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ARTICLE INFO ABSTRACT

Article history: Complementary techniques including laser flash photolysis have been used to investigate
Received 19 June 2013 the mechanism of decatungstate photocatalyzed oxygenation of methanol in acetonitrile.
Accepted after revision 28 October 2013 A particular attention has been directed to determine the most important chemical and

Available online 18 April 2014 photophysical kinetic parameters of this peculiar reaction. Under continuous photolysis,

kinetics of both oxygen consumption and hydrogen peroxide formation has been followed
Keywords: in a closed system. The reaction was stopped when a conversion of less than 10% in
Decatungstate oxygen-saturated solutions was reached. Our work enlightens the following findings: (i) as
ggftg)fgtn:leisallites expected on the basis of a hydrogen-atom-abstraction mechanism and relative C-H bond

Y dissociation energy, the reaction constant rate of reactive species wO with methanol is the

Methanol weakest of all alcohols already studied, (ii) the methanol decatungstate photocatalyzed
oxygenation in acetonitrile satisfies the photostationary state conditions only up to
[CH30H] ~ 2.5 M, (iii) the role of peroxyl radical is crucial since it not only leads to the
resulting products, but it also oxidizes the reduced form of decatungstate H*W;¢03,°~ to
regenerate the catalyst, thus closing the catalytic cycle, and (iv) progressive establishment
of anaerobic conditions results in both ending of the substrate conversion and the decay of
hydrogen peroxide. Hence, these findings offer new insights into the nature of the rate-
determining step in the photocatalytic cycle.
© 2013 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
1. Introduction photocatalytic systems. In the presence of a so-called XH
substrate, wO reacts to produce a derived radical, X°, and the
Decatungstate anion Wi0032% is among the most one-electron-reduced form (RF or H'W;0035°7) W;¢03,°~
photochemically active polyoxometalates and promotes and/or protonated form.
transformations of organic substrates from alkanes to
complex materials [1-11]. Illumination of W;¢03,%" leads
to the formation of a locally excited oxygen-to-metal
charge-transfer state W;003,%". This state decays in less hy XH
than 30ps to an extremely reactive and non-emissive W10 2" —— Wio0s ——> WO —» H W05 +X °
transient [2] designated as wO [3]. This latter intermediate, (LMCT)) (Buo)
which in the case of sodium decatungstate has a lifetime
Two Of 65 +5ns in acetonitrile, is the reactive species in \_/

Both RF and X*® react with molecular oxygen to
- . 4
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It has recently been shown that acetone as well as
acetonitrile and water can be considered a conventional
solvent for polyoxometalates and especially decatung-
state photocatalyzed reactions[12]. By comparison, it was
concluded that the reactivity of wO with methanol is so
high that the reactive intermediate is quantitatively
scavenged by the solvent during the laser pulse. Hence,
the nanosecond time scale laser flash photolysis techni-
que is not adapted for investigations in alcohols. One
might also wonder the effects on the photocatalytic cycle
and the kinetic parameters in a system where methanol is
a substrate in acetonitrile solution to one in which it acts
as the solvent and, at the same time, as the substrate. Here,
we will mainly focus on the decatungstate photocatalyzed
oxygenation of dilute solutions of methanol in acetoni-
trile. The investigation on methanol as a solvent and a
reactive substrate will be described elsewhere for clarity
reasons.

Primary and secondary saturated alcohols, being
selectively oxidized to the corresponding aldehydes and
ketones, are widely used as substrates in mechanistic
studies in polyoxometalates photocatalysis. For decatung-
state, it has been established that the reaction of wO with
aliphatic alcohols involves hydrogen-atom abstraction
[1,3,7,13]. Based on the combination of time-resolved
(laser flash photolysis) and steady state (oxygen con-
sumption measurements) techniques, kinetic isotope
effects, Hammett kinetics and product analysis, it has
recently been demonstrated that the same conclusion
applies for aromatic alcohols [14]. However, despite the
fact that the photochemistry reaction is fairly well known,
some aspects, especially the ones regarding the kinetics,
deserve to be further assessed.

