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Abstract

Mastering the light-induced four electron oxidation of water to molecular oxygen is a key step
towards the achievement of the overall water splitting, aimed at producing alternative solar
fuels. Following this approach, in this work we report two rugged molecular pyrazolate-based
diruthenium complexes, able to efficiently catalyze visible-light-driven water oxidation. These
complexes were fully characterized both in the solid state (by means of X-Ray diffraction
analysis) and in solution (spectroscopically and electrochemically). Benchmark performances
for the homogeneous oxygen production have been obtained for both catalysts in the
presence of a photosensitizer and a sacrificial electron acceptor at pH 7, yielding a turnover
frequency up to 11.1 s and 5300 turnover numbers after 3 successive catalytic runs. In the
same experimental conditions and set-up, the pyrazolate-based diruthenium complexes
outperform other two well-known water oxidation catalysts, due to both electrochemical and
mechanistic aspects.



Introduction

One of the most urgent issues for modern society deals with the increasing global energy
demand and the need for sustainable energy supply. The efficient production of clean fuels by
the exploitation of renewable energy sources, such as sunlight, is thus highly desirable.™! The
mimicry of natural photosynthesis represents a viable strategy, dealing with the direct
conversion and storage of solar energy into chemical bonds." Following this perspective, a
challenging approach is offered by photoinduced water splitting into its high-energy
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constituents (H, and O,, eq. 1 with water oxidation (WO, eq. 2) being the bottleneck of the

entire process, due to its high thermodynamic and kinetic demands.

2H,0 —s 2H, + O, (1)
2H0 — O, + 4H* + 4e (E°=1.23V vs. NHE at pH 0) 2)
AH + 4o —> 2 H, (E°=0V vs. NHE at pH 0) 3)

Significant efforts have been devoted to the development of efficient water oxidation catalysts

4,5 P
41 or molecular transition metal

(WOCs), both based on metal oxides materials
complexes.[za’6’7] The latter are particularly useful for unraveling the potential mechanistic
pathways for this complex reaction. Indeed, several kinetic investigations, in conjunction with
spectroscopic, electrochemical and isotopic labeling experiments as well as DFT calculations,
have unraveled a variety of pathways followed in this catalytic reaction.®

Even though several examples of first row transition metal WOCs have appeared Iater,[Q]
ruthenium complexes are still among the most studied systems in this sense. Following the
first pioneering example reported by T. J. Meyer et al.," several robust and efficient dinuclear
ruthenium WOCs were reported to catalyze oxygen evolution from water with high turnover
numbers, in the presence of Ce" as the sacrificial electron acceptor.”'lm] Mononuclear
ruthenium complexes were also proposed as wocCs.B |n particular, ruthenium catalysts,
featuring 2,2'-bipyridine-6,6'-dicarboxylate (bda) as tetradentate equatorial ligand and
substituted isoquinolines as the axial ligands, represents the current benchmark in the
chemical WO reaction, yielding a turnover frequencies (TOF) in the range of 1000 s?, in the
presence of large excess of ce".* 1 1t is worth noting that for Ru-bda-based complexes, the
0-0O bond formation step is an intermolecular process involving the interaction of two
mononuclear complexes, yielding a dinuclear peroxo species. The formation of the latter is
particularly favorable when the m-stacking between the axial isoquinoline ligands can
additionally benefit of electronic perturbations arisen from a careful choice of the substituents
on the aromatic ring.[”] At the same time, recent results evidenced that some mononuclear
monoaqua ruthenium WOCs can be slowly converted by self-assembly into more robust
dinuclear complexes, displaying similar catalytic activity towards wo.™ Although much more
challenging from a synthetic point of view, dinuclear complexes can be highly beneficial for the
water oxidation process. For the latter, the mechanism of O-O bond formation can be
controlled by the relative position of the Ru-O units in addition to the electronic effects

[2,6-8,10,11]

exerted by the auxiliary ligands . It is worth noting that, in order to be integrated in

photocatalytic systems/devices, an attractive WOC must effectively drive not only the chemical



and/or electrochemical water oxidation, but also the corresponding light-driven reaction. The
latter is generally performed in a so-called three-component system, including a
photosensitizer (as the light-sensitive unit), a sacrificial electron acceptor and the catalyst
itself. Optimizing all the processes occurring in the photocatalytic cycle is a challenging task,
thus a careful selection of the experimental conditions must be done in order to achieve good

(81 and dinuclear *”!

results. Among the reported ruthenium WOQOCs, both mono- complexes, as
well as ponoxometaIates,m] have been used various different experimental conditions and O,
detection set-ups. In a recent example, a remarkable turnover number of 890 has been
reported for the photoinduced WO by a carboxybenzoimidazol-pyrazolate-based diruthenium
complex.”?

