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ABSTRACT: A previously reported cobalt complex featuring a
tetraimidazolyl-substituted pyridine chelate is an active water
oxidation electrocatalyst with moderate overpotential at pH 7.
While this complex decomposes rapidly to a less-active species
under electrocatalytic conditions, detailed electrochemical
studies support the agency of an initial molecular catalyst. Cy-
clic voltammetry measurements confirm that the imidazolyl
donors resultin a more electron-rich Co center when compared
with previous pyridine-based systems. The primary changes in
electrocatalytic behavior of the present case are enhanced ac-
tivity atlower pH and a marked dependence of catalytic activity
on pH.

Introduction

Water oxidation converts water to oxygen, making it attrac-
tive in the development of systems that store energy from re-
newable sources.!-3 There are two primary challenges associ-
ated with efficient water oxidation: the high oxidation potential
required to drive this reaction (1.23 V vs. NHE at standard con-
ditions), and the coordinated movement of two molecules of
water, four electrons, and four protons.#-¢ Currently, some of
the most effective catalysts for this process are heterogeneous
precious metal oxides that operate under basic conditions.”-9
To avoid the use of expensive catalysts under harsh conditions,
significant effort has been directed at the utilization of inexpen-
sive metal catalysts, preferably those which operate at a mild
pH.7-14 The heterogeneous nature of many catalyst materials,
however, often complicates their mechanistic study.!5-21 The
above challenges motivate the design of molecular water oxi-
dation catalysts using abundant first row transition metals
such as Cu, Co, Fe, or Mn. While molecular systems featuring
precious metals have been studied in detail,22-28 there have
been comparatively fewer studies on first row transition metal
catalysts.23-25,29-3¢ The study of these types of molecular cata-
lysts is therefore important as it allows for systematic altera-
tion in order to test the impact of various design principles.

There are some limited examples in the current literature of
molecular Co systems capable of carrying out water oxida-
tion.35-41 Some early reports of Co-based molecular systems for
water oxidation utilized the well-known penta-pyridyl Py5 do-
nor scaffold, a ligand which can also be used in systems carry-
ing out proton reduction (complex 1, Figure 1).42-47 Modifica-
tion of the arms in this pentadentate scaffold should allow for
rational tuning of catalytic properties. Indeed, stronger

Figure 1. N5 tetrapodal Co systems giving rise to water oxida-
tion catalysis.

imidazole donors have already been pursued as represented by
complex 2 (Figure 1).4849 Unfortunately, this specific complex
suffers from aqueous insolubility from pH 7 to pH 11 due to
charge neutralization by deprotonation of the cationic com-
plex, complicating comparisons of its catalytic activity with the
Py5-based system. A closely related ligand scaffold is the meth-
ylated analogue tip(Me) (tip(Me) = 2,6-(bis(bis-2-N-methylim-
idazolyl)-hydroxymethyl)pyridine), which was reported
nearly 40 years ago, but has not been examined for water oxi-
dation catalysis (complex 3, Figure 1).5051

In this work, we show that metalation of tip(Me) with Col!
yields a complex that is an active electrocatalyst for water oxi-
dation from pH 7-9. While this catalyst decomposes rapidly un-
der electrolysis, a suite of detailed studies supports the agency
of an initial molecular species. Several differences are apparent
between the electrocatalytic activity of 1 and 3. Complex 3 dis-
plays enhanced catalytic activity at milder pH values than 1.
Furthermore, the peak current and potential of 3 are pH de-
pendent unlike 1. The pH dependence of these features sug-
gests a rate-determining PCET step for catalysis. This observa-
tion is inconsistent with the experimentally proposed mecha-
nism for 1 but may support a pathway involving formation of a
formal Co(IV)-oxo intermediate previously suggested by com-
putational studies.4” These observations underscore that even
minor perturbations of the catalyst structure of N5 ligated Co
complexes may change the electrocatalytic mechanism.

