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Abstract: Polyoxothiometalate ions are active hydrogen evolution
reaction (HER) catalysts based on modular assembly build from
electrophilic clusters {MoSx} and vacant polyoxotungstates. Herein,
the dumbbell-like anion {PW11039)2(M03S4(H20)3(OH))2]® exhibits
very high light-driven HER activity while the active cores {MosS4} do
not contain any exposed disulphido ligands which were suspected at
the origin of the HER activity. Moreover, in the catalyst architecture,
the two central {MosSs} cores are sandwiched by two bulky
{PW1103¢}”" subunits that act as oxidant resistant protecting groups
and behave as electron-collecting units. A detailed photophysical
study was carried out confirming the reductive quenching mechanism
of the photosensitizer [Ir(bpy)2(dtbbpy)]” by the sacrificial donor
triethanolammine (TEOA) and highlighting the very high rate constant
for the electron transfer from the reduced photosensitizer to the Thio-
POM catalyst. Such results provide new insight about HER activity of
the Thio-POM catalysts.

Introduction

Climate change is triggering many challenges and urgent needs
in the renewable energy sources which are tackled intensively by
the scientific community, including both the humanities and
natural sciences. In light of the perspectives listed in the 2015
COP-21 Paris Agreement, solar energy with its huge potential
became a horse to harness leading to an exponentially growing
number of scientific publications. Harvesting and storage of the
solar energy was confirmed to be a priority.['! One of the possible
solutions lays in the production of green solar fuel, i.e., via carbon-
free catalytic processes. In context, solar-driven water splitting
appears promising as sustainable energy conversion and storage
process, crucial to convert the renewable sources from
intermittent to viable energy in wind or solar power plants.’!

However, technical feasibility and technology readiness for green-
hydrogen production and applications are still limited. Low
efficiency and high cost of the most common approach used in
solar to hydrogen energy-conversion systems, i.e., the photo-
voltaic-electrolyzer interface, constitutes real drawbacks for
industrial applications.®! An alternative possibility consists to
perform the “direct” solar-driven hydrogen production using
efficient photocatalytic chemical systems. Implementation of such
photosystems involves mastering interfaces between functional
components including a photosensitizing unit and an active
catalyst integrated into a single solar cell, which should be noble
metal-free and highly efficient system.

In context, coordination chemistry concept allowed the design of
a large variety of efficient catalysts for the Hydrogen Evolution
Reaction (HER). The development of this class of Hydrogen
Evolving Catalysts (HECs), using either bio-mimetic, or bio-
inspired approach stems from mechanisms analysis of the
functioning of hydrogenase enzymes. The binuclear active sites
[Fe-Fe] or [Fe-Nil-hydrogenase share both structural similarities
corresponding to a bis-sulfido bridge that links the two metal
centers. In addition, functioning of the [Fe-Fe]-type hydrogenase
requires proximal protonation site and electron-shuttle unit to
evolve hydrogen from a 2-electron and 2-proton process. This is
achieved thank to a connected [4Fe-4S] cluster and a {N-H} group
close to the [Fe-Fe] metal centers. It is clear that mechanistic
studies have driven implementation of bio-mimetic systems
paving the way toward rational molecular engineering of efficient
bio-inspired photocatalytic systems. Besides, inorganically pure
HECs such as amorphous molybdenum sulfides MoSx are broadly
recognized as highly efficient HER catalysts for electro- and
photo-driven HER based on earth-abundant elements.l*71 Such
MoSx-type catalysts have been processed as heterogeneous
solid-state catalysts within electro- or photo-electro catalysis but
ill-defined MoSx deposited active phase makes intricate the HER



mechanism, wherein different active sites were proposed such as
protonated disulfido and sulfido groups or Mo""V-hydride. In the
70’s-80’s, fruitful molecular approaches have been deployed to
model the active sites of the MoS»>-based catalysts used in the
hydrodesulfurization (HDS) industrial processes. Actually,
molecular thiomolybdate chemistry offers a large variety of
clusters differing in their nuclearity, redox state, coordination
pattern and bonding schemes useful to decipher the mechanisms
and establish the structure-activity relationships. Besides,
thiomolybdate clusters exhibit high HER efficiency, offering
interesting opportunities to contribute to the development of
advanced {Mo-S} catalysts, both in heterogeneous or
homogeneous processes operating by electro- or photoelectro-
activation. Among the discrete {Mo-S} species, both [Mo3S13]* or
[Mo2S12]* clusters showed high activity in homogeneous visible-
driven conditions thus demonstrating that such HEC-type
catalysts could be promising candidates as catalytic components
within the entire water-splitting solar cell.