Here we present two water soluble and oxidatively rugged diruthenium pyrazolate-based
WOCs, able to efficiently photogenerate oxygen from water in the presence of a
photosensitizer and a sacrificial electron acceptor, yielding unprecedented results in terms of
turnover number (TON) and frequency (TOF). A comparison with two other well-known WOCs
in the same experimental conditions is additionally reported, clearly evidencing that the
pyrazolate-based diruthenium complexes outperform those previously reported, both for

electrochemical and mechanistic reasons.

Results and discussion

Complex 1 (Figure 1) has been recently reported in the literature as a rugged WOC, yielding up
to 211 catalytic cycles (TON) at pH 1 in the presence of 1000 eq. of Ce'" as sacrificial electron
acceptor.m Considering the stoichiometry of WO, a remarkable 84% oxidative efficiency was

obtained under these conditions.!”

Complex 1 displays a bis-tridentate monoanionic ligand, namely 4-methyl-
bis(bipyridyl)pyrazolate (Mebbp’), designed to act as a bridging scaffold, placing the two metal
centers in close proximity. The axial positions are occupied by pyridine-3-sulfonate ligands
which make the complex highly soluble in aqueous media. The new complex 2 displays the
same structural motif as 1, but bears axial pyridines functionalized with carboxylate units
instead of sulfonate moieties. This tailored modification is designed for the further
heterogenization of this WOC onto different surfaces, in order to build (photo)anodes for a
device capable of artificial photosynthesis. The feasibility of this heterogenization approach
has been recently proved, since an analogous diruthenium complex based on Mebbp™ and
bearing pyridines with phosphonate groups as the axial ligands has been successfully anchored

onto fluorine-doped tin oxide (FTO) electrodes.™

It is worth noting, that the presence of the carboxylated pyridines also makes complex 2 fully
soluble in aqueous solution, a key feature often lacking in many molecular WOCs. The water
solubility allows proper spectroscopic and electrochemical characterization, avoiding the use

of organic co-solvents that could affect the already complex kinetics of the WO reaction.™

Complex 2 was synthesized following the strategy depicted in Scheme 1. As reported for the
synthesis of complex 1,V [RuCl,(dmso),] was reacted with 2 equivalents of the H-Mebbp ligand
in the presence of Et;N, yielding the complex [{Ru"(Cl)(dmso)(H,0)H{Ru"(Cl,)(dmso)}(p-Mebbp)]
as synthetic intermediate. Deprotonation of the ligand and its slow addition to [RuCl,(dmso),]



are crucial to avoid the formation of complexes in which one metal is coordinated by two
Mebbp™ ligands, reminiscent of grid-like structures, previously reported for this type of
pyrazolate Iigands.[zo] The intermediate was further reacted in the presence of an excess of
pyridine-4-carboxylic acid in a 1:1 MeOH:H,0 solution containing Na,COs;, affording the sodium
salt of the p-CO; bridged complex [{Ru"(py-COO),}(1-Mebbp)(u-COs)]* (2(COs)) in 23%
isolated yield. Since the removal of exogenous bridging ligands from this kind of complexes is
not always straightforward,m it is worth mentioning that in the case of complex 2(CO;) the
carbonate bridge can be removed by stirring in pH 0-1 triflic acid solution or sonicating in pH 7
phosphate buffer, yielding the catalytically active bis-aquo species 2 (cfr. Scheme 2 and
electrochemical characterization in the text).

The solid state structure of the sodium salt of complex 2(COs) was elucidated by means of X-
ray diffraction analysis. As shown in Figure 2a, the coordination sphere of the two ruthenium
centers is slightly distorted from octahedral. While the bis-meridional Mebbp ligand is almost
planar and both ruthenium ions are located almost within the pyrazolate plane (RuNNRu
torsion angle = 2.6°), the bridging carbonate that occupies the remaining equatorial positions
of the two ruthenium ions is not coplanar, but severely twisted with respect to the RUNNRu
plane (NRuOC torsion angle = 32.7°). This twisting may evidence that the Ru-:-Ru distance in
2(COs3) is not ideal for hosting the exogenous carbonate, which may explain its straightforward
removal upon acidification/sonication. The axial positions in 2(CO3) are occupied by four
monodentate carboxylated pyridines, two of which are facing each other and can interact via
mn-stacking (the distance between the pyridine-N atoms N9 and N10 is 3.6 A), while the other
two are rotated with respect to each other. Furthermore, the peripheral carboxylic moieties
interact with the Na* cations, resulting in a cluster stabilized by methanol molecules. This
cluster connects the 2(CO;3) molecules with each other to give a polymeric arrangement in the
crystal lattice (Figures 2b and S1a). The overall 3D packing shows randomly distributed cavities
(one of them shown in Figure S1b), in which methanol molecules can be accommodated.

