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ABSTRACT: A heptanuclear cobalt cluster was synthesized
in two different oxidation states, Co(II)7 and a mixed valence
Co(III)Co(II)6, as a soluble model of a cobalt−phosphate/
borate (Co-OEC) water splitting catalyst. Crystallographic
characterization indicates similar cluster cores, distinguished
primarily at the central Co atom. An anion associates to the
cluster cores via hydrogen bonding. Using an isotope exchange
method, an anomalously slow self-exchange electron transfer
rate constant (kobs = 1.53 × 10−3 M−1 s−1 at 40 °C and 38 mM
[OTf] in MeCN), as compared to that predicted from semiclassical Marcus theory, supports a charge transfer process that is
accelerated by dissociation of the anion from the oxidized cluster. This mechanism sheds light on the inverse dependence of
anions in the self-repair mechanism of Co-OECs. Moreover, because H2O cannot directly bridge cobalt centers, owing to the
encapsulation of the central Co within the cluster core, the observed results address a long-standing controversy surrounding the
Co2+/3+ self-exchange electron transfer reaction of the hexaaqua complex.

■ INTRODUCTION

Oxidation of Co2+ to Co3+ in the presence of phosphate (Pi),
methyl phosphonate (MePi), or borate (Bi) results in the self-
assembly of cobalt clusters that are active water-splitting
catalysts.1−4 The cobalt oxygen evolving catalyst (Co-OEC)
operates from neutral or near neutral water under simply
engineered conditions, thus enabling them to be used for direct
solar-to-fuels conversion.5−14 Ex situ15 and in situ16 X-ray
absorption spectroscopy and attendant atomic pair distribution
function analysis17,18 reveal that self-assembly of the Co-OEC
yields a distribution of clusters that is tightly centered about
10(±4) atoms.
Central to the self-assembly process, which forms the basis of

the self-repair mechanism of the Co-OEC,19 is the oxidation of
Co2+ to Co3+ and the role of anion dissociation in this oxidation
process, which is indicated by the inverse anion dependence in
the electrokinetic rate law for nucleation of the Co-OEC
catalyst.20 In attempting to understand the electron transfer
kinetics of Co2+ for the Co-OEC self-assembly process, one is
confronted with a long-standing and unresolved issue arising
from an anomalously high self-exchange rate constant (kSE) of
the Co(OH2)6

3+/2+ couple, kSE = 5 M−1 s−1,21 which is ∼6
orders of magnitude greater than predictions based on Marcus
theory.22,23 Two proposals have been put forward to account
for the anomalous behavior of the Co(OH2)6

3+/2+ self-exchange
reaction: a high-spin excited state mechanism24 and a water-
bridging mechanism.25 By invoking the involvement of a high
spin excited state for Co3+, the large reorganization energy
associated with a Co3+(low spin)/Co2+(high spin) crossover is
minimized. Alternatively, a water bridge between the two cobalt
centers has been postulated to facilitate electron transfer by
increasing electronic coupling owing to the formation of an

inner-sphere complex. In an effort to distinguish between these
two disparate mechanisms, temperature-dependent 59Co NMR
spectroscopy was undertaken on Co(OH2)6

3+ with the
objective of observing a paramagnetic shift, owing to the
presence of a high spin state. The absence of such a
paramagnetic shift sets a lower limit of 23 kJ/mol for the
separation between the high-spin 5T2g excited state and the
low-spin 1A1g ground state.26 Subsequent thermodynamic
calculations were in support of this estimation,27 suggesting
the notion that the excited state is too high in energy to
participate in the self-exchange reaction at room temperature.
Despite this evidence against the excited state mechanism, the
water-bridge mechanism, in which the electron transfer takes
place through an inner-sphere pathway, remains conjecture, and
to date the mechanism for Co(OH2)6

3+/2+ self-exchange
electron transfer remains unresolved. Herein, we present the
synthesis and characterization of a Co7 cluster that displays the
same cobaltate cluster core as that observed for Co-OEC. The
ability to prepare the Co(II)7 and mixed-valent Co(III)Co(II)6
clusters permit a Co(II)|Co(III) self-exchange rate constant to
be isolated and measured. An intriguing aspect of the self-
exchange reaction is its similarity to the Co(II)|Co(III) couple
in a hexaaqua-like O-atom ligand field, but with a secondary
structure that precludes the involvement of an inner-sphere
electron transfer pathway. By comparing the measured kSE to
the calculated kSE using semiclassical Marcus theory, we provide
evidence to support the involvement of a water-bridging
mechanism for the Co(OH2)6

3+/2+ exchange reaction. Finally,
we show that the 6 orders of magnitude discrepancy between
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the calculated and measured rate constants for the heptanuclear
cluster results from a specific anion interaction with the cluster
core. These results provide insight on the role of anions in the
self-assembly process of Co-OEC.

