Multifunctional Polyoxometalate-Platforms for Supramolecular Light-
driven Hydrogen Evolution
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ABSTRACT: Multifunctional supramolecular systems are a central research topic in light-driven solar energy conversion.
Here, we report a polyoxometalate (POM)-based supramolecular dyad, where two platinum-complex hydrogen evolution cat-
alysts are covalently anchored to an Anderson polyoxomolybdate anion. Supramolecular electrostatic coupling of the system
to an iridium photosensitizer enables visible light-driven hydrogen evolution. Combined theory and experiment demonstrate
the multifunctionality of the POM, which acts as photosensitizer / catalyst-binding-site and facilitates light-induced charge-
transfer and catalytic turnover. Chemical modification of the Pt-catalyst site leads to increased hydrogen evolution reactivity.
Mechanistic studies shed light on the role of the individual components and provide a molecular understanding of the inter-
actions which govern stability and reactivity. The system could serve as a blueprint for multifunctional polyoxometalates in
energy conversion and storage.

Introduction

Supramolecular systems combine molecular-level con-
trol of structure and reactivity with the ability to deploy a

range of specific intermolecular interactions to access new oMo
function. These concepts have led to groundbreaking devel- »Pt
opments ranging from supramolecular surface patterning!?

to molecular machines? and stimuli-responsive nanostruc- ®Mn
tures.? In the field of catalysis, supramolecular concepts o Cl/I
have been developed to tune reactivity, selectivity as well as o(C
in-situ catalyst assembly,*> highlighting the enormous po- oN
tential of this field of research. Over the last decade, pio- oH

neering studies have demonstrated the potential of supra-
molecular catalysis for energy conversion and storage,®” e.g.
in the fields of water oxidation,®® COz reduction,'® and the
hydrogen evolution reaction (HER).1%12 In light-driven HER
catalysis, pioneering studies have demonstrated how su-

pramolecular systems can be accessed by combining molec-
ular catalysts with molecular photosensitizers. Often, com-
ponent interactions are controlled by electrostatics, hydro-
gen bonding or n-stacking.13-15

The design of molecular platforms is a central concept in
supramolecular energy conversion, including HER, as it en-
ables the merging of several functions in one molecule. So-
called photochemical dyads utilize these concepts to com-
bine photosensitizer, charge-transfer system and HER cata-
lyst in one (supra)molecular assembly.16

Figure 1: Left: Schematic illustration of the supramolecular
photochemical system for visible light-driven hydrogen evolu-
tion. An anionic POM-platform molecule is covalently function-
alized with a molecular Pt-HER catalyst. The system is electro-
statically coupled to a cationic photosensitizer (PS). SED - sac-
rificial electron-donor. Right: molecular structure of the POM-
PtX-platform (X = Cl, [, shown here: X = |, for crystallographic
data see SI).

One classical approach is the linkage of molecular photo-
sensitizer (e.g. Ru-141718 or Ir-complexes) and metal com-
plex catalysts (e.g. Pt-,1? Pd-,2021 Rh-14 or Co-based!>18) us-
ing ditopic bridging ligands for charge transfer.2? This has



led to unique models, where insights into the photophysical
and electronic properties as well as HER activity have be-
come possible using combined experiment and the-
ory.1417.22 This concept has been significantly expanded by
recent studies where several photosensitizers were linked
to HER catalytic sites, leading to operational supramolecu-
lar HER systems.23-25 Component optimization by chemical
modification demonstrated the tunability of these systems,
leading to in-depth understanding of function and reactivity
limitations.1419.21

In recent years, the concept of supramolecular dyads has
been expanded to the field of molecular metal oxides, or pol-
yoxometalates (POMs).26 POMs are versatile dyad compo-
nents, which can act as oxidation and reduction catalysts as
well as charge separation?’ and charge-storage sites.?82° In
addition, their structure and reactivity can be tuned over a
wide range by chemical modification.3°-32 This versatility
has made POMs a research focus for advanced, light-driven
energy conversion and storage.2?33-35 [n particular, the co-
valent organo-functionalization of POMs has paved the way
for the design of multifunctional platform molecules,3637
where several functions can in principle be incorporated in
one POM.31:323839 This has led to ground-breaking studies in
light-driven hydrogen evolution,?54% photo-electrochemis-
try?7 and nanocomposites for reversible electron storage.*!
Building on these pioneering studies, we now propose the
use of POMs as multifunctional redox-active platform mole-
cules capable of charge storage, HER catalyst anchoring as
well as supramolecular photosensitizer binding. Using this
approach, multiple functions can be combined in one molec-
ular assembly, while independent reactivity tuning would
be possible by modification of each component.