In the present work, it will be shown that:

e a combination of steady state and time-resolved
techniques provides access to the most important
chemical and photophysical kinetic parameters of the
reaction;

o the reactivity of methanol is significantly lower than

other already studied alcohols;

decatungstate photocatalyzed oxygenation concentra-

tion up to 2.5 M of methanol in acetonitrile satisfies the

photostationary state conditions;

peroxyl radical (and O,) reoxidizes H*W;y03,°~ to

regenerate the catalyst and thus close the catalytic cycle;

progressive establishment of anaerobic conditions
results in both ending of the substrate conversion and
the decay of hydrogen peroxide.

2. Experimental
2.1. Materials

Sodium decatungstate was synthesized and purified
following literature procedures [2a]. All other chemicals
were purchased at the highest purity available from
Aldrich, and were used as received. All experiments
described in this work have been performed in acetonitrile,
methanol or a mixture of both.

2.2. Laser flash photolysis

Laser flash photolysis studies were made with the third
harmonic of a Q-switched Nd:YAG laser, at 355 nm.
Solutions of sodium decatungstate were made up to
1.1 x 107% M, corresponding to an absorbance value of
~ 0.4 at 355 nm. The sample solution, placed in a quartz
cell having 1 cm path length, was excited with single laser
pulses (100 m]) and analyzed with a pulsed Xe arc lamp.
The sample solution was refilled after each excitation using
a flow system. Spectra were compiled point-by-point and
kinetic studies were made at fixed wavelength. The
reactive transient wO lifetimes were obtained by compu-
tational extrapolation of the first order decay profiles
recorded at 780 nm. The RF formation quantum yields ®@gg
were obtained from the 450 ns absorption after the pulse
when the decay of wO at 780 nm is over, using the wO
transient as an internal actinometric standard at this
wavelength, according to the equation:

QDRF _ <%> . <¢W08WO>
OD¢ ERF

where OD¢and OD; correspond to the transient absorbance
change of the sample solution at respectively 450 ns and
Ons after laser pulse ignition. The extinction coefficient
erp=7000 M~ cm~! of W;0035°~ at 780 nm is known from
the electrochemical reduction of W;¢03,%~, the quantum
yield @,0=0.567 and the extinction coefficient
ewo=7012M"'cm~! of the wO transient have been
obtained by using O, consumption and laser spectroscopy
experiments, respectively [10].

2.3. The photostationary state method

The photostationary state method consists in measuring
the rate rox of substrate photooxygenation by following
oxygen consumption as a function of irradiation time. The
corresponding quantum yield @y is defined according to:

(number of moles of 0O, consumed)
Pox =

(number of einsteins absorbed by W100‘3‘§>

These experiments followed the general procedures
described previously for the measurement of the quantum
yield of singlet oxygen production under carefully con-
trolled conditions [15]. Briefly, all photoreactions were
carried out in an internal cylindrical photoreactor (volume
100 mL) illuminated with a Philips HPK 125 mercury lamp.
The apparatus consists of a closed system including a
solution of decatungstate (classically 5 x 10~*M, corre-
sponding to an absorbance value of ~ 0.4 at 355 nm) in
acetonitrile, or in methanol, or in a mixture of acetonitrile
and methanol. 250 mL of O, were also incorporated into
the system. A vigorous O, gas pumped stream provides a
rapid circulation of the solution and supplies simulta-
neously the right amount of dissolved O, that will be
consumed for the reaction. The consumption of oxygen
was measured under steady state irradiation using a gas
buret. O, consumption profiles generally display a short
equilibration period, which is due to lamp stabilization and
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related to thermal effects resulting from the lamp heating.
Light intensities were calibrated using the photooxygena-
tion of furfuryl alcohol in O, saturated acetonitrile with
phenalenone (@ox=0.98 [16]) as sensitizer. The concen-
tration of decatungstate was sufficient to absorb the whole
of incident light. The intensity of absorbed light was
6.97 x 107° einstein.s~!. Peroxide concentrations were
determined by iodometric titration [17].