Complex 2(C0O3) was also fully characterized in solution by means of both 1D and 2D NMR
spectroscopy (Figures 3 and S2-56) which evidences the diamagnetic character of the low-spin
d® Ru(ll) ions. All resonances could be unambiguously assigned, and the complex showed
apparent C,, symmetry on the NMR time scale. These data confirm that the molecular
structure of 2(COs3) found in solid state is retained in solution, but rotation of the axial
pyridines and the toggling of the bridging carbonate are facile processes.

Electrochemical analysis of this kind of complexes is pivotal for the full understanding of their
redox properties at the operational pH. Thus, apart from the characterization of novel complex
2 at pH 7, a deeper electrochemical investigation, by means of cyclic voltammetry (CV) and
differential pulse voltammetry (DPV), was also performed for complex 1, in an extended pH

range (0-9) with respect to previous reports (0—1.5).[7]

It is worth noting, that the potential displacement of aquo ligands from the Ru centres by
coordinating anions has been already pointed out for other diruthenium WOCs. 1t js likely
to happen also in the case of complex 1, in particular if electrochemical experiments are
conducted in buffers with high anion loading such as phosphate buffers. The produced anated
species displays a different electrochemical behaviour than 1, thus complicating a proper

electrochemical characterization of the latter. On the other hand, the anation of the labile



aquo positions has been reported to be strongly reduced when this kind of complexes are in

II,II.[7'11b] In view of this, the reported electrochemical

oxidation states higher then
characterization of 1 has been performed starting from the one electron oxidized Ru"Ru"
complex, obtained by means of bulk electrolysis. As shown in Figure 4a, an electrochemically
reversible oxidation wave was observed at 0.49 V vs. NHE in phosphate buffer at pH 7,
followed by an electrochemically quasi-reversible 2-electrons wave at 0.85 V vs. NHE. When
scanning up to higher oxidation potentials (Figure 4b), the catalytic WO wave was observed, at
an onset potential of 1.45 V vs. NHE. In this case, the second wave becomes electrochemically
irreversible, likely because of the slow kinetics of the associated process, while the first one

shows full reversibility, thus excluding the decomposition of 1.

The assignment of all the redox processes involved, including the proton content of each
species, was established by means of a Pourbaix diagram (Figure 5). From the analysis of this
plot and the calculated slopes, the electrochemical processes observed at pH 7 are the

following (eqs. 4-7):

/N /N

1] n 1 ] =
R{Jo OIRLI + 1 e 3 R{.lo ’Ru E1/2 0.49V vs. NHE (4)
RSN N (AE =60 mV)
I} v /_\ =
R{.(l) (F;u s 26 + 2H* Ru"  Ru! E,,=0.85V vs. NHE (5)
N 0. 0O, AE =150 mV per pH unit
H H H H ( perp )
m"’ Rﬂ"’ E=0.95V vs. NHE
N\ // + 1e +1H" —> \ ! ' i . (6)
O 0 o_ /,0 (extrapolated from Pourbaix diagram)
H
u RuVv - m:"’ E =145V NHE
W\ I + 1e —_—> k‘ onset 45V vs. (7)
o o \0 /]

The E value for the proton coupled electron transfer process yielding the Ru"(O)Ru'"(0) species
(eqg. 6) has been extrapolated from the Pourbaix diagram, since it could not be experimentally

observed in the whole pH range, as already reported for similar compounds.m]

Once the Ru’(0)Ru"(0) species is formed, catalytic water oxidation takes place, as indicated by

an intense electrocatalytic wave (E,nse: = 1.45 V vs. NHE at pH 7).

