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This study reports the synthesis, electrochemical characterization,
and photophysical properties of two novel photoactive polyoxo-
metalate (POM)-Ir photosensitizer hybrid assemblies. Under visible
light irradiation in the presence of triethylamine and trifluoroacetic
acid, the polyoxomolybdate-based dyad photoaccumulates the
electrons via an efficient intramolecular photoinduced electron
transfer process.

Artificial photosynthesis is an innovative approach to tackle the
challenge of converting and storing solar energy into fuels and
high-value chemicals.”* To achieve this, an artificial photosyn-
thetic device should be able to harvest sunlight, use this energy to
separate charges, and carry out redox reactions. However, reactions
of interest are multielectronic processes, whereas absorption of
one photon intrinsically generates a monoelectronic charge-
separated state. Designing photoactive systems that can accumu-
late the electrons generated from the sequential absorption of
several photons thus represents an attractive solution to synchro-
nize the single-electron nature of lightinduced processes with
multielectronic catalysis for chemical fuel production.*™ In that
context, polyoxometalates (POMs) have attracted growing attention
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owing to the exceptional electron reservoir properties of this class
of discrete oxoclusters.® Over the past years, various examples of
photoactive hybrid assemblies covalently linking a POM unit
with a molecular photosensitizer have been reported in the
literature.” > Upon visible light irradiation in the presence of a
sacrificial electron donor, primarily two electrons can be stored
on the POM moiety and, in rare cases, these stored electrons can
be further used in catalytic processes.”*""* Another remarkable
property of POMs is the ability to tune their redox properties,
either by varying the nature of the metal centre (e.g., Keggin in the
tungstate or molybdate series), or by counter-cation exchange for
protons, which in turn assist in the reduction processes.'*'> We
previously reported the synthesis and photophysical properties of a
first generation of polyoxotungstate-iridium(u) conjugates; owing
to the excellent photophysical properties of the cyclometalated Ir
center (ie., high luminescence and long-lived excited state), photo-
induced charge-separated states with lifetimes among the longest
ones reported to date (ranging from nanoseconds to hundreds of
nanoseconds) were characterized.'”"" However, these functional
architectures suffer from the poor stability in acidic conditions of
the pyridylcarboxylate-based ancillary ligand. In this study, we
report a new generation of POM-Ir hybrids based on a more
robust [Ir(ppy),(diimine)]" photosensitizer (diimine = EPIP =
(ethynylphenyl)-imidazo-1,10-phenanthroline); Ir-EPIP* in (Fig. 1),
and two different Keggin polyanions, a polyoxotungstate and a
polyoxomolybdate.

Im-K%,[Ir] and Im-K"g,,[Ir] were synthesized by a Sonogashira
coupling between the alkyne-substituted iridium photosensitizer
Ir-EPIP and the polyoxotungstate- and polyoxomolybdate-based
hybrids bearing an iodoaryl moiety, respectively noted TBA-
KYsi[1]" and TBA-KM°g[1]'®* (TBA = tetrabutylammonium;
Fig. 1). The resulting POM-Ir hybrids being obtained as a mixed
TBA and iridium cyclometalated salts at the end of the synth-
esis, we followed the cation metathesis procedure previously
developed for a POM-Ru hybrid to isolate Im-K%Wg,[Ir] and
Im-K™°g[Ir] as 1-butyl-3-methylimidazolium (Im) salts. The
two bright yellow solids were characterized by "H and *'P NMR

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Structure of Ir-EPIP, TBA-KWs, [1], TBA-KM°g,.[I] and of the covalent
POM-Ir hybrid assemblies Im-KWg,[Ir] and Im-KM°g, [Ir] (KYs,, = [PW4:O30Sn1*~;
KMog, = [PW1,0305n1*~; [TBAI* = tetrabutylammonium; [Im]* = 1-butyl-3-
methylimidazolium).
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spectroscopy, FT-IR spectroscopy, elemental analysis, and mass
spectrometry (Fig. S1 and S2, ESIt). Elemental analysis, a UV-Vis
absorption titration study (Fig. S3, ESIt), and electrochemistry
(Fig. S5, ESIT) were consistent with a partial protonation of the
imidazole unit in these hybrids (50% for Im-K"s,[Ir] and 80% for
Im-KM g, [1r]).