3. Results and discussion
3.1. Steady state photolysis

Previous studies have shown that oxygen consumption
measurements represent a very useful tool to investigate the
reactivity of wO towards organic substrates [3,6,8-10]. Fig. 1
shows the profiles of O, consumption upon irradiation of
oxygen-saturated acetonitrile solutions of sodium decatung-
state, containing various concentrations of methanol. After a
short equilibration period due to the lamp stabilization,
consumption of O, increases linearly with irradiation time.
The relative rates of O, consumption are calculated from the
slope of the linear portion of these plots. They can be
converted into quantum yield values by comparison with the
rate of O, consumption for phenalenone-sensitized oxygena-
tion of furfurylic alcohol (quantum yield 0.98 [16]). Fig. 2
shows that the O, consumption quantum yield, @ox*,
increases progressively with increasing concentration of
substrate up to 1.0 M, and that the value in the absence of any
substrate @ox remains finite. Thus confirming that acetoni-
trile itself acts as a substrate for wO [3].

These data can be used to derive the rate constant kxy
for the reaction between wO and methanol by considering
the process in terms of a generalized Stern-Volmer
treatment [3,6,10]:

(Pwo — Pox)

=1 + K[XH], relation (A)
(200 23)

40

Volume of Oy consumed / mL

Time / min

Fig. 1. Time dependence of O, consumption measured for illumination of
oxygen-saturated solutions of sodium decatungstate (5.5 x 1074 M) in
acetonitrile in the absence ([J) and presence of methanol at 0.1 M (e),
0.2M (A), 0.3 M (4) and 0.4 M (o).

0,3

XH
Dox

0,1

0 ’ l OI,4 ' I ' Ol,8
[Methanol] / M

Fig. 2. Effect of methanol concentration on the quantum yield of oxygen
consumption measured for 5.5x107*M sodium decatungstate in
oxygen-saturated acetonitrile. The solid line is drawn in accordance
with equation @Mk =(Dox + PyoK[XH])/(1 +[XH]), with Pox=0.048,
Dy0=0.58, and K=1.37M" .

where ®,,0 and @Ppx are the quantum yields for the
formation of wO and for O, consumption in the absence of
added substrate respectively, and K = kxyTwo is the Stern—
Volmer constant. From the nonlinear least-squares analysis
of the experimental data, one obtains K = kxyTwo=1.37 M,
Pox=0.048 and P,,0=0.58 (Table 1). These last values
are similar to those previously found [10]. The rate
constant kyy of the reaction between wO and methanol
is much lower than that established for any other secondary
or tertiary aliphatic and aromatic alcohols [3,12,14]. It
can be understood by the first chemical step that results
from the interaction of wO with a primary C-H bond
(Table 1).

[llumination in the presence of O, results in the
formation of hydrogen peroxide derived from the
substrate and O,. It has been shown that in most of
the cases, decatungstate catalyses conversion of propan-
2-ol into acetone and hydrogen peroxide in quantitative
yield [3]. Fig. 3 shows the time profile of the oxygen
consumption and peroxide formation during decatung-
state catalyzed photooxygenation of 0.8 M methanol in
air and oxygen-saturated acetonitrile in the case of a
closed reactor. The initial oxygen concentration is fixed
and the concentration of dissolved molecular O,
decreases progressively as its reaction with the substrate
proceeds until anaerobic conditions are reached. This
approach has been used in order to evaluate the impact
of a change in the concentration of the other reactant, the
molecular oxygen, which may occur if the rate rox of the
substrate photooxygenation is large enough to result in
oxygen depletion in the medium. It has been observed
that:

o the initial variations for the first 20-25 minutes or so are
linear and that the rate of peroxide formation is equal to
the rate of the O, consumption independently of the
concentration of oxygen (O, or air);
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Transient absorbance at 780 nm and oxygen consumption as a function of substrate.
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Transient absorbance at 780 nm

Oxygen consumption

wO decay W;003,° formation
Substrate kxu/10" M~ 's7! KM De® D™ KM~ Dox Dyo K/M!
Benzyl alcohol [14a] 28 194 0.023 0.45 19.1 0.047 0.56 20.1
1-phenylethanol [14a] 14.4 9.9 0.024 0.47 8.1 0.047 0.56 9.9
Propan-2-ol [3,12] 9.8 5.8 0.022 0.33 4.8 0.048 0.57 5.6
Acetone [12] 49 3.1 3.2
Methanol 1.9 1.3 0.023 0.36 1.46 0.048 0.58 1.37

o the decay of hydrogen peroxide starts somewhere before
the end of the O, consumption and thus before anaerobic
conditions are completely established.

