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Photoinduced Electron Transfer Between a Noble-Metal-Free
[MoglsClg]* Cluster-Based Complex and Polyoxometalates

Anam Fatima,® Yevheniia Smortsova,® Clément Falaise,*" Nathalie Leclerc,” Mohamed Haouas,?
Emmanuel Cadot,® Stéphane Cordier,® Yann Molard,® Thomas Pino,® Céline Dablemont,® Rachel
Méallet,*? Karine Steenkeste,*? and Minh-Huong Ha-Thi*?

Evidence for photoinduced intermolecular electron transfer from
the excited state of [MoglsClg]> electron-rich cluster-based
photosensitizer to polyoxometalates (POMs) is reported. We
demonstrated that the global charge density of POMs affects the
efficiency of electron transfer. This work paves the way for the
rational design of photocatalytic systems using cluster-based
complexes as robust noble metal-free photosensitizers.

One of the key challenges toward solar fuel generation is the
development of photocatalytic systems involving robust noble-
metal-free components.! In this context, polyoxometalates
(POMs) have been identified as promising earth-abundant
metal-based catalysts for light-driven hydrogen evolution
reaction when they are associated with sunlight harvesting
unit.z19 |n most of these systems, the photosensitizer
corresponds to ruthenium- or iridium-based complexes.
Although the electron transfer between the excited state of
such complexes and the POM is quite efficient, using abundant
element-containing photosensitizers would be highly beneficial
to reduce the environmental impact and cost of these
photocatalytic devices. Covalent grafting of organic dyes with
POMs represents an attractive way to design photoactive POM-
based systems.11715 Although this approach is elegant, hybrid
functionalized POMs exhibit drawbacks such as time-consuming
synthetic procedures and in many cases, unavoidable photo-
bleaching under prolonged operating irradiation.

The octahedral transition-metal cluster compounds [MgXgYs]?
consists of six metal centers (Mo" or W") linked to face-capping
(X) and terminal halide ligands (Y).1617 These robust inorganic
complexes are able to undergo reversible one-electron
oxidation®18, Moreover, upon visible-light irradiation they
exhibit intense luminescence with high quantum yields and
considerably long-lived (us order) triplet state.1®-23 Based on
these striking properties, it was hypothesized in 1983 that
[MgXsYs]?> can behave as photosensitizing units.2* Although
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Gray and coworkers observed that the Iluminescence of
[MogClgClg]? is quenched in the presence of POMs, no
spectroscopic signature of the charge separated state has been
detected and their lifetime were not characterized.?* To the
best of our knowledge, no experimental proof of photoinduced
electron transfer between [MeXsYe]> and quenchers has yet
been reported.

Herein, we employed nanosecond transient absorption (TA)
spectroscopy supported by spectroelectrochemical
experiments to reveal unambiguously that the molybdenum
halide complex [MoelsCle]? is able to transfer one electron to
POMs upon visible-light irradiation. The mixed halide
[MoglgClg]? cluster complex has been selected for this study
(Fig. 1A) because it exhibits higher quantum yield than that of
the [MoeClgCle]? cluster-based complex previously studied by
Gray?* (47% vs 19%).1® Moreover, key parameters of the
quenching mechanism related to the cluster-POM interplay will
be highlighted below by using POMs with various charge
densities, nuclearities, and redox potentials, such as the Keggin-
type anions ([XW1,040]™ with X = P>+, Si4*, B3+, (2H)?* (Fig. 1B)
and the Dawson—type anion [P2;W1306,]% (Fig. 1C).
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Fig. 1 (A) Structural representation of the molybdenum halide cluster. Black sphere: Mo,
yellow sphere: |, green sphere: Cl. (B) and (C) Structural representations of the Keggin-
type and Dawson—type POM. (D) Electronic absorption profiles of the cluster and the
POMs (as tetrabutylammonium salts) in CH3CN. Note: The molar extinction coefficients
(g) of POMs are scaled by dividing by a factor of 20.
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Fig. 2. (A) Steady-state emission spectra and (B) time-resolved emission decays of the [MoglgClg]> cluster-based complex (30 uM) in the presence of different
concentrations of [PW1,040]3> POM in deaerated CH3CN and (C) Stern-Volmer plots showing the emission lifetime changes of the cluster in the presence of POMs.