On the other hand, polyoxometalates (POMs) constitute also an
important class of electroactive compounds that found
applications in many areas such as catalysis, energy storage with
Li-ion and redox flow batteries or energy conversion processes.
Due to their large diversity in terms of structure, composition and
electronic properties, POMs chemistry provides an invaluable tool
box for the fine design of electro- or photo- catalysts. For instance,
polyoxotungstate ions constitute a library of electroactive ligands
able to react with almost all the metallic cations. These rigid
ligands act as clustering agent which, in many cases results in
central metal clusters tightly nested between the surrounding
polyoxotungstate groups. Among the plethoric examples, the
tetraruthenium core {RusO4(OH)4(H20)4}** stabilized by two y-
[SiW10036]® ligands behave as efficient water oxidation catalyst
(WOC).BO0 On the other hand, the tetranickel core {Nis}®*
sandwiched by two a-B-[PWgO34]% trivacant anion or the {Niia}
grafted onto {SiWsOa4]'" exhibit both high photocatalytic
efficiency for hydrogen evolution reaction.l'"'"' Using such an
approach, the active thiomolybdic core {MosS4}** has been
grafted on the hexavacant crown-shaped anion
[H7PsW450184]%%*.1'31 The resulting mixed Mo3sSs-containing POM
was shown to be a very efficient electrocatalyst for HER,
functioning either in homogeneous or in heterogeneous
conditions, as deposited co-catalyst on silicon photocathode.!'¥
Such a strategy was demonstrated as a general efficient
approach to synthesize polymodular thio-POM species that
exhibit various combinations, stoichiometries and structures.['¥ In
context, we report on the combination of the {Mo3S4} core with the
monovacant anion a-A-[PW1103¢]”" resulting of a similar structure
scheme of that previously reported for the
[{(SiW11039)M03S4(H20)3(u-OH)}2]"* cluster.'8! This thio-POM,
formulated as [{(PW11039)M03S4(H20)3(u-OH)}2]® reveals to
behave as efficient HER catalyst through visible light-driven
process. In addition, comparison with other reported efficient
POM-based systems or thiomolybdates allow identifying this
class of compounds as very promising candidates as HER
catalysts.

Furthermore, along with the demonstration of the pertinence of
the thio-POM strategy for the design of efficient homogeneous
HER photocatalysts, the mechanism of the solar-driven hydrogen
evolution was addressed through a thorough photophysical
investigation of the successive processes succeeding the photon
absorption by the photosensitizing unit. This study helped to
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Figure 1 Structural representations of: (A) [M03S13]?, (B) [M03Sa(H20)s]#*, (C)
[PW11039]7- and (D) [{(PW11039)M03S4(H20)3(u-OH)}2]8 (Chalco-POM).
Structural representation of the thio-POM resulting from the combination
between [Mo03S4(H20)9]4 and a-A-[PW110390]7- ions was derived from the
reported structure of [{(SiW11039)M03S4(H20)3(u-OH)}2]20- cluster species (see
ref 16).

rationalize the observations made in photocatalytic experiments
involving the novel thio-POM catalyst. The full understanding of
the HER-productive pathway is crucial for further improvements
of this new class of photocatalytic systems.

Results and Discussion

Synthesis. The protocol of synthesis was derived from that
previously reported by Muller et al. wherein the monovacant a-A-
[SiW11039]® ion was substituted for the a-A-[PW1103g]” precursor,
which reacts with the {MosSs(H20)e]** aquo cluster in nearly
stoichiometric condition. The resulting thioanion was isolated as
mixed cesium-sodium salt from pH 2 aqueous solution.
Characterizations including elemental analysis, EDS, infrared, 3'P
NMR and UV-vis were in fair agreement with the structural
arrangement resulting from the single-crystal X-ray diffraction
analysis of the [{(SiW11039)M03S4(H20)3(u-OH)}]'% (see Figure
1). Such a molecular arrangement consists of two central
{Mo3S4(H20)3} cores linked together by two hydroxo briges. Then,
the resulting central cationic unit {MosSs(OH)2(H20)6)®* is
sandwiched by two peripheral monovacant subunits o-A-
[PW11030]" subunits, giving the dumbbell-like arrangement.
Synthesis and characterization of complex 1 were detailed in
Supporting Information (SI).

Hydrogen Evolution Reaction

Electrocalysis. As preliminary experiments, investigations of the
electrocatalytic HER activity of the dumbbell-like arrangement
PW11-Mo03S4 has been conducted in homogenous conditions in
0.5 mol.L! H2S04 aqueous solution (pH =~ 0.3) (see Figure 2). In
such conditions, no significant HER process was observed in the
presence of the polyoxotungstate ion a-A-[PW11039]" until about
-0.3 V vs RHE. However, it should be worth noting that in such
acidic conditions, the a-A-[PW11039]"~ monovacant anion is no
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Figure 2. Polarization curves of 5 x 104 mol L-! thio-POM PW11-Mo03S4 (brown),
{MosSs} (green), and {PW11} (grey) recorded on glassy carbon showing the
highest efficiency of the hybrid {MosSs}-containing POM catalyst in 0.5 mol L™
aqueous sulfate solution pH =1 (scan rate =50 mV s1).

longer stable and converts slowly into the saturated Keggin anion
a-[PW12040]%. In contrast, in the presence of the {Mo3S4}-based
anion [{(PW11039)M03S4(H20)3(u-OH)}2]*, the CV exhibits a
noticeable increase of the cathodic current that occurs from about
-0.15 V vs RHE. Similar behavior was also observed with the
POM-free {Mo3S4} cluster although the cathodic current was
significantly lower than those observed with the mixed PW1i-
MosS4 catalyst. Actually, such qualitative experiments appear fully
consistent with our previous reported results and demonstrate
that the synergistic electrocatalytic HER effect arising from the
covalent linking between polyoxotungstate ions and {Mo3sSa}

cluster can be generalizable to various POM-Mo3S4 combinations.