Results and Discussion

Synthesis of the tip(Me) ligand (Scheme 1) was modified
from previously reported procedures.5051 Metalation was car-
ried out by adding an acetonitrile suspension of the ligand
dropwise to [Co!l(MeCN)s][OTf]2, yielding an orange solution of
[Coll(tip(Me))(MeCN)][OTf]2, complex 3. Crystallization of the
complex by vapor diffusion of diethyl ether into acetonitrile
yielded orange-colored single crystals suitable for X-ray dif-
fraction studies.
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Scheme 1. Synthesis of [Co!!(tip(Me))(MeCN)][OTf]2, 3.5051

The crystal structure of complex 3 (Figure 2) confirms the
assignment of the complex as a mononuclear acetonitrile ad-
duct with outer sphere triflate counter-anions. Bond distances
between Co and the imidazolyl/pyridyl donors for complex 3
average 2.09 A, which is similar to those of the previously-re-
ported tetraimidazolyl pyridine system (2.10 A, complex 2) but
somewhat shorter than the analogous pentapyridine Co com-
plex (2.16 A, complex 1), as might be expected due to differ-
ences in the donating abilities of the pyridyl and imidazolyl lig-
ands.*4+49 Complex 3 shows characteristically shifted paramag-
netic peaks in its 1H NMR spectrum, consistent with a C2y-sym-
metric complex in solution (See SI). Furthermore, EPR spec-
troscopy indicates that the Co!! center is high spin with a highly-
rhombic S = 3/2 signal (See SI).

We briefly investigated the ability of complex 3 to bind O:
due to previous reports of Oz binding affinity in this system.
When 02 is bubbled through a pale orange solution of complex
3 the color of the solution rapidly changes to deep red.5051 The
generated species is assigned as a mononuclear Co!ll-superoxo
complex ([Colll(tip(Me))(02-)][OTf]2, complex 4), based on pre-
vious reports and spectroscopic data.5051 Monitoring this reac-
tion by 1H NMR spectroscopy shows the disappearance of the
paramagnetic features attributed to complex 3 with no appar-
ent growth of new features (See SI). This observation is con-
sistent with the formation of an NMR-silent radical and sup-
ports the assignment of complex 4 as a Co!ll-superoxo complex.
UV-vis spectra recorded with subsequent additions of approxi-
mately two equivalents of Oz also supports formation of a new
species with a strong absorbance feature at 500 nm and a
lower-intensity feature at approximately 300 nm, again con-
sistent with previous reports (See SI).505! Purging with N2

Figure 2. Solid-state structure of complex 3. Selected bond
lengths: Co-N1 2.116(2) A, Co-N2 2.076(2) A, Co-N3 2.097(2)
A, Co-N4 2.287(2) A, Co-N5 2.094(2) A, Co-N6 2.101(2) A. H-
atoms and exogenous solvent molecules omitted for clarity. Co
shown in pink, S in yellow, F in green, O in red, N in blue, and C
in gray.
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results in the disappearance of these absorbance features as
the sample reverts to 3, highlighting the reversibility of O2
binding (See SI). Characterization of complex 4 by EPR spec-
troscopy shows a small feature at low field attributed to resid-
ual complex 3 and an intense S = 1/2 feature near g = 2 that is
consistent with the proposed complex containing a low-spin
Co!ll center and a superoxo-based radical (See SI).50.51 Taken to-
gether these data support the formation of a superoxo complex
upon addition of Oz or air to solutions of complex 3. The ability
of 3 to bind Oz highlights the effect of the donating imidazolyl
arms in the tip(Me) system. All subsequent electrochemical
analyses with complex 3 were conducted under anaerobic con-
ditions to avoid convolutions from mixtures of 3 and 4 in solu-
tion.

