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’ INTRODUCTION

A cobalt�phosphate (Co�Pi) catalyst can perform the demand-
ing reaction of water oxidation under mild conditions (neutral pH
and in aqueous solution).1 At low overpotential, the catalyst is able
to self-assemble into an amorphous film on the electrode surface,1,2

self-repair,3 and oxidize water in a variety of different buffered solu-
tions.4,5 Another attribute is that it is composed of relatively low-cost
inorganic precursors.6

The catalyst film forms as aqueous Co(II) is oxidized to
Co(III) and deposits onto the electrode surface.7 Anodic waves
from cyclic voltammetry studies indicate a Co2+/3+ couple (1.13
V vs standard hydrogen electrode, SHE) prior to the catalytic
water oxidation wave.5,8 Just one monolayer of this cobalt-oxide
on the electrode surface is sufficient for catalysis, even if, after the
initial assembly, the electrode is put into cobalt-free buffer. If the
Co�Pi catalyst layer is removed from the electrode surface and
the electrode is placed in cobalt-free buffer, no water oxidation is
observed.

Two independent X-ray absorption spectroscopic (XAS)
studies have been conducted to elucidate the structure of the
amorphous water-oxidizing film.9,10 These studies found that the

film was composed of discrete molecular units, as opposed to a
mineral-like continuous extended structure. Both studies ratio-
nalized the extended X-ray absorption fine structure (EXAFS)
portion of the XAS spectrum by invoking a multicobalt oxo-
bridged core for the catalyst. Dau and co-workers studied the film
shortly after it was removed from oxidizing potential and sug-
gested that it was composed of clusters of complete and in-
complete vertex-sharing cobalt-oxo cubanes (Figure 1b). Nocera,
Yachandra, and co-workers measured the XAS spectrum in situ,
while the film was under potential, and favored a core of edge-
sharing CoO6 octahedra (Figure 1a). This latter arrangement is
reminiscent of the structural motif present in brucite-like double-
hydroxide layers differing only in that it lacks a complete
cubane motif.

In the mechanism we have proposed, two closely associated
Co(IV) moieties oxidize two water molecules by four electrons and
mediateO�Obond formation.2,8,11 The liberated protons from the
reaction are taken up by the buffering agent. Continuous-wave
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ABSTRACT: Multifrequency electron paramagnetic resonace (EPR) spectroscopy and
electronic structure calculations were performed on [Co4O4(C5H5N)4(CH3CO2)4]

+ (1+), a
cobalt tetramer with total electron spin S = 1/2 and formal cobalt oxidation states III, III, III, and IV.
The cuboidal arrangement of its cobalt and oxygen atoms is similar to that of proposed
structures for the molecular cobaltate clusters of the cobalt�phosphate (Co�Pi) water-
oxidizing catalyst. The Davies electron�nuclear double resonance (ENDOR) spectrum is well-
modeled using a single class of hyperfine-coupled 59Co nuclei with amodestly strong interaction
(principal elements of the hyperfine tensor are equal to [�20((2), 77((1),�5((15)] MHz).
Mims 1H ENDOR spectra of 1+with selectively deuterated pyridine ligands confirm that the amount of unpaired spin on the cobalt-
bonding partner is significantly reduced from unity. Multifrequency 14N ESEEM spectra (acquired at 9.5 and 34.0 GHz) indicate
that four nearly equivalent nitrogen nuclei are coupled to the electron spin. Cumulatively, our EPR spectroscopic findings indicate
that the unpaired spin is delocalized almost equally across the eight core atoms, a finding corroborated by results from DFT
calculations. Each octahedrally coordinated cobalt ion is forced into a low-spin electron configuration by the anionic oxo and
carboxylato ligands, and a fractional electron hole is localized on each metal center in a Co 3dxz,yz-based molecular orbital for this
essentially [Co+3.1254O4] system. Comparing the EPR spectrum of 1+ with that of the catalyst film allows us to draw conclusions
about the electronic structure of this water-oxidation catalyst.
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electron paramagnetic resonance (CW EPR) spectroscopic studies
support this claim.12 At pH 7, only when potentials applied are
sufficient for water oxidation does an EPR signal appear that is
tentatively assigned to an S = 1/2 d5 Co(IV)-containing species.
This assignment was based partly on the similarity of the EPR
spectrum to that of [Co4O4(C5H5N)4(CH3CO2)4]

+ (1+) with
formal cobalt oxidation states of (III, III, III, and IV). The crystal
structure of the all-cobaltic form (10) shows it to be an oxo-bridged
cobalt cubane (Scheme 1).

While several mineral-based Co(IV)-containing systems have
been studied,13�20 only a few examples of structurally and spe-
ctroscopically well-characterized, stable, molecular cobalt com-
plexes with a Co(IV) oxidation state exist (Table 1). In addition
to 1+, only one other cuboidal cobalt complex with a stable
Co(IV) oxidation state is known.21 Notably, this complex has
been used to model proton-coupled electron transfer self-ex-
change reactions believed to facilitate electron hopping through
the amorphous catalyst films.22 Modeling the electronic/
geometric structure relationships of such multinuclear cobalt
clusters is a critical first step to our understanding of the factors
that drive water oxidation in the Co�Pi film.