Photocatalysis. Determination of the HER light-driven
photocatalytic activity of the thio-POM compound as
tetrabutylamonium salt was carried out using similar conditions
that those reported by Hill et al. with a tetra-nickel
polyoxotungstate ion.['! The photochemical system is made up of
three complementary components with [Ir(ppy)2(dtbbpy)]* (noted
[Ir], with ppy = 2-phenylpyridine and dtbbpy = 4,4’-di-tert-butyl-
2,2’-bipyridine) as photosensitizing unit, triethanolamine (TEOA)
as sacrificial electron/proton donor and PW11-Mo03S4 as catalyst.
Then, measure of the hydrogen evolution has been carried out
from photochemical system with composition corresponding to
[TEOA]=0.3 mol.L", [Ir] = 0.2 mmol.L™" and [catalyst] = 40 umol.L-
"in a dimethylformamide (DMF)/CHsCN solution (10 mL, 3:1v).
Using blue-light-emitting diodes (A = 450 nm, ~ 2.4 mW) at 25°C
for the photolysis, a quasi-linear increase of the hydrogen
production with time is observed. For benchmarking these
photochemical performances, we compared catalytic efficiency of
the thio-POM system with other reported catalytic systems such
as Ni-containing POM anions which correspond to one of the best
achievements in the field. Using same photochemical conditions,
visible-light-driven = HER  of . [Nis(H20)2(PWgO34)2]'>~ and
[(SiWgO34)Ni14(AleH)s(Ale )2(H20)11(OH)7] ' anions as
tetrabutylamonium (noted TBA-NisP2) salt and
bis(triphenylphosphoranylidene)ammonium (noted PPN<Ni14Si)
salt, respectively, have been investigated. Results obtained with
these Ni-containing POMs are included in Figure 3 for comparison
with those of the thio-POM compound as TBA salt (noted
TBA+Mo03Ss-PW). Control experiments have revealed that the

three components of the photochemical system are
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Figure 3. A) Photocatalitic activity of the thio-POM anion compared to that of
the nickel-containing POMs and to catalyst-free system; insert: Variation of the
Turn-Over-Frequency (TOF) with time showing the fair photocatalytic stability
of the thio-POM system compared to the other two Ni-containing POMs.
Conditions: thio-POM, 34 uM (brown curve), Ni14Si, 36 uM (dark green curve),
NisP2, 37 pM (ligth-green curve), LED light (2.4 mW, 450 nm),
[Ir(ppy)2(dtbbpy)]* (0.2 mM), TEOA (0.3 M), 2 mL CH3CN/DMF (1/3) deaerated
with Ar. B) Turn-Over-Number of the various components of the thio-POM
systems. The TON was calculated taking into account the dimeric nature of the
thio-POM. Conditions: [thio-POM] = 40 uM, [2M03S4] = 39.5 pM, [2PW11] = 40
UM and [2Mo03Sa-2PW11] = 39 uM; TEOA, 0.325 mM, [Ir] =0,2 mM.
complementary for the HER process. The thio-POM catalyst was
not able to produce hydrogen in the absence of either the [Ir]
photosensitizing or the sacrificial electron donor TEOA. However,
it should be worth mentioning that association of [Ir] complex with
TEOA leads to a weak HER activity (see Figure 3A). In short, after
15 h, the thio-POM system exhibits a TON of ~1700 while in
conditions, both Ni-containing POM anions give
significantly lower turnover such as ~300 and ~400 for Ni14Si and
NisP2, respectively. These contrasted results are illustrated nicely
by the variation of the TOF with time given for each compound
(see Figure 3A, insert). Furthermore, the photocatalytic HER
activity has been also measured independently for the
constituting units of the thio-POM catalyst, i.e., {M03S4} as a PPN
salt of nitrilotriacetate (NTA) complex and [PW11Osg]”- as TBA salt.

As shown in Figure 3B,

similar
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Figure 4. A) Variation of TON with time as a function of the catalyst
concentration. Conditions: [thio-POM] = 10-100 puM, [TEOA] = 0.325 M), [Ir] =
235 uM, 10 mL CH3CN/DMF (1/3) deaerated with Ar. B) Highlighting the strong
dependence of Turn-Over-Frequency (TOF) on the concentration in thio-POM.