■ EXPERIMENTAL SECTION
General Considerations. O-vanillin, methylamine (33 wt %

solution in absolute ethanol), methyl-d3-amine hydrochloride, and
triethylamine were purchased from Sigma-Aldrich; CoCl2·6H2O was
purchased from Noah Technologies; and AgOTf and Zn(OTf)2 were
purchased from Strem. Acetonitrile-d3 (1 g ampules) was purchased
from Cambridge Isotopes Laboratories, and 18O enriched water
(>98%) was purchased from Shanghai Research Institute of Chemical
Industry. Commercial reagents were used as received. HL (2-
iminomethyl-6-methoxyphenol) was synthesized as described else-
where.28 HL* (2-iminomethyl-d3-6-methoxyphenol) was synthesized
in an analogous manner with the exception that CD3NH2 was
produced by the neutralization of CD3NH2·HCl with 1 equiv of
triethylamine. Co(OTf)2·(H2O)x was prepared using a modification of
a known procedure.29 Salt metathesis was accomplished by mixing
CoCl2·6H2O with 2 equiv of AgOTf in deionized water. The AgCl was
removed by filtration using Celite on a medium porous frit. The filtrate
was concentrated and dried for 24 h in vacuo while agitating with a
large stir bar. The resulting pink powder was slightly hydroscopic and
therefore stored in a desiccator over CaSO4. The molecular weight of
the Co(OTf)2·(H2O)x was determined by dissolving known masses in
deionized H2O and back extracting using ε = 4.8 M−1 cm−1 at λmax =
510 nm for Co(H2O)6

2+.30 The average of three trials gave a molecular
weight of 445 g/mol (very near that of Co(OTf)2·5(H2O), 447.15 g/
mol). This material was then used to prepare a 0.2 M stock solution in
1:1 CH3CN:H2O. Complexes 1 and 2 were not significantly moisture
or O2 sensitive; therefore, no attempt was made to exclude water or O2
during their syntheses. Nonetheless, once synthesized, 1 and 2 were
stored in a desiccator over CaSO4. Elemental analyses were performed
by Midwest Microlab.
Preparation of Co7(OH)6(L)6(OTf)2 (1). To 20 mL of a 0.20 M

solution of Co(OTf)2 in 1:1 MeCN:H2O (4.0 mmol, 7.0 equiv) was
added 20 mL of a 0.17 M solution of HL in MeCN (3.4 mmol, 6.0
equiv). To this was added 943 μL of NEt3 (6.86 mmol, 12.0 equiv). A
deep red solution formed immediately. Slow addition of 5 mL of water
induced precipitation of a pink solid. This solid was filtered and
washed with 20 mL of 1:3 MeCN:H2O, then dried in air. This material
was dissolved in 80 mL of MeCN and filtered through paper to
remove a minor insoluble impurity. The resulting solution was
concentrated and dried in vacuo. Yield: 742 mg of pink solid (0.413
mmol, 72.3% yield). 1H NMR (CD3CN, δ, all signals are
paramagnetically broadened): 59.69 (6H), 57.42 (18H), 47.39 (6H),
13.01 (6H), −13.26 (18H). HR-ESI-MS (m/z): [M2+−(OTf)2] Calcd
for C54H66N6O18Co7, 749.4873; Found, 749.4868. Anal. Calcd for
C56H66N6O24S2F6Co7: C, 37.41; H, 3.70; N, 4.67. Found C, 37.15; H,
3.69; N, 4.44.
Preparation of Co7(OH)6(L*)6(OTf)2 (1*). The labeled complex

was prepared in the same manner as 1, but at half scale, using HL* in
place of HL. Yield: 343.1 mg of pink solid (0.1889 mmol, 66.53%). 1H
NMR (CD3CN, δ, all signals are paramagnetically broadened): 59.69
(6H), 57.42 (18H), 47.39 (6H), 13.01 (6H). HR-ESI-MS (m/z):
[M2+−(OTf)2] Calcd (C54H48D18N6O18Co7) 758.5438; found
758.5414. Anal. Calcd for C56H48D18N6O24S2F6Co7: C, 37.04; H,
3.66; N, 4.63. Found C, 37.34; H, 3.72; N, 4.70.
Preparation of Co7(OH)6(L)6(OTf)3 (2). To a solution of 1 (172.6

mg, 0.9600 mmol) in 10 mL of nitromethane was added AgOTf (24.7
mg, 0.0960 mmol) in 630 μL of nitromethane. The mixture was stirred
overnight at 40 °C, by which time a silver mirror had formed. The
solution was filtered through a combination of Celite and glass wool to
remove finely divided Ag0, then concentrated and dried in vacuo.
Yield: 180.8 mg of brown solid (0.09287 mmol, 96.74%). 1H NMR
(CD3CN, δ, all signals are paramagnetically broadened): 70.98 (18H),
60.55 (6H), 55.08 (6H), 20.91 (18H), 10.67 (6H). HR-ESI-MS (m/
z): [M2+−(OTf)] Calcd for C55H66N6O21SF3Co7, 823.9639; Found,

823.9607. Anal. Calcd for C57H66N6O27S3F9Co7: C, 35.16; H, 3.42; N,
4.32. Found C, 35.24; H, 3.43; N, 4.40.

Preparation of Zn7(OH)6(L)6(OTf)2 (3). 3 was prepared in an
analogous fashion to 1, replacing Co(OTf)2 with Zn(OTf)2 but at a
15% scale. Yield: 122.6 mg of pale yellow solid (0.06647 mmol,
77.55%). 1H NMR (CD3CN, δ): 8.295 (6H, d), 7.025 (6H, dd), 6.95
(6H, dd), 6.66 (6H, t), 3.63 (18H, s), 3.31 (18H, d) 1.55 (6H, s). HR-
ESI-MS (m/z): [M2+−(OTf)2] Calcd for C54H66N6O18Zn7, 771.9684.
Found, 771.9662. Anal. Calcd for C56H66N6O24S2F6Zn7: C, 36.50; H,
3.61; N, 4.56. Found C, 36.78; H, 3.60; N, 4.38.

