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Several binuclear cobalt(III) complexes that mimic Ru-based water oxidation catalysts have been

prepared. The initial complexes exhibited thermodynamic instability and kinetic lability that

complicated efforts to use these cobalt complexes as electrocatalysts for water oxidation. Binuclear

cobalt(III) complexes supported by a bridging bispyridylpyrazolate (bpp) ligand overcome these

limitations. Two bpp-ligated dicobalt(III)-peroxo complexes were prepared and structurally

characterized, and electrochemical investigation of these complexes supports their ability to serve as

molecular electrocatalysts for water oxidation under acidic conditions (pH 2.1).
Introduction

Heterogeneous cobalt-oxide materials (CoOx) have been the

focus of extensive historical,1 as well as recent,2 interest as elec-

trochemical water oxidation catalysts (WOCs). This work has

provided considerable insight into the electrochemical properties

and structural features of these catalysts; however, many ques-

tions remain concerning key steps in the catalytic mechanism.

Development of well-defined molecular cobalt complexes could

facilitate systematic investigation of fundamental steps in Co-

mediated water oxidation.3 A recent computational study of

CoOx catalysts has implicated CoIIICoIII-bridging peroxo inter-

mediates in the water oxidation mechanism (Scheme 1).4 This
Scheme 1 Proposed pathway for O–O bond formation in CoOx-medi-

ated water oxidation derived from DFT calculations.4
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work supported our own speculation that peroxo-bridged binu-

clear CoIII complexes could serve as entries to well-defined Co

WOCs. Here, we describe the investigation of several complexes

of this type, including the identification of a kinetically stable

binuclear Co complex that mediates electrochemical water

oxidation.

Many structural similarities exist between Co and Ru coor-

dination compounds, and the numerous examples of Ru WOCs5

provided inspiration for structures of possible Co WOCs. Our

initial attention focused on the previously reported peroxo-

bridged binuclear CoIII complexes 1 (ref. 6) and 2 (ref. 7)

(Chart 1), which are noteworthy for their structural similarity to

Ru WOCs. Specifically, the (bpy)(tpy)CoIII fragments of

complex 1 resemble the mononuclear Ru WOCs reported by
Chart 1 Structural analogy between Ru-based WOCs and Co-O2

adducts.
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Fig. 2 CVs of the hydroxo-peroxo-bridged (bpy)2Co
III dimer 2 (0.25

mM) in 0.1 M pH 2.1 phosphate.
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Meyer et al.8 and Berlinguette et al.,9 while the hydroxide-

bridged CoIII complex 2 is reminiscent of Meyer’s Ru "blue

dimer" WOC.10

Aqueous electrochemical studies of complexes 1 and 2,

described below, highlight the kinetic lability of Co–polypyridyl

complexes and their tendency to decompose into coordinatively

saturated Co–polypyridyl complexes and/or solvated Co ions.

This problem was overcome by using a kinetically inert bispyr-

idylpyrazolate (bpp) bridging ligand to stabilize binuclear Co

structures, and two bpp-ligated CoIIICoIII-(m-peroxo) complexes

are described herein. Electrochemical studies suggest that these

complexes are capable of serving as molecular electrocatalysts

for water oxidation. The latter experiments are carried out at pH

2.1, conditions under which heterogeneous and nanoparticulate

CoOx is not stable, and control experiments provide evidence

that the electrocatalytic activity does not arise from free Co ions.
Results and discussion

Electrochemical investigation of 1 and 2

We initiated our studies by investigating the electrochemical

properties of previously reported Co-bridging peroxo structures.

