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Abstract: The dinuclear Co complex [(TPA)Co(m-OH)(m-
O2)Co(TPA)](ClO4)3 (1, TPA = tris(2-pyridylmethyl)amine)
catalyzes the oxidation of water. In the presence of [Ru-
(bpy)3]

2+ and S2O8
2�, photoinduced oxygen evolution can be

observed with a turnover frequency (TOF) of 1.4�
0.1 mol(O2) mol(1)�1 s�1 and a maximal turnover number
(TON) of 58� 5 mol(O2) mol(1)�1. The complex is shown to
act as a molecular and homogeneous catalyst and a mechanism
is proposed based on the combination of EPR data and light-
driven O2 evolution kinetics.

The development of molecular catalysts for water oxidation
based on abundant first row transition metals is central to
future renewable solar fuel schemes.[1] An appealing strategy
to lowering the energy demand of this process is to use
multinuclear transition metal catalysts which enable storage
of the oxidation equivalents necessary for water oxidation
distributed over several metal centers.[2] This strategy is
similar to what nature uses in the water-oxidizing complex in
PSII.[3] In this context, multinuclear Co complexes, Co4O4-
cubanes,[4] and tetracobalt polyoxometallates,[5] have been
reported as homogeneous catalysts for water oxidation in
chemical oxidation and photoinduced systems. On the other
hand, molecular Co-based water oxidation catalysts with
organic ligands have hitherto almost exclusively been limited
to mononuclear complexes.[6] The only exception is a report of
electrochemical water oxidation with two complexes that use
bispyridylpyrazolate (bpp) as a bridging ligand between the
Co ions.[7] Catalysis was, however, performed in acidic
conditions (pH 2.1) and the catalysts were reported to have
more than 700 mV overpotential for water oxidation.

Herein, we present a dinuclear cobalt complex [(TPA)Co-
(m-OH)(m-O2)Co(TPA)](ClO4)3 (1; TPA = tris(2-pyridylme-
thyl)amine) as a molecular and homogenous catalyst for
electrochemical and photochemical water oxidation. Com-
plex 1 has an overpotential for water oxidation of 540 mV at
near neutral conditions (pH 8), and can catalyze oxygen

evolution assisted by a photosensitizer, [Ru(bpy)3]
2+, and an

electron acceptor, Na2S2O8, under visible-light irradiation.
The possibility to use the catalyst for photoinduced O2

evolution is important and crucial for applications in artificial
photosynthesis.[2, 8] A combination of UV/Vis, dynamic light
scattering (DLS), and electron paramagnetic resonance
(EPR) measurements identifies 1 as a molecular catalyst for
water oxidation, and allows a mechanistic proposal for the
catalyst�s mode of action.

The dinuclear Co complex 1 was obtained as a brown
powder through oxidation of [Co(TPA)Cl]Cl[9] by molecular
oxygen in an aqueous solution (Scheme 1). ESI-MS peaks at

m/z = 372.2 ([M3+�H+]/2) and 248.4 ([M3+]/3) confirm the
dinuclear CoIIICoIII structure of 1 in solution. The UV/Vis
absorption spectrum of 1 exhibits a band at ca. 390 nm and
a shoulder at ca. 470 nm, both in CH3CN and water solution,
supporting the notion that the dinuclear structure of 1 is
retained in the two solvents (Figure S1).

Vapor diffusion of Et2O into a CH3CN solution of
1 yielded dark brown crystals suitable for X-ray diffraction.
The molecular structure of 1 is shown in Figure 1. The
structure consists of two CoIII ions with distorted octahedral
geometry, bridged by a m-OH and a m-O2 bridge, each with
a TPA ligand coordinating all four nitrogen donor atoms to its

Scheme 1. Synthesis of [(TPA)Co(m-OH)(m-O2)Co(TPA)](ClO4)3 (1).

