were used as supplied by the manufacturers. The electrolytes, tetra-
hexylammonium hexafluorophosphate (Hex4NPF6) and tetrabutylam-
monium hexafluorophosphate (Bu4NPF6), were prepared as described
in ref 13a. The polyoxometalates, [Bu4N]4[S2W18O62],9a [Hex4N]4[S2-
Mo18O62],9b [Hex4N]2[SMo12O40],12a[Hex4N]6[P2W18O62],8b and [Bu4N]3-
[PW12O40],5e were synthesized according to procedures reported in the
literature.

Instrumentation and Procedures. Solution-phase voltammetric
experiments using stationary macrodisk electrodes were carried out in
a standard three-electrode arrangement with a glassy carbon (GC) disk
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P(n+1)- + SH• + H+ (electron transfer)

(3)

P(n+1)- + SH• f P(n+2)- + S + H+ (radical reaction) (4)

2P(n+2)- + O2 + 4H+ f 2Pn- + 2H2O (oxidation) (5)

P(n+2)- + 2H+ f Pn- + H2 (oxidation) (6)

P(n+2)- f Pn- + 2e- (7)
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working electrode, a platinum wire as the counter electrode, and an
Ag/Ag+ (MeCN, 10 mM AgNO3) double-junction reference electrode.
Unless otherwise stated, experiments were conducted at ambient
temperature (20( 3 °C) under nitrogen. The glassy carbon electrode
area of 0.071 cm2 was determined by measurement of the peak current
value obtained for reversible one-electron oxidation of a 1 mMsolution
of ferrocene by cyclic voltammetry and the Randles-Sevcik equation,13b

whereIp is the peak current (A),n is the number of electrons,A is the
electrode area (cm2), D is the diffusion coefficient (taken to be 2.3×
10-5 cm2 s-1), C is the concentration (mol cm-3), ν is the scan rate (V
s-1), and the other symbols have their usual meaning. Electrode
potentials are quoted relative to the Ag/Ag+ or the ferrocenium/
ferrocene redox couple (Fc+/Fc;E(Fc/Fc+) ) E(Ag/Ag+) - 0.1 V). Rotating
disk electrode (RDE) experiments used the same electrode configuration
as for stationary solution ones, except that the glassy carbon disk
working electrode was rotated by a variable-speed rotator (Metrohm
628-10).

In one configuration, polyoxometalate catalyst regeneration experi-
ments using in situ electrolytic oxidation at a constant direct current
(dc) potential were carried out in Pyrex cells using a cylindrical platinum
gauze basket counter electrode which was separated from the test
solution by a porous glass sinter, a GC rotating disk working electrode,
and the same reference electrode as employed in the voltammetric
experiments (Figure 1). Alternatively, electrochemical regeneration of
the catalyst was achieved by a large surface area Pt gauze basket placed
in the working electrode compartment of the cell shown in Figure 1.
In either configuration, voltammetric monitoring of the course of these
bulk electrolysis regeneration experiments was undertaken using the
rotating disk electrode, and light was introduced from the top of the
cell.

Detection of photocurrents associated with oxidation of photoreduced
cluster anions was undertaken using the “thin-layer” solution cell design
shown in Figure 2. In this case, light was introduced from the bottom

of the electrochemical cell, and the solution layer thickness was used
at a constant value. The same cell was used in each experiment. The
photochemical currents were detected voltammetrically in a 2-mm layer
of solution with a stationary GC electrode held at a constant dc potential.

Irradiation of samples with light at 312-700 nm or at specific
wavelengths was achieved using a Polilight PL6 (Rofin) light source
fitted with filters and a flexible liquid light guide. The total power output
of the lamp at the end of the liquid light guide was, according to the
manufacturer’s specification, 7 (at 312-700 nm), 0.37 (340 nm), 0.48
(425 nm), 0.82 (450 nm), 0.58 (505 nm), and 0.54 W (530 nm). Use
of light in the visible range of 312-700 nm allows the photochemically
induced reactions of [Hex4N]2[SMo12O40], [Bu4N]4[S2W18O62], and
[Hex4N]4[S2Mo18O62] to be conveniently undertaken in cells constructed
from Pyrex glassware. A few experiments were undertaken with a

Figure 1. Apparatus used in photooxidation reaction experiments when a GC rotating disk working electrode is used for catalyst regeneration.

Ip ) 0.4463(n3/2F3/2/R1/2T1/2)AD1/2Cν1/2 (8)

Figure 2. Schematic diagram of the experimental arrangement used in the
thin-layer photoelectrochemical experiments.
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conventional high-power (1000 W) light source in a Rayonet reactor
(Southern New England Ultraviolet Corp.) in order to increase the rate
of photolysis.

The products of photooxidation were identified by gas chromatog-
raphy (Varian 3700; fused silica capillary column 30 QC 5/BP x 5 and
packed-column Carbowax 20% SE 30) using anisole as an internal
standard and GC/MS (Agilent 6890 series (GC), Agilent 5973 Network
mass-selective detector (MS); HP 5 MS cross-linked 5% PH ME
siloxane column, 30 m× 0.25 mm× 0.25 µm).

