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hydrogen evolution reaction (HER) is presented. The stepwise coordination of precursor metal complexes
enables binding of an Ir photosensitizer or a Pt HER catalyst to the bipyridine coordination site. Light-
driven HER reactivity for the Pt-equipped species in homogeneous solution is reported together with
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Functionalized polyoxometalates (POMs), in which organic
moieties are grafted to metal-oxide clusters, have attracted
widespread interest due to the ability to combine various func-
tions (e.g, light absorption, redox activity, etc.) into one mole-
cular array.® Covalently organo-functionalized POMs have
been used in various fields of research, including the light-
driven HER, photo-electrochemistry, biomedicine, redox-active
nanomaterials, (electro)catalysis, and energy storage.*®
Regarding the use in the context of the photochemical HER,
various strategies have already been successfully demon-
strated. In an intermolecular scenario, i.e., the photosensitizer
(PS), typically a light-absorbing transition-metal complex or an
organic dye is combined with a redox-active POM. Due to
strong non-covalent (e.g., electrostatic) interactions between
the two components, electron transfer and H, evolution are
facilitated.” However, often, this approach is complex, as inter-
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actions between PS and POM can lead to undesired side reac-
tions including ion pairing and precipitation. The alternative,
i.e., an intramolecular scenario, can be achieved by covalently
linking metal complexes®*° or organic dyes''™* as PS to suit-
able organo-functionalized POMs. This has been explored
using either post-synthetic modification of pre-synthesized
organo-POMs®**™"” or by direct functionalization of an appro-
priate POM precursor with a suitable PS.’® The resulting co-
valently linked PS-POM dyads feature H, evolution and have
even been employed for solar-energy storage and on-demand
hydrogen release.®

In order to increase the structural complexity of organo-
functionalized POMs, the toolbox of available post-functionali-
zation methods has been significantly extended in recent
years.” However, the asymmetric functionalization, in particu-
lar of POMs from the Anderson-Evans family, remains challen-
ging, but offers unique abilities to introduce two different
functionalities (e.g., photosensitizer and catalyst) on one POM
platform.”® > The one-pot synthesis of asymmetric POMs
using two different organic ligands is intricate due to the
tedious removal of the simultaneously formed symmetric
POMs.>° Whereas, the stoichiometry-controlled one-sided
modification of H,N-[MnMogO,,]-NH,, which is recognized as
the “universal” precursor in this field, is often less demand-
ing."® In order to establish a new route towards asymmetrically
functionalized POMs, we relied on the bpy-[MnMogO,4]-bpy
POM (1), which was previously used to assemble the symmetric
bis-complexes 2 by coordinating [Ir(ppy),]" or [Rh(ppy).]" frag-
ments to both of the POM’s binding sites (bpy: 2,2"-bipyridine;
ppy: 2-phenyl-pyridinato; Fig. 1).*® The Ir(u)-containing deriva-
tive (2a) was further used as a photosensitizer-catalyst (PS-Cat)
dyad for the light-driven HER.'"** Here, we expand this
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Fig. 1 Schematic representation of the synthesis of the symmetric and asymmetric complexes of bpy-[MnMogO,4]-bpy (1) with PtCl, fragments.
The respective tetra(n-butyl)ammonium (TBA) counterions are omitted for clarity. Colour scheme for the POM moiety: Mo: blue, Mn: purple.

approach to establish a more generalized access route to sym-
metric and asymmetric Anderson anions, functionalized with
photoactive or catalytically active metal complex fragments.
The [Pt(cod)Cl,] precursor was used to prepare the mono- and
bis-complexes of 1 by a straightforward stoichiometry-con-
trolled complexation strategy (cod: cycloocta-1,5-diene; Fig. 1).
The products 3 and 4 were obtained in 82% and 64% yield,
respectively, after precipitation or crystallization from the reac-
tion mixture. The product formation was facilitated by the ease
of complexation under mild conditions, that were not given
when dealing with the [Ir(ppy).Cl], precursor. The targeted
synthesis of 5 remained unsuccessful and provided mixtures
of products which could not be separated. Research to over-
come this shortcoming is still ongoing. Compounds 3 and 4
were thoroughly characterized by NMR spectroscopy (‘H-,
19%pt-, 'H-diffusion-ordered spectroscopy (‘H-DOSY)), matrix-
laser  desorption/ionization  time-of  flight
(MALDI-TOF) mass spectrometry as well as high-resolution
X-ray photoelectron spectroscopy (XPS). The "H NMR spectra
featured the signal of the OCH, moieties at ca. 64 ppm (see
SI). The remarkable downfield shift of the signal of the alkoxy
linkage is due to its proximity to the paramagnetic Mn(m)
centre, which is in a triplet high-spin state.>* Moreover, the
signals of the bpy ligand of the [Pt(bpy)Cl,] moiety were unam-
biguously identified (see Fig. 2).>>*® However, considerable
signal broadening prevented the precise assignment and accu-
rate integration. Nonetheless, due to the symmetric nature of
4, the aromatic region revealed less signals as in the case of
asymmetric 3 (this behaviour resembles that of 2a/b, which
were reported beforehand).'® The 'H NMR spectrum of 3

assisted
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Fig. 2 'H NMR spectra of 1, 3 and 4 (300 MHz, dg-DMSO, 298 K). For
clarity, only the aromatic region is shown here.

showed signals of the coordinated and non-coordinated bpy
ligands, indicative of the selective single-site complexation of
1. Whereas, compounds 3 and 4 could not be distinguished by
9Spt NMR spectroscopy: In either case, a signal at ca.
—2325 ppm was observed, which is in the typical range for a
[Pt(bpy)Cl,] complex.””