The Ir-EPIP precursor displays an irreversible anodic wave at
+1.32 V vs. SCE, attributable to the oxidation of the Ir-phenyl-
pyridine moieties, and a reversible cathodic process at —1.55 V
vs. SCE (Fig. S4, ESIt). After the addition of 1 equiv. of
trifluoroacetic acid (TFA), this wave shifts to —1.28 V vs. SCE;
this indicates that the first reduction of the iridium complex
occurs on the imidazo-phenanthroline ligand, with the waves at
—1.28 V and —1.55 V vs. SCE corresponding to its protonated
and neutral forms, respectively. Regarding the POM-Ir hybrids,
Im-KVg[Ir] and Im-K™°g,[Ir] were treated with 0.5 and
0.8 equiv. of TBAOH, respectively, to ensure that they remain
in solution exclusively in their neutral imidazole form (Fig. S5,
ESIY). Both hybrids display a similar irreversible anodic process
at ca. +1.30 V attributed to the oxidation of the iridium
chromophore. In the reduction part, Im-K%g,[Ir] displays three
reversible waves at —1.08 V, —1.42 V, and —1.55 V vs. SCE,
respectively attributed to the two first monoelectronic reduc-
tions of the polyoxotungstic framework and the iridium cen-
tered process (Fig. 2a). The progressive addition of TFA (10 to
250 equiv.) to the solution of Im-K%g,[Ir] results in a contin-
uous shift of the reduction potentials to more positive values,
due to proton-assisted electron transfers, as well as an increase
in the wave intensities, characteristic of the transition to multi-
electronic processes and leading to two reversible bielectronic
reductions on the POM moiety. This behaviour is well illu-
strated in the POM chemistry."*'® Of note, in the presence of
TFA, the electrochemical windows are narrower (owing to the
presence of an electrocatalytic wave), which prevents scanning
down to the reduction centred on the Ir(m) complex.

Conversely, Im-K™°g[Ir] displays two monoelectronic
reduction waves at —0.52 V and —0.86 V vs. SCE, followed by
an ill-defined reduction process centered on the POM at —1.3 V
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Fig. 2 Cyclic voltammograms of 1 mM solutions of Im-KWs,[Ir] (a) and
Im-KM°g, [Ir] (b) in DMF containing 0.1 M TBAPF4 (blue curves; neutral
imidazole species formed upon addition of TBAOH), and upon the addition
of increasing amounts of TFA (red curves). Scan rate: Im-KM°g,[Ir],
100 mV s~% Im-KWs,[Irl: 20 mV s™. The appearance of the irreversible wave
at ca. +0.9 V vs. SCE labelled * is attributed to the presence of methanol that is
added with TBAOH to form the deprotonated form of the hybrid.

vs. SCE and the reduction of the iridium complex at —1.55 V vs.
SCE (Fig. 2b and Fig. S6, ESIt). Following the addition of TFA
(from 10 to 250 equiv.), three partly resolved waves, attributed
to monoelectronic reduction processes on the polyoxomolyb-
date framework, shift continuously to more positive potentials.
However, owing to the higher basicity of the polyoxomolybdate
core, this hybrid is much more sensitive to the presence of
protons. This shift is much greater than that observed for
Im-KW[Ir] (Table S1, ESIT). Note that we previously reported
that, in the presence of TFA, the polyoxomolybdate platform led
to bielectronic processes;'® yet a careful reinvestigation of the
cyclic voltammograms indicates that the waves are monoelec-
tronic. The controlled addition of protons thus enables a fine-
tuning of the POM first reduction potential over the —1.08 V to
—0.62 V vs. SCE and —0.52 to +0.15 V vs. SCE range for
Im-K%W,[Ir] and Im-KM®g, [Ir], respectively.