The electrochemical characterization of complex 2 in phosphate buffer at pH 7 (Figure S7)
shows two electrochemically quasi-reversible processes at 0.59 and 0.88 V vs. NHE, before the
catalytic WO onset at 1.48 V vs. NHE. The moderately higher potential of the first wave for 2
with respect to 1 can be ascribed to the effect exerted by the carboxylated pyridines vs. the
sulphonated ones. On the other hand, the second process and the WO onset remain almost
unaffected by the different substituents on the axial pyridines.

Analysis of the electrochemical properties of complexes 1 and 2 at pH 7 clearly shows the need
of a highly oxidizing dye in order to drive the light induced water oxidation in the presence of



persulfate as the sacrificial electron acceptor. A functionalized ruthenium tris-bipyridyl dye
(namely P2 in Figure 1, displaying two 4,4’-bis(ethoxycarbonyl)-2,2’-bipyridines) was thus
synthesized following literature procedures.m] Since the presence of Cl" anions was previously
reported to decrease the amount of photoproduced 0,,% PF¢” counteranions were selected
to isolate the dye. The measured redox potential of P2 is 1.62 V vs. NHE in phosphate buffer at
pH 7 (Figure S14), which is 0.36 V higher than the non-functionalized P1 (Ey/5,p1 = 1.26 V vs.
NHE). Most importantly, its redox potential is 0.17 V higher than the electrocatalytic wave
observed for 1 (0.14 V higher in case of 2), thus enabling the formation of the catalytically
active species for the proposed WOCs.

The efficiency of 1 and 2 as catalysts for the photodriven water oxidation was evaluated in 25
mM phosphate buffer at pH 7, using P2 as the photosensitizer and sodium persulfate as the
sacrificial electron acceptor. RuPS-S,0g” systems are widely used to investigate the
photoinduced WO, and have been reported to follow the well-established cycle shown in
Scheme 2.

Irradiation was performed by a Xe Arc Lamp (400 nm cut-off filter) and the oxygen evolution
was monitored in the liquid phase using a Clark-type electrode in a reactor specifically
designed to avoid headspace (Hansatech Instruments). The results of are collected in Table 1.
All the four components (light, catalyst, dye and sacrificial electron acceptor) are needed to
yield significant amounts of O, (see entries 1 and 2 in Table 1 and Figure S15). As already
mentioned, the oxidizing power of the dye is actually a key parameter in this system, since
when using P1 as the photosensitizer, O, photoproduction is almost negligible (entry 6 in Table
1).

In the presence of P2, the proposed catalytic system shows unprecedented performances in
terms of O, evolution in the presence of very small amounts of WOCs 1 or 2 (0.4 nmol, entries
3 and 4 in Table 1 and Figure 6). In the case of the first cycle catalyzed by complex 1, up to
935 nmol of O, were photoproduced, almost saturating the solution. The resulting turnover
numbers (TONs) and turnover frequencies (TOFs) are, to our knowledge, the highest reported
so far (up to 2373 and 11.1 s, respectively). It is worth noting, that the excited state of RuPS
dyes is known to be quenched by O,, thus hindering the oxidant generation step (see Scheme
2). In our set-up, this aspect is pivotal since the photoproduced O, is retained in solution (no
headspace available). Thus, we were delighted to observe that the catalytic activity of the
proposed system can be restored by only degassing the reaction mixture. In fact, bubbling N,
in the reaction mixture and restarting the irradiation, yielded up to 3 runs of O, production
(Figure 7 and Table 1, entry 4, results in parentheses), with unprecedented total TONs up to
5300.

WOC concentration can be further lowered (to 6 x 10% M, see entry 5 in Table 1 for complex
1), still giving interesting results in terms of both turnover numbers (up to 2810) and frequency
(7.9 s™%). Even in this case, a second catalytic run can be performed after degassing the reaction
mixture with N, (see Figure S13 and Table 1, entry 5, results in parentheses), yielding a
remarkable total TON of 4256.

At this point it is worth mentioning that in this kind of photocatalytic systems, the limiting
factors that eventually stop the O, evolution are usually the degradation of the dye due to



nucleophilic attacks onto the Iigandsml

and the pH drop due to the stoichiometry of the water
oxidation reaction itself. Indeed, after the abovementioned 2 or 3 WO runs by 1, both a
decrease of the pH (down to 3.6-4.0) and a change in the UV-vis spectra of the reaction
mixture (Figure S14) were observed. In particular, the bleaching of the characteristic
absorption band of the dye at about 490 nm is ascribable to decomposition of the dye.
Successive attempts of basifying the solution with NaOH to pH 7 and of adding more dye and
sacrificial electron acceptor, were not successful in restoring the catalytic activity of the
reaction mixture. However, it is interesting to note that in our conditions, even after the
addition of another aliquot of 1, O, evolution was not observed, thus indicating some kind of
inhibition of the photocatalytic system after the first runs rather than a decomposition of the
catalyst itself. This inhibition could be caused by the increased ionic strength of the medium
(sulfate ions are produced during the catalysis, see Scheme 2), which has previously been
reported to negatively affect the performances of this kind of systems by reducing the

guenching efficiency of the RuPS excited state by persulfate.[lea]