Here, we report a new approach for supramolecular light-
driven HER: an anionic Anderson-type platform-POM is co-
valently functionalized with a Pt(II)-complex HER catalyst.
The compound is then electrostatically coupled in solution
with a cationic iridium-photosensitizer (PS) to give the full
supramolecular assembly. We demonstrate that in homoge-
neous solution, the system is capable of light-driven hydro-
gen evolution. Experimental and theoretical mechanistic
studies show that the POM acts as PS- and catalyst-binding
site, facilitating electron transfer under irradiation.

Results and Discussion
Catalyst synthesis and characterization

Briefly, the POM-platform molecules were synthesized in
a one-pot reaction, where the 2,2’-bipyridine (bpy)-func-
tionalized Anderson-anion precursor POM-bpy
(nBusN)3[MnMosO1s{(OCH2)sCNCH(C11HoN2)}2]4° was re-
acted with the respective Pt-precursor ([Pt(DMS0):Cl2]*% or
[Pt(DMSO0)2I2],4% in water-free, de-aerated acetonitrile to
give the POM-catalyst systems POM-PtCl
(nBuaN)3[MnMoe0O1s{(OCH2)sCNCH(C11HoN2)PtClz}2]  and
POM-PtI
(nBuaN)3[MnMoe0O1s{(OCH2)sCNCH(C11HoN2)Ptlz}2], see SI
for synthetic and analytical details. The solid, orange prod-
ucts were re-dissolved in N,N-dimethyl formamide (DMF),
and diffusion of EtOAc into the DMF solution gave orange
crystals suitable for single-crystal X-ray diffraction (scXRD).
Yields: 70.2% (POM-PtCl), 76.4% (POM-Ptl), yields based
on Pt. POM-PtCl and POM-Ptl were fully characterized by
elemental analysis, NMR-, FT-IR-spectroscopy and scXRD,

see SI for details (CCDC reference numbers: 2099459
(POM-PtCl) and 2099460 (POM-Ptl)). Note that when
POM-PtCl and POM-PtI are discussed collectively, we will
refer to them as POM-PtX.

Light-driven hydrogen evolution

The visible-light-driven HER activity of POM-Ptl and
POM-PtCl was examined using the photosensitizer
[Ir(ppy)z(bpy)]PFs (PS). PS was chosen due to its cationic
charge, and the literature-known ability for light-driven
electron transfer to POMs.2544 In addition, (spectro-)elec-
trochemical analyses of both POM-PtX species showed, that
at least two electron transfers from the photoreduced PS
(E1/2 ca. -1.8 V vs. Fc*/Fc)*> to POM-PtX is thermodynami-
cally possible, as POM-PtX shows two redox-couples at po-
tentials more positive than -1.8 V (see SI, Table S2, Figures
S3, S4). Thus, light-driven catalytic studies were performed
in water-free, de-aerated DMF solutions containing the re-
spective catalyst POM-PtX (12.5 pM), the photosensitizer
PS (125 uM) and triethyl amine/acetic acid (TEA (1.0 M) /
HAc (0.2 M)) as sacrificial proton/electron donors; this ex-
perimental setup has been adapted from earlier POM-based
HER studies.**#6-48 The samples were irradiated under an
Ar atmosphere using monochromatic LEDs (Amax = 470 nm,
P ~ 40 mW cm) at 25°C. Hydrogen evolution was quanti-
fied by calibrated gas chromatography. Each data-point was
recorded in triplicate, and averaged turnover numbers
(TONs) are given based on the molar amount of Pt present,
ie, TON = n(Hz) / n(Pt). The non-modified catalysts
[Pt(bpy)Clz]/ [Pt(bpy)l2] (25uM) together with PS
(125 uM) were used as references in control experiments.
Also, control experiments without irradiation or in the ab-
sence of POM-catalysts show virtually no Hz evolution (SI,
Figure S5).
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Figure 2 Light-driven HER activity of POM-PtCl (red), POM-
PtI (blue) and the reference compounds [Pt(bpy)Clz] (black)
and [Pt(bpy)Iz] (gray), showing the hydrogen evolution TON
(calculated per Pt center) over time. Conditions: solvent: wa-
ter-free, de-gassed DMF containing TEA (1.0 M) and HAc (0.2
M). c(POM-PtX) = 12.5 uM; c([Pt(bpy)Xz]) = 25 uM, c(PS) =
125 pM, irradiation: LED, Amax=470 nm, P ~ 40 mW cm-2.

