A stable molecular water oxidation
catalyst for artificial photosynthesis
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The oxidation of water represents a key reac-
tion in many proposed artificial photosynthesis
systems that aim to convert sunlight energy into
the splitting and formation of chemical bonds.
However, catalysts are required to eliminate ki-
netic obstacles inherent to this elementary reac-
tion. While numerous relevant molecular cata-
lysts were tested in the past decades, all systems
suffer from oxidative degradation of their organic
constituents during the course of the catalyzed
reaction. We now identified an all-inorganic that
retains its high efficiency at ambient temperature
under turnover conditions.

The design of viable and well-defined molecular
catalysts for water oxidation, in part inspired by
the MnsCa-centered water oxidation-oxygen evolv-
ing center (OEC) in photosystem I, is being pur-
sued for three decades and centers on transition
metal coordination complexes such as the classic
[(opy)2(H20)RuORu(H20)(bpy)2]*" system.[1] De-
spite ongoing research, however, stable and rapid
molecular and homogeneous catalysts for the ele-
mentary reaction (2H2O — O + 4 HT + 4 e7) that
exhibit long-term stability have yet to be achieved:
Homogenous catalytic oxidation studies suggest that
likely intermediates in H2O oxidation would de-
grade all organic ligands, a point consistent with
the findings in the molecular H,O oxidation cata-
lysts reported to date.[2] Thus, the need to de-
velop highly active and stable H,O oxidation cata-
lysts remains of considerable importance. Based on
the reported Ru. catalysts for H.O oxidation, doc-
umented polyoxometalate complexes with multinu-
clear d-electron-containing centers capable of ac-
cepting several electrons needed for H.O oxidation,
and the report of electrocatalytic O, evolution by
the complex [WZnRuz(OH)(H20)(ZnWgO34)2]" ~,[3]
we developed a tetraruthenium(lV) polyoxotungstate
complex, isolated as

Rbng[ {RU4O4(OH)2(HQO)4}
(y=Si W1¢O36)2 ] -25 H20 (1)

an oxidatively and hydrolytically stable complex that
addresses some of the core challenges — it cat-
alyzes the rapid oxidation of H.O to O,, does so in
aqueous solution, and is quite stable under turnover
conditions.[4]

The X-ray crystal structure of (1) reveals the

same “out-of-pocket” d-metal coordination polyhedra
observed in water-soluble ~-di-iron(lll) derivatives;
namely, the Ru centers are corner-sharing and not
ligated to the central SiO4 unit. The two “out-of-
pocket” {~-SiWioRu2} monomeric units are rotated
by 90" around the vertical C- axis relative to one an-
other defining overall D2q symmetry for the polyan-
ion (Fig. 1). The staggered structure facilitates in-
corporation of a [Rua(u-O)4(u-OH)2(H20)4]*t core
in which the four Ru centers span a slightly distorted
tetrahedron with Ru-Ru distances of 3.47-3.66 A. The
adjacent Ru centers within each {v-SiWoRuz} unit
are bridged by hydroxo ligands, while oxo ligands
bridge the Ru centers of different monomeric units.
The presence of u-oxo Ru-O-Ru bridges is consistent
with other structural reports on dimeric Ru-containing
polyoxometalates. Several lines of evidence — mag-
netic properties, bond valence sums, electrochemical
properties — indicate that during the synthesis of (1),
the Ru(lll) reactant is oxidized by O, to give a Ru(IV)4
complex.

In preparation for catalytic studies, several tech-
niques were used to further characterize oxida-
tion states and potentials of the ruthenium cen-
ters and the protonation states of the [Ruu(u-O)4(p-
OH)2(H20)4]** core. Repeated acid-base titration in
both directions monitored both by pH and the UV-
visible spectra indicate that (1) has 2 pK, values
in the pH range 3.5-4.5 and these titrations are re-
versible. Cyclic voltammograms (CVs) of aqueous
solutions of (1) are pH dependent. At pH 1.0, two
oxidation peaks at ca. 940 and at 1050 mV are ob-
served in a scan from the rest potential (800 mV)
to positive potentials and corresponding reduction
peaks at ca. 750 and 965 mV are observed on
the reverse scan. The currents at 950-1050 mV are
several-fold higher in the presence of less than 1 mM
of (1), consistent with electrocatalytic HoO oxidation
at these unusually low potentials, which motivated us
to evaluate (1) as a catalyst for homogeneous H2O
oxidation in aqueous solution.

The test reaction for H,O oxidation was the well-
studied model reaction: 4 [Ru(bipy)s]*T + 2 H.O —
4 [Ru(bipy)s]*T + Oz + 4 HT (employing the Ru(lll)
bipyridine complex as a chemical oxidation agent). A
CV of [Ru(bipy)s]** at pH 7.0 shows reversible be-
havior (E. = 1100, Ec = 940 mV, and l./l.  ~1),
and this potential is higher than both the most pos-



FIG. 1: Scheme of the water oxidation catalyst [{Ru4O4(OH),(H20)4} (v — SiW10036)2]

spheres, tungstate units: yellow polyhedra.

itive peak observed for (1) (at pH 1.0) and the stan-
dard potential for the 4-electron oxidation of H>O to
0O, (E° =0.82 V at pH 7). At a very low concentra-
tions of (1) (several uM), catalytic currents are ob-
served at potentials corresponding to the oxidation of
[Ru(bipy)s]** to [Ru(bipy)s]**, where the peak cur-
rent increases almost linearly with the concentration
of (1). An increase in the anodic peak is accom-
panied by a complete disappearance of a cathodic
peak.

These electrochemical findings led us to investi-
gate catalysis of the model reaction by (1), moni-
tored spectrophotometrically (determining the accu-
mulated [Ru(bpy)s]*") and chromatographically (de-
tecting formed O). In the absence of (1) the typ-
ical reaction time, 7/, is > 30 min. Addition of
very small amounts of (1) (0.5 to 1.5 uM) consid-
erably shortens the reaction time. Furthermore, ex-
periments performed in **O-labelled water prove that
H>O is not only the solvent but also the source of oxy-
gen atoms in the produced O. Although the kinetics
of H,O oxidation catalyzed by (1) are complicated,
possibly indicating multiple intermediates, several ob-
servations (fully reversible acid-base titrations, repro-
ducible CVs, catalytic turnover numbers) suggest that
(1) remains intact in many oxidation states in neutral
aqueous solutions.

In summary, we document an all-inorganic catalyst
with long-term stability for rapid H-O oxidation to O,
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that is operational in H2O under ambient conditions.
Work is ongoing to integrate this system into photo-
chemical cells.
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