Furthermore, highly
concentrated buffers/ionic media can hinder the coordination of water to complex 1 in its
lower oxidation state, and thus the WO catalysis, due to the abovementioned competing
anation process by phosphate or sulfate ions. This hypothesis has been indirectly evidenced by
a photocatalytic experiment in which 0.1 M sodium sulfate was added to the 25 mM
phosphate buffer medium. In this case, a > 30% abatement in the O, photoproduction by 1

was observed after the first illumination run (TON = 1580).

It is worth pointing out, that a comparison of the performances of different WOCs is pivotal in
the evaluation of the efficiency of novel catalytic systems. However, a direct comparison with
literature values is usually difficult, since the reported reaction conditions and set-ups are
often very different. To this end, we synthesized two well-known WOQCs, viz. the dinuclear
[Ruy(u-OAc)(bpp)(trpy).] (bpp: bis-(2-pyridyl)-3,5-pyrazolate; trpy: 2,2:6',2"-terpyridine,
complex 3 in Figure 1)”13] and the mononuclear [Ru(bda)(pic),] (bda: 2,2'-bipyridine-6,6'-
dicarboxylate; pic: picoline, complex 4 in Figure 1),[133] in order to directly compare their
activity under the same conditions and experimental set-up as 1 and 2. As shown in Table 1
(entries 3 and 4 vs. 7 and 8) and in Figure 6, 1 and 2 clearly outperform the other two WOCs. In
the case of complex 3, the catalytic onset for WO at pH 7 is at 1.60 V vs. NHE (Figure S15),
which is close to the potential of the dye (Ei/,p1 = 1.62 V vs. NHE). Thus the catalysis in the
proposed experimental system is slowed down and only small amounts of photoproduced
oxygen are obtained (entry 7, Table 1). On the other hand, mononuclear complex 4 is reported
to catalyze WO already at 0.98 V vs. NHE in phosphate buffer at pH 7.1%¢! The observed
differences in the efficiency of water oxidation for 1 and 2 with respect to 4 can be related to
their different mechanisms. For 1, an O-O bond formation step involving a water nucleophilic
attack has been reported,m while for complex 4 the intermolecular coupling of two ruthenium
oxo moieties occurs in order to form the dimeric peroxo species.[lsa] The uM concentration
range generally used for these experiments seriously reduces reactions rates for WOCs whose
rate determining step (rds) is bimolecular with respect to [Ru], as is the case of 4, as compared
with catalysts whose rds is unimolecular with respect to [Ru], as is the case of 1-3.
Furthermore, the electron transfer kinetics from the catalyst to the dye can also influence the
overall generation of dioxygen.



Another key parameter to be assessed when evaluating the performances of a photochemical
reaction is the quantum vyield ¢, i.e. the amount of photoproduced O, per absorbed photon. In
RUPS-S,0” systems, the limiting value that can be reached for this parameter is 0.5, since two
photons are needed to produce one O, molecule (the sulfate radical, generated after the
quenching of the excited state of RuPS by S,04%, is in fact responsible for the thermal oxidation
of a second RuPS moIecuIe)[lea'zab]. The ¢ values, reported in Table 1, were calculated at the
initial 100 s of irradiation (provided by a white light source calibrated to 100 mW cm™), i.e.
when O, production is linear (see also Sl). For the proposed catalytic systems, quantum vyields
up to 0.048 were obtained with complex 1, again outperforming the other tested WOCs.

Conclusions

In conclusion, we have reported two molecular diruthenium complexes based on the Mebbp”
ligand framework (1 and 2) that efficiently catalyze the photoinduced water oxidation at
neutral pH in a RuPS-S,05”-type system. To our knowledge, the obtained results represent a
new benchmark for the homogeneous light-induced water oxidation, yielding the highest TONs
(up to 5300) and TOFs (up to 11.1s7) in subsequent catalytic runs. Two well-known literature
complexes, 3 and 4, which partly show better performances in chemically induced WO, have
been investigated under identical conditions. Indeed, the new complexes 1 and 2 were shown
to outperform 3 and 4 in the photoinduced WO. Heterogenization strategies aimed at
covalently anchoring 2 onto the surface of metal oxides are currently under investigation in
order to build a (photo)anode based on this promising system.