Photoelectrochemical voltammetry experiments were carried out
using a Voltalab PGZ 301 (Radiometer) electrochemical system. A
BAS100B (Bioanalytical Systems) electrochemical workstation or a
Cypress Systems (model CYSY-1R) computer-controlled electroanalysis
system was used in other voltammetric experiments.

Results and Discussion

Redox Processes.Recent voltammetric studies have shown
that [R4N]4[S2M18O62] {M ) W, R ) Bu (1a);9a M ) Mo, R
) Hex (1b)9b,d,11b,14} and [Hex4N]2[SMo12O40] (2)9c,12aundergo
a series of highly reversible (pH-dependent) reduction processes
(eq 9a,b) and that salts of intensely colored 1e- (green or blue)-
and 2e- (blue)-reduced products can be isolated in substance
by bulk electrolysis.12a,14a,15

Table 1 summarizes the reversible potentials versus Fc+/Fc0

for the first four one-electron processes observed in MeCN for
1 and2. The Dawson anion1a is much harder to reduce than
its Mo analogue1b or the Keggin anion2. However, this also
implies that the reduced forms of1a will be easier to oxidize
to the starting ion, which is favorable for a catalytic cycle. Upon
irradiation with light, the photoexcited-state redox potentials of
1a and other polyoxometalates have been shown to become
considerably more positive compared to the dark ground
state.1i,5a,16As will be shown in this study,1b and2 also exhibit
this property, rendering each anion a suitable agent for the

photooxidation of organic substrates, for which rates of oxidation
are limited in the absence of light.

Numerous reports describe the catalytic application of
polyoxometalates (mainly phospho-Keggin anions [PM12-
O40]q-).1d,e,g,2,5c-e The photoexited states of1 and 2 are
promising candidates for photochemical oxidations, and pre-
liminary studies are available.17 In the present work,1 and 2
were examined as catalysts for the photooxidation of benzyl
alcohol (BzOH) (Ep

ox ) 2.12 V), ethanol (EtOH) (Ep
ox ) 3.0 V,

shoulder), and (-)-menthol (MentOH) (Ep
ox ) 2.4 V).18 The

irreversible peak potential for the oxidationEp
ox values quoted

above are considerably more positive than the ground-state
reversible potentials of the anions (Table 1).

Initial Experiments. MeCN or acetone solutions (0.1 M Bu4-
NPF6) of the anions (0.5 mM) and the organic substrates (100
mM) were exposed to light in the electrochemical cell thin-
layer solution configuration shown in Figure 2. To measure the
photocurrent, the potential of the GC working electrode was
set more positive than the reversible values of the anions (Table
1) but less positive than the electrochemical oxidation potentials
of the substrates discussed above. In each experiment, dark and
illuminated periods were of 2-2.5 min duration. The currents
listed in Tables 2 and 3 are estimated from the intersection of
straight-line plots obtained from the initial steep rise in
photocurrent (20-60 s) and the slowly rising section of the
current-time plot obtained after the initial steeply rising period
until the light was switched off. As expected, at this potential
no current was detected in the absence of light, but the current
flow detected when the light was switched on (Figure 3a)
indicated that photooxidation of the substrate occurred with
concomitant reduction of the anion. For comparative purposes,

(14) (a) Way, D. M.; Cooper, J. B.; Sadek, M.; Vu, T.; Mahon, P. J.; Bond, A.
M.; Brownlee, R. T. C.; Wedd, A. G.Inorg. Chem.1997, 36, 4227. (b)
Cooper, J. B.; Bond, A. M.; Oldham, K. B.J. Electroanal. Chem.1992,
331, 877. (c) Himeno, S.; Osakai, T.; Saito, A.; Maeda, K.; Hori, T.J.
Electroanal. Chem. Interfacial Electrochem.1992, 337, 371.

(15) (a) Richardt, P. J. S.; White, J. M.; Tregloan, P. A.; Bond, A. M.; Wedd,
A. Can. J. Chem.2001, 79, 613. (b) Cooper, J. B.; Way, D. M.; Bond, A.
M.; Wedd, A. G.Inorg. Chem.1993, 32, 2416.

(16) Balzani, V.; Bolletta, F.; Gandolfi, M. T.; Maestri, M.Top. Curr. Chem.
1978, 75, 1.

(17) (a) Eklund, J. C.; Bond, A. M.; Humphrey, D. G.; Lazarev, G.; Vu, T.;
Wedd, A. G.; Wolfbauer, G.J. Chem. Soc., Dalton Trans.1999, 4373. (b)
Bond, A. M.; Eklund, J. C.; Tedesco, V.; Vu, T.; Wedd, A. G.Inorg. Chem.
1998, 37, 2366. (c) Bond, A. M.; Way, D. M.; Wedd, A. G.; Compton, R.
G.; Booth, J.; Eklund, J. C.Inorg. Chem.1995, 34, 3378.