The absorption spectra of the [MoelsCle]2- complex and that of
the POMs in the UV-Visible range are shown in Fig. 1D. The
cluster complex exhibits typical intense absorption in near-
ultraviolet with a broad low-energy absorption band located at
420 nm (g = 3 300 M-1.cm) that corresponds to metal to metal
transitions, from bonding to antibonding character.?> In
contrast, the POMs exhibit no or weak absorption in the visible
region. Indeed characteristic ligand-to-metal charge-transfer
(O>W) bands of tungsten-oxo frameworks are observed in UV
region.2627 Further, excitation at 420 nm of [MoglgClg]?% in
deaerated CH3CN gives rise to a broad and intense emission,
centered at about 700 nm (Fig. S1, ESI), consistent with that
previously reported by Kitamura and coworkers.16 The emission
spectra were also recorded at different temperatures (Fig. S2,
ESI), and a slight blue shift was observed at decreasing
temperatures as previously reported.?3 Time-resolved emission
measurements (Fig. S3, ESI) show that the emission at 700 nm
decays with a time constant of 165 * 10 pus. Measurements in
aerated solution reveal a substantial decrease in the excited
state lifetime down to 1.6 us due to oxygen quenching (Fig. S4,
ESl), supporting that the detected luminescence arises from the
triplet state.28

Adding the Keggin anion [PW1,040]3 to argon-saturated solution
of [MoglsCls]? (30 uM) provokes a strong emission quenching as
evidenced by the evolution of the steady-state emission
intensities (Fig. 2A) and of the lifetimes (Fig. 2B). For instance,
adding about six equivalents of POM reduces the emission
intensity of [MoglsClg]? by a factor of four. Plotting o/l and to/t
as a function of [PW1,040]3 concentration, yields a linear Stern-
Volmer (SV) correlation having equivalent slopes (Fig. S5, ESI
and Fig. 2C) with a quenching rate constant (ky) of 9 x 107 M-1.s-
1. The k4 values obtained from the SV plots of the emission
lifetimes for the different cluster-POM pairs are given in Table
1. The respective rates obtained from the emission intensities
are shown in Table S1 (ESI). A decrease in the emission
intensities and lifetimes [MoglgCle]2 upon adding [SiW1,040]%,
[P,W1806,]6 or [BW1,040]% anions is also observed, but with a
much lower magnitude (Figs. S6, S7 and S8, ESI). The intensity
and lifetime SV plots obtained for these three cluster/POM
systems (Fig. 2C and S5, ESI) gave lower values of quenching rate
constants that are given in Table 1 and Table S1. The linear
behavior in both steady-state (lo/1) and time-resolved (to/T)
measurements shows that the quenching of the excited state is
dynamic in nature and suggests that there is a negligible ground
state association between the photosensitizer and the

quencher.?? From the comparison of the four studied
[MoglsClg]>/POM tandems, it appears that the values of kq
significantly decreases with the increase of the anionic charge
density of the POM unit (g/M = global charge/number of metal
atoms, Table 1). The increase of g/M gives rise to different
contributions altering the transfer of electron and/or energy
between the [MoglsClg]> donor and the POM acceptor. The
main effect of the g/M may lie within the increase of the
electrostatic repulsions between the two inorganic anionic
partners of the tandem, therefore limiting in fine the approach
of the photosensitizer in the close vicinity of the quenching unit.
To highlight the key role of g/M on [MoglgCle]2/POM interplay
and in particular, the strong influence of coulombic repulsions
within the tandem, we studied the influence of the highest
charged Keggin anion of the series [H,W1,040]% on the emission
lifetime of [MoglsClg]%. In similar experimental conditions, the
quenching process was found negligible and even could not be
determined.

Table. 1 Quenching rate constants (k) determined from emission lifetime changes for
each [MoglgClg]>/POM tandem.