Experimental Section

Materials

Pyridine-4-carboxylic acid (99%), Na,S,0g5 (99%), Na,SO,; (= 99%), Na,COs (= 99%), NaH,PO,
(99%) and Na,HPO, (98%) were purchased from Sigma-Aldrich and used without further
purification. 25 mM phosphate buffer pH 7 was prepared dissolving the proper amounts of
NaH,PO,; and Na,HPO, in high purity deionized water, obtained with an UltraClear water

purifier system (SG Wasseraufbereitung und Regeneration GmbH).
Syntheses

[Ru"(bpyCO,Et)2(bpy)](PFs)2,*? Na[{Ru"(py-SOs),(H,0)}(u-Mebbp)] (complex 1)) and synthetic
intermediate [{Ru”(CI)(dmso)(HZO)}{Ru”(CIZ)(dmso)}(u-Mebbp)]m were synthesized according

to literature procedures.
Synthesis of Nas[{Ru"(py-CO0),},(1-Mebbp)(p-COs)], complex 2(COs)

[{Ru"(Cl)(dmso)(H,0){Ru"(Cl,)(dmso)}(u-Mebbp)] was synthesized according to literature
procedures.m 78.5 mg of this complex (0.09 mmol, 1.0 eq) and Na,CO; (30.7 mg, 0.29 mmol,
3.2 eq) were suspended in a degassed 1:1 MeOH/H,0 mixture (5 mL) and refluxed for 3 h.



Thereafter, 88.6 mg of pyridine-4-carboxylic acid (0.72 mmol, 8.0 eq) were added and the
mixture heated to reflux overnight. After evaporation of the solvents, the obtained solid was
washed with acetone and with a small portion of cold water, before being redissolved in the
minimum amount of MeOH. After the addition of Et,0 to this solution, the brown precipitate
(complex 2(CO3) was filtered and finally dried under reduced pressure. Isolated yield: 23%
(25.4 mg, 0.021 mmol).

'H NMR (500.13 MHz, D,0, 25°C): & = 9.33 (br s, COOH), 8.62 (d, J = 5.8 Hz, 2 H, H13), 8.13 (d, J
= 8.0 Hz, 2 H, H5), 7.99 (d, J = 8.6 Hz, 2 H, H10), 7.89 (d, J = 7.9 Hz, 2 H, H7), 7.84 (d, J = 6.4 Hz, 8
H, H4’), 7.82 (t, J = 7.1 Hz, 2 H, H11), 7.75 - 7.73 (m, 2 H, H12), 7.72 (t, J = 8.0 Hz, 2 H, H6), 6.94
(d, J = 6.6 Hz, 8 H, H3’), 3.13 (s, 3 H, H1) ppm. *C{*H} NMR (125.85 MHz, D,0, 25°C): § = 173.4
(bridging CO5>), 171.3 (C1’), 163.3 (C2’), 161.0 (free CO5>), 158.7 (C4), 151.9 (C4’), 149.1 (C13),
148.9 (C3), 145.2 (C9), 142.6 (C8), 136.4 (C11), 132.3 (C6), 123.0 (C12), 122.7 (C3’), 122.2 (C10),
121.1 (C2), 118.8 (C5), 117.8 (C7), 9.2 (C1) ppm. UV-Vis (c = 3.78 x 10> M in 25 mM phosphate
buffer pH 7); A [nm] (€ [L mol™cm™]): 258 (1.2 x 10%), 306 (9.6 x 10%), 380 (1.1 x 10%), 409 (1.1 x
10%), 537 (sh, 1.7 x 10%). ESI-MS (MeOH:H,0 = 1:1) m/z : pos: 1145.1 [2(COs) + 4xH]"; 595.0
[2(CO3) + 2xNa + 3xH]*; neg: 1187 [2(CO5) + 2xNa]; 1165 [2(CO;) + 1xH + 1xNa]’; 1143 [2(COs)
+ 2xH]". EChem: E1; (1 mM of 2(COs) in 25 mM phosphate buffer pH 7. After sonication, WOC 2
is formed) [V vs. NHE]: 0.59, 0.88, 1.43 (see Figure S7 and main text for assignment).

