
JOURNAL OF 
MOLECULAR 
CATALYSIS 
k CHEMICAL 

Journal of Molecular Catalysis A: Chemical 114 (1996) 53-63 

Photochemical behavior of Keggin ions and related compounds 

Michel Fournier a, * , Hamid Mourad b 
a Laboratoire de Catalyse He’te’rogPne et Homo&e, URA CNRS 402, &Sit C3, USTL, 59655 Villenewe d ‘Ascq Gdex, France 

h Laboratoire de Chimie des Me’taux de Transition, URA CNRS 419, Brit F, UPMC. 75252 Paris Cgdex 05, France 

Abstract 

The photochemical behavior of Keggin heteropolytungstates is reinvestigated using a useful thin layer electrochemical 
cell. This new device allows to measure the molar fraction of the polycompound as oxidized and reduced form at the same 
time. Some previous results can be confirmed but new aspects of the redox behavior of excited HPC have been evidenced. It 
has been proved that the photoprocess occurs via the charge transfer reaction between terminal oxygen atoms and tungsten 
atoms. The limiting rate for the primary electron exchange is depending on the free enthalpy of the first reduction step of the 
HPC in its fundamental state and not depending on the nature of alcohol. The chromophore involved in the excitation 
process as well as the oscillator strength can be defined and the quantum yields measured. The rate constant appears to be 
independent of pH and temperature. An unexpected catalytic effect of the reaction products is evidenced and explained by an 
interconversion transfer between excited HPC and carbonyl compound. 
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Homogeneous catalysis by polyoxometalates 
is now intensively investigated, partly as a con- 
sequence of their unusual versatility. Many re- 
views reported some aspects of polyoxometa- 
lates. The most recent, which includes more 
than 200 references, is from Hill and Prosser- 
McCartha [l]. Some others reported more pre- 
cisely photochemistry and photocatalytic behav- 
ior of heteropolycompounds (HPC) [2-41, and 
more particularly [4]. In addition, there are sev- 
eral reviews involving heterogeneous and ho- 
mogeneous catalysis [5]. Structural considera- 
tions about HPC are now well known and the 
classical reviews from Pope are always very 
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useful [6]. In photochemical applications of 
HPC, the most reported results were related to 
the blue color of the reduced compounds (ana- 
lytical determinations, electrochromism, photog- 
raphy . . . ). More recently, the works are focused 
on the catalytic properties of HPC in the pho- 
todecomposition of water [7] or photooxydation 
of alcohols [2,7,8]. The redox properties of HPC 
are characterized by their ability to accept and 
release some number of electrons in distinct 
redox steps without decomposition. This redox 
chemistry has been reported in now well known 
articles or reviews [8-lo]. Non-reduced HPC 
are characterized by oxygen-metal charge 
transfer absorptions in the near-UV area. 

Now, it is well known that, for a redox 
reagent, the excited state is a better oxidant than 
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the ground state. Thus, for heteropolytungstate 
under UV light a powerful oxidizing behavior is 
expected, even for oxidizing a weak reducing 
substrate. The organic compounds investigated 
include alcohols, an-tines and carboxylic acids. 
Many studies claim that the quantum yield is 
related to the redox potential of the HPC, the 
nature of the organic reagent and the pH [ 111. 
By a different way, a generally accepted mecha- 
nism implies a H-transfer step in which the 
hydroxyalkyl radicals are the effective reducing 
reagents [ 12,131. Unfortunately, most of the ex- 
periments were conducted in a classical photo- 
chemical cell and followed by absorbance mea- 
surements or hydrogen evolution measurements. 
If we remember that many reduced HPC have 
very similar absorption spectra, especially in the 
600-900 nm area (broad bands) [14], it seems 
difficult to be sure of the true mechanism of the 
photochemical reaction. On the other hand, only 
few results about the photophysical parameters 
of Keggin ions are reported. For these reasons 
we attempt to do some fine measurements about 
photooxidation of alcohols using a new thin 
layer electrochemical cell which allows us to 
determine precisely the molar fraction of each 
reduced stage of HPC with respect to the time. 

1. Experimental part 

1.1. Materials 

All usual compounds were purchased from a 
chemical company as purissimum grade and 
used without further purification. The HPC was 
synthesized and recrystallized according to now 
well-known procedures [ 151. 

The experiments were generally conducted 
with a solution of 1O-4 M HPA and 0.5 M HCl. 
The temperature was monitored to 20°C. 