Figure 1. Crystal structure of 1 (ellipsoids at 50% probability level).
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metal center. The doubly bridging m-OH/m-O2 motif has been
observed in other cobalt complexes[10] and is suggested to
enhance the kinetic stability of the compounds. The Co�Co
distance in 1 is 3.265 �, and the O2�O3 bond is 1.412 �,
which is in the typical peroxo range of 1.4–1.5 �.[10d]

Characterization of 1 by cyclic voltammetry in CH3CN
under an Ar atmosphere with nBu4NPF6 as electrolyte
displays a reversible Co-based oxidation at 1.34 V (versus
normal hydrogen electrode, NHE) and an irreversible
reduction at �0.20 V (Figure S2). Controlled potential elec-
trolysis indicates that the oxidation at 1.34 V (Figure S3) is
a one-electron process (CoIIICoIII!CoIVCoIII). An EPR
spectrum of an aliquot from the bulk electrolysis shows
a signal centered at g = 2.03 that is very similar to the EPR
signals of two reported dinuclear peroxo-bridged CoIVCoIII

complexes[7,10d] (Figure S4). The reductive process at �0.20 V
is assigned to a CoIIICoIII/CoIICoIII couple.

In borate buffer (pH 8) the complex shows a very differ-
ent electrochemical response. The oxidation is observed at
1.05 V, and is followed directly by a catalytic wave for water
oxidation (Figure 2). The cathodic shift in oxidation potential

can be rationalized by deprotonation of the hydroxy bridge in
borate buffer at pH 8. An experiment to reproduce this shift
in CH3CN solution by addition of a base, 2,6-lutidine, to
1 causes a slight shift (� 50 mV) in the redox potential of the
CoIVCoIII/CoIIICoIII couple (Figure S2). Interestingly, a second
oxidation process with a peak potential of ca. 1.7 V is also
observed. We assign this to the oxidation of deprotonated
CoIVCoIII dimer to the CoIVCoIV state. This result exemplifies
charge equilibration through deprotonation to access higher
oxidation states of the catalyst.

The onset of the catalytic wave in borate buffer is around
1.30 V which gives an overpotential of 540 mV for water
oxidation catalyzed by 1.[11] This overpotential is lower than
that of the previously reported dinuclear Co complexes and in
the range of reported overpotentials for mononuclear Co

complexes (300–600 mV).[6a,d,e] Importantly, both the oxida-
tion and the catalytic wave occur at a low enough potential to
be thermodynamically accessible by photogenerated [Ru-
(bpy)3]

3+ oxidant (Eox = 1.3 V vs. NHE).[9] After a short
controlled potential electrolysis (10 s) of 1 at 1.3 V no
deposition was observed on the working electrode and the
CV in fresh buffer showed no catalytic water oxidation wave
(Figure 2) confirming that the electrochemical response was
originating from 1 in solution.

To investigate whether 1 could act as a catalyst for light-
driven water oxidation, a borate-buffered solution containing
1, [Ru(bpy)3](ClO4)2, and Na2S2O8 was irradiated with visible
light and oxygen evolution was measured in a Clark electrode.
Under irradiation, oxygen evolution starts after a lag phase of
about 3 s and during the first 30 s, the amount of O2 increases
linearly.[12] After ca. 60 s, the concentration of oxygen is no
longer increasing (Figure 3). A pH of 8 was found optimal for

the process (see Table S1) as a lower pH renders photo-
catalysis much less efficient, whereas higher pH values give
rise to increased initial oxygen evolution rates, but also faster
deactivation with overall lower TONs. Figure 3 and Table 1
show the effect of varying the concentration of 1 in 50 mm

borate buffer at the optimal pH. The control experiment
with a combination of [Ru(bpy)3](ClO4)2 and Na2S2O8 in the
absence of 1 produces only a small amount of O2, and it is thus
clear that 1 is required for efficient water oxidation (Figure 3).
For 1.7 mm 1, the O2 concentration reaches about 164 mm after
60 s of irradiation, equivalent to a TON of
58 mol(O2) mol(1)�1 (corrected for the background oxygen
evolution activity). Increasing the concentration of 1 gave
more O2, however, at the cost of gradually decreasing TONs.
A plot of the rates (v) for oxygen evolution versus [1] is linear,
giving a rate constant k = 1.4� 0.1 s�1 at 20 8C. The first-order
behavior with regard to [1] suggests a unimolecular reaction
as the rate-determining step for oxygen evolution catalyzed
by 1, similar to what was found for the water oxidation