We chose to examine these complexes in acidic phosphate elec-

trolyte (pH 2.1), reasoning that acidic conditions should stabilize

the organic ligands against oxidative decomposition.11 Further-

more, acidic conditions avoid complications associated with

formation of catalytically active, heterogeneous cobalt oxide

films or nanoparticles because such materials are unstable with

respect to hydrolysis below pH 3–4.2f

The peroxo-bridged CoIII dimer, [[(tpy)(bpy)CoIII]2(m-O2)]-

(PF6)4 (1), was prepared according to the literature procedure,6

and a cyclic voltammogram (CV) was recorded in 0.1 M aqueous

phosphate electrolyte at pH 2.1. The CV shows a reversible

feature at 1.22 V (all potentials referenced to NHE), but no

catalytic wave distinct from the background was observed at

potentials as high as 2 V (Fig. 1). CVs acquired over the course of

several hours revealed a decay of the reversible feature, accom-

panied by the emergence of a catalytic wave and a new reversible

feature at lower potential (0.17 V). The latter feature matches the

redox potentials of Co(tpy)2
2/3+, analyzed independently under

similar conditions (Fig. S1†). On the basis of these observations,

the onset of catalytic activity is attributed to free Co ions formed

in the decomposition of 1.12

Electrochemical analysis of the hydroxo-bridged CoIII-peroxo

complex 2 initially appeared more promising. A CV of 2 in 0.1 M
Fig. 1 CVs of [[(tpy)(bpy)CoIII]2(m-O2)](PF6)4 (1) (0.25 mM) in 0.1 M

pH 2.1 phosphate.

This journal is ª The Royal Society of Chemistry 2012
pH 2.1 phosphate exhibits a reversible redox feature at 1.25 V

together with an apparent catalytic wave at approximately 1.9 V

(Fig. 2). Further studies, however, revealed that this complex

decomposes under the reaction conditions. The UV-visible

spectrum of 2 bleaches, even in the absence of an applied

potential (Fig. S4†), and CVs acquired from this solution (Fig. 2)

exhibit a decrease in the reversible redox feature, together with a

shift of the catalytic wave to lower potential and concomitant

growth of an irreversible reductive feature matching that of

Co(bpy)3
3+ (Fig. S5†). These observations demonstrate that 2 is

not stable under acidic aqueous conditions and decomposes to

Co(bpy)3 and free Co ions in solution.

Bispyridylpyrazolate: a kinetically stable ligand framework

The results obtained with complexes 1 and 2 draw attention to

the kinetic lability and thermodynamic instability of molecular

Co complexes in aqueous media. Previously reported mono-

nuclear Co WOCs feature rigid, non-labile ancillary ligands,

including a corrole3a and a pentadentate polypyridyl3b,c ligand.

These considerations prompted us to consider whether use of

bispyridylpyrazolate (bpp) as a bridging ligand could stabilize a

binuclear Co complex with respect to hydrolysis, ligand exchange

and/or oxidative degradation. This ligand extends the Ru/Co

analogy illustrated in Scheme 1, in light of extensive previous

studies of a bpp-supported Ru WOC (3).13

Our initial effort to prepare a binuclear Co–bpp complex

targeted the chlorido-bridged derivative 4, which is directly

analogous to a previously reported Ru complex (Scheme 2).13

CoCl2$6H2O, Na(bpp) and tpy were refluxed in MeOH under

ambient air; however, formation of 4 was not observed. Instead,

this reaction led to a deep purple solution, from which the

dicobalt(III) complex 5, containing a bridging end-on peroxide

ligand, was isolated and characterized by X-ray crystallography

(Fig. 3; see ESI† for details).14

In contrast to the observationswith complexes 1 and 2, complex

5 is stable in aqueous 0.1 M, pH 2.1 phosphate over a period of

several hours with no signs of degradation or decomposition

(Fig. S7†). Cyclic voltammetry of 5 reveals a quasi-reversible
Chem. Sci., 2012, 3, 3058–3062 | 3059
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Fig. 3 A molecular diagram of the X-ray structure of 5 shown with 40%

probability ellipsoids, all hydrogen atoms and counter ions removed for

clarity.

Fig. 5 X-band EPR spectrum of one-electron oxidized 5 (0.5 mM) in

frozen aqueous pH 1 triflic acid at 5 K.

Scheme 2 Preparation of [Co(tpy)]2(m-bpp)(m-1,2-O2)
3+ complex 5.
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one-electron oxidation (Emp ¼ 1.56 V) and a catalytic wave at

approximately 1.91V (Fig. 4).15Differential pulse voltammetry of

5 using a glassy carbonworking electrode16 reveals the presence of

two oxidation waves of approximately equal intensity at 1.56 and

1.82 V. The latter feature corresponds to the onset of the catalytic

wave observed by CV. These observations reveal that the

CoIIICoIII dimer must be oxidized by two electrons before

catalytic turnover is initiated.