1.2. Thin layer cell 

The thin layer cell was a home-made appara- 
tus; the electrochemical cell is a three electrode 

system with a classical calomel electrode as the 
reference electrode and a platinum wire (1 mm 
diameter) as the counter electrode. The original 
part of the cell concerns the working electrode 
which is made of a small glassy carbon (Carbon 
Lorraine V25) crucible (12.5 mm height, 12.5 
mm diameter and 2 mm thickness). The crucible 
is sealed with an epoxy resin (Buehler) into a 
Pyrex tube. Then the carbon electrode is me- 
chanically polished successively with abrasive 
discs (Mecaprex-Presi 400-600- 1200) and fi- 
nally optically polished successively with 6 and 
3 pm diamond paste (Lamplan-diamand 
Hyprez) with the help of felts (Lamplan 415 and 
432). When the electrode is correctly polished, 
it is washed with ethanol (95%) to eliminate the 
residual diamond paste and then washed with 
distilled water. 

The electrode can then be loaded with mer- 
cury (about 500 g). The mercury pool ensures a 
good electrical junction between the carbon cru- 
cible and a platinum wire. 

The thin layer is built itself by the pressure of 
the working electrode onto an optically polished 
quartz disc (infrasil, 42 mm diameter, 2 mm 
thickness) covered by a polymer wedge (Nafion 
125 kindly supplied by DuPont de Nemours: 
resistivity 2 LR cmp2; 133 f 4 pm thickness). 
The Nafion film is pierced with a circular hole 
(10 + 1 mm diameter) leading to a mean vol- 
ume of V = 10 f 1 mm3 for the resulting layer 
(estimate from 10 determinations). 

A view of this very useful cell is shown in 
Fig. la and b. 

1.3. Lighting apparatus 

The thin layer solution can be illuminated 
through the quartz window with monochromatic 
radiation. A very powerful light beam is pro- 
duced from a high pressure arc light (Xenon 
450 W OSRAM XBO) connected to a stabilized 
power supply (Spotlight DC 150/1000R E-type 
25A-1 SV). In conventional operation the lamp 
emits a continuous spectrum which is similar to 
a black-body emission at 6000 K. The light is 
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Fig. I. A view of: (a) glassy carbon crucible and of carbon 
working electrode. (b) The thin layer cell made from the pressure 
of the working electrode on a quartz window. The window allows 
the irradiation of the thin layer solution. 

then filtered to eliminate infra-red radiation, 
using a caloric filter equipped with quartz in- 
frasil windows. The resulting light is then ad- 
mitted inside a symmetrical monochromator 

(Kratos GM 252) using a 1180 line diffraction 
grating. The disposable wavelength field is then 
180-800 nm with a dispersing power of 3.3 nm 
cm-‘. In usual utilization, the lamp current 
supply was monitored by a 24 A intensity: the 
monochromator slits have a 6.5 mm height and 
a 4 mm width producing a band of about 13 nm 
under a power of 48 PW. The flux is measured 
either by ferrioxalate actinometer or by a sele- 
nium photodiode supplied by a numerical pho- 
tometer (Macam photometrics PR 30 10) 

1.4. Thin layer working criteria 

Three conditions for a good thin layer mea- 
surement are required: first it is necessary to 
avoid any diffusion process between the layer 
and the outside solution during time measure- 
ment. Secondly, the potential scanning has to be 
adjusted in order to avoid a diffusion inside the 
layer. Third, the thin layer thickness has to be 
smaller than the thickness of the diffusion layer. 
For HPC these conditions can be easily verified 
if the time of measurement remains lower than 
4 h (criterion l), if the scanning time is about 
0.5 mV s- ’ (criterion 21, and if the time of 
measurement exceeds 13 s (criterion 3) 

1.5. Thin layer calibration 

The calibration was made using SiMoW, ,O:“- 
as standard HPC ( lop4 M in HCl 0.5 M solu- 
tion). This compound has reasonable stability in 
a large pH range (O-4) and two quite distinct 
monoelectronic waves ( I?‘, = + 0.3 15 V and 
I?‘? = -0.380 V versus E.C.S.). 