the  covalent linkage between the central = core
{IM03S4(OH2)3(OH)]2}** and the two POM subunits a-A-
[PW11030]” is featured by higher TON (TON = 1700 after 15 h),
while in similar conditions, the [Mo3S4(HNTA)s]* coordination
complex exhibits about 25% smaller TON = 1150 (see Figure 3b).
In addition, it should be worth noting that the monovacant anion
[PW11030]"is also able to produce hydrogen (TON = 620 after 15
h). At last, catalytic activity of a mixture containing equimolar
[Mo3S4(HNTA)2]* and o-A-[PW11030]"- was measured showing
that the presence of thiocluster {Mo3S4} does not give any benefit
to the HER activity which remains similar to that observed for the
a-A-[PW11030]” anion. Such a behavior could be explained
tentatively by ion-pairing competition of both anionic units, i.e., a-
A-[PW11036]" and [MosS4(HNTA)]> with the cationic
photosensitizing component. Such a competition process should
favor mostly electrostatic associations involving the highest
negatively charged species [PW11039]” with the monocationic
photosensitizer [Ir(ppy)z(dtbbpy)]* (noted [Ir]). Then, in such
conditions, photo-induced electron transfer should occur mostly
from [Ir] toward the [PW11039]""ion, where the latter becomes the
main catalytically active component, thus quenching the activity
of the [Mo3S4(HNTA)2]* unit.
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Figure 5. A) Extinction coefficient of [Ir] (dark-green) and thio-POM (red) in
CH3CN/DMF (1/3). Emission (blue) and excitation (pink) spectra of [Ir] in
CH3CN/DMF (1/3) deaerated solution. The overlap between the thio-POM
absorption and [Ir] luminescence is highlighted by the light-blue colored area.
B) Variation of Vapp versus the concentration of thio-POM, consistent with the
absorption of thio-POM as predominant detrimental effect upon the rate of Hz
evolution. Red circles = experimental data and black dotted line = calculated
data using the semi-quantitative model expressed by equation (8) (see
Suplementary Information for further details).

Furthermore, the HER activity, the rate of the H2 evolution
and then the TOF depend also on the concentration of the thio-
POM catalyst. Nevertheless, these kinetic parameters exhibit
surprisingly a significant increase as the concentration in thio-
POM catalyst decreases, while the initial concentrations in [Ir] and
TEOA were kept constant ([TEOA] = 0.325 M and [Ir] = 235 uM)
(see Figure 4 and Figure Sl 1, in Sl). Such dependence is
remarkable because as the thio-POM concentration has been
decreased from 100 to 10 uM, the TOF increases dramatically
within a magnitude of 45 times from 0.4 to about 18 min™' (see
Figure 4). As shown in Figure 4A, for a 12 uM concentration in
catalyst, the TON reaches 2500 after 2.5 h, thus showing the very
high HER efficiency of this thio-POM anion. Similar experiments
were carried out on the Ni-containing POM catalysts, such as
NisP2 or NiusSi, but an opposite effect was observed,
corresponding to an increase of the rate of Hz2 evolution as the
concentration of catalyst increases.[''? Analysis of the optical
properties of the absorbing species gives some insight to further
understand such behavior.

Steady-state absorption and emission

Steady-state absorption, emission and excitation spectra of
the photosensitizer and the absorption spectrum of the
photocatalyst are shown in Figure 5A. The absorption of [Ir] at 450
nm is assigned to the So — S+ metal-to-ligand charge transfer
(MLCT) transitions (Irg-1r*),[17 while the luminescence originates
from the triplet state [Ir]". The maximum emission is observed at
590 nm. The luminescence excitation spectrum matches the
absorption one above 450 nm. As the excitation spectrum does
not show higher-energy bands, excitation to higher excited states
should result in ultrafast non-radiative relaxation which should not
interfere with chemical reactions. In addition, the excitation
emission matrix shows that the emission and excitation spectra
are not dependent on the excitation and emission wavelength,



respectively (see Figure Sl 2, in Sl). Hence, only one emissive
species of [Ir] is present in the solution.

Besides, the extinction coefficient of thio-POM in the visible range
is about 9 times larger than that of [Ir] photosensitizer (see Figure
5A). The absorptions of the photocatalyst in the visible region
arise from the {Mo3Ss} chromophore. These absorptions
correspond to Mo'V-centered d-d transitions and E->Mo LMCT
(with E = S, O)I"8" which are characteristic of {Mo3S4} covalently
linked to polyoxotungstate units.?’! Moreover, a study of a similar
compound with o-A-[SiW11030]® as lacunary Keggin subunits
reported that both {Mos3Ss} units are almost electronically
uncoupled.l"® At working concentrations, the portion of light
absorbed by the [Ir] at 450 nm is about 47% while in the presence
of thio-POM, the attenuation of light in the most concentrated
solution equals 98.8% for 2 cm optical path of the reactor. In such
conditions, the portion of light absorbed by the photosensitizer
falls down to 1.6%. These observations allow to explain
qualitatively the sharp decrease of the efficiency of the
photocatalytic production of H> with the increase of the
concentration of the thio-POM (see Figure 5B). Moreover, the
thio-POM absorbs in the wavelength range of the luminescence
of [Ir]. The large overlap of these spectra is highlighted in Figure
5A (blue area) and indicates the possibility of energy transfer from
the excited state of [Ir] to the catalyst. A similar iridium complex
associated to an iron-containing catalyst as an acceptor
evidenced such process, as reported by Lochbrunner et al.?'!
Furthermore, the rate of H2 evolution is also dependent upon the
concentration of the photosensitizer [Ir] (see details S, Figure Sl
1, meaning that the determining step of the process involves both
the phosensitizer and the catalyst. This could correspond to
electron transfer from reduced iridium complex (noted [Ir°]) to the
catalyst according to equation (1). Such an elemental step leads
to the rate law given in equation (2) where k, Cj,<) and Ccqt,