Physical Measurements. NMR spectra were recorded at the MIT
Department of Chemistry Instrumentation Facility on a Varian Inova-
500 NMR Spectrometer. 1H NMR spectra were referenced to the
residual proteo solvent resonances. 19F NMR spectra were referenced
to CFCl3. Vis-NIR spectra were recorded at 293 K, and samples were
prepared in air using acetonitrile previously dried by passage through
an alumina column under argon. Extinction coefficients were
determined by averaging spectra from nine individually massed
samples. IR spectra were recorded on PerkinElmer Spectrum 400
FT-IR/FT-FIR spectrometer. Solid samples were acquired using a Pike
Technologies GladiATR attenuated total reflectance accessory with a
monolithic diamond crystal stage and pressure clamp. Solution IR
measurements were made using KBr windows in a semipermanent
liquid cell. Magnetic measurements were performed at the MIT
Center for Materials Science and Engineering Shared Experimental
Facility on a Quantum Design Magnetic Properties Measurement
System (MPMS-XL). Solution magnetic measurements were per-
formed using the Evans method in acetonitrile with benzene as the
indicator. In both cases, diamagnetic corrections were applied using
Pascal’s constants.31 Mass spectrometry was conducted on a Bruker
Daltonics APEXIV 4.7 T FT ion cyclotron resonance mass
spectrometer using an electrospray ionization source (ESI). Mass
spectrometry samples were run in neat acetonitrile, and the data were
processed using the program mMass Version 4.0.

Kinetics Measurements. Samples of 1* and 2 were separately
dissolved in 500 μL of acetonitrile-d3 (CD3CN). The total solvent
volume was 1 mL to avoid precipitation, which was sometimes
observed at lower volumes. The Varian Inova-500 NMR spectrometer
was equipped with a variable temperature controller, which maintained
the temperature within ±0.1° the desired temperature. Once at
temperature, the probe was tuned using a 1 mL of blank CD3CN
sample in a J-Young tube identical to that used for the sample. The
solutions of 1* and 2 were mixed, added to a J-Young tube, and firmly
sealed. The sample was locked and shimmed, a process that allowed
ample time for the sample to equilibrate to the set temperature. The
kinetics run was programmed using the array function with a
preacquisition delay, which was adjusted depending on the temper-
ature. Each FID was composed of 16 transients with a 0.3 s acquisition
time (at) and a first delay (d1) of 4 s. The spectral window was
expanded to include all peaks. All other parameters were the same as a
default proton spectrum. Upon completion of the kinetics run, a NMR
spectrum of the sample was acquired on a Varian Inova-500 NMR
spectrometer with an inverse broadband probe for enhanced proton
sensitivity. From this spectrum, an accurate ratio of C1/C2, where C1 =
[1] + [1*] and C2 = [2] + [2*] was measured by integration of the
nonexchanging peaks near 11 ppm. Independent measurements of
these peaks with known amounts of 1 and 2 confirmed the validity of
this method. The sample was then diluted once with CD3CN, and a
vis-NIR spectrum was recorded to measure the total absorbance at λmax
∼ 666 nm. From the NMR ratio and the known extinction coefficients
of 1 and 2, the concentrations C1 and C2 were determined by solving
two equations with two unknowns. Due to practical experimental
restraints, such as time of measurement and solubility, C1 and C2 were
held within a range of 4−11 mM. The rate of electron transfer, RET,
was measured by applying the MacKay equation,
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to the scrambling of the deuterium labeled between 1* and 2.32,33 The
progress of the reaction was conveniently monitored by tracking the
increase of the signal from [1] at −10 ppm. The rate constant was
found by fitting the [1]t versus time to a monoexponential function
using the program Origin, which resulted in R2 values of 0.985 or
greater. Assuming RET = kobsC1C2, the rate constant is given by,34

τ
=

+
k

C C
1

( )obs
1 2 (2)

X-ray Crystallographic Details. 1 and 2 co-crystallized from a
mixture of 1* (15.5 mg) and 2 (13.3 mg) in 1 mL of CD3CN, which
was left undisturbed at room temperature for 2 weeks. Large block-
shaped crystals of brown/orange color were collected, and a large
single crystal was mounted on a Bruker three circle goniometer
platform equipped with an APEX detector. A graphite monochromator
was employed for wavelength selection of the Mo Kα radiation (λ =
0.7103 Å). The data were processed and refined using the program
SAINT supplied by Siemens Industrial Automation. Structures were
solved using direct methods in SHELXS and refined by standard
difference Fourier techniques in the SHELXTL program suite (6.10 v.,
Sheldrick G. M., and Siemens Industrial Automation, 2000). Hydrogen
atoms bound to carbon atoms were placed in calculated positions
using the standard riding model and refined isotropically. The oxygen-
bonded hydrogen atoms were located in the difference map, and
distances were restrained to 0.84 Å. The isotropic displacement
parameters of these hydrogen atoms were fixed to 1.2 times the U
value of the oxygen atoms to which they were bonded. All non-
hydrogen atoms were refined anisotropically. The structure contained
a disordered triflate anion and acetonitrile solvate molecule, which
occupied the same space adjacent to an inversion center. This disorder
was satisfactorily modeled using the Part 1 and Part 2 commands and a
site occupancy factor of 0.5. The 1,2-distances and 1,3-distances of the
disordered molecules were restrained to be similar using the SAME
command, and the rigid bond restraints SIMU and DELU were
applied. Hydrogen bonding parameters were calculated using the
HTAB command. Unit cell parameters, morphology, and solution
statistics for the structures are summarized in Table S1. All thermal
ellipsoid plots are drawn at the 50% probability level with carbon-
bound hydrogen atoms and solvent molecules omitted for clarity.