If Q,, and Qred are the quantities of electric- 
ity exchanged to oxidize HPC,, and to reduce 
HPC.,, the HPCJHPC,,, ratio can be deter- 
mine by two successive reverse scans. Thus, if 
the system is reversible the equilibrium poten- 
tial is in accord with Nernst’s law: 

Erq = p + RT/nF ln Qred/Qox (1) 

where Eeq and I? are, respectively, the equilib- 
rium potential of the carbon electrode and the 
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Fig. 2. Principle of microcoulometric determination from the thin 
layer solution equilibrium. (a) Cathodic scanning followed by 
anodic oxidation; (b) anodic scanning followed by cathodic reduc- 

standard apparent potential of the couple 
SiMoW,,O~~/SiMoW,,O~~. 

The potential measurement coupled with the 
coulometric determination then facilitates con- 
firmation of the reversibility of the process, the 
number of electrons exchanged and the precise 
apparent standard potential of the exchange. A 
typical example of coulometric determination is 
shown Fig. 2. 

With the compound SiMoW,,O& the mean 
values (10 determinations) are Qred = 9.5 X 
lo-” F and Q,, = 8.5 X lo-” F (expected 
value from the thin layer volume: Q = 10 X 
lo-” F, where F is the symbol of the molar 
amount of electricity). Q remains proportional 
to the volume of the layer if V < 15 mm3. In 
the same way the dependence of Q with the 
HPC concentration is linear in a 10-4-10-3 M 
range. This is good proof that our cell is an 

effective tool for the determination of the ki- 
netic characteristics of HPA under illumination. 

2. Results 

2.1. Photoreduction of SiW,,O,“,- in ethanol- 
HCl media 

A 10e4 M SiW,,O$ in EtOH 3.4 M (20% 
v.v)-HCl 0.5 M solution is illuminated at 280 
nm. 

The light power is 100 ,uW. The reduction of 
the HPA appears decomposable into two first 
order steps and the coulometry allows to iden- 
tify the two successive reversible monoelec- 
tronic exchanges 

SiW,,O,4,- + e--+ SiW,,O& k,, (2) 

SiW,,Oi; + e-+ SiW,,O$ k, (3) 

where k, and k, are the rate constants of the 
electronic exchanges. 

The mean values from 10 determinations are: 

k, = 6 x 1O-3 s-l and k, = 2 x 1O-5 s-l. 

A good verification of the separation of the 
two steps can be obtained by an initial in-situ 
electroreduction of the oxidized HPA to one- 
electron reduced compound, and then illuminat- 
ing the reduced compound; the value obtained 
in this second experiment is very close to the 
previous one: ki = 1.8 X low5 s-r. 

The first step of the photoreduction is a first 
order law with respect to ethanol as it can be 
shown by plotting the normalized rate constant 
(k,/$) versus alcohol concentration (Fig. 3). 
The dependence is 1.3 X 10e5 pW_l M-’ s-l. 

2.1.1. Injluence of the Jlux of photons 
The photoreaction is conducted under the 

same conditions (HPA lop4 M, EtOH 3.4 M, 
HCl 0.5 M). The flux can be adjusted by vary- 
ing the lamp intensity, the slit height or the slit 
width. Then, in every case, the dependence of 
the rate constant of the first step reaction, k,, 
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Fig. 3. Linear dependence of the normalized rate, for the first 
reduction step, on the ethanol concentration. 

versus the light flux is about 4.5 X lop5 pW_’ 
s - ‘. That shows that the first step reaction is a 
first order rate law with respect to the light, i.e. 
the primary process is a photochemical activa- 
tion of the HPA. That can be easily verified by 
measuring the normalized rate constant at dif- 
ferent wavelengths. It is apparent that the con- 
stant tracks the absorption spectrum of the 
SiW,,O:{ ion (Fig. 4). Thus the efficiency of 
the photoreduction process is very closely linked 
to the band gap of the HPC; and that the 
primary process is the charge transfer between 
the 0x0 ligand and the tungsten atom. 

2.1.2. Dependence of k, with the pH and with 
the ionic strength 

Without buffer the photoreaction produces 
protons as is readily observed when the 
HPA(sodium salt)/EtOH solution is lighted: the 
pH decreases from 5.7 to 4.5. 

When a solution of 10e4 M SiW,,Oi;/EtOH 
3.7 M is irradiated at 280 nm in a constant ionic 
strength medium (0.5 M) but at variable protons 
concentration, the normalized rate constant 
(k,/+) remains constant (5 X lop5 ,uW-’ SK’). 
This zero order law with respect to H+ can be 
understood if we remember that the first reduc- 
tion step is not pH dependent when the alcohol 
concentration is lower than 8.5 M (50% v/v>. 

That can be verified by measuring the half-wave 
potential in polarography (Hg cathode). 