Here we compare the electronic structure properties of 1+ to
those for the paramagnetic intermediate found during water
oxidation by Co�Pi. The magnetic parameters determined by
electronnuclear double resonance (ENDOR) and electron spin echo
envelopemodulation (ESEEM) spectroscopic results combinedwith
results from density functional theory (DFT) calculations reveal that

the unpaired spin of 1+ is highly delocalized. Each octahedrally
coordinated cobalt ion is forced into a low-spin electron configuration
by the anionic oxo and carboxylato ligands, and a fractional electron
hole resides on each metal center in a Co 3dxz,yz-based molecular
orbital. These results are compared to what is known of the electronic
structure of the putative Co(IV) intermediate in Co�Pi and allow us
to evaluate the proposed structures of Co�Pi based on the XAS
results.9,10

’MATERIALS AND METHODS

Synthesis. [Co4O4(C5H5N)4(CH3CO2)4](ClO4) (1
0) was synthe-

sized following the literature procedure.23 Anhydrous sodium acetate
(1.64 g) was dissolved in water (7 mL) and added to a solution of
cobalt(II) nitrate hexahydrate (2.9 g) in methanol (30 mL) at room
temperature. Upon addition, the solution changed color from pink to
violet. The solution was then heated, and pyridine (0.8 mL) was added
when the solution reached 70 �C, followed by dropwise addition of
hydrogen peroxide (30%, 5mL). This led to an immediate color change to
dark green. The solution was refluxed for 4 h and then allowed to cool.

Dichloromethane (100 mL) was added, and both phases were
vigorously mixed. The dichloromethane was separated from the aqueous
phase, which was pinkish, and discarded. The dichloromethane phase
was placed in an uncovered crystallization dish, and the solvent was
allowed to evaporate, yielding 1.7 g of crude product. The product was
redissolved in 9 mL of dichloromethane in a 15 mL tube, and 2 mL of
water was added. The tube was capped and shaken, followed by careful
removal of the upper 2 mL. The darkness of both phases made it difficult
to tell where the phase meniscus was located, which is why a volumetric
pipet was employed to remove the aqueous phase. Anhydrous sodium
sulfate (2 g) was added, and the mixture was shaken and then filtered
through a Pasteur pipet filled with glass wool. The first water fraction was
discarded, and the wool was washed with dichloromethane. Crystals of
the product and residual sodium sulfate were obtained by the next day.
The product was dissolved in dichloromethane, filtered, and allowed to
evaporate to yield the pure product (10).

Electrochemical oxidation of 10 was performed with a Princeton
Applied Research model 263A potentiostat and PowerStep software
package using the previously published procedures.12 A potential of up
to 1.1 V relative to a Ag0 pseudoreference electrode was applied to a
5 mM solution of 10 in CH3CN in the presence of 0.4 M LiClO4. The
potential was applied until the current density reached a steady state.
The total number of liberated electrons measured was less than one
equivalent of the amount of 10 present in solution (≈0.5 charge equiv-
alents), suggesting that each molecule was oxidized by, at most, one

Scheme 1. Schematic Representation of
[Co4O4(C5H5N)4(CH3CO2)4]

+/0 (1+/0)

Figure 1. Proposed structural models based on XAS experiments
performed (a) by Nocera, Yachandra, and co-workers during catalytic
turnover and (b) by Dau and co-workers after the oxidizing potential is
removed. Cuboidal “core” of 1+ (c). Cobalt nuclei (blue), bridging
oxygens (red), and terminal oxygens (pink).
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electron. The solution was reduced to approximately one-fifth the original
volume, tituratedwithwater (20mL), and refrigerated overnight to facilitate
crystal growth. An approximately 15% yield of 1+ was obtained. Isolated
crystals were washed with water and redissolved in a 1:1 mixture of
acetonitrile and dichloromethane. Solutions were sealed under air in 3mm
and 1.2 mm OD quartz tubes for X-band and Q-band EPR study,
respectively. These samples were then stored in liquid nitrogen.
Spectroscopy. X-band CW EPR spectra were recorded using a

Bruker (Billerica, MA) ECS106 spectrometer equipped with a TE102
resonator (ER4102ST). Cryogenic temperatures were achieved and
controlled using an Oxford Instruments ESR900 liquid helium cryostat
in conjunction with anOxford Instruments ITC503 temperature and gas
flow controller. All CW EPR data were acquired under nonsaturating,
slow-passage conditions.

Electron spin�echo (ESE) detected EPR (π/2-τ-π-τ-echo), three-
pulse ESEEM (π/2-τ-π/2-T-π/2-τ-echo), and Davies ENDOR (π-RF-
π/2-τ-π-τ-echo) experiments were performed using a Bruker E-580
EleXsys spectrometer. Studies at X-band excitation frequencies (ca. 9.5
GHz) were carried out in a cylindrical dielectric cavity (MD5, Bruker).
CW and pulse Q-band studies (ca. 34 GHz) were done using a
laboratory-built probe24,25 modified to fit into an Oxford 935CF cryostat.
All simulations were performed using the EasySpin 3.1.5 toolbox26,27 in
MatLab (The Mathworks Inc., Natick, MA).
Density Functional Theory Computations. All DFT calcula-

