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ABSTRACT: Herein we describe the molecular Co,0,
cubane complex Co,04(OAc),(py), (1), which catalyzes
efficient water oxidizing activity when powered by a stan-
dard photochemical oxidation source or electrochemical
oxidation. The pH dependence of catalysis, the turnover
frequency, and in situ monitoring of catalytic species have
revealed the intrinsic capabilities of this core type. The
catalytic activity of complex 1 and analogous Mn,O, cubane
complexes is attributed to the cubical core topology, which
is analogous to that of nature’s water oxidation catalyst, a
cubical CaMn,Oj cluster.

A limiting technology needed for creation of solar fuels
derived from renewable feedstocks is the development of
efficient water oxidation catalysts made from earth-abundant
materials for the oxygen-evolving half-reaction (OER) (eq 1).

2H,0(1) — O,(g) + 4H" (sol) + 4e (1)

Important mechanistic principles of catalysis have been learned
from organo-metallic compounds of various sizes from mono- to
poly-nuclear clusters using noble-metals such as Ru and Ir.' >
However, it is essential to overcome the limiting scalability of these
low-natural-abundance elements. Consequently, current research
has focused on 3d transition metals for both heterogeneou56710
and homogeneous catalysis."' ~**

A structural component now recognized as critical for catalysis
of water oxidation is the transition-metal—oxo cubical core M,O,,
as shown in Figure 1. This theme has been made especially clear
by the studies of molecular cubanes containing the [Mn,O,] 7+
core' but has also been postulated as the catalytic core in
nanocrystalline spinels C0304,%% Mn;0,,"® and -MnO,"® and
in both solutions'” and noncrystalline solids™'® of CoO,:PO,.

All of these cubical cores resemble the conserved catalytic core
universally found in all photosynthetic enzymes that catalyze
water oxidation. This core is composed of a cubical CaMn;0,
cluster that is oxo-bridged to a fourth Mn atom (Figure 1). While
nature uses Mn exclusively in the photosystem II water-oxidizing
complex (PSII-WOC), there are multiple examples of Co-based
water oxidation catalysts, some of which outperform comparable
Mn-based materials.”**' Only one example of a molecular
cobalt catalyst has been reported and found to be amenable to
detailed mechanistic studies.”® This complex, [Co,(H,0),-
(PW5034),]"", consists of a planar Co,014 core sandwiched
between two polyhedral [PWyO3,] units.
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Herein we provide a second example of a structurally well-
characterized homogeneous cobalt organometallic compound
that catalyzes water oxidation, which is also the first example
containing a cubical Co,O,4 core. We compare its water oxidation
activity to those of other catalysts to assess the generality of the
bioinspired cubical topology for catalysis.”> We also demonstrate
coupling of this compound to a photosensitizer for light-induced
water oxidation.

Two prior reports of molecular cobalt—oxo cubanes have been
described previously: Co404(Ac)4(py)s>> Cos04(bpy)s(Ac),.*
An identical core type is found in both, confirming the intrinsic
stability of the [Co404]*" core. Water oxidation by Co404(Ac),-
(py)4 (1) has not been previously investigated. 1 has been found
to catalyze oxidation of benzylic alcohols, with mechanistic
studies indicating unique activity relative to Co(II) salts.>>*¢

Compound 1 was synthesized from Co(NOs),, Na-
(CH;3CO,), and pyridine as described in the Supporting Informa-
tion (SI). The molecular structure was confirmed by comparison
of "H NMR (Figure 2a), cyclic voltammetry (CV) (Figure 3),
UV—vis (Figure S1 in the SI), and MS analyses to literature
data.® The solution structure (Figure 1a) exhibits D,y point-
group symmetry and is composed of a cubical [Co,04]*" core
surrounded by four bidentate acetate ligands and four mono-
dentate pyridine ligands. The "H NMR spectrum of 1 exhibited
three sets of peaks at § 8.16, 7.69, and 7.18 for the ortho, para, and
and meta ring protons of the equivalent pyridines and a singlet at
0 2.02 for the equivalent acetates (Figure 2a). A reversible one-
electron redox couple at E; /, = 0.71 V vs Ag/AgCl was observed
in acetonitrile (Figure 3), correspondiII\llg to oxidation to the
formal oxidation state [3Co™, Co"] (1%) as reported
previously.” In contrast, CV of 1 in an aqueous solution at pH
6.8 revealed a catalytic oxidative current with a prefeature
indicative of the formation of an intermediate (1*) before water
oxidation. Further electrochemical studies are in progress.