In the same way at constant acidity (0.3 Ml 
the ionic strength has no effect on the normal- 
ized constant; that seems to indicate that the 
primary electronic exchange may be an ion- 
molecule reaction or an ion pair evolution. 

2.1.3. Effect of the temperature 
As expected for a purely photonic activation 

followed by a very fast electronic exchange, the 
formation of SiW,,Oz{ appears to be indepen- 
dent of temperature. 

2.2. Photooxidation of propanol-2 

The experimental conditions are the same as 
for the photooxidation of ethanol. Remember 
that 20% of isopropanol means a concentration 
of 2.56 M. 

The phenomena are very similar. The first 
step reaction (formation of SiW,,O:(;) is a first 
order law with respect to HPC (k’, /qb = 4 x 
1o-5 /.Lw-’ s-1; mean value of 10 measure- 
ments). The reaction is also of first order versus 
isopropanol with an alcohol dependence very 
close to that of ethanol dependence (k,,,/4 = 
1.5 X lop5 pW_’ M-’ SK’) and independent 
of pH (k’,/4 = 4 X lo-” pW_’ s- ‘1. Surpris- 

105.k, s-* 
25 

9 

hnm 
o- 
230 280 330 

Fig. 4. Wavelength effect on the rate constant of the first reduc- 
tion step. HPC 10m4 M. HCI 0.5 M, EtOH 3.4 M. #I = 35 pW. 
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ingly, the normalized constant exhibits a slight 
dependence upon ionic strength. 

2.2.1. Efect of the photooxidation product 
The photoproduct formed from isopropanol 

oxidation is acetone. When the photoreaction is 
performed with acetone in the medium (0.065 
M) the reaction becomes clearly faster. The 
curve giving the photopotential versus the time 
is similar to a classical potentiometric curve 
showing the successive formations of the 
SiW,,O:; and HSiW,,Oi; ions (noted 15- and 
H(II)5- to recall the one-electron reduced com- 
pound and the protonated two-electron reduced 
compound). The limiting photopotential was ob- 
served at -0.700 V/E.C.S. 

A microcoulometry at different steps of the 
reaction confirms the apparition of I’- and 
H(II)‘- but reveals a mixture of H(II)‘- and 
H,SiW,,O:; (8 electrons reduced HPA noted 
VIII’) [ 161. 

This shows the similar behavior of the photo- 
reduction and the electroreduction processes. 
The electron donor is the alcohol instead of 
polarized metal. As noticed in electroreduction, 
no hydrogen production was apparent in this 
photoreaction even if the final potential allows 
it. This data is consistent with the point that the 

t (103s) 

5 10 15 20 

Fig. 5. Evolution of the molar fraction of SiW,,Oj[ with time for 
different concentrations of acetone: (0 0.13 M, ??1.3 M, + 0.65 
M. 

x0 

0 50 100 150 200 

Fig. 6. Effect of acetone concentration on the molar fraction of 
SiW,,Oj; with respect to time. (a) 0.013 M, (b) 0.026 M, (c) 
0.065 M, (d) 0.13 M. 

reduced HPA is not directly involved in the 
photoproduction of H, from water. 

The photoreaction in HCl 0.5 M-acetone 
mixture but without isopropanol shows that the 
first step is not a first order rate law with 
respect to HPA but seems independent of ace- 
tone concentration (Fig. 5). The reaction is very 
slow and the initial reaction rate gives an ap- 
proximate value of the rate constant ks = 1.6 X 
lop5 s-l. This value is very close to that of the 
second step (Eq. (3)) when the reaction is per- 
formed with alcohol alone. 

The aspect of the molar fraction of SiW,,O,$- 
(04-) evolution reveals an autocatalysed reac- 
tion. As acetone exhibits only a very weak 
absorption near 280 nm (E = 15 mol-’ . L * 
cm-‘) compared to that of HPC (E = 30,000 
mol-’ * L + cm- ’ ) the percentage of the incident 
light absorbed by acetone is only 30% versus 
the light absorbed by the polyoxometalate. 
However, the fact that without electron-donor 
the rate does not depend on the acetone concen- 
tration suggests that the main light absorption is 
due to the HPC photochemical behavior. 

When the photoreaction is performed in HCl 
0.5 M-20% v/v isopropanol-acetone medium, 
and if the acetone concentration is lower than 
0.5 M, the formation of 15- and H(II)‘- seems 
to be zero order versus HPA (Fig. 6). Thus, the 
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Fig. 7. Effect of acetone concentration on the rate of the two 
successive reduction steps. ??k,, + k,. 

respective molar fractions xi (estimated from 
the potential curve) can be expressed as x0 = 1 
- k,t and xi = 1 - k,t. 