POMs Standard Charge density| kqx 107,
potential, V@ (g/M) M1
[PW1,040)3 -0.55 0.25 9+2

[PW11VOg0l* -0.33 0.33 2.0+0.3
[SiW11M0QO40]% -0.58 0.33 1.5+0.2
[SiMO01,040]* -0.68 0.33 1.9+0.3
[P,W1506,]% -0.95 0.33 2.0+0.2
[SiW1,040]* -1.11 0.33 1.1+0.2
[BW12040]5 -1.45 0.42 0.7+0.1

[H2W1,040]% -1.55 0.50 --

aThe first standard potential of the POM (V vs Fc/Fc*) has been determined by cyclic
voltammetry studies in deaerated CH3;CN containing 0.1 M TBA.PF(Figs. S9 and S10, ESI).

Besides, we also evaluated the contribution of POM reducibility
on the emission quenching of [MoglsClg]> using a set of
isocharged Keggin-type derivatives exhibiting a first potential
covering a range from -330 to -1100 mV vs Fc*/Fc (see Table 1,
Figs. S11, S12, S13 and S14, ESI). This study revealed that the k,
value is moderately influenced by the ability of the POM to be
reduced. For instance, the kg value observed for the more
reducible POM, [PW1:VO40]%, is only twice that observed for
[SiW1,040]%, a POM exhibiting first redox potential at -1100 mV.
In comparison, a much more pronounced difference of k, value
is observed between [PW1,040]3 and [SiM012,040]* while both
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Fig. 3. Transient absorption spectra of (A) cluster [MoglgClg]> (30 uM) in the absence of POM and in the presence of 5 equivalents of (B) [PW1,040]3 and (C) [P,W1506,]%

. Measurements have

exhibit similar reduction potential, reiterating that the g/M and,
consequently, the coulombic repulsion between the two
inorganic units governs mostly the rate of electron transfer.

In addition, it must be pointed out that that the k; measured for
the system [MoglsCle]%/[PW12040]% in CH3CN are slightly lower
than those reported by Gray et al. (70 x 107 M-1.s1) for the
tandem [MoeClsCls]?/[PW12040]> in aqueous solution.1924
Although the nature of the molybdenum halide cluster should
have an impact on the kg, the nature of the solvent on the
quenching efficiency is also crucial. Actually, the transfer
between negatively charged species strongly depends on their
mutual coulombic repulsions that are stronger in organic
solvent exhibiting low dielectric constant, such as CHsCN, than
in water. To evidence the electron transfer process from the
excited state of the octahedral cluster to the POMs, nanosecond
TA measurements were performed in deaerated CH3;CN. After
excitation of [MoglsClg]> at 420 nm, a positive transient
absorption band at 520 nm accompanied by a less intense band
ataround 650 nm was observed, which has been ascribed to the
triplet excited state of the cluster (Fig. 3A).22 The transient
absorption spectral features can be satisfactorily fitted with a
monoexponential decay of 170 + 10 ps time constant, which is
close to the previously measured emission lifetime.

In the presence of the Keggin-type POM [PW1;040]3, the
nanosecond TA spectra (Aexc = 420 nm) of [MoglsCle]? revealed a
different scenario (Fig. 3B). Until 0.5 ps, the TA spectra show the
spectral features of the triplet excited state of [MoglsClg]%.
Then, the signal of the excited state decays and transforms into
a new spectroscopic feature absorbing in almost the entire
visible range and extending to the near-infrared part (Fig. 3B).
This new broad transient absorption band is consistent with the
formation of a 1 e- reduced POM, which gives rise to intense
intervalence charge transfer (IVCT) band spreading until the NIR
domain. The formation of the reduced POM species results from
an electron transfer from the cluster to the POM leading to the
charge-separated species {oxidized cluster-reduced POM}
observed at 200 ps. Beyond 200 us, the transient absorption
signal decays and no change in the spectral shape is observed,
reflecting the charge recombination process. Globally, fitting
the kinetic traces with a two-exponential model gives two time
components of 23 + 3 and 350 + 30 us. The resulting decay-
associated difference spectra (DADS) are shown in Fig. S15 (ESI).
The short time component of 23 ps is assigned to the decay of

een realized in deaerated CHs;CN, f)\m= 420 nm). Insets show global fitting of kinetic traces at indicated wavelengths.

the excited [MoelgClg]2™ concomitant with the rise of charge-
separated species, while the latter should correspond to the
recombination of the charge-separated pair.