[Ir°] + thio-POM — [Ir] + thio-POMred 1)

dH.
V=—2=
dt

kCproy* Ceat (2)

correspond to the kinetic constant of the determining step, the
concentration of reduced iridium complex [Ir’] and the
concentration of thio-POM, respectively. The concentration of [Ir°]
depends on i) the initial concentration in [Ir], which was kept
constant in experiments shown in Figure 4, and ii) the
concentration in thio-POM because this species absorbs strongly
visible light that cancels the formation of active [Ir°], and also
because thio-POM species is able to quench significantly the
formation of excited iridium species [Ir]* through energy transfer
process with consequence to decrease the formation of [Ir°]. The
absorption of visible-light by the thio-POM species could be
roughly expressed from the Beer-Lambert law shown in equation
(3), where ¢ and L are the average molar absorption coefficient of
the solution (dominated by catalyst’s value) and L the optical path
related to geometry of the cell. In such conditions, the effective
concentration in [Ir’] species is attenuated by the variable
coefficient Kii given by equation (4).
I, = Ij10Ccat 3)
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Figure 6. A) Luminescence intensity decays of [Ir] with different concentrations
of TEOA and thio-POM in CH3CN/DMF (1/3) solution. Instrument response
function (IRF) is shown in black. The concentration of [Ir] was 0.2 mM.
Excitation and emission wavelengths were 469 and 569 nm, respectively. B)
Stern-Volmer analysis of the experiments where the iridium complex was
mixed with i) TEOA - blue, ii) — thio-POM -green and iii) both TEOA and thio-
POM - red. The fit is shown as black broken lines.

I -
Ay =k S'C(:;at [1 —10 SLCcat] (4)

Furthermore, the quenching process can be described by the
Stern-Volmer equation (5) that expresses the intensity of
luminescence as a function of the concentration in quencher, i.e.,
the thio-POM catalyst. In equations (5) and (6), Ksv corresponds
to the Stern-Volmer parameter such as Ky, =k, X 7, Where
kq,and 7, are the Stern-Volmer quenching constant and the life
time of Ir excited triplet-state (noted [Ir]") in the absence of

quencher, respectively. Both  attenuating  coefficients
I

TO =1+Kgy- ?cat (5)

Ayi = kg Ticmc (6)

i.e., Ai and Aii from equations (4) and (6), respectively, can be
used to express the concentration of [Ir°] in equation (7) that gives
at last equation (8). The full details of the analysis are given in
supplementary information.

Ciire) = Cur) X @ X Ay X Ay (7)

— ﬂ = a — —CcCcq
V="r= 14bCear (1-10 ‘] ®)

Then, equation (8) contains three parameters, noted a, b and ¢
which have been adjusted to reproduce satisfactorily the
experimental data. As shown in Figure 5B, this semi-quantitative
model gives comprehensive basis to explain the variation of the
HER activity in respect to the concentration of the thio-POM
catalyst. At last, the dependence of the electron donor TEOA on
the HER rate has been also examined showing a quasi-first-order
kinetic regime for concentration in TEOA smaller than 0.3 mol.L™
and a nearly non-dependent for higher concentration meaning
that in such a concentration range, the determining elementary
step is no longer the formation of [Ir°] from TEOA, but rather the
electron transfer process from the photosensitizer to the catalyst
expressed in equation (1). In addition, it should be mentioned that
during long time experiment, the solution undergoes a color
change from orange-yellow to green-blue, consistent with the
reduction of the polyxotungstate subunits in the stationary state.
Further investigations were carried out to pinpoint the electron-
transfer process by means of time-resolved spectroscopy.
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Time-resolved spectroscopy