For example, with 0.13 M acetone (I%), 
k, = 1.3 X 10s3 s-l and k, = 1.2 X lop3 s-r 
with a same linear dependence versus acetone 
concentration (8 X lo-* M-’ SK’; Fig. 7). 

A possible mechanism, when the electron 
donor is in excess, could be simply: 
04-+ Is- k 1’ (4) 

15-+ H(II)‘- k,, (5) 

O”-+ H(11)5- -+ 215-+ H+ k, (6) 

where k, is the disproportionation constant of 
the two-electron reduced compound. 

In a good reversible system the dismutation 
process is generally a fast reaction as it can be 
evidenced by polarographic measurements [lo] 
and the stationary state can be applied to H(IIj5-. 
Then the molar fraction for 04- can be ex- 
pressed as: 

xg= [l,‘(k,-k,)][kz-k,exp(k,-k&l. 

(7) 

If the alcohol concentration is sufficient (no 
electron exchange limiting reaction) k,#k, and 
x,, -+ (1 - k, t) (zero order). 

When the concentration of acetone is fixed to 
0.13 M and if the concentration of isopropanol 
varies, the evolution of the molar fraction x0 is 
very similar to the one observed with only 
acetone and seems independent of isopropanol 
concentration. Thus the acetone seems to act as 
a catalyst in the photoreaction. 

With ethanol the phenomenon is similar but 
more pronounced. If we express the rate of 
reaction u = -k, exp(k, - k,)t, then In u =f(t> 
is expected as a straight line with a slope of 
(k,- k,) and an origin ordinate of ln( - k, 1. 
When the reaction is performed with 3.4 M 
EtOH and 0.65 M acetone we get k, = 2.4 X 
lop3 SK’ and k, = 26 X 10e3 s-l, respectively. 
As the rate of the primary process (photochem- 
ical excitation) without acetone is the same for 
ethanol and isopropanol we could conclude that 
the catalytic process arises in a second step in 
which the alcohol is involved. That may be 
occurring from a charge transfer between radi- 
cals produced in the primary step and acetone. 

2.3. Photooxidation of other alcohols 

Some others substrates have been examined. 
In every case, the first step is always a first 
order reaction with similar rate constants. These 
results are reported in Table 1. From this, we 
can conclude that ethanol, propanol-1 and 
propanol-2 have the same reactivity. Methanol 
and glycerol are half as reactive and ethylene 
glycol is one fifth as reactive. These observa- 
tions do not agree with the old scheme proposed 
for the hydrogen evolution from the reduced 
HPC and water [8]. 

Table 1 
Normalized rate constant of the first electron exchange for differ- 
ent alcohols 

Alcohol k,/+(K5 /.LW-’ M-’ SC’) 

Methanol 0.7 
Ethanol 1.3 
Propanol- 1 1.5 
Propanol-2 1.5 
Glycerol 0.65 
Ethyleneglycol 0.3 



60 M. Foumier, H. Mourad/Joumal of Molecular Catalysis A: Chemical I14 (1996) 53-63 

When the methanol is used as electron donor 
the effect of the formaldehyde is checked in 
order to verify a possible catalytic process. No 
effect is observed. The reason may be the pres- 
ence of formaldehyde as its hydrate, CH,(OH),, 
in aqueous medium. If we consider that ethy- 
lene glycol has a very weak effect this can be 
the same way for the acetal. 

2.4. Photooxidation of isopropanol with other 
heteropolycompounds. 

Numerous heteropolytungstates exhibit anal- 
ogous charge transfer process [17]. We can dis- 
pose of many ‘photosensitiseur’ of close optical 
properties but with different electrical charges 
and very different potentials. It is also possible 
to replace one tungsten atom by another transi- 
tion metal. Removing the tungsten atom gener- 
ates a vacancy. In the later case the redox 
potentials are very strongly perturbed. On the 
other hand, it can be possible to use HPC (for 
example Dawson compounds) with redox prop- 
erties very close to those of SiW,,O&- but with 
different charge transfer capabilities. 