tions were performed on a cluster of AMD Dual Opteron processors
(PSSC Laboratories) running the Red Hat Enterprise Linux 4.5 operat-
ing system using the ORCA 2.6.35 suite of software.28 The starting
geometry for each computational model was based on the X-ray crystal
structure coordinates of 10 (CSD accession code QIVQIW).23 The
β-methyl group on each of the four acetate ligands was replaced by a
hydrogen atom to aid in computational convergence. Two models of 1+

were generated: one (MOD-1+xtal) that used the X-ray coordinates
of 10 with one electron removed and only the positions of the H
atoms were optimized, and one (MOD-1+opt) wherein the positions of
all atoms were optimized. Unrestricted Kohn�Sham geometry

optimizations were carried out using the Perdew�Wang 91 (PW91)
local density and Perdew�Burke�Ernzerhof (PBE) generalized gradi-
ent functionals29 with the TZVP (Ahlrichs polarized triple-ζ valence)

Table 1. EPR Parameters of Other Co(IV) Complexesa

compound g1 g2 g3 A(59Co) MHz Reference

(OEC)Co(C6H5) 1.97 2.11 2.00 72 8 10 34

[(OMTPC)Co(PPH3)]
+ 2.14 2.00 1.89 35

[Co(S2CNc-Hx2)3]
+ 2.65 2.65 1.90 52

Co(η4-1) 2.56 2.17 2.02 42 53

Co(η4-2) 2.57 2.17 2.02 53 53

Co(η4-3) 2.57 2.19 2.02 53 53

(CH3)Co(dpgH)2
+ 2.026 2.026 2.025 14 14 87 54

(CH3CH2)Co(dmgH)2
+ 2.029 2.029 2.031 13 13 94 54

(CH3)Co(4-MeO-dpgH)2
+ 2.026 2.026 2.027 13 13 81 55

(n-butyl)CoSalen+ 2.21 2.09 1.99 202 112 76 56

CoO2 2.03 2.03 2.00 2553 2553 3150 19

(Sr0.5)(La1.5)Li0.5Co0.5O4 2.55

�2.32

>0.85 13

Al2O3: Co,Mg 2.58 300 18

(La2�X)(SrX)Li0.5(Co0.5)O4 2.44 2.24 ∼0.8 321 <30 ∼90 20

[Co4O4(OAc)2(bpy)2]
3+ 2.20 21

[Co4O4(OAc)4(py)4]ClO4 2.35 2.32 2.06 �20 77 �5 this work
aOEC is 2,3,7,8,12,13,17,18-octaethylcorrole. OMTPC is 5,10,15-tri-phenyl-2,3,7,8,12,13,17,18-octamethylcorrolato. (S2CNc-Hx2)3 is tris-
(dithiocarbamato cyclohexyl). (η4-1) is 5,6-(4,5-dichlorobenzo)-3,8,11,13-tetraoxo-2,2,9,9-tetramethyl-12,12-diethyl-1,4,7,10-tetraazacyclotridecan.
(η4-2) is 5,6-benzo-3,8,11,13-tetraoxo-2,2,9,9-tetramethyl-l2,12-diethyl-1,4,7,10-tetraazacyclotridecane. (η4-3) is 5,6-(43-dimethoxybenzo)-3,8,11,13-
tetraoxo-2,2,9,9-tetramethyl-12,12-diethyl-1,4,7,10-tetraazacyclotridecane. dpgH is diphenylglyoxime. dmgH is dimethylglyoxime. MeO-dpgH isMeO-
DPH2 = -4,4 0 -dimethoxydiphenylglyoxime. Salen is bis (salicylidenato)ethylenediamine. bpy is bipyridine. py is pyridine.

Figure 2. X- and Q-band CW spectra of 1+ (blue). Simulations were
performed by fitting both spectral frequencies simultaneously with g =
[2.35, 2.32, 2.06] and unresolved hyperfine coupling. X-band H Strain =
[682 638 435]MHz; Q-bandH Strain = [790, 630, 430]MHz (black, a).
Simulations were also performed using the best-fit g-values above,
A(59Co) values obtained by simulation of Davies ENDOR, and DFT
calculated (MOD-1+xtal) orientations (b), using the best-fit g-values
above with the four DFT calculated A(59Co) values and tensor orienta-
tions (c), and DFT calculated g-values, A(59Co) values, and hyperfine
orientations (gray, d). Spectrometer settings: temperature = 10 K;
X-band microwave power = 1.02 mW; Q-band microwave power =
1.92 mW.
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basis set on the four cobalt ions and the SVP (Ahlrichs polarized split
valence)30 basis on all other atoms. Geometry optimizations used the
following convergence criteria: 5E�06 Hartree change in total energy,
3E�04 Hartree/Bohr change in the Cartesian gradient, and 4E�03 Bohr
change in the Cartesian coordinates between successive cycles.