First, the HER activity of POM-PtCl, and the reference
[Pt(bpy)Clz] were studied. It was observed that under irra-
diation Hz evolution increases linearly with time for both



catalysts, see Fig. 2. After tirradiation = 10 h, notable reactivity
differences are observed. For POM-PtCl the TONs reached
~ 540, while for the reference [Pt(bpy)Clz] only exhibits a
TON of ca. 400.

To further enhance the activity of the catalyst, the chlo-
ride ions on the Pt centers were replaced with iodide to give
the POM-PtI cluster (see synthetic discussion above for de-
tails). When employed for light-driven HER under identical
conditions as described above, POM-Ptl showed signifi-
cantly higher activity with a maximum TON of ca. 740 after
tirradiation = 10 h (Figure 2). Note that the higher reactivity of
POM-PtI compared with POM-PtCl is in line with previous
reports: for the related compounds
([Ru(tbbpy)z(tpphz)PtX2](PFs)2 (X = CI or I), a similar in-
crease of HER activity is found when the chloride ligands are

replaced by iodides.!® The authors assigned this increased
activity to the higher electron density at the Pt center due to
the large, easily polarized iodide ligands.!® To the best of our
knowledge, this is the first time that ligand-tuning concepts
have been demonstrated in POM-based HER catalysis.

Based on the above data, we propose that the increased
activity of POM-PtCl and POM-PtlI compared to the non-co-
valently linked references is due to enhanced electrostatic
attraction between the cationic PS and the anionic POM-
catalyst. This could enable aggregation and charge-transfer
in solution. To test this hypothesis, we performed a com-
bined experimental and theoretical study which explores
the interactions between PS and POM-PtX. Due to the
higher reactivity, the study used POM-PtI as model.
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Figure 3 (a) Emission quenching spectra of PS ([Ir(ppy)z(bpy)]*, 125 pM) as a function of [POM-Ptl], and (b) corresponding Stern-
Volmer plot; (c) emission quenching spectra of PS ([Ir(ppy)z(bpy)]*, 125 uM) as a function of [TEA], and (d) corresponding Stern-
Volmer plot; (e) Stern-Volmer plot, comparing the emission quenching of PS by POM-PtlI and the [Pt(bpy)I2] reference. Conditions:

water-free, de-aerated DMF, details see SI, Section 7.

Mechanistic photophysical studies

To assess the supramolecular interactions between pho-
tosensitizer and catalyst, we examined the emission
quenching of PS by the electron acceptor POM-PtI or the
sacrificial electron donor TEA (Figure 3a-d):#° The steady-
state emission spectra and emission lifetimes of PS (Aexcita-
tion =420 nm) were measured upon addition of TEA or
POM-PtI to a DMF of PS solutions (see Figure 3a,c and S,
Figure S7). The corresponding Stern-Volmer plots (Figure
3b,d and SI, Figures S7, S8) are analyzed by linear fitting re-
sulting in quenching rate constants (kq) of 7.1x107 M-1s't
(reductive quenching, TEA) and 8.4x1010 M-1s'1 (oxidative
quenching, POM-Ptl). The calculated mutual diffusion rate
constants (kp) in DMF are 7.7x10° M-1s't (for PS/TEA) and
8.2x10° M-1s1 (for PS/POM-Ptl), respectively (see SI, Sec-
tion 7). Comparison between ko and kq however shows that
for reductive quenching (PS*/TEA) ko is ~100 times higher
than kg, indicating a quenching efficiency per encounter of
ca. 1%.3° In contrast, for the oxidative quenching
(PS*/POM-PtI) kp is ~10 times smaller than kg, indicating a
quenching efficiency per encounter of formally >100%. Two
interpretations are in line with these observations: (a) the
interactions of the PS cation and the POM-PtI anion in-
crease the rate of interaction beyond the frequency calcu-

lated for neutral reaction partners within the Collins-Kim-
ball model (see SI, Section 7);5! (b) a supramolecular pre-
assembly of cationic PS and anionic POM-PtI enables PS*
quenching at significantly faster rates than the mutual dif-
fusion, i.e, in the limit of static quenching.52 As a result, the
oxidative quenching of PS* has to occur via both, static and
dynamic quenching.

Next, the quenching efficiency of PS by the anionic POM-
Ptl was compared with the quenching behavior of the
charge-neutral [Pt(bpy)lz] reference (Figure 3e). Here,
POM-PtI showed a significantly higher quenching efficiency
compared to the reference compound. This supports the
suggestion that electrostatic attraction of PS and POM-Ptl
in solution can be used to enhance electronic interactions of
the reaction partners following photoexcitation of the PS.
This observation also supports the HER catalytic findings,
where POM-PtI shows significantly higher reactivity than
the [Pt(bpy)I:] reference (Figure 2).