(18) Peak potential data vs Fc+/Fc by voltammetry at a GC electrode in MeCN
(0.1 M Bu4NPF6) using a scan rate of 100 mV s-1.

Table 1. Reversible Half-Wave Potentials (E1/2, mV vs Fc+/Fc0)a Determined by Voltammetric Techniques for the First Four Reduction
Processes (1 mM MeCN Solutions) of [SMo12O40]2- (0.1 M Hex4NClO4), [S2Mo18O62]4- (0.1 M Bu4NPF6), and [S2W18O62]4- (0.1 M
Bu4NClO4)b

process 1 E1/2 (mV) process 2 E1/2 (mV) process 3 E1/2 (mV) process 4 E1/2 (mV)

1a [S2W18O62]4/5- -235 [S2W18O62]5/6- -615 [S2W18O62]6/7- -1180 [S2W18O62]7/8- -1570
1b [S2Mo18O62]4/5- +100 [S2Mo18O62]5/6- -135 [S2Mo18O62]6/7- -795 [S2Mo18O62]7/8- -1070
2 [SMo12O40]2/3- +230 [SMo12O40]3/4- -190 [SMo12O40]4/5- -790 [SMo12O40]5/6- -1370

a See refs 9a (1a), 9b (1b), and 12a (2) for details.b GC electrode (3 mm);ν ) 100 mV s-1.

Table 2. Oxidative Photocurrents,a I, for 1, [P2W18O62]6-,
[PW12O40]3-, and 2 and Substrates (0.1 M) upon Irradiation with
7-W Light of Wavelength 312-700 nm

I (µA)

anion BzOH EtOH MentOH

1ab 0.79 0.12 0.27
1bb 0.45 0.20 0.38
2c 4.0 0.29 0.31
[P2W18O62]6- b 0.08 d d
[PW12O40]3- b 0.14 d d

a Data obtained in the thin-layer electrochemical cell configuration shown
in Figure 2.b 0.5 mM polyoxometalate anion in MeCN (0.1 M Bu4NPF6).
c 0.5 mM polyoxometalate anion in acetone (0.1 M Hex4NPF6). d Not
determined.
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photocurrents in the presence of the well-known anions
[P2W18O62]6- and [PW12O40]3- also were measured under the
same conditions.

The magnitude of oxidative photocurrents (Iox) detected in
the thin-layer configuration represents a large fraction of the
reduction currents (Ired), detected when a constant dc potential
was applied at a value corresponding to the limiting current
region of the reduction process in the dark (Iox/Ired ) 0.65 (1a),
0.59 (1b), 0.5 (2)). This implies that extensive photoconversion
to the one-electron or more highly reduced form of the anions
occurred under these thin-layer conditions.

Significantly larger photocurrents were always observed
(Table 2) for BzOH relative to primary and secondary aliphatic
alcohols, consistent with the relative ease of oxidation of
BzOH.19 Data for photocurrent magnitudes obtained at different
wavelengths (for the same solutions) are summarized in Table
3, with a representative data set for BzOH/1b displayed in Figure
3b. Examination of the data reveals that all of the sulfo anions
exhibit significant photocurrents in all of the visible region (λ
) 340-530 nm), which implies that light absorbance by highly
colored reduced forms also contributes to the photocurrent. The
sulfo anions also show considerably greater photocurrents than
the phospho anions in the visible region (λ ) 450-530 nm),
which explains why much smaller photocurrents are obtained
relative to the case when the sulfo anions are irradiated with
light encompassing the wavelengths of most of the visible region
(312-700 nm, Table 2).

Voltammetric Monitoring of the Photooxidation of Benzyl
Alcohol with 1a under Anaerobic Conditions. Equation 10
formally describes the two-electron oxidation of BzOH to
benzaldehyde, assuming that1a acts as a 2e- acceptor and that
the reduced anion binds the liberated protons (eqs 3 and 4).
For catalysis to proceed (eq 11) under these conditions,1amust
be regenerated via eq 12.

Conversion of substrate to benzaldehyde was followed by
gas chromatography, while the fates of1a and H+ were
monitored by rotating disk electrode voltammetry (RDEV) and
cyclic voltammetry (CV) over the potential ranges from+0.15
to -1.0 V and from 1.2 to-2.2 V vs Ag/Ag+, respectively.
Changes in the polyoxometalate redox state were reflected in
RDEV experiments by noting the position of the limiting current
plateaux relative to zero current,Io (Figure 4), while the
magnitude of the limiting current determined the concentration.
Information on the net concentration of the hydrogen ions
generated in eq 10 and consumed in eq 12 can be obtained from

(19) Appropriate blank experiments confirmed that (i) the solvents are not
photooxidized, (ii) redox reactions do not occur in the dark, and (iii) anodic
photocurrents are not detected in the absence of substrates.