Single-point calculations on the converged geometries were per-
formed with the hybrid functional PBE0. The following basis sets were
employed: core properties basis with triple polarization (CP(PPP)) on
Co, TZVP on all N and O atoms, and SVP on C and H atoms. EPR
properties were computed using coupled-perturbed self-consistent field
(CP-SCF) theory with the origin of the gauge-dependence set at the
center of electronic charge.31 Isosurface plots of the molecular orbitals
were generated with the gOpenmol program using an isodensity value of
0.06 au.5,32

’RESULTS

Electron Paramagnetic Resonance.The X- andQ-band CW
EPR spectra of 1+ exhibit an approximately axial line shape
(Figure 2) with apparent g-values of g^ = 2.33 and g|| = 2.06. No
features at lower field are apparent that would indicate the
presence of an intermediate (S = 3/2)33 or high-spin species
(S = 5/2). We model the spectra as arising from a low-spin,
S = 1/2, systemwith g-values =2.35, 2.32, and 2.06 determined by
simultaneous least-squares fitting of data acquired at both
frequencies. The formulation of this species as containing a
single unpaired electron is supported by room-temperature solid-
state magnetic susceptibility studies on the bipyridine analogue
of 1+.21 The measured effective magnetic moment of only 2.2
Bohr magnetons indicated that there are no higher spin states
populated at these relatively high temperatures. No hyperfine
interactions (HFI) are apparent for any of the magnetic nuclei
present in the complex (59Co, 14N, 1H). For example, if the single
unpaired electron were localized on a single 59Co center (I = 7/2),
eight EPR transitions and a large metal HFI value would be
expected. While such hyperfine interactions tend to result in
easily resolved splittings, there are several examples of cobalt
species without such a structure in the EPR spectrum.34,35

Alternatively, if the unpaired electron was delocalized over all
four 59Co centers of 1+, 4096 ((2I + 1)n, n = number of nuclei)
transitions would be expected. With such a large number of
overlapping transitions, it is easy to imagine how 59Co structural
features could be lost in the inhomogeneously broadened EPR
spectrum. To model the spectral line width at g = 2.36, 2.32, and
2.06, an anisotropic, unresolved hyperfine interaction of [790,
630, and 430] MHz was used in the simulation presented in
Figure 2a. This implies that the largest principal element of the
59Co HFI tensor must be less than 100 MHz. The lack of any
resolved fine structure in the CW EPR spectrum necessitated the
application of more advanced EPR techniques, ENDOR and
ESEEM, to determine the hyperfine coupling parameters.
The Q-band electron spin�echo (ESE) detected EPR spec-

trum of 1+ (see Figure S1, Supporting Information) is consistent
with the CW EPR spectra presented in Figure 2. The Davies
ENDOR spectrum collected at 1053.2mT, on resonance with g^,
is shown in the top of Figure 3.36 Two main peaks are observed:
one centered at ≈26 MHz and one lesser intense feature
centered at 48 MHz. These features are split by approximately
twice the Larmor frequency of 59Co (υL = 10.5 MHz at 1053.2
mT), which suggest they arise from a hyperfine-coupled cobalt
center. An additional data set collected in resonance with the
most intense portion of the g|| feature (B0 = 1165 mT; Figure 3,
bottom) lacks the highest-frequency component of the g^
spectrum. Instead, only a broad feature spanning 10�25 MHz
is visible. To simulate these orientation-selected (excitation
bandwidth of 50 MHz used in the simulations) 59Co ENDOR
spectra, we initially used the 59Co hyperfine interactions pre-
dicted byDFT ([e.g.,�17,�46, 78] forMOD-1+xtal, vide infra).
These HFI values were then varied over a modest range ((30
MHz) until the positions and line-shapes of features in the
experimental spectrum were reproduced. Ultimately, all features
are well-simulated with a single class of cobalt ions withA(59Co) =
[�20((2), 77((2), �5((15)] MHz (Figure 3, black traces).
The largest 59Co hyperfine interaction element is along the g^
axes and points to either a 3dxz or 3dyz orbital as the home of the
unpaired spin density on cobalt.37 Four such cobalt ions were
included that differed only in the relative orientation of the A-
tensors: two with Euler angles [α, β, γ] of [0, 0, 0]� and two with
[90, 0, 0]� relative to g = [2.35, 2.32, and 2.06]. This essentially
mimics the D2d symmetry of 1+ where the two cobalt ions have

Figure 3. Davies ENDOR of 1+ (blue) acquired at B0 = 1053 mT (top)
and 1165 mT (bottom) and corresponding simulations (black) that
achieved using two classes of two 59Co centers: A(59Co) = [�20, 76, 5]
MHz and [76, �20, 5] MHz. Spectrometer settings: tπ/2 = 124 ns; τ =
500 ns; RF pulse length = 25 μs; temperature = 10 K.