"H-DOSY measurements were also carried out to confirm
the structure and homogeneity of compounds 1, as well as 3
and 4. In all cases, the diffusion of the respective polyoxoanion
- independent from the TBA (nBu,N") cations - was observed
(an overlay of the DOSY spectra is shown Fig. 3, the full spectra
are displayed in the SI). The SEGWE model was applied to cor-
relate the measured diffusion coefficients (D) to the calculated
2930 Albeit not developed for the analysis of complex,
metal-containing molecules, such as the rigid hybrid POMs, a

ones.
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Fig. 3 Overlay of the 'H-DOSY spectra of 1 (green), 3 (red) and 4 (blue)
showing the diffusion behaviour of the respective polyoxoanions
(500 MHz, dg-DMSO, 298 K). For clarity, only the aromatic region is
shown here, full spectra are included in the SI.

remarkably good agreement of the experimental and theore-
tical D values was obtained for 1, 3 and 4 (i.e., deviation of
<4%, Table 1). Thus, "H-DOSY represents a powerful, yet rarely
used method to analyse (hybrid) POMs in solution.

MALDI-TOF MS was applied to confirm the identity of 3
and 4. However, careful optimization of the measurement con-
ditions was required. In the case of compound 3, the spectra
were recorded in the positive reflector mode using KCI as the
additive. Whereas the most meaningful spectra of 4 were
obtained in the negative mode. The MALDI-TOF mass spectra
of 3 and 4, which were measured with trans-2-[3-(4-tert-butyl-
phenyl)-2-methyl-2-propenyliden]malononitrile (DCTB), as the
matrix, are displayed in the SI. In both cases, the intact polyox-
oanions with accompanying TBA cations were observed. In
contrast to 3, hybrid POM 4 featured a more complex fragmen-
tation pattern.

Furthermore, the elemental composition of compounds 3
and 4 was determined by high-resolution XPS measurements.
The overview spectra, as shown in the SI, revealed the expected

Table 1 Results of the *H-DOSY measurements?

D107 m*s7")

M,” (g mol™) Measured Calculated®
1 1433.150 1.33 1.31
3 1699.142 1.27 1.25
4 1965.126 1.22 1.18

“ Further details on the DOSY results can be found in the SI. ® Molar
mass of the polyoxoanion excluding the three TBA cations. ‘The D
values were estimated using Morris’ SEGWE D/MW calculator.>®
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elements of the hybrid POMs. The relevant elemental ratios,
which were derived from these spectra, were in very good
agreement with the calculated ones, thus confirming the com-
pound purity. For example, the observed Pt-to-Mn atomic
ratios were 1:0.9 (£0.1) (for 3) and 1:2.1 (x0.2) (for 4). These
ratios corroborate the success of the single-side and two-fold
complexation, respectively.

In the case of compound 4, single-crystals suitable for
single-crystal X-ray diffraction (XRD) analysis were obtained by
the slow diffusion of diethyl ether into a concentrated solution
of 4 in CH;CN. The XRD data revealed a strictly linear arrange-
ment of the molecule, in which the two [Pt(bpy)Cl,] arms were
perfectly coplanar (£Pt-Mn-Pt = 180° Fig. 4). The intra-
molecular centre-to-centre distance of two Pt(i) complexes,
which were oriented in a transoid fashion, was 18.62 A. The
bond lengths and angles of the [MnMo4O,4] cluster were in
very good agreement with the values reported elsewhere for
related hybrid POMs.'®**313> Thus, the typical quintet high-
spin state (S = 2) of the central Mn(u) ion is expected.>* In par-
ticular, very little deviation from the parent structure 1 was
observed in terms of bond lengths and angles."® The [Pt(bpy)
Cl,] fragments were slightly asymmetric; The Pt-N bonds
towards the POM were elongated by a factor of ca. 1.1 when
compared to those to the more remote N-atoms (i.e., 2.0268 A
vs. 2.0014 A). This suggests that the coordination via the pyri-
dine rings in proximity to the cluster is slightly weaker, due to
the electron-withdrawing nature of the polyoxoanion.