Table 3. Wavelength-Dependent Photocurrents,a Inm, for 1, [P2W18O62]6-, [PW12O40]3-,b and 2c and Organic Substrates (0.1 M)

anion/substrate I340/nA W-1 I425/nA W-1 I450/nA W-1 I505/nA W-1 I530/nA W-1 λmax
e/nm

1a/BzOH 592 d 315 440 433 252, 300 (sh)
1b/BzOH 243 79 193 243 191 217, 310 (sh)
2/BzOH 1935 823 1098 1414 1281 315
[P2W18O62]6-/BzOH 24 d ca. 9 ca. 9 <9 255, 294 (sh)
[PW12O40]3-/BzOH 59 d ca. 12 ca. 12 <9 265
1a/EtOH 54 <10 70 90 74
1b/EtOH 87 42 77 116 122
2/EtOH 211 d 106 124 102
1a/MentOH 130 ca. 10 55 79 76
1b/MentOH 192 d 63 52 39
2/MentOH 181 ca. 19 146 176 137

a Obtained in the cell shown in Figure 2.b 0.5 mM in MeCN, Bu4NPF6 (0.1 M). c 0.5 mM in acetone, Hex4NPF6 (0.1 M). d Below detection limit.
e Literature values of O-M charge-transfer bands in the absence of substrate:1a, ref 20;1b, refs 11a, 14a;2, ref 12c; [P2W18O62]6- and [PW12O40]3-, ref
1i.

Figure 3. Oxidative photocurrents obtained in the thin-layer electrochemical
cell configuration depicted in Figure 2, with a 3-mm GC electrode held at
a potential of 0.2 (1a) and 0.4 V (1b) (vs Ag/Ag+), respectively. (a) For
1a, λ ) 312-700 nm at 7 W. (b) For1b at specific wavelengths and light
intensities (see Experimental Section). Anion and benzyl alcohol concentra-
tions in MeCN (0.1 M Bu4NPF6) were 0.5 and 100 mM, respectively.

C6H5CH2OH + [S2W18O62]
4- 98

hν

C6H5CHO + [S2W18O60(OH)2]
4- (10)

C6H5CH2OH98
hν

C6H5CHO + H2 (11)

[S2W18O60(OH)2]
4- f [S2W18O62]

4- + H2 (12)
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the potential at which various polyoxometalate processes are
detected and from the shapes of voltammetric waves when
protons are present.

The influence of hydrogen ion concentration on the voltam-
metry of the anions in MeCN/water (95:5) has been reported
previously.9a-e,14Addition of acid causes the first four reversible
1e- processes observed for1b9b to coalesce into two reversible,
overall 2e- processes at more positive potentials. Similar
behavior occurs for the third and fourth 1e- processes of1a.9a

As a consequence of the hydrogen ion concentration dependence
and the different basicisity of1a,b, complex redox/protonation
equilibria exist for each system.9a,14aTo obtain reference data

in neat MeCN (0.08 mM Bu4NPF6), voltammetric studies of
1a (0.9 mM) as a function of CF3SO3H concentrations (0.18-
3.6 mM) were conducted (see Figures 5 and S1).21 After the
addition of approximately 0.68 mM of CF3SO3H, the first two
1e- reductions converted into a reversible 2e- process at a more
positive potential. In the presence of 1 mol equiv of acid, the
RDEV exhibits two fully developed 2e- reduction processes
followed by a third less developed process, which also becomes
a 2e- process upon further addition of acid. A cyclic voltam-
mogram scanned over the potential range from+1.5 to -1.5
V (ν ) 500 mV s-1) in the presence ofg1.8 mM of acid
exhibits three chemically reversible redox processes at signifi-
cantly more positive potentials (40-247 mV) than in the absence
of acid (Figure S1). Reduction waves at more negative potentials
also coalesce into multielectron processes.

The proton concentration dependence in neat MeCN differs
from that reported in MeCN/water (95:5), where the first two
redox couples remain as 1e- processes in the presence of 4 mol
equiv of acid (1a: 1 mM; HClO4: 4 mM).9a This difference
implies that, in neat MeCN, the one- and two-electron-reduced
anions [S2W18O62]5- and [S2W18O62]6- are relatively more basic
and hence more readily protonated. Reaction Scheme 1, extend-
ed from earlier studies,9a can therefore be employed as a simple
model to describe the acid-dependent behavior in neat MeCN.

The photooxidation of BzOH by1awas studied at a substrate-
to-polyoxometalate concentration-ratio of BzOH:1a ) 3:1 in
deoxygenated MeCN solution (0.05 M Bu4NPF6) using the
312-700 nm visible light source. A low-intensity light source
(7 W) was used to slow the rate of product formation so that
catalyst regeneration pathways could be detected conveniently
by voltammetric methods. Reference data (e.g., Figure 5)
enabled the magnitude of currents and voltammetric wave
shapes obtained during the course of the photochemical reaction
to be interpreted in terms of redox level and concentration of
the polyoxometalate as well as acid concentration.