In order to characterize the one-electron oxidized species, a

solution of 5 in 0.1 M triflic acid was treated with one equivalent

of ceric ammonium nitrate.17 EPR spectroscopy of the one-

electron oxidized species reveals a broad signal centered at g ¼
2.01 (Fig. 5). This signal is consistent with the formation of a low-

spin S ¼ ½ mixed-valent CoIIICoIV species. CoIV species have

been reported in heterogeneous CoOx WOCs even at potentials
Fig. 4 CVs of FTO background (black dashed), and 5 (0.25 mM) in

0.1 M pH 2.1 phosphate (red solid) and a differential pulse voltammo-

gram of 5 (0.5 mM) using a glassy carbon working electrode (blue

dashed), amplitude ¼ 50 mV, pulse period ¼ 0.3 seconds, vertical axis

expanded four-fold for clarity.

3060 | Chem. Sci., 2012, 3, 3058–3062
prior to the onset of catalysis.2e,f The CoIVCoIV oxidation level is

necessary to induce catalytic water oxidation.

In order to confirm that the catalytic wave observed by CV is

in fact associated with production of oxygen, controlled poten-

tial electrolysis was performed on a stirred aqueous solution of 5

at 2.0 V and oxygen evolution was detected by using a fluores-

cence-quench probe. During a two-hour electrolysis, catalytic O2

evolution was observed with a Faradaic efficiency for O2

production of 77% (Fig. S9†). Some, if not all, of the deviation

between observed and theoretical O2 yield can be attributed to O2

bubbles that accumulate on the electrode and walls of the elec-

trolysis cell, which do not contribute to the O2 detected in the

headspace. GC analysis of the gas headspace reveals only trace

quantities of CO2.
18

Evidence for molecular catalysis

One intrinsic challenge in the field of molecular water oxidation

catalysis is confirming that the complexes retain their molecular

nature under the forcing conditions required for catalyst turn-

over.19 This issue is particularly challenging because, in many

cases, decomposition products exhibit higher catalytic activity

than the well-defined molecular species.20 Heterogeneous and

nanoparticulate CoOx is not stable under the acidic conditions

studied here2f and can be safely excluded as the basis for the

observed catalytic activity. Nevertheless, aqueous Co ions can

catalyze water oxidation at the high potentials investigated here

(see below), and decomposition of the molecular complex with

concomitant release of free Co ions could account for the

observed catalytic activity.

If the dimeric Co complex 5 is serving as the true catalyst, it

should be possible to modulate catalytic activity in a predictable

way by changing the ancillary ligand(s). In order to explore this

possibility, we prepared an analog of 5 by replacing the tpy

ligand with the more electron-donating bis-(N-methyl-

imidazolyl)-pyridine (Me2bimpy) ligand. Structure determina-

tion by X-ray diffraction confirms formation of the

corresponding bridging peroxo complex 6 (Fig. 6).

A comparison of the cyclic voltammograms of 5 and 6 reveals

that the quasi-reversible and catalytic waves for 6 shift to lower

potential (Emp ¼ 1.35 V and Ecat ¼ 1.84 V (ref. 15)) relative to 5

(Fig. 7). These changes are consistent with the expected trends

upon replacing tpy with a more electron-donating ligand.

Controlled-potential electrolysis studies of 5 and 6 at 2.0 V

exhibit stable steady-state currents over the course of five hours,

and 6 exhibit a higher current than 5 (Fig. 8), as expected from
This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 CVs of FTO background (black dashed), complex 5 (red), and

complex 6 (blue) in 0.1 M pH 2.1 phosphate. [5 or 6] ¼ 0.25 mM.

Fig. 8 Controlled potential electrolysis of complex 5 (red, Ccircles),

complex 6 (blue, :triangles), and CoSO4 (green, - squares) at 2.0 V in

stirred solution of 0.1 M pH 2.1 phosphate; [analyte] ¼ 0.25 mM.

Scheme 3 Proposed mechanistic framework for water oxidation

involving peroxo-bridged CoIII dimer 5.