Hypothesis of a photo-induced electron transfer has been
further supported by comparison of the broad TA spectroscopic
feature (retrieved from the 350 ps DADS) with the sum of the
contributions arising from the oxidized mono-anionic
[MoglsClg]- complex and the one electron-reduced POM. The
UV-Vis signature of both species has been obtained from
separated bulk electrolysis at controlled potential (see details in
ESI). The oxidized [MoglsClg]: molybdenum halide cluster
complex gives rise to two principal absorption bands located at
about 600 and 800 nm, resulting in a color change from yellow
to olive-green (Fig. S16, ESI). Besides, solutions of the one-
electron reduced derivative of the [PW1,040]3 ion exhibit a
characteristic deep blue color (A17}%*= 750 nm) which is assigned
to the d-d transitions and IVCT bands (Fig. S17, ESI).263° A good
match with TA spectroscopic feature is overall obtained using a
linear combination of the respective contributions of the
spectro-electrochemical difference spectra of the oxidized
cluster and the reduced POM (Fig. 4A). This is consistent with a
photoinduced electron transfer from the triplet excited state of
[MoglsClg]2™ to the Keggin-type POM [PWi,040]>. The
nanosecond TA experiments have been also carried out with
higher charged Keggin-type POMs, [BW12040]°" and [H2W12040]%
(Fig. S18 and S19, ESI). In such systems, a small decrease in the
lifetime of the excited state was observed. However, the
spectroscopic feature and the dynamics of the charge-
separated state could not be detected due to the less efficient
electron transfer.

Interestingly, the photoinduced electron transfer was also
measured between [MoglsCls]> and [P, W15062]¢, as revealed by
the decay of the typical transient absorption signal of the
[MoglsClg]2™ triplet state, concomitant with the rise of a flat,
featureless transient absorption signal in the entire visible
range associated to the reduced POM (Fig. 3C). This signal is
different from that of the system involving the Keggin anion
[PW12040)3- and matches nicely with a combination involving
spectra of the oxidized mono-anionic [MoglsClg] complex and
the one-electron reduced Dawson-type anion (Fig. 4B). Bi-
exponential fitting of all the kinetic traces gives time constants
of 42 + 5 and 620 + 50 us corresponding to the rise and the
decay of the charge-separated state, respectively (Fig. 3C and
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Fig. S20, ESI). Hence, the observed [MoglsClg]>™ excited state has
longer lifetime when the tandem partner is a Dawson-type POM
as compared to that when the tandem partner is [PW12040]3.
This reflects the less efficient electron transfer consistent with
the quenching constant value.

A/ B/
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Fig. 4. Comparison of the second decay-associated difference spectrum (DADS)
resulted from the global analysis on the TA measurements of the cluster and (A)
[PW1,040]3 and (B) [P,W1506,], with the linear combination (calculated) of the
spectra of the oxidized cluster [MoglsClg]-and the one-electron reduced POMs.

In summary, these photophysical investigations demonstrate
that the excited state of the noble-metal-free [MoglgClg]?
cluster-based molybdenum halide can transfer an electron to
Keggin- or Dawson-type POMs in CH3CN. Such donor-acceptor
tandems are composed of anionic entities and consequently the
rate of electron transfer is dramatically affected by the anionic
charge density of the POM unit. The lower the charge density,
the higher the electron transfer efficiency, following the series
where the charge g per metal atom progressively increases:
[PW12040]3 (0.25) > [P2W18062]® ~ [SiW12040]* ~ [PW11VOa0]* ~
[SiW11M00O40]* ~ [SiM012040]* (0.33) > [BW12040]> (0.42) >
[H2W12040]% (0.50). This work opens new avenues toward the
by using
molybdenum octahedral clusters as noble-metal free inorganic
photosensitizers associated to POM as specific catalytic unit
efficient for targeted processes such as depolluting, biomass

design of full-inorganic photocatalytic devices

valorization or clean energy generation.3!
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