■ RESULTS
Synthesis and Characterization of 1 and 2. The choice

of 2-iminomethyl-6-methoxy-phenol (HL) for stabilizing a
cobaltate cluster core was motivated by the synthetic method of
Zhou et al. that delivers the perchlorate salt of 1.35 The reaction
proceeded at a maximal yield of 45.9% using nonstoichiometric
reagents under microwave reactor conditions, as an alternative
to traditional hydrothermal synthetic methods. Given the fast
ligand exchange rates for the Co(II) ion,36 we surmised that by
utilizing the precise stoichiometry of 7:6:12 Co/HL/NEt3, we
would be able to cleanly synthesize the desired product at
ambient temperatures, as summarized in Figure 1 (top).
Indeed, under these conditions and at room temperature, we
found that the triflate salt of 1 precipitated from MeCN:H2O
solutions when the water content was raised above 25%. An
elementally pure compound was isolated by simple filtration to
remove a minor insoluble impurity. The universality of this
procedure was confirmed by its successful implementation in
the synthes is of 3 , the analogous z inc c luster
Zn7(OH)6(L)6(OTf)2, which was previously crystallographi-
cally characterized as the nitrate salt.28

The identification of optimum reaction conditions was aided
by the distinct NMR spectra exhibited by these compounds.
Consistent with the S6 symmetry of the complexes, only one set
of ligand resonances was observed. The NMR spectra for all
compounds are presented in Figures S1−S5. The spectrum for

1 (Figure S1) exhibits broadening and paramagnetic shifts of
the signals due to the presence of the high spin Co(II) ions. All
but the aldiminic and hydroxide proton resonances were
observable. For 3, a diamagnetic compound, all proton
resonances were observed (Figure S5) and they exhibited the
expected shifts and couplings.
The oxidation of 1 to 2 proceeded cleanly using the oxidant

AgOTf in nitromethane, which solubilizes 1, 2, and AgOTf and
ensures the full oxidizing potency of the Ag+ ion.37 The formal
potential for the 1/2 couple was estimated by cyclic
voltammetry (CV). The CVs of 1 and 2 at room temperature
and in the presence of 0.1 M TBAOTf (Figure S6) exhibit
broad, electrochemically irreversible waves. The oxidation of 1
occurs between 0.4 and 0.6 V while the reduction of 2 occurs
between −1.0 and −1.2 V (Epa = 0.487 V and Epc = −1.099 V,
all potentials vs Fc+/0). The formal potential cannot be deduced
without more detailed electrochemical experiments, but it can
be bracketed as <0 V, which is consistent with the observation
that treatment of 1 with 1.5 eq of FcOTf results in conversion
to 2, as observed by NMR (Figure S9).
Complexes 1 and 2 co-crystallize from a solution mixture and

they were characterized using X-ray diffraction analysis. The
thermal ellipsoid plots are presented in Figure 1. A bond
contraction of 0.174 Å between the central cobalt atom, Co(1),
and the surrounding μ3-OH ligands is observed upon oxidation.
The bond contraction is consistent with a localized Co(III)
valency at Co(1) in 2, as has been observed in a related

Figure 1. (top) Synthetic scheme of compounds 1 (left) and 2 (right).
Thermal ellipsoid plot for 1 and 2 with ellipsoids shown at the 50%
probability level: (middle) top-down view with triflate anions removed
for clarity and (bottom) side-on view with all anions shown and
hydrogen bonds drawn as dotted lines or dashed lines.
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structure containing the same Co(III)Co(II)6(OH)6 cluster
core stabilized by six iminophenyl-methoxyphenol ligands.38 A
comparison between 1 and 2 of the cobalt atoms’ inner sphere
bond distances is presented in Table 1 (see Figure S20 for an

overlay of the structures). The bond lengths associated with the
outer cobalt atom, Co(2), change only modestly; the average
Co(2)−O/N bond lengths are 2.11 ± 0.15 Å for both clusters.
The contraction of the hydroxides around the central Co(1) of
2 results in a bond lengthening between the hydroxide ligands
and the outer cobalt atoms, Co(2). The lengthening is
asymmetric with a 0.073 Å increase for the bond trans to the
more electron donating imine group and only 0.024 Å longer
for the bond trans to the weakly donating methoxy moiety. The
remaining bonds to the Co(2) atoms contract to compensate
for the lost electron density from the hydroxides, but these
contractions are slight (≤0.037 Å) owing to the rigidity of the
six iminomethyl methoxyphenol ligands, L−.
The Co7(OH)6 cores of 1 and 2 are coordinated by triflate

anions via hydrogen bonding interactions. One triflate anion
occupies each bowl-shaped cavity (two per molecule) created
by the ligand architecture, and each anion makes a three-point
hydrogen bond with the protons of the μ3-OH bridging ligands.
A fifth anion is associated with the oxidized cluster 2 but
remains outside the cavities and does not act as a hydrogen
bond acceptor. The donor−acceptor (D···A) distances between
the triflate anions and the μ3-OH of 2 are 2.855(3), 2.870(3),
and 2.942(3) Å (dashed lines), whereas the interaction with 1 is
much weaker as indicated by the significantly longer D···A
distances; 3.005(3), 3.043(4), and 3.063(3) Å (dotted lines).
Three different analyses were performed to understand the

interaction of triflate with 1 and 2 in solution. First, ESI mass
spectra were examined to assess the stability of anion-bound
complexes in acetonitrile solutions. Figure S7 shows the
observed and calculated mass spectra for 1 and 2 in acetonitrile.
The most intense signal in the spectrum of 1 appears at 758.54
m/z, corresponding to the anion-bare cluster, Co7(OH)6(L)6