The observed variation of oxidation currents as a function of
time is shown in Figures 6 and 7. The shape, but not the position
of zero current in the RDE voltammogram obtained after 26.5
h of irradiation (curve e in Figure 6A) is similar to that seen
for 1a (0.9 mM) alone after addition of 0.45 mM of acid (Figure
5). Due to partial reduction of1a, however, the maximum
limiting current is detected at 188µA in the range of 0-0.2 V
vs Ag/Ag+. These observations are consistent with initial
reduction of1aand concomitant generation of H+, as predicted
by eq 10. Remarkably, during the course of the next 25 h of
exposure to light, there was a decrease in oxidation

(20) Richardt, P. J. S. Ph.D. Thesis, University of Melbourne, Melbourne,
Victoria, Australia, 2000.

(21) CF3SO3H behaves as a strong acid in MeCN: Fujinaga, T.; Sakamoto, I.
J. Electroanal. Chem.1977, 85, 185.

Figure 4. Position of zero current,I0, in RDE voltammograms obtained at
a GC electrode from MeCN (0.1 M Bu4NPF6) solutions containing 1.6 mM
[S2W18O62]n-. ν ) 10 mV s-1, Nr ) 1000 rpm.

Scheme 1
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current back toward zero (Figure 6B), consistent with reduced
forms of 1a being oxidized back to starting material. Further-
more, the wave shapes and the total magnitude of the (pre-
dominantly reduction) current (IT ) -248 µA, Figure 6B,t )
46 h) were now similar to those observed for the purely
reductive 1e- processes att ) 0 (IT ) -228 µA, Figure 6A),
consistent with the H+ concentration being decreased. The
voltammetric data indicate that, as the concentrations of H+ and
of reduced1a increase, the rates of eqs 13 and 14 increase (note
their relationship to general eq 12 and to Scheme 1).

Ultimately, it appears that protons generated from the
oxidation of BzOH are consumed at a faster rate than they are
generated via the photochemical pathway. The oxidation of
reduced forms of1a via the related reduction with water have
been suggested previously to explain the instability of the 2e--
reduced form [S2W18O62]6- in MeCN solution.9a

Evidence for the existence of an oscillating sequence caused
by the disparity in the relative rates of generation and loss of
H+ is provided by the color changes (eq 9b), by monitoring of
I lim
ox values as a function of time (Figure 7), and by wave shape

analysis (Figure 6). However, while the concentrations of H+

and both oxidized and reduced forms of1a oscillated, a steady
conversion of BzOH into benzaldehyde occurred (Figure 7).
The oscillating process continued until, after 200 h, the solution
consisted of 53% benzaldehyde, 4% benzoic acid, and 43%
unreacted BzOH.22

In summary, voltammetric data imply that, upon generation
of sufficiently high concentrations of H+, the oxidation processes
in eq 13 and 14 occur at a sufficiently fast rate to lower the
[H+] and regenerate photoactive1a, which in turn increases
the rate of the photochemical process. Thus, due to the
regeneration of1a, the reaction can be classified as catalytic.
Voltammograms recorded during the course of the reaction

revealed that the total voltammetric current,IT, remained
constant, as expected for quantitative reduction and oxidation
cycles.

The value of the voltammetric method of monitoring the
course of the photochemical process, as introduced in this study,
is that it directly addresses the issues of (i) time-dependent
changes in polyoxometalate redox levels, (ii) detection of the
oxidation of reduced anions, and (iii) the role of the protons
released during the dehydrogenation of BzOH and regeneration
of the photocatalyst. This approach complements previous
studies by NMR, IR, UV-vis, and labeling techniques,5e,8,23

which addressed the nature of the oxidizing species, i.e., whether
the cluster anions themselves, or rather fragments or isomers
in equilibrium with the intact anion, were the active components.
The voltammetric methods provide evidence that support the
concept that the anions considered in this study remain intact
during the course of the photooxidation of organic substrates,
and that the role of the anions in the catalytic cycle involves
changes which are related solely to variation in redox and
protonation levels (eq 9, Scheme 1).

Oxidation of Reduced Polyoxometalate Anions by O2 and
H+. The above study was conducted under a nitrogen atmo-
sphere in order to restrict the catalyst regeneration pathway to
reaction with protons (H2 evolution, eq 6) rather than with O2
(eq 5). Oxidation of reduced polyoxometalates by reaction with
protons or O2 has been reported in other studies where catalysis
is observed.1i,5e,8,23a,24 The data available from electronic
spectroscopy, laser flash photolysis, and gas chromatographic
techniques indicate that the ease with which the reoxidation takes
place depends significantly on the class of the polyoxometalate
anion involved. Oxidation of reduced polyoxovanadates and
-molybdates by both H+ and O2 was found to be both
thermodynamically and kinetically unfavorable, whereas reduced
polyoxotungstates underwent facile oxidation.5e It is also clear
from these studies that the O2 pathway is generally faster than
the H+ pathway.1i,5e,8b