Instrumentation and Measurements

NMR Spectra were recorded on an Avance 500 (Bruker) instrument in D,0, with residual
protons as internal references. UV-Vis spectra were collected using a Varian Cary-50 Bio
spectrophotometer. Cyclic Voltammetry (CV), Differential Pulse Voltammetry (DPV) and
Square-Wave Voltammetry (SWV) experiments were performed either on CH-660 and CH-620
potentiostat (CH Instruments, Inc.) as well as on a Model 263A (PerkinElmer). A glassy carbon
disk (diameter = 2 mm) was used as the working electrode, a platinum disk or wire as the
auxiliary, and Hg/Hg,50./K,S0, sat. or Saturated Calomel Electrode (SCE) as the reference. The
glassy carbon disk electrode was polished with 0.05 um alumina paste and all electrodes were
washed with water and dried before use. All pH values were measured with a HI 4222 pH
meter (Hanna Instruments) using a calibrated Crison 5029 electrode (Crison Instruments) or

with a 780M pH meter (Metrohm) using an Ecotrode Plus (Metrohm) pH electrode.

Photoinduced water oxidation experiments

Photoinduced water oxidation experiments were performed in a specific dark chamber
(Hansatech Instruments), displaying an integrated Clark-type electrode able to measure the
produced oxygen in the liquid-phase (no headspace is left in this kind of experiments). Before
each experiment, the oxygen sensor was calibrated at both the fully air- and nitrogen-
saturated solution. In a typical experiment, [Ru"(bpyCO,Et),(bpy)](PFe), (0.2 mM) and Na,S,04
(10 mM) were dissolved in 25 mM phosphate buffer pH 7 and introduced in the dark chamber
(total volume = 2 mL), thermostated at 25.0°C. The proper amount of catalyst (0.1-0.4 nmol)
was then added, the solution stirred and degassed, and the chamber finally closed with a
screw cap equipped with a septum. After calibration and baseline collection, the solution was

irradiated by opening the windows of the chamber. The illumination was provided by a 150 W



Xe Arc Lamp (LS-150, ABET technology), equipped with a <400 nm filter and calibrated to 1 sun
(100 mW/cm?) using a calibrated silicon photodiode.

X-ray structure determination

Crystals of Nas3[2(C0Os)]-8.33(MeOH) were obtained by slow diffusion of diethyl ether into a
solution of complex 2(CO;3) in methanol. The measured crystals were prepared under inert
conditions immersed in perfluoropolyether as protecting oil for manipulation.

Data collection: Crystal structure determination for Nas[2(C0Os)]-8.33(MeOH) was carried out
using a Apex DUO Kappa 4-axis goniometer equipped with an APPEX 2 4K CCD area detector, a
Microfocus Source E025 IluS using MoK, radiation, Quazar MX multilayer Optics as
monochromator and an Oxford Cryosystems low temperature device Cryostream 700 plus (T =
-173 °C). Full-sphere data collection was used with w and ¢ scans. Programs used: Data
collection APEX—Z,[ZS] data reduction Bruker Saint'*® V/.60A and absorption correction
SADABS.””

Structure Solution and Refinement: Crystal structure solution was achieved using direct
methods as implemented in SHELXTL"® and visualized using the program XP. Missing atoms
were subsequently located from difference Fourier synthesis and added to the atom list. Least-
squares refinement on F using all measured intensities was carried out using the program
SHELXTL. All non hydrogen atoms were refined including anisotropic displacement parameters.

Comments to the structure of Nas[2(C03)]-8.33(MeOH): The asymmetric unit contains one
molecule of the metal complex, three sodium atoms and 8 1/3 methanol molecules. The
sodium atoms form a cluster of six sodium atoms which are attached to eight carboxylic acid
anions. The methanol molecules are disordered in 12 positions. CCDC 1058563 contains the
supplementary crystallographic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Table 1. Overview of the performance of catalyst 1 and 2 together with literature known 3 and

4 in photoinduced water oxidation catalysis in the presence of photosensitizer P1 or P2 and

Na,S,0s as sacrificial electron acceptor. The O, evolution was measured in the liquid phase.