The luminescence properties of the complex Ir-EPIP have
been previously reported.'® In deaerated DMF solution, the complex
displays a broad emission spectrum, characteristic of the phosphor-
escence of cyclometalated Ir complexes (Amax = 588 nm, T = 560 ns,
Fig. S7, ESIt). Surprisingly, the addition of a few equivalents of TFA
drastically increases the emission intensity while not modifying the
emission features (e, same emission wavelength and lifetime,
Table S2, ESIT). The hybrids Im-KVs,[Ir] and Im-K"g[Ir] display
emission spectra similar to that of Ir-EPIP. However, while the
intensity and lifetime of Im-K",[Ir] and Ir-EPIP are almost identical
(in the presence of 10 equiv. TFA), a considerable emission quench-
ing is observed for ImK™ s, [Ir] (z = 60 ns, Fig. 3). Note that the
luminescence intensity for Im-K™s[Ir] slightly increases up to 3
equiv. TFA, followed by a decrease upon further addition of TFA.
This suggests that a photoinduced intramolecular electron transfer
process from the excited Ir photosensitizer to the appended
POM occurs in the polyoxomolybdate hybrid (ie., oxidative
quenching of the Ir excited state, a quenching mechanism by
energy transfer being ruled out because of the absence of any
significant spectral overlap). The driving force for such a process
can be calculated using the Rehm-Weller equation (neglecting
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Fig. 3 Left: Luminescence spectra (lexc = 410 nm) of Ir-EPIP (black),
Im-KYs,[Ifl (blue), and Im-KM°s[Ir] (red) recorded in DMF (30 uM) in the
presence of few equiv. TFA (Ir-EPIP and Im-KWs,[Irl: 10 equiv., Im-KM°,[Ir]:
3 equiv.). Right: Comparison of the emission decay (1 = 590 nm) of Ir-EPIP
(dotted line) with that of Im-KM°s,[Ir] upon the addition of TFA: (a) O equiv.;
(b) 10 equiv.; (c) 25 equiv.; (d) 100 equiv., (e) 500 equiv. Note that the intensity
scale between Ir-EPIP and Im-KM°g[Ir] does not illustrate the emission
quenching.

the electrostatic term);*° for Im-K%g,[Ir] and Im-K™°g[Ir], the
driving forces of the intramolecular electron transfer are esti-
mated to be ca. +0.2 and —0.3 €V, respectively, implying that this
process is only thermodynamically allowed for Im-K™°g[Ir].

As shown above, adding a proton source considerably
increases the reducibility of POMs. However, even if the photo-
induced electron transfer becomes thermodynamically favour-
able (~—0.2 eV), the addition of up to 100 equiv. of TFA to a
solution of Im-K%g,[Ir] in DMF does not significantly affect its
emission features; this implies that no intramolecular photo-
induced electron transfer is occurring. We previously observed
that the thermodynamic gain in engaging the reduced species
into protonation steps is at the expense of the kinetics of charge
injection onto the POM, probably because of increased reorga-
nization energy associated with the POM protonation.>" This
may explain the absence of a photoinduced intramolecular
electron transfer process in Im-K%g,[Ir] in the presence of the
acid. Regarding the polyoxomolybdate analogue, the progres-
sive addition of TFA to a deaerated solution of Im-K™g[Ir] in
DMF significantly decreases the luminescence lifetime and
intensity (Fig. 3 and Table S2, ESIY), as also observed in a
POM-Bodipy hybrid."® Based on these data, the charge separa-
tion (CS) rate constant for the intramolecular electron transfer
process could be calculated (Table S2, ESIT). It increases from
1.50 x 107 s™' in the absence of TFA to 3.71 x 10’ s " in the
presence of 250 equiv. of TFA, highlighting an efficient for-
mation of the charge-separated state in Im-K™°g,[Ir].

As the polyoxomolybdate core of Im-K™g,[Ir] displays remark-
able electron reservoir properties, we studied the ability of this
hybrid to perform charge photoaccumulation. We compared it to
that of the polyoxotungstate analogue Im-KWg[Ir]. Electronic
spectroscopy can easily monitor the reduction of Im-K"°[Ir] as,
in their reduced forms, POMs display intense d-d and intervalence
charge transfer transitions.?>** Prior to photolysis, spectroelectro-
chemical measurements were carried out on the parent TBA-
KM°g,[1] to provide the spectroscopic signatures of the successively
formed one-, two-, and even three-electron reduced species (Fig. S8
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and S9, ESIt). Spectroelectrochemistry performed without TFA
(Fig. S8, ESIt) showed that the one-electron-reduced species has
a broad absorbance with an ill-defined maximum of around
790 nm. In the presence of a significant excess of TFA (Fig. S9,
ESIt), the absorption maximum of the one-electron-reduced spe-
cies is slightly blue-shifted to 730 nm. Upon further reduction, the
two-electron reduced species displays a ca. twice intense absorp-
tion band at 705 nm. Finally, applying a more cathodic potential
(=0.50 V vs. SCE), we could observe that the spectral feature of the
solution upon further reduction of the 2e™ reduced species dis-
plays an absorption maximum at 700 nm and an additional band
in the 900-950 nm range, which was attributed to the three-
electron reduced polyoxomolybdate hybrid.**