Catalytic water oxidation was monitored in solution through
detection of dissolved O, using a thermostatted Clark-type
electrode at 25 °C (Figure 4) and by gas chromatography
(Figure S3). Continuous oxidation of the catalyst was provided
by a standard photoexcitation system®*” that generates Ru""
upon illumination of [Ru"(bpy);]** (bpy = bipyridine) using a
sacrificial acceptor (persulfate).

Photooxidation experiments were carried out under constant
solution conditions (0.5 mM [Ru(bpy);]** and 35 mM
Na,S,05). Control experiments were performed in which each
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Figure 1. Crystal structures of active water oxidation catalysts:
(a) Co404(Ac),(py)s (1); (b) spinel A-MnO, subunit structure;
(c) Mn,O,Lg catalyst core; (d) PSI-WOC".
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Figure 2. '"H NMR spectra in D,0 of (a) 1 (1 mM), (b) pyridine
(4 mM) and sodium acetate (4 mM), (c) Ru(bpy)s>* (1 mM), and (d) a
mixture of 1 (1 mM) and Ru(bpy)s2+ (1 mM).
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Figure 3. Cyclic voltammograms of 1 mM 1 (solid lines) and a bare
glassy carbon electrode (dashed lines) in (gray) 0.1 M tetrabutylammo-
nium perchlorate in CH3CN and (black) 0.1 M Na,SO, in H,O.

individual component of the system was removed {light
(Figure S2), $,05”", [Ru(bpy);]**, and 1}; they yielded no
O, production, confirming the necessity of all components for
light-driven O, production (Figure S7). The specific turnover
frequency (TOF) of the catalyst was observed to be 0.02 mol O,
(mol of 1)™" s at room temperature with 50 uM catalyst
(see Table 1). Initial-rate experiments revealed a complex kinetic
dependence on the concentrations of the components of the
photooxidant system and were not pursued further. Headspace
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Figure 4. Clark electrode data showing O, concentration in solution
before and after the onset of illumination of [1] (0.33 mM) in the
presence of 0.5 mM [Ru(bpy);]** and 35 mM Na,$,05 in (blue)
HCO; ™~ buffer at pH 7.0, (green) SiFs”~ buffer at pH 5.8, and (red)
SiFs>~ buffer at pH 4.8. The black curve shows data without catalyst at
pH 5.8. Controls at all pHs exhibited no O, production without catalyst.

O, yields were monitored using gas chromatography, and turn-
over numbers (TONs) were determined (Figure S3). Control
experiments on solutions separately lacking one of the compo-
nents produced baseline oxygen peaks indistinguishable from the
purge control. The TON determined after 60 min of illumination
was 40 + 2 (see Table 1). The time interval for the TON was
deliberately limited to 1 h because of photodecomposition of the
Ru(bpy)s>* complex, as described below.

In order to identify the species present during catalytic turn-
over, we monitored all components of the complete photocata-
lytic system using 'H NMR spectroscopy. Solutions were
prepared by mixing 1 with free pyridine, free acetate, or Ru-
(bpy)s~*, which established that the "H NMR peaks of the ligated
pyridines and acetates on 1 are readily distinguishable from those
of the correspondin% unbound molecules and the bipyridine
ligands of Ru(bpy);“" (Figure 2). Dissolved and headspace-
accumulated oxygen production were monitored in a D, O buffer
in conjunction with 'H NMR analysis. "H NMR spectra of the
reaction solutions were taken before and after illumination,
indicating the quantitative yield of 1 before and after oxygen
production by observation of both the ligated pyridine and
acetate peaks. Quantitative analysis of the 'H NMR peaks using
an internal standard (see the SI) indicated <5% photodecompo-
sition of 1 in contrast to 65% photodecomposition of Ru(bpy);>*
after 10 min of illumination (Figure S). Thus, "H NMR analysis
over >S5 turnovers showed that 1 remains intact and is the
catalytic species responsible for water oxidation. The substantial
decay of the bipyridine ligand peaks of Ru(bpy);" over the same
time interval indicates that this photodecomposition limits the
catalyst TON measurements.