For O, consumption, a plateau value is observed around
40 minutes for air-saturated solutions, and for peroxide, a
concentration maximum is observed around 30 minutes.
This clearly confirms that the change in O, consumption
kinetics is related to the establishment of anaerobic
conditions that have not yet been reached for O, saturated
solutions. It also establishes that wO reacts with the
reaction product H,O, which is no longer formed when
molecular oxygen, its source, is removed from the medium.

The reoxidation of the reduced form of decatungstate by
peroxyl radicals that may be considered as a termination
reaction in the overall radical transformation [6] is an
important process for the regeneration of the catalyst.
However, under continuous photolysis conditions, in a well-
agitated system of oxygen-saturated acetonitrile or metha-
nol under low near-UV irradiance, the concentration of O, is
much higher than the steady state concentration of wO and
any radical. Therefore, direct reoxidation of H"'W,¢03,°~ by
0O, may play a major part in the regeneration of the catalyst

m°8'
= O
x
n |
|
(@)
=
84— ".-.'..l. o o9 ¢ 00 LN ]
o v .
w .
m | .
= ”
=)
Z .
0 | 40 ' 80
TIME / MIN

Fig. 3. Correspondence between the number of mols of oxygen consumed
(circle) and of peroxide formed (square) during continuous illumination
of sodium decatungstate (5.5 x 10~4 M) in oxygen (open symbols) and air
(solid symbols) saturated acetonitrile in the presence of methanol at
0.8 M.

evenifthe rate constant of the reaction between the reduced
form with oxygen is low [4,18].

For concentrations below 2.5 M of methanol in acetoni-
trile, the mechanism of the decatungstate photocatalysis
may be schematized by the catalytic cycle shown on Eq. (1).

Wi0032* + hu— w0 (Pyo)

wO + CH30H—°CH,OH + H'W;003,°"

*CH,0H + 0;— *00CH,0H

*00CH,0H + H™W;003,°” HCHO + Hy0, + W;005,%
(1)

The transient wO reacts with methanol to give the one-
electron-reduced species H'W;03,°~ and the correspond-
ing hydroxymethyl radical. This latter is quantitatively
intercepted by oxygen and reacts at a near diffusion-
controlled rate to form the hydroxymethylperoxyl radical.
Then, the peroxyl radical reoxidizes H'W;003,°~ to
regenerate the catalyst and gives the reaction products,
thus closing the catalytic cycle. More generally, it is
interesting to note that Eq. (1) is slightly oversimplified
since oxygen not only intercepts the freely diffusing *CH,OH
radicals but also the geminate ion pairs [H'W;0055°",
*CH,0H], as mainly argued about alkenes [10].

Fig. 2 shows that the relationship @"gx=(Pox+
D,,oK[XH])/(1 +[XH]) directly derived from equation (A)
fits quite perfectly the variations of @*tyx vs. [XH] for
concentrations up to 1 M in acetonitrile. Actually, it is the
same until [CH30H] reaches ~ 2.5 M from which point the
quantum yield @4 slows down very surprisingly after a
maximum value of ~ 0.45. It even decreases from 5M to
pure methanol (data not shown). This bend is observed for
both oxygen- and air-saturated acetonitrile-methanol
mixtures. The yields always remain lower in the presence
of air. Relation (A) is no longer satisfied showing that
photostationary state conditions are no longer fulfilled
meaning:

o that the formation and disappearance rates are not equal
for each of the transient entities formed;

¢ that in the present case, the steady state approximation
does not apply to the reduced form of the catalyst;

o and therefore that the rate of reoxidation of H*'W;0035°~
became too low in comparison with the rate of

photooxygenation rox.
For similar experiments in which acetone acts as a
substrate in acetonitrile, the quantum yield @My
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increases progressively up to a value of 0.175 in pure
CH3COCH; but no curve was observed [12]. This difference
can now be explained by the fact that the rate of
photooxygenation remains always much less than that
observed with methanol. This system meets the photo-
stationary state conditions regardless of the acetone
concentration.