Entry  WOC RUPS  EgnsetVs. NHE TotalO,  TON™ TOF?  Quantum
V] [nmol] [s™] yield ¢!
1 P2 0
2 2 7 <15
3 2 P2 1.48 926 2362 9.2 0.041
4 1 P2 1.45 935 2373 11.1 0.048
(2180") (5300
58l 1 P2 340 2810 7.9 0.012
(515"  (4256™M)
6 1 P1 6 <15 0.02
7 3 P2 1.60 27 67 0.13; 0.001
0.29"
gl 4 P2 0.98 1591 405 0.36; 0.018
(260™)  (662™) 0.99"

Reaction conditions: 2 x 107 M WOC; 10> M Na,S,0g; 2 x 10 M RuPS in 25 mM phosphate buffer pH 7
(2 mL). Irradiation provided by a 150 W Xe lamp equipped with a 400 nm cut-off filter and calibrated to
1sun (100 mW cm?®). T = 25C. ™ £y, py = 1.26 V vs. NHE and Eyjy, p2 = 1.62 V vs. NHE. ™ TON was
calculated as the total amount of O, per mole of WOC. I |nitial TOF, calculated from the linearly fitted
0, evolution plots in the first 60 s of irradiation. 1 ¢ was calculated as reported in the SI. fel qst cycle of
0O, photogeneration, average values of 2-3 replicates. M in parentheses, total O, production and TON

after 3 cycles, only degassing with N, between one cycle and the following (see also Figure 7). el g x 10®
M woc. ™ in parentheses, total O, production and TON after 2 cycles, only degassing with N, between
one cycle and the following. I Calculated after the observed induction time of ca. 100 s. V' Introduced as

acetonitrile solution (1% of the total volume).
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Scheme 1. Synthesis of complex 2.



Figure 2. a) ORTEP plot (50% probability) of the anionic Ru complex 2(COs). b) ORTEP plot (50%
probability) showing the Na* cluster connecting two molecules of 2(CO;). Hydrogen atoms, additional
counterions and solvent molecules have been omitted to improve clarity.
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:
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Figure 3. "H NMR spectrum (500.13 MHz) of complex 2(COs) in D,0 in the chemical shift range 6.8-8.7
ppm. Insets: Expansion of the 2.9-3.2 ppm range and labelling scheme for the assignment of all the
resonances (deduced by both 1D and 2D spectra).
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Figure 4. a) CV of 0.5 mM complex 1 in phosphate buffer at pH 7 (total ionic strength = 0.1 M). Scan
rate: 0.1Vs™. b) CV and DPV of 0.5 mM complex 1 (black traces) in phosphate buffer at pH 7 (total ionic
strength = 0.1 M) showing the WO catalysis. Gray traces: blank measurements of electrolytic solution.
CV: Scan rate = 0.1 V s ™. DPV: Incr. = 0.004 V, Amplitude = 0.05 V, Pulse Width = 0.05 s, Sample Width =
0.0167 s, Pulse period = 0.5 s. Working electrode: glassy carbon disk (diameter = 2 mm); counter
electrode: platinum disk; reference electrode: Hg/Hg,504/K,S0;, sat.

E vs. NHE (V)

Figure 5. Pourbaix diagram of complex 1, obtained from CV experiments collected at different pHs. The
process indicated by the dashed line could not be experimentally observed above pH 3.
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Scheme 2. General scheme for the processes occurring during the photodriven water oxidation in the
presence of a ruthenium tris-bipyridyl-type dye (RuPS), 52082’ as the sacrificial electron acceptor and
complex 1 as the WOC. The stoichiometry of the reactions account for the fact that the sulfate radical,
generated after the quenching of the excited state of RuPS by 52082‘, is responsible for the thermal
oxidation of a second RuPS molecule.
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Figure 6. Photocatalytic oxygen production by the investigated WOCs. Reaction conditions: 2 x 107 M
WOC; 10> M Na,S5,0g; 2 x 10" M RuPS in 25 mM phosphate buffer pH 7 (2 mL). Irradiation provided by a
150 W Xe lamp equipped with a 400 nm cut-off filter and calibrated to 1 sun (100 mW cm_z). T = 25°C.
Inset: Expanded graph in the 0-200 nmol O, (0-500 TON) range. Flashes: light on.
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Figure 7. Photocatalytic oxygen production by 1 in subsequent runs. Reaction conditions: 2 x 107 M 1;
10> M Na,S,0g; 2 x 10* M P2 in 25 mM phosphate buffer pH 7 (2 mL). Irradiation provided by a Xe lamp

equipped with a 400 nm cut-off filter and calibrated to 1 sun (100 mW cm_z). T = 25°C. Dashed arrows:
degassing the reaction mixture with N,. Flashes: light on.
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