Illuminated in standard conditions (lop4 M 
HPC, isopropanol lo%, HCl 0.5 M or acetic 
buffer) most of these compounds exhibit a pho- 

Table 2 
Normalized rate constant of the first electron exchange for differ- 
ent HPC 

Ion Buffer k, 1’4 
(10-5 pW- I Mm I sm I; 

- 
(Y-PW,, o&- HCl 0.5 M 10.8 
cu-SiW,,O& HCl 0.5 M 1.5 

AcH 1 M/ 4 
AC- 1M 

(Y-BW,,O&- AcH 1 M/ 0.15 
AC- 1M 

cu-HzW,,O:,- HCl 0.5 M 0.008 
/3-SiW,,O& HCl 0.5 M 0.8 
cu-SiW,,CrO,,H:- HClO.5 M very slow 
cu-SiW,, MOO:< HC10.5 M 66 
a-SiW,,O& AcH 1 M/ very slow 

AC- 1M 
LvH~AsW,,$; HCl 0.5 M 0.3 

~-P2W1&2 HCl 0.5 M 1.7 

toreactivity. In every case, even when no reac- 
tion is observed, acetone speeds up the rate of 
reaction. These results are summarized in Table 
2 for the first step. 

3. Discussion 

From these results it seems clear that, without 
catalyst, the primary step of the photoreaction 
can be considered as a first order rate law with 
respect to reagents (photons, alcohol, HPC). In 
this case, the second step is always slower than 
the first one. However, when acetone is present 
the rate of the two steps increases and the rate 
law is zero order with respect to alcohol and 
first order versus acetone. That can be explained 
by Hill’s mechanism [ 131 but has to be modified 
to take into account the energy transfer of ex- 
cited HPC to excited states (S,, T, or T2) of 
acetone. It is well known [ 181 that the T, state 
can react with a protic substrate giving two 
radicals. In the case of isopropanol these two 
radicals are the same. 

(CH,),CO * + (CH,),CHOH + 2(CH&“OH. 

(8) 

Another way is the conversion of the T, state 
to a very reactive biradical state (CH,)C”O and 
(CH,)” 

Thus two competitive mechanisms can come 
from the photoexcited state of HPC. 

First, a scheme where the alcohol is the main 
electron donor, i.e. neglecting the spontaneous 
desexcitation: 

O+hv-+O* IA, (9) 

0* + RCH,OH -+ [O*, RCH,OH] 

~lo* 1. IRCH,OHI, (10) 

[O * , RCH,OH] -+ I + R”CHOH 

k, 10 * , RCH,OHI, (11) 

R”CHOH + 0 + I + RHCO k; 101. IR”CHOH]. 

(12) 
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Second, a mechanism in which the donor is a 
radical issued from an energy transfer on to the 
carbonyl compound: 

o* + RHCO + RHCO* k,, . IO* 1. JRHCO), 

(13) 

RHCO* +RHCO+RH"COH+R"CO 
k,(~~co* 1.1~~~01 (14) 

where Z, is the intensity of the absorbed 
light, k, and k’, are the rate constants, K the 
equilibrium constant of the charge-transfer com- 
plex, k,, the rate constant of the energy transfer 
and k, the rate constant of quenching. Accord- 
ing to usual notation in HPC electrochemistry 
[6], Roman numerals are used instead of HPC 
formulae particularly when the compounds are 
reduced anions without other chemical changes: 
0 for SiW,,Oi;, I for SiW,,Oz;, II for 
SiW,,O$, and when the ions are protonated 
forms H(I) for HSiW,,Oi;, H(I1) for 
HSiW,,Oz< . . . Formulae into square brackets 
mean the concentration of the corresponding 
compound, i.e. 101 concentration of SiW,,Oz;, 
.IRHCOI concentration of carbonyl 
compound. . . . 

If the radicals have sufficient reducing power, 
a chain reaction can be initiated leading to high 
reduction steps for HPC. As we can assume that 
the reactions of HPC and radicals are very fast, 
the stationary state for RHCO *, RH”COH and 
R”C0 allow us to write the rate of the reaction: 

u=~~,,JO*~~IRHCO~=~~,,Z,~RHCO~ (15) 

which is a first order rate law with respect to the 
carbonyl compound and a zero order rate law 
with respect to HPC. 

We have now to estimate the quantum yield 
and to compare the rate of deexcitation to the 
rate of electronic exchange. 