RDE voltammetry was used to study the redox behavior of
the two-electron-reduced forms of anions (prepared by bulk
electrolysis in MeCN solutions12a,14a,15a) in the presence of acid.
In these experiments, stirred solutions (1.5-2 mM) containing
between 1.5 and 4 mM CF3SO3H or HBF4 (54 wt % in Et2O)
were either exposed to air or maintained under nitrogen. RDEV
behavior was monitored (ν ) 10 mV s-1; Nr ) 1000 rpm) as
a function of time. For the solutions containing the reduced
Dawson1b(2e-) or Keggin 2(2e-) anions, no change in the
RDE limiting current data or wave shapes was observed over
24 h, either in the presence or in the absence of air (oxygen).
This indicated that, under the specified conditions, oxidation
of these 2e--reduced anions according to the general equations
5 and 6 is either kinetically very slow or not thermodynamically
viable. This result is in agreement with other studies on
heteropolymolybdates.5e,8b,24c

In contrast, the dependence of bothI lim
ox and the wave shape

on time demonstrated that1a(2e-) is oxidized slowly in the
presence of both O2 and H+ under aerobic conditions (Figure

(22) We have detected formation of benzaldehyde by an unknown mechanism
in blank experiments where MeCN solutions of BzOH have been irradiated
in the absence of1a. However, this pathway is suppressed when the anions
are present in solution.

(23) (a) Yamase, T.; Takabayashi, N.; Kaji, M.J. Chem. Soc., Dalton Trans.
1984, 793. (b) Papaconstantinou, E.; Dimotikali, D.; Politou, A.Inorg.
Chim. Acta1980, 46, 155.

(24) (a) Argitis, P.; Papaconstantinou, E.J. Photochem.1985, 30, 445. (b)
Ioannidis, A.; Papaconstantinou, E.Inorg. Chem.1985, 24, 439. (c)
Papaconstantinou, E.J. Chem. Soc., Chem. Commun.1982, 12. (d) Akid,
R.; Darwent, J. R.J. Chem. Soc., Dalton Trans.1985, 395.

Figure 5. RDE voltammograms at a GC electrode after addition of CF3-
SO3H to [S2W18O62]4- (0.9 mM) in MeCN (0.08 M Bu4NPF6). ν ) 10 mV
s-1, Nr ) 1000 rpm.

[S2W18O60(OH)2]
4- f [S2W18O62]

4- + H2 (13)

[S2W18O61(OH)]4- f [S2W18O62]
4- + 1/2H2 (14)
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8A) and by H+ only under anaerobic (Figure 8B) conditions.
Analysis of RDEI lim

ox vs time plots (Figure S2) indicates that
the rate of aerobic oxidation is considerably faster than the rate
of anaerobic oxidation, again consistent with observations on
related systems.1i,24d The data obtained in the present study
indicate clearly that the concentration of [H+] is important to
both catalyst regeneration pathways.

Significantly, the rate of oxidation for1a(2e-) slows at the
stage when the 1e--reduced anion1a(1e-) is formed (Figure
8). Unlike 1a(2e-), 1a(1e-) appears to be stable under low-
acidity conditions, in agreement with the stabilities of the

isolated salts [Bu4N]5[S2W18O62] (stable) and [Bu4N]6[S2W18O62]
(unstable).15a

Information relating to changes in [H+] again could be derived
from analysis of the time dependence of the shapes of the RDE
voltammetric curves. As oxidation of1a(2e-) proceeded, the
initial wave shape found in the presence of acid, corresponding
to an overall 2e- process, slowly resolved into two well-
separated 1e- processes, similar to those observed under acid-
free conditions (Figure 8), but with different positions of zero
current. This clearly indicated that consumption of protons
occurred consistent with eqs 5 and 6, respectively. The reaction

Figure 6. RDE voltammograms and limiting oxidative currents observed after BzOH (0.15 mmol)+ [S2W18O62]4- (0.05 mmol) in 10 mL of MeCN (0.05
M Bu4NPF6) was exposed to visible light (λ ) 312-700 nm) for a designated period of time.ν ) 10 mV s-1, Nr ) 1000 rpm. (A) Voltammograms obtained
during the period when1a was being reduced and [H+] was increasing. Reaction time and oxidative limiting current values were (a) 1 h/34µA; (b) 2 h/60
µA; (c) 4 h/87 µA; (d) 21.5 h/165µA; (e) 26.5 h/188µA. (B) Voltammograms obtained during the period when1a was being recovered and [H+] was
decreasing.
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pathway with HBF4 (54 wt % in Et2O) as a proton source under
anaerobic conditions is shown in Figure S3 and even more
clearly reveals transformation from a 2e- process in the presence
of acid to complete resolution into two well-separated 1e-

processes, as found for an acid-free medium. These experiments
further support the view that an oxidation pathway for regenera-
tion of catalyst involving consumption of protons and H2

evolution (eq 12) is available.
Although the photochemical reaction between BzOH and1a

presented in Figure 7 was conducted under a nitrogen atmo-
sphere, oxidation of some reduced1a by trace amounts of air
is possible. However, the low levels of benzoic acid detected
by GC/MS indicate that this can be only a minor pathway.