Fig. 6 A molecular diagram of the X-ray structure of 6 shown with 40%

probability ellipsoids, all hydrogen atoms and counter ions removed for

clarity.

Scheme 4 Mechanism of water oxidation by Ru(bpp) WOC.
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the CV data. This systematic modulation of the redox potential

and steady-state catalytic current upon changing the ancillary

ligand environment provides evidence that water oxidation

catalysis is mediated directly by molecular species 5 and 6.

However, it is difficult to rigorously exclude the possibility that

O2 evolution arises from decomposition of 5 and 6.21 During

electrolysis, however, we do not observe an increase in the

catalytic currents, as might be expected if 5 and 6 decompose into

free Co ions over the course of prolonged electrolysis.
This journal is ª The Royal Society of Chemistry 2012
Mechanistic discussion and conclusion

The mechanism of water oxidation catalyzed by complexes 5 and

6 is the focus of ongoing investigation. However, the data pre-

sented above provide the basis for a preliminary mechanistic

framework (Scheme 3). The quasi-reversible redox features

evident in the CVs of 5 and 6 (Fig. 4 and 7) are attributed to one-

electron oxidation of the dicobalt(III) complex to afford a per-

oxo-bridged CoIIICoIV species 7 (Scheme 3, step i). The DPV

data suggest that the CoIIICoIV species 7 undergoes further one-

electron oxidation prior to the release of O2. Hydrolysis of the

intermediate CoIVCoIV-peroxo species (with proton transfers)

would release O2 and generate a CoIIICoIII dihydroxo species 8.

A two-electron oxidation of 8 with concomitant proton transfers

(either in a stepwise or concerted fashion) would close the

catalytic cycle (Scheme 3, step iii).

Though heterogeneous water oxidation by CoOx films or

nanoparticles is not operative under the pH conditions investi-

gated here, the water oxidation pathway outlined in Scheme 3

closely resembles the fundamental molecular steps proposed

mechanism for water oxidation by heterogeneous CoOx elec-

trocatalysts. In CoOx catalyst films, octahedral cobalt centers

have been shown to undergo progressive oxidation from CoIII to

CoIV prior to water oxidation. Water oxidation activity is asso-

ciated with oxidation of the catalyst to the CoIVCoIV oxidation

level.2e,f Complex 5 mimics this feature, and is the first direct

observation of a CoIV intermediate in a molecular WOC.22

The dimeric hydroxo-CoIII intermediate 8 and its conversion

into the peroxo-bridged dicobalt(III) species 5 are not directly

observed; however, a closely related transformation has been

observed with the analogous bpp–Ru WOC (Scheme 4).13 The

aqua-RuII dimer 9 has been isolated, and it undergoes a series of

proton-coupled electron-transfer steps to afford the dioxo-

RuIVRuIV complex 10. Oxygen evolution proceeds spontane-

ously from 10. The peroxo-bridged RuIIIRuIII intermediate 11 is
Chem. Sci., 2012, 3, 3058–3062 | 3061
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not observed, but its involvement is supported by 18O isotopic

labeling studies and DFT calculations. On the basis of this

precedent, we propose that the hydroxo-CoIII dimer 8 undergoes

two proton-coupled electron-transfer steps to afford a dioxo-

CoIVCoIV intermediate, followed by O–O bond-formation to

generate the peroxo-bridged CoIIICoIII species 5. Thus, the

molecular bpp-ligated Co and Ru complexes appear to mediate

water oxidation by qualitatively similar mechanisms, but they

exhibit differences in the relative energies of intermediates and

the precise sequence of individual reaction steps (e.g., proton/

electron transfers). Future experimental and computational

studies should allow us to acquire important additional insights

into the mechanistic relationship between Co and Ru WOCs.

In summary, we have prepared a series of CoIIICoIII bridging-

peroxo complexes that bear structural resemblance to previously

studied Ru WOCs. These studies highlight the importance of a

non-labile ligand framework to minimize ligand exchange and

decomposition of the Co complex under the forcing conditions

required to achieve water oxidation. Use of the bridging anionic

chelating bpp ligand achieves this goal and provides the basis for

the observation and systematic investigation of catalytic water

oxidation by a well-defined binuclear Co complex.
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