Figure 4. Q-band Mims ENDOR spectra of 1+, 1+ d2-py, and the
corresponding difference spectrum collected at 1053 mT (left panel)
and 1165 mT (right panel). Simulations (black traces) include one class
of protons with hyperfine A(1H) = [0.45, 1.45, �1.90] MHz. Spectro-
meter settings: temperature = 10 K; tπ/2 = 32 ns; τ = 188 ns (for B0 =
1053mTdata) and τ= 228 ns (forB0 = 1165mTdata); RF pulse length =
16 μs.
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local coordinate frames that are rotated by 90� about the
molecular z-axis relative to the other two cobalt ions. The rather
large range of acceptable values for A|| results from the breadth of
the ENDOR feature detected in resonance with g||. The magni-
tude of the hyperfine anisotropy is smaller than that typically
found for mononuclear Co(IV) systems wherein the unpaired
spin is largely localized on a single metal center (cf. Table 1).
Such small 59Co HFI values are more commonly found for a
species in which there is significant (up to 50%) spin density
delocalized onto the ligands.34

Mims ENDOR spectroscopy was used to probe the strength of
proton HFI in 1+ (Figure 4). The g^ spectrum of the fully
proteated complex is rather narrow with features centered at the
proton Larmor frequency and split by 0.15, 0.30, 0.90, and 1.35
MHz (Figure 4, left panel, top). The spectrum acquired in
resonance with g|| is slightly wider with features split by 0.70
and 1.75 MHz (Figure 4, left panel). By selectively deuterating
the pyridine rings at the ortho positions, we observe that the most
strongly split features completely disappear (Figure 4, bottom).
The difference between these two spectra gives features from
solely the ortho protons.38 These difference spectra are well-
simulated using a single class of rhombic contribution: A(1H) =
[0.45, 1.45,�1.90] MHz (Figure 4, black traces). These HFI are
purely dipolar in nature, indicating no spin density is found at the
proton nucleus. Perdeuteration of the pyridine ligands leads to
further narrowing of the ENDOR spectrum (see Figure S7,
Supporting Information), and the remaining features must arise
from very weak HFI of the methyl-group protons from the four
acetate ligands. Weak HFI interactions from the solvent mol-
ecules likely also contribute to the observed spectra.
To elucidate the 14N hyperfine couplings, three-pulse ESEEM

experiments were performed at both the X-band (at 282 and
324 mT) and Q-band (at 1053 and 1165 mT) in resonance with
g^ and g||, respectively (Figure 5). At the X-band, τ values were
chosen to suppress the contribution from the weakly hyperfine-
coupled protons. The X-band ESEEM spectrum collected in
resonance with g^ possesses intense peaks at 0.35, 1.70, 2.05, and
3.40 MHz. The first three of these features are assigned to the
transitions between nearly pure quadrupole states (υ0, υ�, and

υ+, respectively) and are indicative of a
14N nucleus experiencing

near-cancellation conditions, wherein half the magnitude of the
hyperfine interaction is approximately equal to the nitrogen
Larmor frequency (A/2 = υL(

14N) = 0.87 MHz at 282 mT).
The fourth strong feature is attributed to the double-quantum
(υdq) transition between the mI =( 1 spin levels of the nitrogen
nucleus. Notably, the X-band ESEEM spectrum collected in
resonance with g|| shows only the feature at 0.35 MHz.39,40

This behavior is expected when the hyperfine-coupled nitrogen is
oriented with the axis of the principal value of its nuclear
quadrupole interaction (NQI) qzz parallel to the vector of the
resonant g-value.39 In this case, it means that the orientation of
qzz is coincident with the g|| vector (i.e., the Euler angleQβ≈ 0�).
This is not surprising given the D2d symmetry of the molecule
(the principal C2 axis runs parallel to all four Co�N bonding
vectors, Scheme 1). Furthermore, that we see no other strong
peaks in this spectrum indicates either that one nitrogen is
hyperfine coupled with A ≈ 1.7 MHz and the remaining three
nitrogen nuclei experience a dramatically different amount of
unpaired spin density or that all four nitrogens in the complex
have identical HFI and NQI parameters. The latter view is
supported by the presence of small features in the X-band
ESEEM spectrum at 0.75, 1.25, 2.45, ca. 5.5, and ca. 7.0 MHz
(collected at 282 mT). These peaks are assigned, respectively, to
the following combination bands: 2υ0; 3υ0 or υ� � υ0; υ+ + υ0;
υdq + υ0; and 2υdq. Such combination frequencies only manifest
in three-pulse ESEEM spectra when multiple nearly equivalent
nuclei are present.
The Q-band ESEEM spectrum acquired in resonance with g^

has four features centered at 3.0, 4.2, 5.8, and 8.1 MHz. The peak
at 8.1 MHz is assigned to υdq, having shifted to higher frequency
by 4.75 MHz (twice the difference in the respective 14N Larmor
frequencies) as the magnitude of B0 was increased from 282 to
1053 mT. The single quantum nuclear spin-flip frequencies in
this same electron spin manifold should appear at approximately
half the value of υdq, or 4 MHz, in this case. The remaining two
features at 3.0 and 5.8 MHz correspond to the υsq and υdq
features, respectively, from the opposite electron spin manifold
in which the nuclear Zeeman and 14N hyperfine interactions