2+,

whereas in the spectrum of 2, the strongest signal observed
appears at 823.97 m/z and corresponds to the triflate-bound
Co7(OH)6(L)6(OTf)

2+. The m/z signature for the anion-bare
23+ was observed, but has a 10% relative intensity compared to
the anion-bound 2OTf2+.
Second, 19F NMR was used to probe the chemical

environments of the triflate anions in the clusters. Despite
the paramagnetic behavior of 1 and 2, clear 19F signals were
observed (Figure S11). At room temperature, the triflate signal
for 2 is shifted 9.16 ppm upfield of 1, which itself is very near to
free triflate in an acetonitrile solution of TBAOTf. The
linewidths of both spectra are broadened relative to TBAOTf
(3.93 Hz), with a significantly increased broadening in 2 (27.12
Hz) as compared to 1 (9.49 Hz). The broadening in 2 cannot
be attributed to paramagnetism alone because it is less
paramagnetic than 1, which shows a sharper line width. Figure
2 presents the NMR for samples that were cooled to −40 °C to

explore the possibility of chemical exchange. With decreasing
temperature, an increased broadening of the 19F signal and a
downfield shift were observed in 2, whereas the line width for 1
changes only slightly with no noticeable perturbation of the
chemical shift. This is consistent with fast exchange between
inequivalent triflate anions in 2, but not in 1, and because the
shift in 2 is downfield, toward the signal for “free” triflate, it
suggests that two of the three triflate anions are less influenced
by the chemical environment of the cluster than the third.
Finally, the O−H stretching energies of 1 and 2 were

analyzed in solution and in the solid state by IR spectroscopy.
The data are presented in Figure S8. The IR spectrum of co-
crystals of 1 and 2 contains peaks at 3580 cm−1 and 3462 cm−1,
assigned to 1 and 2, respectively. These stretches match well
with independent solid samples of 1 and 2. In solution, the
large separation between the major peaks is maintained and
even increases slightly due to an approximate 60 cm−1 shift to
lower energy in the spectrum of 2. In both solution spectra, the

Table 1. Comparison of Inner Sphere Bond Lengthsa

bond 1 d0 (Å) 2 d0 (Å) Δd0 (Å)

Co(1)−O(1) 2.092(11) 1.918(1) −0.174(11)
Co(2)−O(1)N 2.149(16) 2.219(24) 0.070(29)
Co(2)−O(1)O 2.016(3) 2.0393(6) 0.024(4)
Co(2)−O(2)A 1.995(9) 1.969(2) −0.026(9)
Co(2)−O(2)B 2.051(11) 2.014(4) −0.037(12)
Co(2)−O(3) 2.395(32) 2.367(18) −0.028(37)
Co(2)−N 2.077(2) 2.056(8) −0.021(8)

aAveraged over three crystallographically independent bonds found in
the asymmetric unit. Error calculated using one standard deviation
from the average and propagated in the usual way.39

Figure 2. 19F NMR spectra at 500 MHz, in the temperature range
indicated of (a) 1, 8 mM in CD3CN and (b) 2, 10 mM in CD3CN.
Spectra were referenced to TBAOTf in CD3CN.
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presence of high energy shoulders suggests asymmetric
hydrogen bonding.
The magnetic properties of 2 were investigated in the solid

state by SQUID magnetometry and in solution by the variable
temperature Evans method.40,41 The data are presented in
Figure S10. The magnetism of the perchlorate salt of 1 was
previously reported.35 The room temperature χMT value for 2
was 16.3 cm3 mol−1 K as measured by the Evans method; this is
approximately 4.5 cm3 mol−1 K less than that measured for 1.
The slow increase in χMT with decreasing temperature is
suggestive of weak intramolecular ferromagnetic exchange
between Co(II) ions and is consistent with data from 1 and
other disc-like heptanuclear clusters.35,42 Importantly, these
magnetic data indicate that Co(1) in 2 has a low-spin electronic
configuration and that a spin equilibrium, which is known for
Co(III) ions in weak oxygen-atom ligand fields,43 is not
operable within this temperature range.
Self-Exchange Kinetics. The rate of electron transfer

between 1* and 2 in MeCN with no added electrolyte was
studied over the temperature range of 40−70 °C. To ensure
that only electron transfer and not ligand substitution resulted
in the productive transfer of the label from 1* to 2*, control
experiments were performed in which 1* and 2* were
separately treated with 3 for 18 h at 50 °C. Co(II) and Zn(II)
ions have similarly fast ligand exchange rates,36 so the lack of
ligand scrambling between 3 and 1* or 2* (Figure S12)
provided assurance that, within the temperature range of the
study, only electron transfer was responsible for the apparent
transfer of L*. Representative traces of the raw NMR data at 40
°C and the subsequent monoexpontential fit are shown in
Figure 3. The average of two kinetic runs at this temperature
resulted in a kobs = 1.53 × 10−3 M−1 s−1 at 38 mM total
concentration of triflate, [OTf]total. As the reaction temperature

was raised, the rate constant increased to 2.93 × 10−2 M−1 s−1

at 70 °C and 21 mM [OTf]total. The temperature dependent
data, plotted in the Eyring form, are presented in Figure 4. The
data exhibit excellent linearity, and a least-squares fit produces a
R2 = 0.99 with a slope of 12 200 ± 300 K and intercept of 27 ±
1 ln(M−1 s−1).