The more electron-rich nature of complex 3 was also verified
via electrochemical analysis. In aqueous pH 7 solution under a
N2 atmosphere, complex 3 shows a reversible couple at 0.202
Vvs. NHE (See SI). This feature is assigned as a Co!'-OHz to Colll-
OH proton-coupled electron transfer (PCET) oxidation event as
compared with an analogous couple at ~0.5 V vs. NHE in the
well-characterized Py5 system.#4-47 This Co!l/Co!ll couple in
complex 3 shifts by 0.053 V/pH unit, which also suggests the
presence of a PCET process (See SI). Scanning to more positive
potentials shows a large increase in current, consistent with
electrocatalytic water oxidation. This electrocatalytic wave
shows a marked dependence on pH, with dramatic changes in
current and peak potential upon moving from pH 6 to pH 9
(Figure 3).

The previously reported Py5 based catalyst 1 operates with
an overpotential of ~0.5 V at pH = 9.2 defined from catalytic
onset. An increase in peak current was observed upon increas-
ing pH, but the electrocatalytic peak potential was largely in-
variant of pH. In the present system a similar overpotential of
~0.5 V is observed. Unlike complex 1, however, the peak cur-
rent of 3 increases with increasing pH, but drops sharply above
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Figure 3. Variable-pH CV studies of complex 3 showing the
catalytic current in 0.1 M sodium phosphate buffer, 0.5 mM
complex 3. Scan rate: 0.05 V/s.



pH 8.5. At comparable pH values of 8-8.5, complex 3 shows en-
hanced electrocatalytic activity when compared with 1 as evi-
denced by roughly 2x higher peak currents. The maximum peak
current of 3 at pH = 8.5, however, is very similar to that ob-
served for 1 (at pH = 9.8). What these data suggest is that cata-
lyst 3 is more active than 1 at milder pH, but may be destabi-
lized or inhibited by more basic conditions.

The production of Oz and the Faradaic efficiency of this pro-
cess were verified with in situ measurements using a Clark-
type submersion Oz probe.8 These experiments show 84 + 11%
Faradaic efficiency for Oz evolution and a decay in Oz evolution
activity over roughly 10 minutes (See SI). This decay suggests
some degree of catalyst degradation. The apparent instability
of complex 3 under catalytic conditions in this experiment, as
well as the noted instability of related systems,23.52-56 prompted
us to more carefully evaluate whether the activity of complex 3
was simply due to decomposition or a bona-fide molecular spe-
cies.

The possible involvement of heterogeneous species in homo-
geneous water oxidation has been well-documented.23.52-56 Co-
balt-based systems are particularly susceptible to this, as Col!!
ions are intermediates in the formation of heterogeneous CoOx
films or nanoparticles that exhibit water oxidation activity. To
compare the electrochemical behavior of aqueous Co!! ions and
complex 3, cyclic voltammetry was also carried out in aqueous
solutions of Col!l ions from pH 6 to pH 9 (See SI). While electro-
catalytic waves are observed in the same region as those ob-
served in complex 3, the peak potentials of these waves are dis-
tinct and the absolute current values are quite different (~0.5
A for Co!! ions vs. ~0.08 A for 3 at pH 8.5). These observations
support the molecular nature of 3. The electrochemical activity
of complex 3 was also compared to aqueous Co!! ions in the
presence of a catalyst poison, 2,2’-bipyridine (bipy, See SI). The
activity of complex 3 is completely shut down with just one
equivalent of bipy, while the activity of aqueous Co! ions was
shut down only after the addition of three equivalents. These
poisoning experiments also support the agency of a homogene-
ous species other than free Co!l ions.