3.2. Laser flash photolysis

Fig. 4 shows kinetic traces recorded at 780 nm following
a 355 nm excitation of air saturated acetonitrile solutions
of decatungstate (5 x 10~* M) in the presence of variable
concentrations of methanol. These decays correspond to
the wO transient and the related pseudo-first-order rate
constants have been plotted in the corresponding Stern—
Volmer graph (Fig. 5). The so-determined slope yields
kxi=1.88 x 107 M~! s~! (Table 1). The absorbance base-
line is not reformed after wO decay and it has been
previously shown that this absorbance is due to the one-
electron-reduced form of decatungstate, W;03,°", or its
protonated form HW;q05,%". The transient absorbance
change recorded at 780 nm, 450 ns following laser excita-
tion, may be used to calculate the quantum yields @p<H of
RF formation (see Section 2) and may be expressed in
terms of a generalized Stern-Volmer treatment [10]:

(PR + PRKIXH])

XH
Prr = (1 + K[XH])

where @y is the quantum yield of formation of W1(03,°~
in the absence of added substrates, and @™ is the
quantum yield of W;¢03,°~ formation at infinite substrate
concentration. Fig. 5 shows the dependency of the
quantum yield ®PzZ"' of RF formation on methanol
concentration in acetonitrile. The kinetic analysis yields
Dp®=0.023, Pre™ =0.36, and K=1.46 M~ ! (Table 1).
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Fig. 4. Kinetic profiles observed at 780 nm showing decay of wO as
generated following 355 nm excitation with a 15ns laser pulse of
5x 10~*M sodium decatungstate air-saturated acetonitrile solution in
the absence (a) and presence of methanol at 0.25 M (b) and 1.0 M (c).

T 0..4 0:8
0.6 0.9
[methanol] /M

Fig. 5. Dependence of the quantum yield for formation of the reduced
form of decatungstate on methanol concentration, following the 355 nm
pulsed excitation (~20m]) of air-saturated acetonitrile solutions of
sodium decatungstate (5.5 x 107*M). The solid line is drawn is
accordance with the equation @M= ( Dy + Ppe™K[XH])/(1 + K[XH]),
with @’ = 0.023, D™ =0.36 and K= 1.46 M~ . Inset: dependence of the
corresponding pseudo-first-order rate constant of decay of wO measured
at 780 nm on methanol concentration in air-saturated acetonitrile.

The spectrum of the long-lived species generated by a
355 nm excitation with a 15 ns laser pulse of a 5 x 1074 M
sodium decatungstate air-saturated acetonitrile solution
in the presence of methanol at 4.5 M is given on Fig. 6. This
spectrum is the same as the one obtained under identical
conditions by excitation of a tetrabutylammonium dec-
atungstate air-saturated propanol-2-ol/acetonitrile solu-
tion and also as the one resulting from an injection of a
20 ns pulse of high-energy electrons into a tetrabutylam-
monium decatungstate N,-saturated solution after 220 s
[3]. Thus, the long-lived species of Fig. 6 can well be
identified as the one-electron-reduced species.

For comparison purpose, the Kkinetic parameters
obtained for methanol, but also for other alcohols and
acetone are collected in Table 1. It is noteworthy:

e that the three values of Stern-Volmer constants,
obtained independently from both steady state and
time-resolved measurements are almost identical for
each of the substrates;

e that the same is true for the values of the kinetic
parameters that characterize decatungstate photocata-
lysis in acetonitrile such as @0, Pox, and Dgs°.

This indicates that all approaches provide reliable data
and give a good overview of the experimental uncertain-
ties associated with the individual measurements.

Previous studies involving a wide variety of organic
substrates suggested that the quenching of wO may occur
by hydrogen-atom-abstraction and/or electron transfer
mechanisms depending on the chemical nature of XH
[3-14]. In all cases, both mechanisms lead to the same
one-electron-reduced species and to the corresponding
substrate-derived radical. With alkanes and aliphatic
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Fig. 6. Transient absorption spectrum recorded for the one-electron
reduced form generated by 355 nm excitation with a 15 ns laser pulse of a
5x 107*M sodium decatungstate air-saturated acetonitrile solution in
the presence of methanol at 4.5 M after 30 s (x), 320 . (1), 1.53 ms (A),
and 4,27 ms (7).

alcohols, the quenching of wO occurs by hydrogen-atom-
abstraction, whereas with any easily oxidizable substrates,
such as aromatic hydrocarbons [11] and alkenes [10],
direct electron transfer can compete with hydrogen atom
transfer and even become the main pathway.