Possible photodecomposition byproducts of 1 include aqu-
eous Co species, acetate, and pyridine. Aqueous Co(II) has been
shown previously to be a precursor to the formation of a water
oxidation catalyst upon illumination.'” Consequently, we inves-
tigated the catalytic activities of both 1 and aqueous Co(II) to
establish the source of the activity attributed to 1. The absence of
Co(II) impurities in 1 was established by "H NMR analysis
(Figure 2 and Figure S6), which is very sensitive for the detection
of all components including Co(II) because of paramagnetic line
broadening effects. With a maximum of 5% decomposition of 1
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Table 1. Comparison of the Catalysis Capabilities of Various
Molecular Water Oxidation Catalysts

catalyst material TOF (s ') TON oxidant
C0404(py)4(Ac), 20x 1072 >40  Ru"'(bpy)s**
Mn,;0,4(MeOPh,PO,)/Nafion®  24x10°*  >1000 12V
[Co4(H,0),(PW503,),]10 " 5% 10° >1000  Ru™(bpy);*>*
[(tpy) (H,0)Mn(O),Mn- 67x10°" >50  HSOs~
(H0)(tpy)]** ¢
PSI-WOC 5% 10% 107 Tyr radical

“Data from ref 11. ” Data from ref 20.  Data from ref 13.
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Figure 5. Relative "H NMR integration intensities (normalized to an
internal standard) of the peaks for the bound acetates in 1 (upper green),
the bound pyridines in 1 (lower green), and the bipyridines in
[Ru(bpy)3]2+ (red) following S and 10 min of illumination (2 mW/
cm”). The experiments were done in triplicate. The reaction conditions
were 0.5 mM 1, 0.5 mM [Ru(bpy)3],2+, and 35 mM Na,$,0s.

into aqueous Co species (Figure S), catalytic experiments with
concentrations of Co(II) at 5% of the observably active concen-
trations of 1 were incapable of producing measurable O, evolu-
tion. If it is assumed that decomposition of 1 yields an active
competing catalyst, the possible decomposition products do not
produce O, yields in competitive quantities.

Additional experiments demonstrated distinct kinetics of oxy-
gen evolution activity for 1 and aqueous Co(II) (Figure 6).
Increasing the concentration of Co(II) had a significant effect
on delaying the onset time for O,; the delay time following
illumination rapidly increased from 10 s (minimum) to 180 s. A
precipitate rapidly formed at increasing concentrations, indicative
of an inactivating side reaction as reported previously.17 In
contrast, 1 exhibited no lag in catalysis following illumination.
The minor increase in the lag time for 1 (Figure 6) can be
attributed to an decreasing oxidant:catalyst ratio, requiring more
time for generation of sufficient oxidized Ru(bpy);>" and possible
sequential oxidation steps per catalyst, as shown by CV (Figure 3).

Table 1 reveals that 1 compares favorably with several other
homogeneous water oxidation catalysts based on abundant 3d
transition metals. TOF comparisons are limited because of the
varied oxidant systems used. However, the highest TOFs using
the cationic Ru'" (bpy);>* photooxidant system occur for anionic
catalysts. This is not surprising for this homogeneous system and
reveals that diffusion or binding of these components is rate-
limiting. Our future work will examine the electrocatalytic
oxidation of water by 1. The natural photosynthetic center has
a TOF that is several hundred-fold higher and operates over a
much wider pH range than the model systems.

The metal—oxo cubical core is a unifying structural feature
observed in a wide range of water oxidation catalysts made from
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Figure 6. Time elapsed following illumination in the presence of
0.5 mM [Ru(bpy);]** and 35 mM Na,S,Og before the onset of oxygen
production normalized to cobalt atoms as measured using a Clark

electrode for Co®* (black) and 1 (blue).

3d transtion metals, including 1, the PSII-WOC, the molecular
Mn,O, cubanes, and the modified spinel-phase complexes
(Figure 1). A proposed mechanism for O, evolution from the
PSII'WOC has postulated that this core type is essential for
formation of the peroxo intermediate from two u3-O bridges as a
precursor to O, release.”® A very similar mechanism has been
proposed for the Mn4O, cubane-core compounds22 and has
recently been confirmed by density functional theory
calculations.”® These diverse examples of metal—oxo cubical core
types provide stronger evidence that this topology is the critical
structural feature responsible for the water oxidation activity in
both the natural photosynthetic enzyme and bioinspired mimics.
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