Figure 5. Three-pulse ESEEM spectra of 1+ taken at both perpendicular (282 and 1053 mT) and parallel (324 and 1165 mT) turning points at X- and
Q-band frequencies (blue). To simulate, four equivalent nitrogen nuclei with A(14N) = [1.31, 1.89, 0.92] MHz, e2Qq/h = 2.35 MHz, and η = 0.21 were
used (black). The orientation of two of the nitrogen nuclei was rotated by 90� to mirror the symmetry of 1+. Spectrometer settings: temperature = 10 K.
For X-band, tπ/2 = 20 ns, τ = 144 ns. For Q-band, tπ/2 = 40 ns, τ = 300 ns.
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oppose one another. The Q-band ESEEM spectrum collected in
resonance with g|| has only one major feature at 3.2 MHz with a
shoulder visible to lower frequency. This is due to the single
crystal-like orientation selectivity that is achieved at the g||
turning point.
To simulate the data collected at both g^ and g||, for both fre-

quencies, we first employed a single nitrogen with the magnetic
parametersA(14N) = [1.31, 1.89, 0.92] MHz, a quadrupole coupling
e2Qq/h = 2.35 MHz, and η = 0.21. The best-fit Euler angles for the
hyperfine and quadrupole tensors relative to the g-tensor were found
to be [�90,�90, 155]� and [�115, 0,�90]�, respectively, and are
consistent with the observed orientation dependence above. This
procedure reproduced themajor features evident in the experimental
spectrum; however, the sum and difference frequency combination
bands described above were absent from the simulation. These
combination features only arise by including additional, identical
hyperfine-coupled 14N nuclei in the simulation. Mirroring the
symmetry of 1+, we ultimately include two sets of two identical
nitrogens differing only in that, for one of these sets, the hyperfine
and quadrupole tensors are rotated by 90� about the gz-axis. The
inclusion of four nitrogens is also necessary to accurately predict
the depth of the envelope modulation (Figure S6, Supporting
Information). The smallness of the isotropic portion of the HFI
indicates that relatively little unpaired spin density is present on the
nitrogen nuclei (≈0.07%). This result compares favorably to the
total nitrogen s-orbital spin density predicted from DFT calcula-
tions (≈0.088%).41,42 These NQI parameters are consistent with
those of metal-bound pyridines, though little sigma donation to
the metal center occurs.43

DFT Results. The geometry-optimized structures of both the
reduced ([Co(III)4O4], MOD-10opt) and oxidized ([Co(III)3-
Co(IV)O4], MOD-1+opt) forms of 1 maintain the approximate
D2d symmetry found in the crystal structure (refer to Materials
and Methods for computational details). Upon in silico oxida-
tion, some geometric parameters do change (cf. Tables S2 and
S3, Supporting Information). Comparing the fully geometry-
optimized structures, MOD-10opt and MOD-1+opt, the average
Co�N(py) bond length is predicted to increase by 1.8 pm and
the Co�O(oxo) bonds trans to the pyridine to lengthen by 0.4
pm. Alternatively, the bridging oxos cis to pyridine see their

bonds to cobalt shrink by 0.3 pm. That these geometrical changes
are relatively small and nearly equivalent at all Co centers is due
to the electron hole in 1+ being distributed about the cluster,
creating four metal centers with some Co(IV) (low-spin d5)
character. This delocalization is illustrated in the isosurface plot
of the singly occupied molecular orbital (SOMO), which shows a
near equal partitioning of the unpaired electron about the four
cobalts and the four μ3-oxos that compose the cuboidal core,
essentially giving [Co+3.1254O4] (Figure 6). Due to the approx-
imate way in which exchange integrals are computed in DFT, an
unnatural Coulombic interaction of an electron with itself
contributes to the total energy.44 This so-called self-interaction
error (SIE) can manifest as an artificial delocalization of electron
density over themolecule.45 The use of hybrid functionals—such
as PBE0 used here—mitigates this error somewhat. Also, SIE is
particularly evident when molecular fragments are separated at
long distances which is not the case here as Co�oxo bonds are
1.87 Å long, on average, and the internuclear Co 3 3 3Co distances
are very short, between 2.7 and 2.9 Å.
The predicted g-tensor for both DFT models of 1+, MOD-

1+opt and MOD-1+xtal, is found to be nearly axial with g =
[2.130, 2.278, 2.280] and [2.175, 2.388, 2.408], respectively.
Though the computationally determined g-values for MOD-
1+opt are closer to those found experimentally for 1+, the
computed hyperfine parameters are in less good agreement
(see Discussion below and Tables S4 and S5, Supporting
Information). Therefore, we choose to discuss the DFT results
for MOD-1+xtal for the rest of our analysis. However, we note
that the differences in computed magnetic properties for MOD-
1+opt and MOD-1+xtal are relatively small, and our major
conclusions are supported equally by both sets of DFT results.
The computed 59Co HFI for MOD-1+xtal are remarkably similar
to one another with A(59Co) = [�16, �47, 79; �16, �46, 80;
�17, �46, 79; �18, �46, 78] MHz. 59Co HFI computed using
MOD-1+opt are much more axial with the average A(59Co) ≈
[�34, �37, 88] MHz. Simulation of the CW EPR and 59Co
ENDOR data using these parameters and corresponding pre-
dicted Euler rotation matrices yields spectra that are in fair
agreement with experiment (cf. Figure 3). The rhombicity of
the computed HFI is slightly too large to accurately model the
feature at 30 MHz in the ENDOR spectrum (Figure S3,
Supporting Information). If we instead invoke a single class of
the 59Co center and use the HFI determined by our best fit of the
ENDOR spectrum along with the Euler rotation matrices pre-
dicted by DFT for each of the four hyperfine-coupled cobalt
centers, the resultant spectral simulation is in fairly good agree-
ment with experiment. Importantly, the relatively modest
strength of the 59Co HFI predicted by DFT and determined
from fitting the 59Co ENDOR spectrum can be used to simulate a
corresponding CW EPR spectrum (Figure 2). In particular, the
g|| feature of the CW EPR spectrum is a sensitive reporter of the
magnitude of 59Co HFI for the contributing orientations of 1+.
We note that the DFT-predicted A(59Co) along the g|| axis is too
large and leads to too wide an EPR feature at g = 2.06 (Figure 2).
However, by simply rotating this tensor to allow the largest
element of the 59Co HFI to be more along g^, the simulated EPR
spectrum is in much better agreement with our experimental
results, and the predicted orientation dependence of the 59Co
ENDOR spectrum is accounted for properly (Figure 3). The
cobalt-centered atomic orbitals that contribute to the SOMO
presented in Figure 6 each have mostly 3dxy-character with
between 11.7 and 11.8% unpaired spin density (determined