Electrolytic Regeneration of the Catalyst.To establish an
efficient catalytic cycle, rapid regeneration of the catalyst is
crucial. In the case of polyoxometalate anions, this can become
the rate-limiting step of the overall reaction when pathways such
as reoxidation via H+ or molecular O2 are kinetically or
thermodynamically unfavorable.1i,5e,8a-c According to the data
obtained in this study, this limitation also holds for anion1a;
e.g., complete oxidation of its reduced forms required 25-30
h (Figure 7) under the controlled conditions which imposed a
slow rate of substrate conversion. A more rapid method for
regeneration of the catalyst was sought by applying an electrode
potential slightly more positive than that used in the first
reversible redox process of the particular polyoxometalate anion.

To probe the feasibility of in situ electrolytic regeneration of
a polyoxometalate catalyst, the photooxidation of BzOH in the
presence of catalytic amounts of1a (6 mol %) was studied as
a model system. A solution of1a (1.8 mM) and BzOH (30 mM)
in MeCN (10 mL; supporting electrolyte [Bu4N]PF6, 0.05 mM)
was irradiated with visible light (312-700 nm) at 23°C in the
electrolysis cell depicted in Figure 1. The experiment was
conducted in three stages, with samples analyzed by gas
chromatography and voltammetric measurements undertaken at
various times. In the first stage, the reaction mixture was

Figure 7. Iox data at a GC electrode and % benzaldehyde formation as a function of time for the photooxidation of BzOH (0.15 mmol) in the presence of
[S2W18O62]4- (0.05 mmol) in 10 mL of MeCN (0.05 M Bu4NPF6) under N2. λ ) 312-700 nm,ν ) 10 mV s-1, Nr ) 1000 rpm.

Figure 8. RDE voltammograms obtained at a GC electrode during the
course of aerobic (A) and anaerobic (B) oxidation of [S2W18O62]6- (2 mM)
in the presence of 2 mM of CF3SO3H in MeCN 0.05 M Bu4NPF6). ν ) 10
mV s-1, Nr ) 1000 rpm. (A)t/I (min/µA) values: (a) 30/69.3, (b) 55/57.5,
(c) 120/37, (d) 150/35. (B)t/I (min/µA) values: (a) 30/109, (b) 60/105, (c)
120/97, (d) 150/91, (e) 180/86, (f) 210/83, (g) 240/78, (h) 300/71.
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irradiated without applying an external potential to the working
electrode. As expected, a blue color developed, and oxidative
currents detected voltammetrically indicated the generation of
reduced forms of1a (Figure 9). In the second stage, the blue
solution was subjected to controlled potential electrolysis (CPE)
at +0.2 V (vs Ag/Ag+) to achieve the oxidation of all reduced
forms of the catalyst back to [S2W18O62]4- (Table 1, Scheme
1). After complete oxidation of1a, the Pt gauze anode was
replaced with a glassy carbon RDE, and irradiation of the
solution continued. However, during this third stage of the
experiment, the potential of the working electrode was continu-
ously held at+0.2 V (CPE) and rotated atNr ) 2500 rpm.
Over a period of 19 h, the solution remained almost colorless,
consistent with the continuous presence of the oxidized form
[S2W18O62]4-, whereas the oxidation of BzOH to benzaldehyde
continued to occur. Consistent with the absence of a blue color,
only negligible oxidative currents (e2 µA) were detected in
the RDE voltammograms (Figure 9). It was concluded that,
under these conditions, rapid oxidation of the reduced species
of 1a formed in the photoreaction occurred at the surface of
the rotating working electrode. Regenerated1awas swept back
into the bulk solution, where it could again participate in the
photoredox reaction. In this form of photoelectrochemical
catalysis, regeneration of the catalyst is a simple electrochemical
step, and protons generated in the photochemical step (eqs 1-4)
are not expected to be consumed. In contrast, both the H+ and
O2 pathways for catalyst regeneration lead to a decrease in [H+].
The changes in the shapes, positions, and heights of the
voltammetric waves when the catalyst is electrochemically
regenerated are consistent with a steady increase in [H+]
(compare Figures 5 and 9).