As aromatic alcohols are also potentially capable of
reacting following both mechanisms, a combination of
steady state and time-resolved techniques with kinetic
isotope effects studies has recently been used to investi-
gate the mechanism of their decatungstate photocatalyzed
oxidation [14]. It has been demonstrated that they
exclusively react by hydrogen atom transfers [14a]. In
addition, the primary and secondary isotope effects
provided strong evidences of a stepwise mechanism where
the hydrogen-atom-abstraction occurs in the rate-deter-
mining step of the reaction. Finally, to examine further the
extent of the electronic effect on the reaction rates and to
obtain valuable information on the transition state TS of
the decatungstate photocatalyzed reaction of 1-pheny-
lethanol, the Hammett kinetics of the oxidation on a series
of para-substituted-1-phenylethanols has been studied
[14b]. A small positive slope has been found that:

e it indicates the development of negative charge or a
radical intermediate which is better stabilized by an
electron-withdrawing substituent in the transition state
and that;

e it suggests a radical intermediate for this reaction and
supports an early transition state.

Compared to aliphatic alcohols such as methanol whose
intermediate in the TS is the hydroxymethylperoxyl radical
[Eq. (1)], the stabilization of the transition state for
aromatic alcohols results in a decrease of the activation
energy and then, in an increase of the rate constant kyxy
which explains the significant higher reactivity of the latter
(Table 1).

For aliphatic alcohols, the rate constant of wO with
methanol is much less than with secondary compounds
such as propan-2-ol which reflects that the process
involves in this case primary C-H bonds and not secondary
C-H bonds as seen for propan-2-ol. The higher reactivity of
acetone is due to the fact that it is a solvent/substrate
bearing 6 activated primary C-H bonds (Table 1). This
result relative to the simplest alcohol completes the study
made on the reactivity of many different linear and
branched aliphatic alcohols [3], and confirms the hydro-
gen-atom-abstraction mechanism.

4. Conclusions

In decatungstate photocatalyzed oxygenations, two
main parameters control the reactivity of the reactive
species wO with alcohols. The first one is the C-H
binding energy, as expected on the basis of a hydrogen-
atom-abstraction mechanism. Therefore, the bimolecular
rate constant of methanol with the reactive oxyradical
wO is the lowest ever observed for aliphatic alcohols.
The second determining parameter is the nature of the
alcohol that governs, in the transition state, the electro-
nic effects and thus its energy level and its reactivity.
Due to a better stabilization of the radical cation
between XH and wO that is developing in the transition
state, the rate constant kxy of aromatic alcohols is
significantly higher than that of aliphatic alcohols
(Table 1).

In addition to the study of the elementary reaction
between wO and XH, two new and unpublished
experimental observations in the photocatalysis by
decatungstate should be highlighted. First of all, for
methanol concentrations above 2.5 M the quantum yield
of photooxygenation no longer satisfies the kinetic
relationships deduced from the steady state approxima-
tion and the system no longer obeys the photostationary
state conditions. Secondly, progressive establishment of
anaerobic conditions, which may occur if the rate of
oxygenation becomes higher than that of catalyst
regeneration, results in both ending of substrate con-
version and the decay of hydrogen peroxide. These
findings open up perspectives on the development of a
new methodology for studying the parameters and
processes that control the nature of the slow step and
the progress of the photocatalytic cycle. This methodol-
ogy is currently under investigation and is applied to the
study of decatungstate photocatalyzed oxygenation of
methanol and higher aliphatic alcohols as solvent and
reactive substrate.

Acknowledgments

The laser flash photolysis studies were performed at the
Paterson Institute for Cancer Research Free Radical
Research Facility, Manchester, UK, with support of the
European Commission through the Access to Large-Scale
Facilities activity of the TMR Program. Dr. loana Fechete is
gratefully acknowledged for her assistance in the prepara-
tion of figures and Murielle Oster for the improvement of
English spelling.



838 C. Tanielian, R. Seghrouchni/C. R. Chimie 17 (2014) 832-838

References
[1] (a) C.L. Hill, Chem. Rev. 98 (1998) 1;

b) E. Papaconstantinou, Chem. Soc. Rev. 18 (1989) 1;

c) A. Hiskia, A. Mylonas, E. Papaconstantinou, Chem. Soc. Rev. 30

2001) 62-69;

d) C.L. Hill, C.M. Prosser-McCartha, in: K. Kalyanasundran, M. Grdtzel

Eds.), Photosensitization and Photocatalysis Using Inorganic and Or-
ganometallic Complexes, Kluwer Academic Publishers, Dordrecht, The
Netherlands, 1993, p. 307;

(e) W.P.Griffith, Trans. Met. Chem. 16 (1991) 548 (and references cited
in each).