Theoretical studies of PS / POM-PtI aggregation

To better understand the coupling between PS and POM-
PtCl and its effects on the electronic properties of the sys-
tem, first principles simulations using spin-polarized den-
sity functional theory (DFT) calculations within the ORCA
program package.5? Initial geometry optimization used the



PBEh-3c composite method>* followed by geometry optimi-
zations with the PBEO hybrid functional®55 and a def2-
TZVP basis set.5” For molybdenum and iridium, effective
core potentials were used to replace the core electrons.585°
Dispersion interactions were accounted for by atom-pair-
wise correction with the Becke-Johnson damping scheme
[D3(B])].6%¢* The conductor-like polarizable continuum
model (CPCM) was used to implicitly include the DMF sol-
vent (¢=38.30 and n=1.43).52 Electron densities were ana-
lyzed by Hirshfeld population analysis to determine atomic
charges.%3

To gain insights into the energetics and binding behavior
of PS and POM-PtX, we used DFT calculations to assess the
interaction energies between both species. As model sys-
tems, we focused on PS (charge: 1+) and POM-PtCl (charge:
3-), see Figure 4. As references, we studied [Pt(bpy)Clz]
(charge-neutral) and the TRIS-functionalized prototype An-
derson anion [MnMosO1s{(CH20)3CNH2}2]3- (POM-Ref,
charge: 3-, SI, Figure S§9).40 Initial studies gave interaction
energies of -48 kJ/mol (PS / [Pt(bpy)Cl2]) and -76 K]J/mol
(PS / POM-ref) and -77 kJ/mol (PS / POM-PtCl), respec-
tively. This highlights, that supramolecular aggregation in
solution between photosensitizer and POM is thermody-
namically favored. For the PS / POM-PtCl system, we ob-
serve that in the energetically most favored system, PS is lo-
cated next to the metal oxo cluster (Figure 4), highlighting
the importance of the POM for PS-binding. Note that quan-
titatively virtually identical results were obtained for POM-
Ptl; these are shown in the SI, Section 8).

@ . ¢ ()

Figure 4: Energetically most favoured interaction sites be-
tween PS and POM-PtI in (a) side view and (b) top view; (c)
representation of the f* Fukui function calculated for the one-
electron-reduced POM-PtCl, shown as charge-difference plot.
The iso-surfaces correspond to electron-accepting regions
where an additional added electron will be located (as indi-
cated by the f* Fukui function). Regions with higher values are
marked in darker shades of green. Molecular colour scheme,
see Figure 1.

Next, we theoretically assessed the electronic conse-
quences of an electron-transfer from PS to POM-PtCl,
which is a key redox step of the HER catalytic cycle. To this
end, single-point calculations were performed on the one-
electron reduced POM-PtCl as well as the one-electron re-
duced reference systems (ie., [Pt(bpy)Clz] and POM-ref).
This allowed us to compare the Hirshfeld net charges of the
one-electron reduced systems with the charge-distribution
of the non-reduced systems. Note that this procedure is
analogous to determining condensed Fukui functions.6465
While Fukui functions are often used as descriptors for the
chemical reactivity of a molecule (with respect to its elec-
trophilic and nucleophilic regions), here, the function for a
nucleophilic attack will serve as a measure for the uptake
and distribution of additional electron density in the sys-
tems studied. The Fukui function f7* is given by the differ-
ence between the electron densities of the initial state p(N)
and the state featuring one additional electron p(N + 1):

ff=pN+1)+ p(N)

The corresponding condensed Fukui function f} is de-
fined as:

fi = a(N+1)+q(N)

where g, (N) describes the atomic charges at the respec-
tive atomic center k of the original system and g, (N + 1)
those of the system with one additional electron. After nor-
malization, this provides a percentage value of the addi-
tional electron density at any given atom. For clarity, we
have combined the resulting atomic percentages into three
molecular sub-units, i.e. the 2,2’-bipyridine ligands (bpy),
the platinum-chloride fragment {PtClz} and the POM metal-
oxo framework {MnMos024}, see Table 1 and SI, Section 8
for computational details.
Table 1. Percentage distribution of an additional electron
taken up by POM-PtCl, POM-Ref and [Pt(bpy)Cl:] as calcu-
lated using normalized nucleophilic Fukui functions and
Hirshfeld population analysis.

