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Fig. 1. Cofacial Co(IV), sites in Co-OEC are modeled by a Co,04 cubane.

kinetics, in situ optical and X-ray spectroscopies, and density-
functional theory (DFT) calculations of the doubly oxidized
Co(IV), state of the Co404(py)4(OAc), cubane. These studies
provide characterization of a Co(IV), state in a molecule and
offer direct insight into the role of Co(IV), in promoting OER
catalysis.

Results

Electrochemistry. Fig. 2A shows the cyclic voltammogram (CV) of
cubane 1. Two reversible waves at E°(1) = 0.30 and E°(2) =
1.45 V vs. Fc** (all potentials are referenced to ferrocene
unless otherwise noted) are observed, corresponding to the
Co(III)3(IV)(1b)/Co(1IT)4(1a) and Co(III),(IV),(1c)/Co(III)5(IV)(1b)
reduction processes. From these potentials, a comproportiona-
tion constant of Ko = 3.05 x 10" is calculated (details in
SI Appendiy for the equilibrium Co(Ill); + Co(Ill),(IV), -
2Co(III)3(IV). This large Kc is consistent with the ability to
chemically isolate 1b. The scan rate dependence of the CV of
Fig. 2A allows for the determination of the electron transfer
(ET) kinetics. Fig. 2 B and C are “trumpet plots” of the exper-
imental CV peak splitting with scan rate (34). The heteroge-
neous ET rate constant k= 0.110 and 0.050 cm/s for the first and
second oxidations, respectively, may be extracted from simula-
tions of the CVs using DigiElch (35). The fits of the trumpet
plots using these ks are shown by the solid lines in Fig. 2 B and
C. The difference in rate constants for the two oxidation pro-
cesses originates from the reorganization energy, A, comprising
inner- (A;) and outer-sphere (A,) components. The total A,
ascertained from kg (S| Appendiy (36), is A = 1.00 and 1.08 eV
for the oxidation of 1a and 1b, respectively.
Spectroelectrochemistry was used to probe the in situ stability
of the electrochemically generated doubly oxidized 1c¢, as the
high standard reduction potential of 1c¢ precludes its chemical

Fig. 2.

(black lines), using a heterogeneous electron transfer rate constant of
lines), using a heterogeneous ET rate constant of kg = 0.050 cm/s.
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isolation (37). Fig. 3A shows the spectral changes accompanying
the oxidation of la to 1b by a constant potential electrolysis
(CPE) performed at 0.80 V. The prominent absorption feature
of 1a at 364 nm decreases and a broad increase in absorbance
from 400 to 800 nm is observed over the course of oxidation. The
spectrum of 1b was stable under applied potential and isosbestic
points are maintained for the conversion. CPE at 1.8 V resulted
in the further oxidation of 1b to 1c, indicated by a broad growth
in absorbance across the entire visible region (Fig. 3B). In the
absence of applied potential, the spectrum of the 1c reverts to 1la
over 30 min (S| Appendix Fig. S1).

Isolated samples of 1b exhibit an intervalence charge-transfer
(IVCT) band at ~4,580 cm™ (30). This near-infrared (NIR)
absorption is reproduced in the spectroelectrochemical oxidation
of 1a to 1b, as shown in Fig. 3C. An IVCT transition is main-
tained upon the oxidation of 1b to 1c. The IVCT of the in situ,
electrochemically generated 1b is slightly shifted from that of the
chemically oxidized species previously reported (30), which may
be due to ion pairing effects from electrolyte ions, the presence
of trace water in the in situ experiment, incomplete conversion of
species within the spectral window, or electric field effects from
the Pt flag working electrode. This difference does not preclude
a direct comparison between 1b and lc generated under the
same conditions in situ. Table 1 lists the V., and full width at
half maximum, Av,,,, for 1b and 1c. The IVCT of 1c is blue-
shifted and has a higher extinction coefficient than that of 1b.
The IVCT transitions were modeled with Gaussian profiles (S|
Appendix Fig. S2), and Hush analysis (38-40) permits calcula-
tion (S| Appendiy of the intramolecular charge-transfer pa-
rameters listed in Table 1: H,p, the electronic coupling matrix
element between metal centers; A, the reorganization energy
associated with intramolecular ET; AG*, the thermal barrier to
intramolecular ET; and kg, the rate constant of intramolecular
ET. Note that the A determined bry IVCT analysis is for a self-
exchange ET reaction between Co™ and Co'Y centers in 1b and 1c
(A = 0.7 eV), whereas the A determined by CV analysis is for the
heterogeneous ET reaction describing the one-electron oxida-
tion of Co™ to Co'¥ in 1a and 1b (A = 1.0 eV). The increase in
Vmax for 1e compared with 1b is evidence for an increased A ac-
companying double oxidation of the cubane as supported by DFT
calculations (vide infrg). The kgrs are on the order of 10'% 574
consistent with Co(IV) in 1b appearing delocalized by electron
paramagnetic resonance (timescale of ~10~ s) (21) and localized
by X-ray absorption spectroscopy (timescale of ~107" s) (30). In
line with this result, the spectroscopy of the oxidized cubanes is
consistent with Robin-Day class II mixed valency. Values of the
parameter I (= 1 - (Avi» /AV)_,)), where A VY_, is the theoretical