Time-resolved emission. The interaction with the excited state
of the photosensitizer is always manifested by changes in excited
state lifetimes. For emissive entities, these changes can be
monitored by the measurement of the luminescence intensity
decays (LIDs). The LIDs of [Ir] solutions in DMF/CH3CN (3:1v)
with different concentrations of TEOA and thio-POM were
acquired for three different sets of experiments, where [Ir]
complex was mixed successively with (i) TEOA, (ii) thio-POM and
(iii) both TEOA and thio-POM. The LIDs for the set (iii) are
presented in Figure 6A and show a gradual decrease of the
excited state lifetime of [Ir] upon addition of TEOA or thio-POM.
This decrease reflects exchange interactions in both systems
[I"/TEOA and [Ir]"/thio-POM. The optimized parameters of the
monoexponential fit of the data which are given in Table SI 1, in
Sl. Stern-Volmer analysis of the experiments (i), (ii) and (iii) (see
Figure 6B) gave quenching constants of 2.9-10" M s! (i) and 3.0
-107 M s (iii) for TEOA and 5.1-10'° M-" s (ii) and 4.3-10"° M-’
s™ (iii) for thio-POM. The obtained constants are very close in the
experiments where two quenchers are present apart or together
in the solution. Therefore, the interactions [Ir]"/TEOA and
[Ir]"/thio-POM can be separated and do not influence each other.
Luminescence quenching studies are commonly employed to
determine whether a reductive or oxidative quenching cycle is
operative in a particular reaction.”’? From the emission results,
one can conclude that the HER follows both oxidative and
reductive pathways. The nature of the interaction that causes the
quenching may be further revealed by electrochemical
measurements of the redox potentials of [Ir], TEOA and thio-POM
in DMF/CH3sCN (3:1v). These show that both reductive and
oxidative quenching pathways are possible. Electron transfer
between an iridium organic complex and a polyoxometalate was
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Figure 8. Nanosecond transient absorption spectra in CHsCN/DMF (1/3) of A)
0.19 mM [Ir], B) 0.20 mM [Ir] / 325 mM TEOA, C) 0.20 mM [Ir] / 323 mM TEOA
/ 0.040 mM thio-POM. Spectra in A) are corrected for luminescence, in B) for
luminescence and baseline, and C) for fluo and baseline. Spectra in C) are fixed
delay spectra.

observed in dyads by femtosecond transient absorption.?l Based
on these results, one can anticipate that the electron transfer may
be efficient in bimolecular dynamic quenching. According to
Marcus theory, in case of electron transfer between a molecule in
an excited state and the quencher, the dependence of the
logarithm of the quenching constant on the driving force of the
electron transfer has a characteristic bell shape. This dependence
is shown in Figure 7. In order to obtain the desired quenching
products, one need the successor complex to escape the
solvation cage.®®! Transient absorption experiments allowed
exploring such process.

Transient absorption spectroscopy

Photosensitizer. Femtosecond transient absorption (TA) spectra
of [Ir] in DMF/CH3CN using 400 nm excitation are shown in Figure
S| 5. Solvent Raman signals are visible until 0.25 ps. After 0.25
ps, the spectra are dominated by the excited state absorption
band of [Ir]. Between 0.3 ps and 1 ps, the bands at 500 nm and in
NIR, starting from 600 nm, increase. From 1 ps, and to 14 ps, the
band around 450 nm decreases, and the two bands at 500 nm
and in NIR, starting from 600 nm, continue to grow. After 14 ps
the spectra do not change anymore. Global analysis of these data
gave the 2 time constants after correction of the solvent Raman
signal: 1.37 ps and one much longer than the measured time
window. Using nanosecond transient absorption, the kinetics of



[IF]" can be modelled by monoexponential function, convoluted
with a Gaussian pulse of 3 ns width. The lifetime of the excited
state is about 490 ns. In Figure 8A, one can see a broad
absorption band at 500 nm and a less intense absorption band,
stretching to the near-infrared. The shapes of the 1 ns delay
femtosecond TA and of the nanosecond TA spectra perfectly
match (see Figure SI17, in SI).

Photosensitizer and electron donor. Nanosecond transient
spectra of [Ir] and TEOA solution shows [Ir]" signature at early
times (0 and 5 ns) (see Figure 8B). The appearance of a new
spectroscopic feature is observed as a double peak at 530 and
500 nm. This feature is attributed to reduced [Ir] ([Ir]°), as
observed in literature. 25?1 The experiments with a reversible
electron donor 1,4-diazabicyclo[2.2.2]octane (DABCO) show the
same signature assigned to the photosensitizer reduced state
(Figure Sl 7, in Sl). Multi-exponential global fit of [Ir)/TEOA
kinetics gave the time constants of 64 ns and 8.9 us, as well as
an infinite time component (see decay associated spectra and
chosen kinetics in Figures SI 8 and SI 9, Sl). The 64 ns
component corresponds to the formation of reduced [Ir], while the
one at 8.9 us is clearly the recombination of reduced [Ir] and
oxidized TEOA. The infinite time component is the residual
reduced [Ir], as the oxidized TEOA is not stable and takes part in
the following reactions.?”-% The y, spectrum corresponds to the
inverted infinite time component and is the same as the baseline,
acquired at -100 ns.

Photosensitizer and thio-POM. The quenching of [Ir] by
thio-POM does not show any new spectroscopic signature in
nanosecond transient spectra (see the decay associated spectra
- DAS of [Ir]/thio-POM system on Figure S| 6). Therefore, the
hypotheses about the electron or energy transfer cannot be
confirmed, although they remain plausible. Indeed, the lifetime of
the excited state of thio-POM resulted from energy transfer
process is very short and can not be observed in nanosecond TA
measurements and a fast recombination within the solvent cage
may not lead to any efficient formation of charge separated
state.?4