3. I. Quantum yield 

At 280 nm a light power of 1 Z..LW corre- 
sponds to 1.4 X 1012 photons s-l or 2.3 X lo-'" 
einstein s - ’ . If we remember that the thin layer 

volume is 10 mm3 it implies a light intensity 
received by the cell of Z,, = 2.3 X lo-’ E + L-' 
. s-’ per 1 ZJW power exiting the monochro- 
mator slit. If the absorbance A of the cell is 
weak (130 nm thickness) then the light intensity 
absorbed can be approximated as IA = 2.3 A + lo. 
The rate of the first step reaction can be ex- 
pressed as: 

k, = k, + k; IROHI . IA (16) 

where k, is the rate constant in pure water. As 
we can verified (no photoreaction with pure 
water), k, -K k’,. 

The absorbance measured as the area of the 
absorption band allows the calculation of the 
oscillator strength f * [ 181. For example, the 
two Keggin anions SiW,,OjO- and PW,20:; 
have respectively f* = 1.18 and f * = 1.11, 
values in good agreement with the values of 
very intense transitions. So, the quantum yield, 
R, can be expressed as the ratio of the rate of 
(1)5- formation and the photons flux per time 
unit: R = u/Z* = k, ISiW,,Oi; I. These results 
are reported in Table 3. Except the SiMoW, ,Oj; 
ion, it appears that R is generally weak. The 
greater value is reached by the PW,20& ion. 
There is a good correlation between R and the 
free energy AG” of the first electronic exchange. 
Except PW,,Oi; ion, these results agree with 
the previous reported ones for irradiation at 252 
nm [2] but do not agree with its dependance on 
the alcohol or pH. 

Table 3 
Quantum yield, free energy of the first electron process and 
oscillator strength for different HPC 

Ion 

(Y-PW 03- 12 40 
a-SiW,,O:i 

R 

0.47 
0.09 
0.28 
0.02 
0.003 
0.04 
3.2 
0.005 
0.1 

AG” (kJ mol ’ ) ,f ^ 
- 16.4 1.05 

+4.x 1.16 
+4.x 1.16 
-4.3 1.15 

f27 1.13 
-4.3 

-51.1 I .05 
+3.4 

- 19.3 
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3.2. Electronic exchange and deexcitation pro- 
cess 

The oscillator strengths are always very close 
to 1, meaning that the efficiency of the excita- 
tion process is very good. The great evolution 
of R with respect to different HPC can result 
from the differences between the rate constant 
of fluorescence and electronic exchange. 

0 + h v + 0 * Z,(excitation) , (17) 
0 * + 0 k,lO * [(deexcitation), (18) 
0* +ROH+I+R”OH 

k, IO * 1 (ROH [(electron exchange) (19 
and if we assume a stationary state for 0 * 

v=k;IAIROH~~/(kD-k,~ROH~), (20) 
R = k, - I ROH/( k, - k,l ROHI) (21) 
where k, . IROHI = k, 

R = k,/(kD - kJ (22) 
k, can be estimated from the oscillator strength 
(for SiW,,O&- k, = 1.16 X lo9 s-i, see Table 
3). 

These values are very close together for Keg- 
gin anion showing the good structural similarity 
of the compounds when considering molecular 
orbitals. The oscillator strength allows a rough 
evaluation of the oscillator length associated 
with the chromophore leading to a mean value 
of 0.16 nm which is very close to the tungsten- 
terminal oxygen bond length. This calculation is 
consistent with Klemperer’s assumption which 
proposes to consider that HPC have carbonyl 
behavior. 

Table 4 
Quantum yield, oscillator strength, fluorescence rate and electron 
exchange rate for different HPC 

Ion R f’ k, (. 10’ s) k, (. 10’ s) 

“-Pw,20&- 0.47 1.05 1.04 3.3 
a-SiW,,Oj; 0.09 1.16 1.16 9.5 
LX-BW,,O&- 0.02 1.15 1.15 2.2 
‘Y-H,W,,O:,- 0.003 1.13 1.13 0.3 
(Y-SIW,,MOO~~ 3.2 1.05 1.05 80 

, . _ ! _ ,AG" 

-60 -40 -20 0 20 40 

Fig. 8. Relationship between the rate constant of electron ex- 
change and the free energy of the first reduction step of HPC. 

From the values of k, and R we can calcu- 
late k, (Table 4). 

Then plotting In k, = f( AG") a good linear 
dependance is observed (Fig. 8). 

As expected, it implies that, for the primary 
step, the electron exchange is only governed by 
the HPC redox potential. 

The very fast fluorescence process makes any 
measurement of redox properties of excited HPA 
very difficult, even if some work has reported a 
very weak light emission from excited HPC 
b71. 