Figure 6. Singly occupied molecular orbitals of 1+ from DFT calcula-
tions. Calculations show the unpaired electron spin density spread
almost equally over the eight core atoms of the cubane based on their
L€owdin spin populations.



15450 dx.doi.org/10.1021/ja202320q |J. Am. Chem. Soc. 2011, 133, 15444–15452

Journal of the American Chemical Society ARTICLE

using L€owdin accounting methods), which is consistent with
having g^ > g||≈ ge (vide infra). Interestingly, the predicted spin
density (essentially equivalent to the SOMO, cf. Figure 6 and
Supporting Information Figure S4) shows that the equatorial
plane of each contributing Co 3dxy orbital is canted away from
the plane of the “diamond” formed by two cobalt centers and
their bridging oxos. The oxo 2p-based in-plane π orbitals are also
tilted up from this plane. This orientation allows for overlap with
the same atomic orbitals on the opposite face of the cube,
illustrating the pathway for spin delocalization over both dimeric
halves. We also interpret this canting of the spin-bearing orbitals
as supporting our formulation of the magnetic cobalt-based
orbital as having significant dxz,yz character.
DFT predicts that the strongest hyperfine-coupled protons

will be those located at the ortho positions of the pyridine rings,
in agreement with our experimental spectra indicated above
(cf. traces a and b in Figure 4, top panel). We attempted to model
the dipolar contribution to the hyperfine anisotropy of these
ortho-pyridine protons using a simple eight-point multipole
point-dipole approximation where the only variable was the
distance between the proton and the eight spin centers, each
carrying approximately 1/8 of an unpaired electron. Typically
such a calculation yields a dipolar HFI of approximately [0.45, 0.45,
�0.90] MHz. This model fails to account for the full magnitude of
anisotropy found in the Mims ENDOR spectra (cf. Adip(

1Hortho) =
[0.45, 1.45, �1.95]) determined by fitting the difference spectra in
Figure 4. This points to a breakdown in the point-dipole approxima-
tion and suggests that the Co 3d-based magnetic orbital and/or the
oxo-bridge px- and py-orbitals that carry the unpaired electron have
lobes that are in close proximity to these protons. Additional
unpaired spin density on the pyridine nitrogens (see below) would
also contribute to the dipolar HFI of the ortho-pyridine protons.
The isotropic 14N HFI predicted by using MOD-1+xtal (2.05

MHz) is only slightly larger than what we find from fitting the
multifrequency ESEEM data in Figure 5 (Aiso(

14N) =1.37MHz).
The NQI parameters are also in quite good agreement with
DFT predicting e2Qq/h = 2.21 MHz and η = 0.13 compared to
e2Qq/h = 2.35 MHz and η = 0.21 determined above. The spin
density on cobalt predicted usingMOD-1+opt is in an orbital that
is still best described as dxy, but significant dxz and dyz character is
also present, different from that found using MOD-1+xtal (see
Figure S4, Supporting Information). This leads to more direct
spin overlap with the nitrogen nucleus (L€owdin spin density of
0.004 versus 0.007) increasing Aiso(

14N) by 50% from 2.05 to
3.15 MHz. This is also a plausible mechanism for an increase in
the anisotropy observed in our 1H ENDOR above.
On the whole, the relative good agreement between the experi-

mentally determined and DFT-computed magnetic properties
validates the electronic structure of 1+ predicted by DFT. Namely,
the cuboidal core has a single unpaired electron that is delocalized
more-or-less evenly over the four cobalt ions and four bridging oxos.
Each of the four metal centers in this [Co+3.1254O4] cluster has a
partial hole in the 3dxy-based orbital with nonzero 3dyz/dxz character
that leads to larger 1HHFI for the ortho pyridine protons thanwould
be expected based on a pure eight-point�point dipolar interaction.

’DISCUSSION

On the basis of the EPR properties measured for 1+, we
conclude that there is but one unpaired electron almost evenly
distributed over the eight atoms that compose the core of the
cube. Our DFT results on a low-spin, S = 1/2, model for this

[Co(III)3Co(IV)O4] cluster support this formulation. Shown in
Table 1 are g-tensor and hyperfine values for other known
Co(IV) species. When compared to other Co(IV) species, we
note that the g-values of 1+ fall within the range of literature
values. This was unexpected: many of these known mononuclear
Co(IV) systems have spin densities much greater than 12.5% on
the cobalt atoms, yet these systems have very similar or even
smaller g-shifts relative to 1+. Generally, as the spin is delocalized
over more atoms, a smaller deviation from the free-electron
g-value is expected. This minimization of the g-shift is a result of
spin density being removed from metal centers that have large
spin�orbit coupling constants and spread over a larger subset of
atoms with smaller spin�orbit couplings. The orientations of
these local g-tensors are not necessarily coincident with each
other, thus their sum averages out large g-shifts.