The crystal lattice of 4 was comprised of 1D chains, in
which the individual Pt-[MnMosO,,]-Pt polyanions interacted
via metallophilic interactions of their [Pt(bpy)Cl,] complexes;
thereby the adjacent Pt(i) centres were in proximity of 3.60 A.
These chains formed 2D layers, in which the chains were sep-

Fig. 4 (a and b) Two different views of the solid-state structure of 4
(TBA cations and solvent molecules are omitted for clarity). Colour
scheme: Mo: teal, Mn: orange, Pt: light blue, Cl: green, N: dark blue, C:
light grey, H: dark grey.
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arated by 17.77 A (resembling the closest distance between two
Mn(m) centres of different chains). The 3D lattice represented
a highly regular AB-type layered structure, in which the chains
within the B layers®® were rotated by ca. 90° with respect to
those of the A layer. This 3D arrangement gave rise to a highly
porous structure whose channels and voids contributed ca.
40% to the overall volume of the unit cell.

The visible-light-driven HER activity of 3 and 4 was studied
using [Ru(bpy);(PFs),] as a photosensitizer (PS), because of its
well-known ability to transfer electrons to POMs.'%**3* In
brief, the standard catalytic studies involved water-free, de-
aerated DMF solutions containing the corresponding catalyst
(12.5 uM), PS (125 pM), triethylamine (0.9 M) as a sacrificial
electron donor (SED), and water (0.7 M) as a proton source in a
microwave vial. Note that DMF was chosen as a solvent due to
the chemical compatibility and solubility of all relevant com-
ponents. The experimental conditions were adapted from pre-
vious work.>® The reaction solution was irradiated with a
monochromatic LED source (Amax = 465 nm, P ~13 mW) at
ambient temperature conditions, and hydrogen evolution was
measured by head-space gas chromatography. The experi-
ments were performed in duplicate and averaged turnover
numbers (TONs) are reported. Two in-house synthesized POM
based catalysts, (TBA);[MnMoyO;5{(OCH,);C(CeHs)}»] (6)'° and
(TBA);[MnMo40,4{(OCH,);CH},] (7)** were used as references
under otherwise identical conditions.

As shown in Fig. 5, significant differences in the reactivity
were noticed after 7 h. Catalyst 4 exhibited turnover
numbers (TONs) of ca. 451 (TOF ca. 1.1 min™"), whereas 3
revealed TONs of ca. 345 (TOF ca. 0.8 min™'), after seven
hours of continuous irradiation. This initial data shows that
the HER activity of Anderson HER-catalysts can be con-
trolled by variation of the number of Pt-HER sites present in

500
I 3TBA
400 rL VR
= 6:R=Ph
—~ 300 - T:R=H
=
Z
o
200
100
E 3
=
o T 1 T T
4 3 6 7
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Fig. 5 Comparison of the active compounds 3 and 4, as well as refer-
ence compounds 6 and 7 for light driven HER catalysis. Conditions:
Catalyst (12.5 pM), PS (125 uM), TEA (0.9 M), H,O (0.7 M), in water-free,
de-oxygenated DMF, Aax = 465 nm, tiyrag. = 7 h.
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the catalyst. However, the data also shows that the under-
lying mechanism requires further analyses, as HER evolution
only increases by 30%, not by 100%, as could be theoreti-
cally expected. This modest increase in TON is currently
under study by time-resolved photophysical methods and
computational analysis; however, one plausible explanation
is the formation of supramolecular photosensitizer-catalyst
aggregates which could lead to different rates of inter-
molecular electron transfer.

In contrast, when the noble metal-free POM-based reference
catalysts 6 and 7 were investigated under identical experi-
mental conditions, only very low TONs were observed (6:
TON = 44; 7: TON = 30). This is in line with previous obser-
vations which suggest that the Pt-centres represent the actual
HER active sites, while the pure POM exhibits only limited
HER activity.>>*>” The observed TONs for 4 are comparable
with a previous study on a di-Pt-functionalized Anderson
anion, where a labile imine bond was used to link Anderson-
POM to the bpy ligands.>® For this system, TONs of ca. 460
were observed after 7 h irradiation when using [Ir(ppy);]" as a
photosensitizer. Note that this system could only be operated
in water-free conditions due to the hydrolytic lability of the
imine bond. In contrast, the present system reaches nearly
identical TONs when operated in the presence of water,
demonstrating the superior stability of the purely C-C linked
organo-functionalization. Detailed mechanistic and photo-
physical studies are planned to assess solution interactions
between PS and POM, and to assess charge-transfer dynamics,
supramolecular interactions, and possible back-electron trans-
fer during catalysis.

In sum, this study reports the symmetric and asymmetric
functionalization of an Anderson polyoxomolybdate with one
or two Pt(1)-complex reaction sites, enabling the light-driven
hydrogen evolution reaction when combined with a Ru(u)-
based metal-complex photosensitizer. The study demonstrates
that the number of Pt sites controls HER activity and paves the
way for the design of molecular dyads where in principle, a
metal complex PS and a metal complex catalyst could be com-
bined in one molecule. Also, replacement of the noble metal
complexes with noble metal-free analogues can be envisaged
for enhanced technological relevance.
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