To reconcile the homogeneity of this system with the pro-
posed degradation, further control experiments were per-
formed. Controlled potential electrolysis experiments were
carried out on a solution of 3, a solution containing CoClz, and
a blank electrolyte solution with an electrode with CoPi depos-
ited on its surface. The electrolysis of 3 resulted in the deposi-
tion of a film on the electrode. The electrocatalytic activity of
this film was also analyzed. While aqueous CoClz and complex
3 display similar bulk activity, the film resulting from decom-
position of 3 and the CoPi film both show differing activity, sug-
gesting that decomposition is not responsible for the catalysis
observed for solutions of 3 (See SI).10.15 To further corroborate
this conclusion, a ten-minute bulk electrolysis at 1.45 V vs. NHE
of a solution of complex 3 was performed at pH 7, followed by
the removal of the solution from the cell and insertion of fresh
electrolyte solution into the cell before collecting another CV
scan (See SI). The data show that the features associated with
electrochemical activity of complex 3 were not observed. How-
ever, an earlier electrocatalytic onset potential than a freshly-
cleaned electrode was observed. Taken together, these data
support the hypothesis that complex 3 operates as a molecular
water oxidation catalyst but decomposes under the applied
conditions to generate heterogeneous CoOx species that are
less active for water oxidation.

We have also carried out further studies on the film resulting
from the decomposition of complex 3. Characterization of this

deposit, prior to rinsing, was carried out via X-ray photoelec-
tron spectroscopy (XPS) and several control experiments. The
specifics of the measurements and findings are discussed in de-
tail in the SI, but in short, two main findings suggest that the
cobalt deposit is likely a cobalt oxide and not intact complex 3:
1) the peak positions of the Co 2p3,2 and Co 2p1/2 and their as-
sociated satellite peaks are similar to those expected for
Co2*/Co3* oxidation states observed in cobalt oxide materials,
and 2) the XPS measurements show alow N:Co ratio suggesting
that the majority of the deposited Co is not part of intact com-
plex 3 (See SI). Controlled potential electrolysis of the film im-
mediately after XPS analysis shows that the film is active for
water oxidation, though significantly less active than complex
3 consistent with previous observations. Furthermore, the
electrolysis of intentionally-deposited CoPi shows more activ-
ity than the decomposition product of complex 3, suggesting
that the decomposition film is not composed of CoPi. All the
control experiments performed here support that 3 operates
as a distinct homogeneous water oxidation catalyst that is un-
stable under electrolysis conditions resulting in the deposition
of a heterogeneous species, likely CoOx. As previously noted,52
56 it is still difficult to exclude completely the agency of some
heterogeneous species.

The activity of complex 3 and its comparison to the activity
of the previously-reported Py5 Co system 1 merits some dis-
cussion. The mechanism of catalysis for [(Py5)Coll(H20)]2+ is
proposed to involve an initial PCET to form [(Py5)Co!!(OH)]2+,
which occurs at ~0.5 V vs. NHE near pH 7. Subsequent catalytic
onset in this Py5 system occurs ~1 V more positive and is inde-
pendent of pH. The initially proposed mechanism based on ex-
perimental evidence invoked a rate-determining oxidation to
form [(Py5)Co!V(OH)]3*, which then rapidly reacts to generate
02 and regenerate [(Py5)Co!l(H20)]2+.4446 Alternative computa-
tional studies proposed a more nuanced mechanism that in-
volves the generation of [(Py5)Co(0)]?+ as the active interme-
diate for 0-O bond formation.4’” A key prediction from these
computational studies is that the formation of the
[(Py5)Co(0)]?* unit should occur via a pH dependent PCET
step. It is worthwhile to reiterate that this predicted pH de-
pendent catalytic wave was not experimentally observed.

We anticipated that a more-donating ligand scaffold would
move a pH-independent catalytic onset to milder, i.e. less posi-
tive, potentials. This tip(Me) system has been shown to be
more-donating than the previous Py5-based catalysts, as evi-
denced by the observed shifts in the Co!!/Co!!! redox potential
and increased O2-binding affinity. However, the onset of catal-
ysis occurs in the present imidazolyl-substituted system at
~1.4 V vs. NHE, which is comparable to the catalytic onset ob-
served in the Py5 system. A detailed comparison of the activi-
ties of catalysts 1 and 3 is difficult as we do not have a clear
mechanistic picture for either of these systems. Nonetheless,
we are able to note two important distinctions. First, under
identical solution and electrode conditions, the tetraimidazolyl
system is more active, with currents twice those observed in
the Py5 system between pH 8 and 8.5. Second, in the present
system the electrocatalytic activity shows a marked depend-
ence on pH. Indeed, plotting the catalytic peak potential vs. pH
shows a reasonable linear fit with a slope of 0.055 V/pH unit
(See SI). This value is close to that expected fora 1 e-/1 H* PCET
step.