(A) CVs of 1 mM 1 in MeCN + 0.1 M n-BusNPF; under N, on a glassy carbon electrode, at scan rates increasing from v = 0.1 (black lines) to 10 (blue
lines) V/s. The vertical axis represents current normalized by the square root of the scan rate. (
ks = 0.110 cm/s. (C) Trumpet plot of peak splitting of

B) Trumpet plot of peak splitting of  1a (blue circles) and fit
1b (blue circles) and fit (black
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whereas ris expected to be doubledifnon/Ngim 0.5and rmen/
riim  2), SO ; should be roughly twice as large for a localized
oxidation process, assuming similar force constants &4#). The
DFT calculated values of {(1b) are in agreement with this pre-
diction, with a reorganization energy for a charge-localized cubane
twice that of a charge-delocalized cubane. Moreover, delocaliza-
tion of charge would not be expected to show a difference in for
Co(lV)s residing on different faces of 1c. However, localized
i(1c-py) for the cispy Co(IV), site is 0.28 eV akin to ;(1b)

( 0.26 eV), whereas localized;(1c-OAg for the cisOAc site is
0.39 eV. The increase of {(1c-OAQ by 0.13 eV over ;(1b) is
consistent with the experimentally measured increase of

0.07 eV for 1ccompared with1b deduced from IVCT (Table 1)
and = 0.08 eV deduced from CV kinetics measurements.
This finding of localization by DFT is consistent with the out-
come of class Il IVCT behavior of 1c.

Localization in 1c may result from direct Co(IV)—Co(IV) in-
teractions in the form of antiferromagnetic exchange coupling,
which can oppose electrorhole delocalization. The exchange
coupling of Co(IV) centers in a tetragonal field arises from
electrons residing in the 14 derived orbitals, and it may be de-
scribed by the HeisenbergDirac—van Vleck Hamiltonian,

A =528, (3]

Es, = SIBrot8r0t + 1PS Spd6p + 1PS 5855 + 1P, [4]
where Jis the exchange coupling constant, and the total energy,
Estot, depends on the total spin stateSr,: = O for the singlet
ground state andSr,; = 1 for the triplet, which is at an energy
2J above the ground state (49). The BS DFT calculations favor
antiferromagnetic exchange iric, with J  —340 cm™ for the cispy
Co(lV) , isomer of lIcandJ =19 cnT? for cisOAc Co(IV) ».

The order of magnitude difference in the exchange coupling for
cispy Co(IV), and cisOAc Co(lV) » is consistent with structurally
unique binuclear Co(IV), sites on the faces of the cubane.
Whereas the Ce-Co distances of 2.85 and 2.72 A forcispy and
cisOAc isomers, respectively, might suggest a largdrfor the
latter, the stereoelectronic disposition of the 14 orbitals must be
considered. Forcis-py, the two Co(IV) MOs point directly into the
center of the diamond core (Fig. 5Left), maximizing metakmetal
overlap and thus promoting strong antiferromagnetic exchange.
Due to the different ligand field environment for cisOAc, the two
Co(IV) MOs are rotated out of the Co(lV) , diamond core and are
directed toward the Co-oxo bonds (Fig. 5Righ), which minimizes
metaHmetal overlap, mitigating antiferromagnetic exchange. This
difference in exchange coupling forcispy and cisOAc suggests
that the ligand field in Co-OEC may result in different exchange
interactions than present in CqQO,; however, the oxo-bridged
environment in Co-OEC will likely still favor antiferromagnetic
coupling. J is directly related to the electronic coupling matrix
element for ET (Hap) (50, 51):

2
Hab

SZJ = v, [5]

where U is the Mott—Hubbard value reflecting intraatomic
Coulomb and exchange energies for ET [i.e., Co(IV)Co(IV)
Co(llCo(V)]. Note H,p, in this expression is divided by 2 to
account for the reduction of symmetry upon one electron reduc-
tion of a binuclear site (50, 51). This expression should be treat-
ed qualitatively here, as it is typically used for an authentic
dimer, and not a dimer within a tetramer. Using the calculated
Jand aU of 5.5 eV, givesH,s of 2,950 and 700 cm for the
cispy and cisOAc isomers, respectively.