Fragment POM-PtCI POM-Ref [Pt(bpy)Cl2]
bpy 75.5 79.7
{PtCl2} 18.8 20.3
{MnMo060O24} 5.7 88.6

As shown in Table 1, analysis of the nucleophilic Fukui
function for the one-electron reduced POM-PtCl indicates
that additional electron density will be distributed on the
Pt-HER catalyst, either on the {PtCl:} fragment (18.8 %) or
the bpy ligand (75.5 %), while only a low percentage of the
additional electron is distributed on the POM framework
(5.7 %). For the reference systems, the expected distribu-
tions are observed: in POM-Ref, 88.6 % of the electron den-
sity is located on the POM framework, while in [Pt(bpy)Clz],
79.7 % are located on the bpy and 20.3 % on the {PtCl2} frag-



ment (Figure 4 and SI, Table S3). This is in line with experi-
mental electrochemical and spectro-electrochemical data,
which indicate that an electron transfer to the one-electron-
reduced POM-PtX, i.e., a second reduction of POM-PtX oc-
curs on the {PtX(bpy)} moiety (SI, Figures S3, S4).

Reusability and stability of the molecular catalyst:

Finally, we were interested in understanding the causes
of the loss of HER activity observed after ~ 9 h of irradiation
(Figure 1). We hypothesized (based on initial UV-Vis spec-
troscopy of the reaction solution, SI, Figures S10, S11), that
this could be due to PS degradation, and thus, loss of the
light-harvesting capabilities of the system. To experimen-
tally probe this, we performed a reusability experiment
where the standard photochemical experiment (identical to
the experiment shown in Figure 1, catalyst: POM-PtI) was
performed. After 10 h of irradiation, an aliquot of fresh PS
(110 @M) was added to the reaction mixture and irradiation
was resumed. As illustrated in Figure 5, the system resumed
hydrogen evolution at high reactivity. This observation pro-
vides evidence that PS degradation is a major factor in reac-
tivity loss in the system described, while catalytic activity by
the POM-PtI is still observed. Thus, future studies can ex-
plore the design of more robust photosensitizers with opti-
mized POM binding behavior.6¢
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Figure 5 Reusability of the catalyst POM-Ptl demonstrated by
adding an aliquot of PS after HER activity ceased (after tirradiation
=10 h). Conditions are identical to the HER experiments shown
in Figure 1.

To gain further insight into the stability of POM-PtX, we
performed a range of mechanistic analyses: First, UV-Vis
spectroscopy of POM-PtX in the reaction solvent DMF
showed no spectral changes over 18 h (SI, Figure S11). Also,
microfiltration and UV-Vis spectroscopic analysis of a reac-
tion mixture containing POM-Ptl and PS (molar ratio:
1/10) showed no spectral changes, indicating that no colloi-
dal particles are observed (SI, Figure S12). This was sup-
ported by dynamic light scattering (DLS) on the catalytic re-
action solution, where no particles within the measurement
range (1 - 10000 nm) were detected. This suggests that the
system does not produce colloidal platinum particles as the
active HER catalyst, but that a molecular system operates as
HER catalyst in the present study. Note that the “classical”
mercury amalgam test for Pt colloids was not suitable for

the present system, as elemental Hg undergoes redox-reac-
tions with POM-PtX already in the dark, resulting in fast
degradation of the POM-PtX molecule. Similar behavior has
been reported before.1?

To provide further evidence for the molecular nature of
the HER system reported, we performed a catalytic experi-
ment under the standard conditions described in Figure 1
using POM-PtCl as model catalyst. Then, excess nBusNI was
added to the reaction solution to trigger iodide-for chloride
ligand exchange on POM-PtCl (leading to partial in-situ for-
mation of POM-PtI). As predicted from our initial experi-
ments (Figure 1), this led to an increase of the TON (+ ~ 20
%), thereby providing further evidence of a molecular HER
catalysis (SI, Figure S13).67.68

Conclusion

In sum, we demonstrate how organo-functionalized poly-
oxometalates can be used as multifunctional platforms for
supramolecular light-driven hydrogen evolution catalysis.
Electrostatic solution-interactions between an anionic, Pt-
functionalized POM dyad with a cationic photosensitizer
lead to light-driven charge-transfer and Hz evolution in so-
lution. The reactivity of the dyads surpasses the purely in-
termolecular reference systems, and reactivity tuning of the
dyads is possible by ligand exchange. Experiment and the-
ory shed light on the underlying interactions in solution,
and initial stability analyses highlight future areas of devel-
opment. Our results open new avenues for the design of su-
pramolecular light-driven hydrogen evolution catalysts.
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