One possible explanation, to rationalize the contrast between
the expected and observed g-tensors, assumes four equivalent,
hypothetical, cobalt monomers whose interactions sum to give
the observed properties of the system.46 In this arrangement, just
under half of the unpaired electron resides on symmetry equivalent—
in the D2d point group—cobalt centers. Because of this equiv-
alency, a cobalt tetramer with an eighth of the unpaired spin
density on each atom of the core is roughly analogous to a cobalt
monomer housing half the spin density. Harmer et al. found
similar 59Co hyperfine values for Co(OEC), in which approxi-
mately half the unpaired electron spin resides on the cobalt atom
and half on the ligand.34 Christou and co-workers also observe a
similar delocalization pattern of the unpaired electron equally
over the cobalt atoms in their related cuboidal complex based on
the equivalent bond distances for all cobalt ions and the good fit
of their anisotropic thermal parameters.21

Clearly we show that the unpaired spin in 1+ is distributed in a
homogeneous fashion about the whole Co4O4 core of this
molecule. We see that the high degree of symmetry in 1+ likely
causes the site-specific, monomer g-axes to be aligned in the Co4O4

core of the cube.Due to this effect, delocalizationof the unpaired spin
density would not average to a net minimization of the g-shifts as is
often observed. Instead, the aligned g-axes allow the site-specific g-
tensors to add constructively, giving a spectrummore reminiscent of
a single cobalt housing 50% of the spin density.

The CW EPR spectra of 1+ and the Co(IV) intermediate of
the Co�Pi catalyst are compared in Figure 7. Contributions to

Figure 7. Comparison of 1+ (blue) and the “Co(IV)” signal of Co�Pi
(black) at X- and Q-band frequencies (top and bottom, respectively).
Spectra of 1+ were taken at 10 K, and those of Co�Pi were taken at 80 K.
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the spectrum of the catalyst from the Co(II) precursor are
removed by taking advantage of relatively faster relaxation times
of Co(II) when compared to Co(IV): by collecting the EPR
spectrum of Co�Pi at 80 K, nearly all of the low-field Co(II)
contributions are removed, leaving only the EPR signal arising
from the Co(IV) species.47,48 Upon closer inspection, we see that
the resultant spectrum is distinctly different from the spectrum
of 1+. While 1+ exhibits an approximately axial g-tensor, the cata-
lyst seems to have more rhombic g-values with geff = 2.48, 2.19,
and 2.01. This difference indicates that the electron configuration
for the ground state of Co(IV) species in Co�Pi is different from
the formal (dxz,dyz,dxy)

5.875 arrangement (or equivalently 1/8 of
an electron hole in the t2g orbital set) determined in this study for
each cobalt center of 1+. Also, there could be low-lying ligand-
field excited states that contribute more strongly to the ground-
state description of the Co(IV) species in the catalyst film. In
other low-spin d5 systems, this effect has been shown to manifest
as larger anisotropy and rhombicity in g-values.49 Additionally,
the broad, non-Gaussian line-shape of the g1 feature in the
Co(IV) Co�Pi spectrum is best modeled as arising from a large
unresolved 59Co hyperfine. This is in striking contrast to the
modest 59Co HFI (Amax = 80 MHz) we measured for 1+

(Figure 3) and indicates that the unpaired electron spin observed
in Co�Pi is more localized onto a single cobalt center. This
formulation is in agreement with recent proposals for the
mechanism of water oxidation catalyzed by Co�Pi,8 where it is
postulated that Co3+/4+ redox transformations in the film are
coupled to proton loss from bound OH ligands. The increase in
ligand-field strength accompanying this proton loss may be
expected to localize the unpaired spin density. This localization
of the oxidized equivalent is consistent with subsequent reactivity
of the Co(IV) moieties. In the catalyst film, it is believed that
terminal and bridging Co(IV)-oxos couple to form the O�O
bond and release molecular oxygen.8 In contrast, the oxidizing
prowess of 10 is limited to substrates such as alcohols (to ketones)
in the presence of alkylperoxides.50 Thus far, 10 and 1+ have not
been shown to be capable of generating the multiple Co(IV)
moieties needed to do water oxidation electrochemically. These
findings suggest that hole localization, through the coupling of
proton and electron, may be requisite for efficient oxygen evolu-
tion in the Co�Pi catalyst film. However, it was very recently
reported that 10, in the presence of Ru(bpy)3 and Na2S2O8, can
photooxidize water.51 If substrate water binding were to take place
and break the high degree of molecular symmetry, subsequent
changes in the ligand-field strength due towater/hydroxide proton
loss could be great enough to cause a localization of the unpaired
spin density. If however the complex opens to release molecular
oxygen from the cubane’s core oxo groups, electronic structure
changes are much more difficult to predict.
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