The anion dependence on kobs was probed at 60 °C. Due to
solubility concerns, the highest concentration of TBAOTf that
could be added was 60 mM. An inhibitory effect of the anion
was observed; kobs decreased by a factor of 2 (inset, Figure 4) as
the total concentration of triflate was raised from 22 mM to 85
mM.

■ DISCUSSION
Electron Transfer Rate Calculations. The theoretical self-

exchange rate constant at 40 °C was calculated using
semiclassical Marcus theory for a comparison to the
experimental value:22,44

υ κ=
− Δ * + Δ *⎡

⎣⎢
⎤
⎦⎥k K

G G T
RT

exp
[ ( )]

ET A n el
out in

(3)

π δ= −⎛
⎝⎜

⎞
⎠⎟K Nr r

w r
RT

4 exp
( )

A
2

(4)

β σ μ
πε ε β μ

=
−

+
w r

Nz z e r
r r

( )
exp[ ( ) ]

4 (1 )
2 3

2

0 r (5)

∑
υ

υ
Δ * =

Δ⎛
⎝⎜

⎞
⎠⎟G T

N
f

d kT h
kT

( )
2 2

4
h

tanh
( )
4i

i

i
in

0
2

(6)

πε ε
Δ * =

Δ
+ − −

⎛
⎝⎜

⎞
⎠⎟
⎛
⎝⎜

⎞
⎠⎟G

N q
a a r n16
1

2
1

2
1 1 1

out

2

0 2 3 D
2

r (7)

υ
υ

=
Δ *

Δ * + Δ *
⎛
⎝⎜

⎞
⎠⎟

G
G Gn

i
2

in

out in

1/2

(8)

Figure 3. (a) Representative stacked plot of the increase in 1H methyl
iminium signal during a kinetics measurement at 40 °C in MeCN,
[C1] = 8.65 mM and [C2] = 6.21 mM. (b) The integration of the
signal versus time and subsequent monoexponential fit to furnish τ =
43 100 ± 900 s.

Figure 4. Temperature dependence of the observed rate constant in
MeCN, plotted in the Eyring form, ln(kobs/T) vs 1/T. The average
[OTf]Total = 30 ± 10 mM. The linear fit yields a slope of −12200 ±
300 K and intercept of 27 ± 1 ln(M−1 s−1). (Inset) Dependence of kobs
at 60 °C on the concentration of triflate from all sources, [OTf]Total =
[OTf]1 + [OTf]2 + [OTf]TBAOTF. The line is presented merely as a
guide.
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Initially, we assume that the electron transfer is adiabatic and
thus the electronic factor, κel = 1. As Sutin has emphasized,
though Co(II)|Co(III) exchanges are formally spin forbidden
and therefore should be inherently nonadiabatic, comparisons
of observed rate constants to calculated rate constants do not
allow for any special nonadiabaticity.45 The nuclear tunneling
correction is applied because of the large change in the bond
distance at the Co(1) atom. Even at high temperatures, this
correction can result in a significant decrease in the free energy
of inner sphere reorganization, ∼4 kJ/mol for Δd0 = 0.17 Å.46

The crystal structure of 1 co-crystallized with 2 is used as a
representation of the reactants in a precursor complex and,
conveniently, many input parameters for eqs 3−8 are deduced
from it directly. To begin, we assume that only the largest bond
distance changes, Co(1)−O(1) and Co(2)−O(1), in Table 1
play a dominant role in the inner sphere reorganization energy.
The average breathing frequencies, υi, are estimated from
vibrational data to be 425 cm−1 and 366 cm−1, respectively
(Figure S15). Using these values, the inner sphere reorganiza-
tion energy was calculated using eq 6, ΔGin*(T) = 50.9 kJ/mol.
The hard sphere radii of the reactants, a2 and a3, and the
center-to-center distance, r, were measured for nearest neighbor
pairs and found to be a2 = a3 = 6.6 Å and r = 12.2 Å (see SI for
details on the calculations of a2 and a3 and Figures S16−19 for
depictions of measurements). Using these metrics and known
physical constants for acetonitrile,47 ΔGout* = 12.7 kJ/mol is
evaluated from eq 7. This value is ∼2 times smaller than many
Co(II)|Co(III) couples, traditionally studied in water, owing to
the lower dielectric constant for acetonitrile and the large sizes
of 1 and 2.48