Figure 2. Cyclic voltammetry of 1 (0.5 mm, solid line) in 0.1m borate
buffer (pH 8), and the buffer alone (dotted line) at a scan rate of
100 mVs�1 under Ar atmosphere with a 3 mm glassy carbon working
electrode, a glassy carbon rod counter electrode, and a Ag/AgCl (with
saturated KCl aqueous solution) reference electrode. After a short bulk
electrolysis (10 s) of 1 at 1.31 V the working electrode was placed
again in fresh buffer (dashed line) and showed no catalytic water
oxidation wave.

Figure 3. Light-induced water oxidation in a 1 mL reaction containing
1 (0, 1.7 mm, 5.0 mm, 7.5 mm, and 10 mm), [Ru(bpy)3](ClO4)2 (0.4 mm),
and Na2S2O8 (3 mm) in borate buffer (50 mm, pH 8). The Clark cell
was kept constant at 20 8C, and the system was irradiated using LEDs
(l = 470�10 nm, 820 mE cm�2 s�1). The arrow indicates the start of the
irradiation. Inset: plot of oxygen evolution initial velocities (v) versus
[1] . The rate, v, is calculated in the linear part during the first 15 s of
illumination and corrected for v when [1] = 0.
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catalyst [(RuII(tpy)(H2O))2(m-bpp)]3+, where the critical O�O
bond formation step has been proposed to involve an
intramolecular O···O interaction.[13] The intramolecular O�
O bond formation is in contrast with one of the recently
reported mononuclear Co complexes,[6f] and another dinu-
clear Ru complex,[14] for which an intermolecular interaction
was proposed for the O�O bond formation step.

The molecular integrity of 1 during photocatalysis was
scrutinized by dynamic light scattering (DLS) experiments.
This method can identify the potential formation of CoOx

nanoparticles down to a size of about 1 nm which could be
alternative catalysts for water oxidation.[15] In a sample that
has been illuminated for 60 seconds, there is no evidence of
any light scattering that would arise from CoOx particle
formation, suggesting that no Co oxide colloids are formed
during the illumination (Figure S5).[15c] A further line of
evidence for the molecular nature of the catalyst is based on
an attempted recycling experiment in which [Ru(bpy)3]

2+ and
Na2S2O8 were added to the illumination experiment when
oxygen evolution had ceased (after 100 s). Renewed oxygen
evolution can be detected, but only near the background
activity found in the absence of 1 (Figure S6 black). Control
experiments with Co(ClO4)2, that is known to form CoOx

under oxidizing conditions and to act as a water oxidation
catalyst,[15c,16] give different results, because 1) DLS shows the
formation of large particles (Figure S5c) and 2) 74% of the
initial activity is retained after a second addition of fresh
Na2S2O8 and Ru(bpy)3(ClO4)2 (Figure S6 red). Together,
these observations show that 1 does not form CoOx particles
under the reaction conditions used during illumination and
confirm that the catalyst for water oxidation is in fact 1.

EPR spectroscopy was employed as a spectroscopic tool
to acquire further insights into the catalytic mecha-
nism, analyzing samples before and after irradiation
using 532 nm laser flashes. A mixture of 1, [Ru-
(bpy)3]

2+, and S2O8
2� in borate buffer (pH 8) is EPR-

silent before illumination, consistent with the
expected CoIIICoIII ground state of 1. After one
laser flash, the EPR spectrum at 10 K shows a signal
at g = 2.03 (Figure 4) that is very similar to that found
after bulk electrolysis in MeCN and that is therefore
assigned to a low spin S = 1=2 mixed-valent CoIIICoIV

species.[7, 10d] This is the same EPR-signal that is
obtained when 1 is chemically oxidized by [Ru-
(bpy)3]

3+ in 1:1 borate buffer/CH3CN solution (Fig-
ure S7).