4. Conclusion 

The use of an original thin layer cell facili- 
tates the demonstration that the photooxidation 
of alcohols involves multi-monoelectronic steps 
for HPC. The reaction rate does not depend 
strongly on the alcohol but mainly on the stan- 
dard redox potential of the first electronic ex- 
change of the HPC. An unexpected catalytic 
effect from the photoproduct is observed. A 
surprising similarity between W-Ot bond and 
-C=O bond is shown. Perhaps this may explain 
the easy energy transfer between excited HPC 
and carbonyl compounds. The photooxidation 
of alcohol seems to occur via a radical process. 
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Studies of similar reactions using solid materials 
could provide very useful information about the 
oxidehydrogenation process in heterogeneous 
oxidation. 

References 

[I] CL. Hill and CM. Prosser-McCartha, Coord. Chem. Rev. 
143 (1995) 407, and references therein. 

121 E. Papaconstantinou, Chem. Sot. Rev. 18 (1989) 1. 
[3] T. Yamaze, Yuki Gosei Kagaku Kyokai Shi 43 (1985) 249. 
[4] C.L. Hill and CM. Prosser-McCartha, in: K. Kalyanasun- 

daram and M. Gratzel (Eds.) (Kluwer, Dordrecht, 1993) ch. 
13, p. 307. 

[5] M. Misono, Stud. Surf. Sci. Catal. 75 (1993) 1; M. Mizuno 
and M. Misono, J. Mol. Catal. 86 (1994) 319; 1.V. 
Kozhevnikov and K.I. Matveev, Appl. Catal. 5 (1983) 135; 
C.L. Hill, G.-S. Kim, CM. Prosser-McCartha and D. Judd, 
Mol. Eng. 3 (1993) 263. 

[6] M.T. Pope, Heteropoly and Isopoly Oxometalates (Sptinger- 
Verlag, Berlin, 1983); M.T. Pope and A. Miller, Angew. 
Chem., Int. Ed. Engl. 30 (1991) 34. 

[71 E. Papaconstantinou, D. Dimotikali, A. Ioannidis and P. 
Argitis, J. Photochem. 178 (1981) 171; R. Akid and J. 
Darwent, J. Chem. Sot., Dalton Trans. (1985) 395; A. Ioan- 

nidis and E. Papaconstantinou, Inorg. Chem. 24 (1985) 439; 
T. Yamase and R. Watanabe, J. Chem. Sot., Dalton Trans. 
(1986) 1669; P. Argitis and E. Papaconstantinou. J. Pho- 
tochem. 30 (1985) 445. 

[8] R. Akid and J.R. Darwent, J. Chem. Sot., Dalton Trans. 
(1985) 395; E. Papaconstntinou, J. Chem. Sot., Faraday 
Trans. l(78) (1982) 2769. 

[9] M.T. Pope, in: Inorganic Chemistry Concept, C.K. Jorgensen 
(Ed.), 8th Ed. (Springer-Verlag, Berlin. 1983); P. Souchay, 
Ions Miniraux Condenses (Masson, Paris. 1969): G.A. 
Tsigidinos, Top. Cur. Chem. 76 (1978) I 

[lo] R. Massart and G. Hervt, Rev. Chim. Miner. 5 (1968) 501; 
B. Keita and L. Nadjo, J. Electroanal. Chem. 191 (1985) 441. 

[ll] E. Papaconstantinou, D. Dimotikath and A. Politou, Inorg. 
Chim. Acta. 46 (1980) 155. 

[12] C.L. Hill, R.F. Renneke and M.M. Williamson, J. Chem. 
Sot., Chem. Commun. (1986) 1747. 

[13] C.L. Hill and D.A. Bouchard, J. Am. Chem. Sot. 107 (1985) 
5148. 

[14] J.M. Fruchart, G. Herve, J.P. Launay and R. Massart, J. 
Inorg. Nucl. Chem. 38 (1976) 1627. 

1151 C. Rocchiccioli-Deltcheff, M. Foumier, R. Frank and R. 
Thouvenot, Inorg. Chem. 22 (1983) 207: A.P. Ginsberg, 
Inorg. Synth. 27 (1990) 85. 

[16] G. HervC, Ann. Chim. 6 (1971) 287. 
[17] M.A. Fox, R. Cardona and E. Gaillard, J. Am. Chem. Sot. 

109 (1987) 6347. 
[18] N.J. Turro, Modem Molecular Photochemistry (The ben- 

jamin Cummings Publishing Co., Inc., Menlo Park, 1978). 