[2] (a) D.C. Duncan, T.L. Netzel, C.L. Hill, Inorg. Chem. 34 (1995) 4640;
(b) L. Texier, J.-F. Delouis, J.A. Delaire, C. Giannotti, P. Plaza, M.M.
Martin, Chem. Phys. Lett. 311 (1999) 139.

[3] C. Tanielian, K. Duffy, A. Jones, J. Phys. Chem. B 101 (1997) 4276.

[4] L.P. Ermolenko, J.A. Delaire, C. Giannotti, J. Chem. Soc., Perkin Trans. 2
(1997) 25.

[5] D.C. Duncan, M.A. Fox, J. Phys. Chem. A 102 (1998) 4559.

[6] C. Tanielian, Coord. Chem. Rev. 180 (1998) 1165 (and references
herein).

[7] T. Kothe, R. Martschke, H. Fischer, ]J. Chem. Soc., Perkin Trans. 2 (1998)
503.

[8] C. Tanielian, R. Mechin, R. Seghrouchni, C. Schweitzer, Photochem.
Photobiol. 71 (2000) 12-19.
[9] C. Tanielian, C. Schweitzer, R. Seghrouchni, M. Esch, R. Mechin, Photo-
chem. Photobiol. Sci. 2 (2003) 297.
[10] C.Tanielian, R. Seghrouchni, C. Schweitzer, J. Phys. Chem. A 107 (2003)
1102.
[11] L Texier, J.-A. Delaire, C. Giannotti, Phys. Chem. Chem. Phys. 2 (2000)
1205

[12] C. Tanielian, F. Cougnon, R. Seghrouchni, . Mol. Catal. A: Chem. 262
(2007) 164.

[13] M.D. Tzirakis, I.N. Lykakis, M. Orfanopoulos, Chem. Soc. Rev. 38 (2009)
2609 (and references therein).

[14] (a) C. Tanielian, LN. Lykakis, R. Seghrouchni, F. Cougnon, M. Orfano-
poulos, J. Mol. Catal. A: Chem. 262 (2007) 176;
(b) LN. Lykakis, C. Tanielian, R. Seghrouchni, M. Orfanopoulos, ]J. Mol.
Catal. A: Chem. 262 (2007) 170.

[15] (a) C. Tanielian, C. Wolff, ]. Phys. Chem. 99 (1995) 9825;
(b) C. Tanielian, C. Wolff, J. Phys. Chem. 99 (1995) 9831;
(c) C. Tanielian, C. Wolff, C.M. Esch, J. Phys. Chem. 100 (1996) 6555.

[16] R.Schmidt, C. Tanielian, R. Dunsbach, C. Wolff, J. Photochem. Photobiol.
A: Chem. 79 (1994) 11.

[17] R.D. Mair, AJ. Graupner, Anal. Chem. 36 (1964) 194.

[18] L.A. Weinstock, Chem. Rev. 98 (1998) 113.


http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0005a
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0005b
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0005b
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0005c
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0005c
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0005c
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0005d
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0005d
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0005d
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0005d
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0005d
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0005d
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0005e
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0005e
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0005e
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0010a
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0010b
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0010b
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0010b
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0015
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0020
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0020
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0025
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0030
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0030
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0035
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0035
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0040
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0040
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0045
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0045
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0050
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0050
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0055
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0055
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0060
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0060
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0065
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0065
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0070a
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0070a
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0070b
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0070b
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0070b
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0075a
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0075b
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0075b
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0075c
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0075c
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0080
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0080
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0085
http://refhub.elsevier.com/S1631-0748(13)00352-4/sbref0090

	Decatungstate photocatalyzed oxygenation of methanol in acetonitrile under photostationary state conditions
	Introduction
	Experimental
	Materials
	Laser flash photolysis
	The photostationary state method

	Results and discussion
	Steady state photolysis
	Laser flash photolysis

	Conclusions
	Acknowledgments
	References