Applying more laser flashes leads to a gradual
decrease of the CoIIICoIV signal, and the emergence

of broad spectral features ranging from 2500 to 2950 G
(Figure S8). This broad signal has contributions from at least
two components, one with a peak centered at about 2750 G
(g = 2.42) and one at about 2825 G (g = 2.33). EPR signals
with geff� 2.3 were recently reported as a spectroscopic
evidence for CoIV(O) species in Co oxide films,[17] as well as
in a CoIII

3CoIVO4 cubane.[18] As complex 1 does not form any
higher CoOx clusters or particles (see above), it is tempting to
propose that the g = 2.33 signal originates from a CoIV(O)
species involved in the catalytic cycle of 1. The EPR signal at
g = 2.42 may arise from a RuIII species that stems from
decomposition of the photosensitizer as it can also be
observed in a control illumination experiment in the absence
of 1 (Figure S8). However, both signals are very weak and an
unambiguous assignment of the g = 2.33 signal to a CoIV

species is not possible from this experiment. Other methods
for characterizing this potential CoIV intermediate are cur-
rently pursued.

Based on the experimental data the following mechanism
for water oxidation catalyzed by 1 is proposed (Scheme 2).
The first oxidation of the CoIIICoIII complex (1) by photo-
oxidized [Ru(bpy)3]

3+ produces an EPR active peroxo-

Table 1: O2 evolution, TON, and TOF (corrected for background oxygen
evolution activity) for different concentrations of 1.

[1]
[mm]

cO2

[mm]
TON
[mol(O2)mol(1)�1]

TOF
[mol(O2) (mol(1) s)�1]

0 66�5 – –
1.7 164�10 58�5 1.4�0.6

5 285�9 44�2 1.75�0.03
7.5 367�26 40�4 1.30�0.07
10 534�4 47�1 1.41�0.09

Figure 4. EPR spectra of a mixture containing 1 (52 mm), [Ru(bpy)3]-
(ClO4)2 (0.3 mm), and Na2S2O8 (2.25 mm) in borate buffer (50 mm,
pH 8) after 0, 1, 2, 5, 10, 20, 40, and 100 laser flashes (532 nm, 6 ns,
4 W). The samples were frozen within 5 s after the illumination. Inset:
The intensity of the EPR signal centered at g = 2.03 versus the number
of flashes. EPR parameters; T = 10 K; microwave power= 20 mW;
microwave frequency= 9.28 GHz.

Scheme 2. Proposed mechanism for water oxidation catalyzed by 1. Only the
center of the complex is shown.
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bridged CoIIICoIV complex (2) that is characterized by the g =

2.03 signal. The second oxidation gives rise to an antiferro-
magnetically coupled EPR-silent peroxo-bridged CoIVCoIV

complex (3), that has also been proposed for other Co-
based catalysts.[6f] This species releases O2 through the
sequential addition of two water molecules giving
a (OH)CoIIICoIII(OH) species (5).[17b,19] Further oxidation of
5 and deprotonation results in a (OH)CoIIICoIV(O) species (6)
that contains a CoIV(O) moiety similar to that found in studies
of CoOx.

[17] A second oxidation and deprotonation produces
a reactive (O)CoIVCoIV(O) species (7) that undergoes intra-
molecular O�O bond formation to close the catalytic cycle.
Intramolecular O�O bond formation from 7 to the starting
complex 1 has previously been proposed for another dinu-
clear Co complex,[7] and was further suggested in a theoretical
study of a Co cubane.[19] It should be pointed out that the O�
O bond could as well form through a water nucleophilic
attack on one of the CoIV(O) groups.[17b, 20] However, theoret-
ical calculations indicate that the water nucleophilic attack on
the oxidized CoIVO group requires the formation of a CoIVOC

state, formally a CoV state,[20] that lacks any experimental
evidence of its existence during water oxidation.

In summary, a dinuclear Co complex 1 has been prepared
and was shown to catalyze the oxidation of water at near
neutral conditions (pH 8) as the first molecular dinuclear
catalyst for effective photo-driven water oxidation. The first
oxidation step in the proposed catalytic cycle has been
followed both photochemically and electrochemically. In
addition, a second oxidation step becomes accessible through
charge equilibration by deprotonation in nonaqueous
medium. Investigations to further identify active intermedi-
ates in the catalytic cycle to increase the mechanistic under-
standing of the process are ongoing.
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