The equilibrium constant for a precursor complex (KA) is
given by eq 4 and includes a work contribution, which is
dependent on ionic strength. The importance of the work term
is illuminated by the dependence of the observed rate constant
on electrolyte concentration (Figure 4, inset). Debye−Hückel
theory predicts that, for similarly charged species, increasing the
ionic strength will increase the rate constant by decreasing the
magnitude of the work term.49 Also, the rate constant for
electron transfer may be further influenced to the extent that
higher ionic strength may increase the ion pairing of reactants
and their counterions. Indeed, self-exchange and cross-
exchange studies in acetonitrile have shown the expected
increase in rate constant with increasing electrolyte concen-
tration when the reactants are of like charge.50,51 Since
electrolyte had an inhibitory effect in this study, it is reasonable
to assume that at the concentrations employed, there is
sufficient ion pairing to make the work term negligible or at
least small enough that other processes, which are inversely
dependent on anion, are more influential. With the assumption
that w(r) is negligible, the equilibrium constant was calculated,
KA = 0.9 M−1. If the work term is included, the equilibrium
constant is reduced by a factor of 14 to KA = 0.06 M−1, i.e.,
when assuming no ion pairing and an ionic strength of μ = 68
mM (the average of the 40 °C trials). The rate constant at 40
°C is kSE(calc) = 3 × 102 M−1 s−1 using KA = 0.9 M−1, the
reorganizational energies mentioned previously, and a nuclear
vibrational frequency (υn = 1013 s−1 from eq 8). This calculated
rate constant is 5 orders of magnitude higher than the observed
value. Even with a large work term included, kSE(calc) = 3 × 101

M−1 s−1. Thus, kSE(obs) is considerably smaller than what is
expected for any experimental condition invoked for an
adiabatic electron transfer.

Evidence for the Mechanism of Hexaaqua Self-
Exchange ET. A comparison of the observed kSE for 1|2 self-
exchange and Co(OH2)6

3+/2+ relative to those calculated by
Marcus theory provides insight into the mechanism of Co(II)|
Co(III) self-exchange. Compounds 1 and 2 retain the
hexaaqua-like O-atom ligand field, but unlike Co(OH2)6

3+/2+,
these compounds possess a secondary coordination structure
that precludes electron transfer by an inner-sphere pathway.
Conversely, 1 and 2 are electronically similar to Co(OH2)6

3+/2+

owing to similar ligand fields, and therefore the participation of
excited states, if they are important to Co(II)|Co(III) self-
exchange, will prevail in either system. In this case, both 1 and 2
and Co(OH2)6

3+/2+ would be expected to have inflated kSE
relative to that predicted by Marcus theory. Conversely, kSE of
1|2 should be slower than a Marcus-predicted rate constant
owing to the steric clashing of the cluster cores (and attendant
six chelating ligands) and the coordinative saturation of Co(1)
whereas kSE of Co(OH2)6

3+/2+ should be greater than a Marcus-
predicted rate constant owing to the facility of inner-sphere
complex formation, as originally proposed by Endicott and co-
workers.25

In assessing the participation of excited states, and in
particular, the high-spin 5T2 excited state in Co(II)|Co(III) self-
exchange electron transfer, a ligand field analysis is useful.
Because the ligand environments of the periphery Co(II) ions
are similar in both 1 and 2, the absorption profiles in the visible
range are nearly identical for the two molecules (Figure S13).
The d−d transitions of the Co(III) atom in 2 are obscured by
those of the neighboring Co(II) atoms, and thus identification
of the 5T2 excited state in 2 is obstructed. Notwithstanding, the
structural metrics of 2 support the conjecture of a weak, and
likely weaker, ligand field for Co(III) in 2 than that for Co(III)
residing in a hexaaqua environment. The Co(II) → Co(III)
bond distance contraction of 0.174 Å (Table 1) is much smaller
than the 0.21 Å contraction seen for the hexaaqua complex.52

Furthermore, the interaction of the Co(1) atoms with the μ3-
OH ligands will polarize electron density away from putative
Co(2) bonding interactions. A similar interaction between La
and O ions occurs in the solid-state material, LaCoO3.

53 In
LaCoO3, this polarization stabilizes the intermediate and high-
spin excited states of the Co(III) ion with respect to the low-
spin ground state, resulting in a nonzero bulk magnetic
moment at temperatures above 100 K.54,55 Together, the longer
metal ligand bonds and polarization effect suggest that a weaker
ligand field is expected for Co(III) in 2, and correspondingly
the 5T2 excited state should be to lower-energy than in
Co(OH2)6

3+. Though the involvement of a high-spin excited
state of 2 would be more probable than for Co(OH2)6

3+, the
kSE for 1|2 self-exchange is exceptionally small, indicating that
the excited state does not mediate electron transfer. In this
regard, these results support the notion that a water-bridging
mechanism is operable and explains the very high Co(II)|
Co(III) self-exchange rates of Co(OH2)6

3+/2+.
Origins of Slow Electron Transfer. While the water-

bridged mechanism explains the fast Co(II)|Co(III) self-
exchange rate of Co(OH2)6