To further probe the importance of proton transfer we per-
formed deuterium labeling studies. A significant decrease in
the catalytic peak current intensity is observed in D20 com-
pared to H20, providing a KIE value of ~6 (See SI). This obser-
vation supports that proton transfer is involved in the turnover



limiting step. Finally, we also wanted to investigate the poten-
tial involvement of phosphate in turnover as has been invoked
in atom-proton transfer (APT) type mechanisms.5” We varied
the concentration of phosphate under constant ionic strength
and observed an inhibitory effect (See SI). This argues against
an APT type mechanism, and may be consistent with competi-
tive phosphate binding.

These differences between the catalytic activity of 1 and 3, in
particular the dependence of the peak potential of the catalytic
wave on pH, suggests that there is a fundamental mechanistic
difference between the imidazolyl-substituted catalyst and the
previously studied pyridyl version. Indeed, it is reasonable that
slight perturbations in ligand design and operating conditions
may favor one of multiple competing mechanistic pathways. It
is difficult to concretely interpret mechanistic differences be-
tween these systems. We can speculate, however, on an expla-
nation for the different pH dependence observed for 1 and 3. In
the case of 1 the weak pyridine donor set may make oxidation
the turnover limiting step at all measured pH values. Alterna-
tively, the more donating imidazolyl scaffold in 3 makes oxida-
tion more facile and deprotonation more difficult. Faster oxida-
tion and slower deprotonation manifests in what may be a
turnover limiting PCET step in the catalysis instead of just an
oxidation. This would be consistent with the above-mentioned
theoretical proposals that invoke a PCET step to form a for-
mally Co(IV)-oxo intermediate which is then active for oxygen
evolution.4”

Conclusion

To summarize, we report a new cobalt-based water oxida-
tion catalyst capable of operating at neutral pH. Through a se-
ries of control experiments, catalysis was shown to be con-
sistent with an initial molecular species. Oxygen evolution
measurements verify the generation of Oz and suggest that
complex 3 operates with a high Faradaic efficiency. This cata-
lytic activity was enhanced when compared with the closely re-
lated Py5-based system. Furthermore, a marked dependence of
the electrocatalytic peak current on pH is observed. An alterna-
tive pathway for catalysis between 1 and 3 is likely, underscor-
ing how even slight structural changes may lead to different
catalytic mechanisms.

Experimental Details
Materials & Instrumentation

Manipulations of complex 3 were carried out under a dry N2
atmosphere using an mBraun Unilab Pro glove box. Labora-
tory-grade deionized water was used. Acetonitrile was dried on
a solvent purification system from Pure Process Technologies
before storing over 4 A molecular sieves under Nz. Tetrahydro-
furan (THF) was stirred over NaK alloy and passed through a
column of activated alumina before storing over 4 A sieves un-
der N2. Synthesis of tip(Me) was carried out using a procedure
modified from Tagaki, et. al. (see below).5! Unless otherwise
noted, reagents were obtained from commercial suppliers and
used without further purification.