Photooxidation Reactions with [Hex4N]4[S2Mo18O62] (1b)
and [Bu4N]2[SMo12O40] (2). Protonation experiments were also
undertaken with1b in neat MeCN solution. The two-electron-
reduced1b(2e-) was generated in situ via CPE from1b (2 mM)
in MeCN (0.1 M Bu4NPF6) and 4 mM of CF3SO3H added
(Figure S4). Addition of acid leads to the characteristic behavior
of 1b and 1b(2e-) observed in MeCN solution after addition
of sufficient aqueous HClO4.9b Thus, the first two initially well-

resolved one-electron waves converted progressively into an
overall two-electron wave, as did the second well-resolved pair
of one-electron processes. Previous studies on the effect of
protons on the voltammetry of1b in MeCN and in MeCN/H2O
(95:5), respectively, reported positive shifts inE1/2 values of
magnitudes similar to those found in this study (∆E1/2 > 300
mV).9b,d

The photooxidation of BzOH with catalytic amounts of1b
was examined under conditions equivalent to those employed
above for1a. In the absence of electrochemical regeneration,
intense green/blue-colored solutions were observed, together
with steady increases in the concentrations of benzaldehyde,
protons, and reduced forms of1b. For this anion, neither the
H+ nor O2 regeneration pathway is available, so the electro-
chemical approach remained as the only option available for
the regeneration of the catalyst. As for1a, the catalyst could
be regenerated by in situ electrolysis, and benzaldehyde
continued to form while the reaction solution remained yellow/
orange, indicative of the continuous presence of the oxidized
form. The oxidation current detected in RDE measurements
remained close to zero over time periods of up to 20 h. The
electrochemical method therefore can be used to create catalytic
pathways for polyoxometalate anions such as1b that are
otherwise not suitable for catalytic processes involving catalyst
regeneration with oxygen or hydrogen ions.

In addition, the photoactivity of the Keggin anion2 was
examined for the first time. This anion also exhibits reversible
electrochemistry.9c,12a,bOxidation of both EtOH and BzOH to
the aldehydes was observed in acetone solution, with the rate
varying linearly with light intensity. Our present work reveals
that2 also promotes the selective photooxidation of BzOH and
EtOH into the respective aldehydes with generation of protons
(eq 15).

It is clear from consideration of the results obtained from all
of these experiments that the principle of in situ electrolytic
regeneration of a reduced polyoxometalate catalyst will apply
to a wide range of photooxidation reactions when the polyoxo-
metalate redox processes are reversible.

Solvent-free reactions are environmentally attractive alterna-
tives to those carried out in classic organic solvents. Although
the quaternary cation salts examined here are insoluble in
alcohols, aldehydes were detected after exposure of heteroge-
neous mixtures of liquid BzOH or EtOH and the polyoxometa-
late anions to artificial or diffuse natural daylight. The charac-
teristic color change associated with the reduction of the
polyoxometalate anions occurred (visual inspection) in the
anions but not in the liquid phase.

Conclusions

The anions [S2W18O62]4-, [S2Mo18O62]4-, and [S2Mo12O40]2-

promote the photooxidation of organic substrates such as benzyl
alcohol, ethanol, and (-)-menthol. Electrochemical methods,
RDE voltammetry in particular, have proven to be valuable in
monitoring the course of these photoredox reactions and confirm
the presence of reduced forms of the anions and the formation
of protons. Regeneration of the catalyst via oxidation by H+ or

Figure 9. Dependence of RDE voltammograms obtained at a GC electrode
during photolysis for 20 h followed by photolysis with in situ oxidative
electrolysis to recover1a. Solution conditions: BzOH (30 mM) and1a
(1.8 mM, 6 mol %) in 10 mL of MeCN (0.05 M Bu4NPF6). ν ) 10 mV
s-1, Nr ) 2500 rpm.

RCH2OH + [SMo12O40]
2- f RCHO+ [SM12O40]

4- +

2H+ (15)
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O2 was possible for the [S2W18O62]4- system, but not for
[S2Mo18O62]4- and [SMo12O40]2-. However, in all cases a
catalytic cycle may be achieved by conducting experiments in
the presence of an electrode held at a potential that oxidizes
the reduced polyoxometalates. On the basis of these studies,
the photocatalytic cycle outlined in Scheme 2 can be written in
a form which highlights the crucial oxidative regeneration step,
which is needed to close the catalytic cycle.

The in situ electrochemical methods employed to study the
outlined process provides information to establish the potential
required for the regeneration of the reduced polyoxometalate
catalyst. Thus, a photovoltatic cell or equivalent device can be
used instead of a controlled potentiostat to generate the required
external potential.

The slow rates of substrate conversions observed in the
present study arise from the low intensity of the light source
used (see Experimental Section) and long light path lengths.
These reaction conditions permitted detailed electrochemical
analysis of proton generation and consumption and of variation
of redox and protonation states of the cluster anions. Conver-
sions of BzOH of>50% can be achieved under the same
conditions in less than 30 min when a 1000-W light source is
used in combination with a mirror arrangement for the effective
reflection of the light beam (see Experimental Section). This
indicates that, when electrochemical regeneration of the catalyst
is used (a rapid process), the light-dependent steps become rate
determining. Synthetic applications will require efficient pho-
tochemistry via modified conditions including high-intensity
light source, thin-layer cell, and efficient porous carbon channel
electrode for catalyst regeneration.
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