Antiferromagnetic coupling of cofacial Co(lV), sites will fa-
cilitate O-O bond formation at neighboring metal centers of

Brodsky et al.

oxidic cobalt OER catalysts. Such exchange coupling provides a
mechanism for charge localization within cubanes, as shown
here, and by analogy within the metalate clusters of Co-OEC.
Isotope labeling studies of oxidic cobalt OER catalysts (23, 24)
and computational mechanistic studies of Co-OECs (42, 43),
together with model studies of dicobalt complexes (23), indicate
that O-O bond formation requires an adjacent Co(IV) active
edge site; it is necessary that two Co(lV) centers localize to the
edge site of a cobaltate cluster preceding turnover, as opposed to
hole equivalents delocalized over the cluster active site. As we
show here, antiferromagnetic coupling provides a mechanism to
drive hole localization within the cluster core. In addition, ex-
change coupling offers an adiabatic reaction pathway for @
bond coupling. Given an edge site GeCo distance in Co-OEC of
2.82 A from extended X-ray absorption fine structure (20), the
through-space coupling separation is likely similar (i.e., 2.8.85 A).
As illustrated in Fig. 6, the exchange-coupled singlet at the metal
center may be conveyed to the terminal oxos to form oxyl radicals.
This reaction pathway is important within the context of the'oxo
wall” (52), which states that a Co(IV}oxo (Co(IV) O) will possess
significant Co(lll)—O" resonance character. Antiferromagnetic
coupling may drive G-O bond formation by conveying singlet
character to the oxygen radicals to promote direct coupling and
bond formation with no spin barrier. This singlet-promoted direct
bond formation is analogous to the reverse reaction of ©binding
to coupled binuclear Cu proteins, where the very strong antifer-
romagnetic coupling (2J 1,200 cm?) in the side-on ( - % 2
peroxo-Cu(ll), drives the simultaneous two-electron transfer
from 2Cu(l) to dioxygen, necessary to overcome the spin-forbidden
reaction (53). The ability to generate oxyl radical character dove-
tails with increasing evidence for the role of oxygen radicals in
0O-0 bond formation by proton-coupled ET (27, 43, 54, 55).
Finally, we note that single-site reactivity has been proposed (31,
56) by further localizing double-oxidizing equivalents on a single
Co center to generate a Co(V). In dfect, a Co(lll)(V) species is a
disproportionated Co(lV), center. The spectroscopic studies
reported here do not support a Co(V) formulation, as the IVCT
transition of the doubly oxidized cubane is akin to that of the singly
oxidized cubane. Moreover, fasintramolecular ET, in conjunction
with the observed electrochemical potentials, suggest that a Co(V)
would not be stable in the presence of Co(lll) centers. Notwith-
standing, a terminal oxo is posited to be a critical determinant for
stabilizing a Co(V) center. Such tbilization cannot be achieved in
the ligand-saturated cubane exained herein. Accordingly, the
spectroscopy of new model cubanes will need to be explored to
assess the viability of a fully localized Co(V) active site for OER.

Conclusion

The Co(lll) 5(IV) , state of a CqO4 cubane, CQO4(py)4(OAC) 4, is

a faithful structural and electronic model of a Co(lV), active site

of oxidic cobalt OER catalysts. The Co(lll)(1V) » core is furnished
electrochemically by oxidation of the Co(lll)(1V) species; in situ
XAS data reflect a cubane core of high Co valency. The stability of
an electrochemically generated Co(lll}(1V) » cubane engenders
more detailed spectroscopic analysis offered by advanced tech-
niques, including in situ X-ray emission where K X-ray emission
spectroscopy is sensitive to spin-state (57) and resonant inelastic
X-ray scattering. Analysis of the heterogeneous ET rate constant
yields a higher reorganization energy for the second oxidation of
the cubane core compared with the first. The IVCT bands of both

Fig. 6. Electronic considerations for the mechanism of O —O bond formation
by intramolecular coupling of oxyl radicals.
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the Co(III);(IV) and Co(III),(IV), species are characteristic of
Robin-Day class II MV species. DFT calculations indicate greater
charge localization within the Co(II),(IV), core, arising as a direct
consequence of antiferromagnetically exchange-coupled Co(IV) sites
on a cubane edge. This antiferromagnetic exchange coupling per-
tains to cobalt oxide catalyzed OER, as exchange coupling localizes
charge on the dicobalt site and the metal-centered singlet character
may convey singlet character to the generated oxyl radicals, thus
providing an adiabatic reaction path for direct O-O coupling.
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