Photolysis experiments were then carried out under contin-
uous visible light irradiation (4 > 400 nm) in the presence of
triethylamine (TEA, 1 M) as the sacrificial electron donor. The
evolution of the electronic spectrum of a degassed DMF
solution of Im-KMg,[Ir] (0.2 mM) is shown in Fig. 4. In the
absence of TFA, it is characterized by a broad absorption band
with a maximum at approximately 790 nm, characteristic of the
one-electron-reduced species, developing over 30 min of irra-
diation. Irradiation on a longer timescale did not induce any
additional changes. This indicates that, under these photolytic
conditions (no proton source), only a single light-driven
reduction can occur on the polyoxomolybdate core.

Under otherwise identical conditions, the presence of the
proton source TFA (500 equiv.) leads to drastic modifications of
the spectral change during the photolysis. Adding TFA (pK, =
6.0 in DMF>®) implies that the primary source of protons under
these conditions is the triethylammonium ion (pK, = 9.2 in
DMF?®). In the initial stages, a broad band with an ill-defined
maximum centered around 750 nm develops (Fig. 4, red trace;
10 min irradiation). This spectral feature closely resembles that
of the one-electron electrochemically-reduced species in the
presence of TFA. Further irradiation tends to sharpen the low
energy region of the absorption band, with a maximum centered
at 710 nm (Fig. 4, green trace; 30 min irradiation). This value
closely matches the maximum absorption of the two-electron
electrochemically-reduced species. Finally, under prolonged
photolysis, an additional absorption band slowly emerges around
920 nm (Fig. 4, blue trace; 80 min irradiation). Such a feature
strongly agrees with the formation of the three-electron reduced

——t=0min
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20 —t=70 min . 20

——t=230min
—— 10 min scan
——t=80min

——t=0min
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Fig. 4 Evolution of the visible absorption spectrum of a solution of Im-
KM, [Ir] (0.20 mM) in DMF containing TEA (1 M) under continuous visible
light irradiation in the absence (left) and in the presence of 500 equiv. TFA
(right).
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species, suggesting that upon prolonged irradiation of Im-K"°g,[Ir]
in the presence of a proton source—up to three electrons can be
stored in the POM scaffold. In sharp contrast, photolysis of the
polyoxotungstate analogue Im-KVg[lf] in the presence of TFA
(500 equiv.) did not lead to any spectral changes between 600 and
1000 nm characteristic for the formation of the reduced POM
species. Instead, slow accumulation of a new species is
observed, tentatively assigned to the reduced [Ir] center®
formed by TEA’s reductive quenching of the Ir excited state
(Fig. S10, ESIT). This observation suggests that multiple charge
accumulation on the POM moiety can only occur through an
intramolecular oxidative quenching process of [Ir]*, followed by
its regeneration by TEA. The reasons why thermal electron
transfer from the reduced [Ir] center to the polyoxotungstate
unit does not occur are still unclear at this stage.

In conclusion, two new Im-K%g,[Ir] and Im-K™°g[Ir] hybrids
were electrochemically and spectroscopically characterized,
unveiling striking differences in the ability of the photoactive Ir
centre to inject charges in the POM moiety, depending on the
nature of the metal ion. Moreover, photoirradiation experiments in
the presence of a sacrificial electron donor revealed the critical role
of adding excess TFA in modulating the photochemical reactivity
of Im-K™°,[Ir] toward multiple charge accumulation. This photo-
active hybrid assembly is one of the rare examples of POM-based
systems capable of storing more than two electrons under visible
light irradiation,"**® marking a significant step forward towards
their application in challenging multielectron catalytic processes.
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