3+/2+, it does not account for the
exceptionally slow 1|2 self-exchange reaction. In the absence of
an inner sphere mechanism, Marcus theory predicts a kSE that is
5 orders of magnitude greater than the observed rate constant.
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The temperature dependence of the rate constant provides
evidence as to the source of the discrepancy. An analysis of the
slope of Figure 4 using eq 9 results in an experimental
activation enthalpy of 99 ± 1 kJ/mol, which is 35 kJ/mol larger
than the value calculated using eqs 6 and 7. This increased
enthalpy is more than enough to account for a 105 difference
between the experimental and calculated rate constant. Thus,
the discrepancy between kobs and kcalc appears to arise from an
underestimation of the enthalpy of activation. With an excellent
model of the precursor complex provided by the crystal
structure, the activation parameters, ΔG(T)in and ΔGout, are
calculated with good assurance. However, a larger enthalpy of
activation is expected if electron transfer is attendant to
movement of a hydrogen-bonded triflate anion. The inhibitory
effect of counterion movement on ET rate constants has been
recognized for both intra- and intermolecular ET in organic
solvents.56,57 Given that the crystal structures imply a
preference for triflate association to 23+ and 19F NMR, ESI-
MS, and IR data of 2 indicate anion association is preserved in
solution, it is expected that the dominant solution species for
the oxidized cluster is [2OTf]2+. A model for self-exchange
electron transfer between the thermodynamically stable
solution species that accounts for anion association is depicted
in Scheme 1. Whereas 19F NMR indicates fast triflate exchange

on the NMR time scale, electron transfer is slow on this
timescale. The electron transfer step is therefore expected to be
rate-limiting in all cases. For this reason, we consider only anion
dynamics that precedes or accompanies electron transfer, thus
simplifying the kinetic analysis.58

The relevant rate expression for ET is:
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and, acknowledging KD2 ≪ [OTf]free, then the observed rate
constant becomes,

= + +k k
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k k
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All three terms of eq 11 are expected to give observed
enthalpies of activation that exceed that predicted from Marcus
theory, albeit, for difference reasons. Electron transfer at the
nuclear configuration of the precursor complex [1−2OTf]4+,

kET2, will be thermodynamically uphill by the value determined
from the ratio of the anion dissociation constants:

Δ ° = −G RT
K
K

lnET2
D2

D1 (12)

which, since experimental data suggests KD2/KD1 ≪ 1, is
expected to be significant. Electron transfer that is concerted
with anion transfer, kET3, will be thermoneutral but will have an
increased reorganizational energy due to the movement of the
anion, eq 13.59

Δ = Δ * + Δ * + Δ *‡G G G GET3 in out anion (13)

Finally, electron transfer that follows a fast anion pre-
equilibrium, kET1, will result in a higher observed enthalpy of
activation because the measured value will encompass the
enthalpic component of both steps, anion dissociation and
electron transfer, eq 14.

Δ = Δ * + Δ °‡G G GK DET1 2 (14)

However, only this first term of eq 11 can account for the
observed decrease in kobs with increasing triflate concentration.
Thus, at the concentrations explored, the pathway that accounts
for the observed scrambling of the deuterium label is a facile
anion dissociation pre-equilibrium from 2OTf2+ to give a
precursor complex for which rate-limiting electron transfer
proceeds with ΔGETI° = 0 (Scheme 2).

Since the electron transfer is between spin-orthogonal cobalt
atoms that are separated by 12.2 Å, the electronic factor, κel, is
expected to be much less than 1; that is, the electron transfer
should be nonadiabatic. Nevertheless, as has been observed
with other Co(II)|Co(III) couples,45 the slow observed rate
constant measured in this study can be accounted for by a large
enthalpy of activation. The experimentally derived preexpo-
nential term, assuming no contribution due to entropy from
inner or outer reorganization energies, is,

υ κ =
−Δ

= ×‡
− −K

k
H RTexp( / )

(at 313 K) 5 10 M sA n el
obs 13 1 1

(15)

which is within an order of magnitude of the calculated
preexponential term assuming κel = 1. The effect of non-
adiabaticity may be slight or hidden by a counter-balancing of a
positive entropy component, which could be expected for a
dissociation mechanism.
Anion-mediated electron transfer provides a molecular basis

for the observed inverse first-order dependence on buffer in the
mechanism of Co-OEC catalyst self-assembly. The electro-
kinetic model for nucleation shows that phosphate inhibits film
growth.20 We originally suspected that the anion dependence
found its origin in ligand substitution, where the anion would

Scheme 1

Scheme 2
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have to be substituted for cluster self-assembly. However the
studies described herein suggest that the anion may also
modulate the kinetics of electron transfer. Since the growth of
thick films must proceed with charge transport through an
already deposited film, we envision a self-exchange mechanism
proceeding between neighboring Co-OEC clusters. Hydrogen
bonded anions could stabilize the hole with respect to Co(II)
oxidation. Since this electron transfer is likely to be slow and
does not involve the transfer of an electron to the electrode, it
is possible that this final electron transfer is the rate-
determining chemical step derived from the electrochemical
rate law.

■ CONCLUSION
In summary, an improved synthesis of disc-shaped heptanuclear
cobalt hydroxide model compound has been extended to the
preparation of an analogous zinc complex. The one-electron
oxidized cobalt compound features a localized Co(III) valency
in a weak, oxygen atom ligand field. The self-exchange electron
transfer rate constant as measured by isotope exchange is
anomalously slow as compared to that predicted from
semiclassical Marcus theory. The discrepancy in observed and
calculated rates supports a charge transfer mechanism that
requires anion dissociation from the oxidized cluster before
electron transfer can occur. This mechanism sheds light on the
inverse dependence of anions in the self-repair mechanism of
Co-OECs. Moreover, because H2O cannot directly bridge
cobalt centers, owing to the encapsulation of the central Co
within the cluster core, the observed results support the
contention that the Co(OH2)6

3+/2+ self-exchange electron
transfer occurs by an inner-sphere mechanism via a bridging
water versus the involvement of high-spin excited states of
cobalt ion.
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