Photosensitizer, electron donor and thio-POM. Nanosecond
transient spectra of [Ir], TEOA and thio-POM is shown in Figure
8C. At 0 ns and 5 ns, the signature of [Ir]" is observed. Then, the
signature of reduced [Ir] is visible up to 1 ps. A new broad and
featureless signature appears later and lasts longer than the time
window of the measurement (4 ms). Once formed, no changes
are observed in this band. The global fit of these data gives the
time constants of 57 ns, 1.41 us and 100 ys. The resulting DAS
are shown in Figure Sl 14, in Sl. The first time constant, 57 ns,
clearly corresponds to the reductive quenching of [Ir] by TEOA.
1.41 ps and 100 ps time components have the DAS characteristic
for the decay of reduced [Ir]. The infinite time component DAS
reproduced the shape of the spectrum of the photoproduct,
formed in a light-induced reaction (see Figure 8C, 500 us, 1 ms
and 4 ms spectra). Similarly to the system with TEOA, the y,
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Figure 9. A) Proposed hypothesis of the excited state dynamics of [Ir] in
CH3CN/DMF (1/3), based on femto- and nano-second TA experiments and
literature data. B) Proposed mechanism of the sunlight-driven HER in
[Ir]/TEOA/thio-POM system.

spectrum corresponds to the inverted infinite time component and
is the same as the baseline acquired at -100 ns. Moreover, the
difference steady-state spectrum of the same solution (after /
before illumination, Figure Sl 16, in Sl) follows perfectly the shape
of 1 ms and 4 ms TA spectra.

In order to clarify the nature of the photoproduct, nanosecond TA
experiments with the two components [PW11039]" and
[MosS4(Hnta)s]> were conducted. Transient spectra at indicated
delay times for the system [Ir)/ TEOA/{PW1103g} are presented in
Figure Sl 18, in Sl. The spectra at 0 ns and 5 ns after the excitation
are characteristic for [Ir]". In consistency with the previously
presented systems, [Ir]" is quenched by TEOA (time constant of
72 ns, see Figure Sl 18, in Sl) with appearance of reduced [Ir],
visible in the spectra from 30 ns to 1 ms. At 500 us, a broad
spectral feature appears and lasts until 4 ms without relaxation
(infinite time component, Figure S| 18, in Sl). This feature is
assigned to the photoproduct, which must have a very similar
nature to the photoproduct formed in the photosystem
[I/TEOA/thio-POM. The reduced [Ir] disappears with a time
constant of 280 us. The nanosecond transient spectrum at -100
ns corresponds to the baseline y,.

The nanosecond transient spectra of the system
[Ir/TEOA/PPN2MosSsHntas at indicated delays are presented in
Figure Sl 19, in SI. Similarly to the previous measurements, the
spectra at 0 ns and 5 ns after the excitation correspond to the [Ir]"
that is quenched by TEOA with a time constant of 62 ns (Figure



S1 19, in Sl). The relaxation of the reduced [Ir] is multi-exponential
and longer than the time window of the measurement, but could
be well described with time constants of 9.3 ps, 390 ys and an
infinite time signal. A new band at 435 nm can be seen on the
spectra starting from 500 ps and up to 4 ms. The decrease in the
band intensity observed when the spectrum at 4 ms is compared
to the one at 500 ps, would be rather due to the relaxation of [Ir]°,
as [Ir]° difference spectrum partly overlaps this region, and not to
the decrease in the concentration of the photoproduct. The nature
of this photoproduct is obviously different than the nature of that
formed in previously discussed systems [Ir])/TEOA/thio-POM and
[I/ TEOA/{PWH+1}.

Mechanism of the HER process

The thio-POM strategy!'™ has been used to design a new type of
photocatalyst for homogeneous HER. The new catalyst was
produced by combination of a molecular cluster core {Mo3S4} and
a monovacant {PWi1} POM as a proton/electron collecting
module and outperforms the catalysts for homogeneous solar-
driven hydrogen evolution, reported so far in literature. An
important synergistic effect between the molecular cluster
{MosS4} and {PW11} moieties is evidenced by the photocatalytic
experiments (see Figure 3B).

Then, photophysical investigations were performed in order to
provide more understanding and insights of the successive
events taking place after light absorption by the photosensitizer.
On the basis of the femtosecond TA measurements on [Ir] and
literature data,l'"?%3% g hypothesis about the excited state
dynamics of [Ir] complex was elaborated. After absorption of a
photon, the two different singlet MLCT states resulted of positive
electronic density changes on phenylpyridyl (ppy) and 4,4’-di-tert-
butyl-2,2’-bipyridyl (dtb-bpy) ligands are formed and they undergo
an ultrafast intersystem crossing (ISC) to form triplet MLCT
excited states of the ppy and dtb-bpy ligands, respectively. The
former triplet state undergoes an interligand charge transfer from
ppy to dtbbpy and forms a triplet state with a positive electronic
density change on dtbbpy ligand in 1.37 ps. After, this triplet state
is stable for about 490 ns (lifetime) in DMF/CH3CN solution and
then is available for the photochemical reactions. This hypothesis
is illustrated in Figure 9A.

In addition, [Ir]" state is quenched in presence of TEOA or thio-
POM. While the quenching by TEOA was shown to be of reductive
nature with formation of [Ir]° in accordance to previous
reports,?52631 the interaction [Ir]"/thio-POM can only be indirectly
attributed to energy and electron transfers. Indeed, while the
absorption and emission spectra of thio-POM and [Ir]" overlap
(see Figure 5) and the Marcus plot has its characteristic shape
(see Figure 7), neither the excited state of thio-POM nor the
reduced thio-POM were observed in nanosecond transient
spectra of [Ir]/thio-POM system. An extremely short lifetime of the
thio-POM excited state and fast electron recombination of the
donor-acceptor pair are possible mechanisms to prevent direct
observations of [Ir]” interaction with thio-POM. Importantly, the
‘no-deal’ quenching of [Ir]” by thio-POM frustrates the oxidative
pathway of solar-driven HER in the system [Ir]/TEOA/thio-POM.
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In [IrJ/TEOA/thio-POM nanosecond TA experiments, the [Ir]°
signal decays and a flat and broad signal of a photoproduct
appears with a similar kinetic (Figure Sl 15, in SI). The spectrum
of the photoproduct is visible also in the steady-state spectrum
after the illumination (Figure SI 16, in Sl). The nature of this
photoproduct can be ascribed with a large probability to the
reduced catalyst. Indeed, reduced polyoxometalates absorption
usually features broad bands above 600 nm that expand toward
the near infra-red.32-34 Although the shape of this absorption
depends on the coordination of the vacant POM moieties, the
similarity of the 4 ms nano-TA differential spectra in
[Ir/TEOA/thio-POM and [Ir)/ TEOA/{PW14} systems points that the
coordination of {PW11} to {M0o3S4} unit does not result in a strong
electronic coupling. Overall observations enable us to put forward
a mechanism of the hydrogen evolution. Non-productive
quenching of [Ir]" by thio-POM along with the decay of [Ir]° signal
and concomitant rise of broad signal of reduced thio-POM in
nanosecond transient spectra in Figure 8C are strong evidences
in favor of the reductive HER pathway for this system as shown
in Figure 9B. The reductive pathway can be considered as
beneficial to the stability of the photosensitizer,®™ as in the
oxidized state there is a possibility of the nucleophilic attack of the
ligands.*¥l However, the decomposition of the iridium heteroleptic
complexes in reduced state was also reported, suggesting the
importance of reducing the time needed to relay the electron by
the photosensitizer.l%"]

According to the proposed mechanism given in Figure 9B, the
large quenching constant of thio-POM is detrimental for the HER
and it is critical to maintain the concentration of the sacrificial
donor much higher than that of the thio-POM in order to get the
maximum vyield. In fact, high concentration of the catalyst
interferes the hydrogen evolution, as shown in Figure 5B. The
ratio between products of rate constants of quenching and the
concentration of the quencher TEOA/thio-POM
kq,tEOA" [TEOAY/Kq thiorom*[thioPOM] is ~ 16 for the solution with 12
MM thio-POM and is only ~ 2 for 97 uM thio-POM solution, thus
giving a half of excited photosensitizer being quenched through
non-productive pathway. Moreover, the synergy effect of
combining {MosS4} and {PW11} is also partly boosted by the
increase of the concentration of the quenching entities.

In view of the much higher concentration of the catalyst with
respect to the concentration of [Ir]° in the system after the
photoexcitation, one can assume the pseudo-first order rate law
of the electron transfer from [Ir]° to the catalyst:®¥l k =
1/z-[thioPOM]. The rates of this process were calculated to be 25,
3.2, and 4.5 x 107" M"'s™ for thio-POM, PPN2Mo3sSsHntas and
TBA7PW110a9, respectively. Much higher rate constant of charge
transfer to the catalyst can be the key of its high efficiency as
photocatalyst. The use of the thio-POM catalyst can raise the
‘electronic burden’ from the photosensitizer earlier and thus
increase its stability that ensure its availability for the following
sunlight-driven HER cycles.

Several literature reports claim that the terminal disulfide bridges
are essential for the HER using molybdenum sulfide materials as
catalysts.[3#% thio-POM does not share such a structural pattern



and exhibits high performance and stability in solar-driven HER.
This observation hints that the part of the mechanism of the HER
that starts from the reduction of thio-POM by [Ir]° may be partly
responsible for the activity of molecular {MoSx} models. Further
investigations are needed in order to elucidate this point. For
example, multiple electron reduction of thio-POM can be tracked,
using EPR, Raman and IR spectroscopy techniques*'*2 or
steady-state UV-Vis absorption in absence of oxidized species 3.

Conclusion

For the first time, homogeneous catalysis of solar-driven HER
using a thio-POM {Mo3S4}{PW11} assembly was reported. The
efficiency of this novel thio-polyoxometalate outperforms the
reported nickel-based catalyst and proves the synergy effect of
molybdenum sulfide cluster and polyoxometalate proton/electron
storage and stabilizing However, photo-physical
investigations evidenced the reductive quenching mechanism of
the process, showing that high rate constant of the electron
transfer between the reduced photosensitizer and the thio-POM
is at the origin of the high performance of this novel catalyst.
These results pave the way toward the fine implementation of
such novel molecular thio-POM type catalysts.

unit.

Experimental Section

Experimental Details.
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