1H NMR measurements were collected at room temperature
on a Bruker DRX 400 MHz spectrometer. X-band EPR spectra
were recorded on an Elexsys E500 Spectrometer with an Ox-
ford ESR 900 X-band cryostat and a Bruker Cold-Edge Stinger.
UV-Vis spectra were collected on a Thermo Scientific Evolution
300 UV-Vis spectrometer. X-ray photoelectron spectroscopy
(XPS) measurements were conducted using a Kratos Ultra XPS

instrument with a monochromatic Al X-ray source operating at
8 mA and 14 kV. All XPS data was analyzed using CasaXPS ver-
sion 2.3.17 (Casa Software, Ltd.). Cyclic Voltammograms (CVs)
were collected using a BAS Epsilon potentiostat and analyzed
using BAS Epsilon software version 1.40.67NT. CV traces were
analyzed in Origin (OriginLab, Northampton, MA) and
smoothed as appropriate using the 5 points adjacent averaging
function. Controlled-potential electrolyses were conducted us-
ing a Bio-Logic SP200 potentiostat, and data were recorded us-
ing the Bio-Logic EC-Lab V10.44 software package.

Synthesis of 2,6-bis(bis(2-imidazolyl)-methanol)pyridine
(tip(Me)). 1-methylimidazole (3.3 g, 40 mmol) was dissolved
in 250 mL THF under an inert atmosphere and cooled to -78
°C. A solution of n-butyllithium (2.5 M in hexanes, 16 mL, 40
mmol) was added and the mixture stirred for 45 minutes. Di-
ethyl 2,6-pyridinedicarboxylate (2.23 g, 10 mmol), prepared
according to literature procedures,58 was added as a solution in
THF and the reaction mixture was stirred overnight. The reac-
tion mixture was pumped down to an off-white solid and dis-
solved in MeOH. NH4NO3 (3.20 g, 40 mmol) was dissolved in a
minimal amount of de-ionized H20 and added to the solution.
MeOH was removed in vacuo, and the resulting solution was ex-
tracted with DCM and the organic layer dried using MgSO4. The
solvent was removed, and the ligand was recrystallized twice
by layering CHCI3 and hexanes. Pure off-white solid was ob-
tained after washing with hot toluene (2.013 g, 4.38 mmol,
43.6%). The properties of tip(Me) are identical to those previ-
ously reported.52 1H NMR (400 MHz; CDCl3 §): 7.87 (1H, t, py-
4H), 7.63 (2H, d, py-3,5H), 6.90 (4H, d, im-4H), 6.81 (4H, d, im-
5H), 6.12 (2H, s, OH), 3.16 (12H, s, CH3).

Synthesis of [Coll(tip(Me))(MeCN)](0OTf)z (3). A slurry of
tip(Me) (0.100 g, 0.218 mmol) in 5 mL of acetonitrile was
slowly added to a 5 mL acetonitrile solution of
[Co'(MeCN)s6](0OTH)2 (0.132 g 0.219 mmol).
[Co!l(MeCN)¢](OTf)2 was prepared following a literature proce-
dure.5? The resulting solution was stirred at room temperature
for one hour and then purified by layering Et20 on top of a con-
centrated solution of complex 3 in acetonitrile. An analytically-
pure crystalline light orange solid was obtained after 12 hours
(0.165 g, 0.192 mmol, 88%). 'H NMR (400 MHz; CDsCN §):
73.16 (4H, s), 42.31 (4H, s), 28.60 (2H, s, py-3,5H), 26.83 (12H,
s, CH3), -13.04 (1H, s, py-4H). ESI-MS m/z 259.2
[Coll(tip(Me))]?+.  Elemental analysis: expected for
CoC27H28N1008F6S2: % C: 37.81; N, 16.34; H, 3.30. Found: % C,
37.46; N, 16.16; H, 3.33.

[Colli(tip(Me))(027)](0Tf)2 (4): Complex 4 was not isolated,
but was instead generated in situ for each experiment. The gen-
eration of complex 4 can be easily identified by the color of the
solution: complex 3 is colorless in an air-free solution, while
complex 4 is a deep red. For spectroscopic measurements, ox-
ygen was bubbled through a solution of complex 3. The prop-
erties of complex 4 are analogous to those previously reported
for the corresponding NO3- salt.50.51

Procedure for UV-Vis Measurements: Samples were pre-
pared by beginning with a 15 mM solution of 3 under an inert
atmosphere. This solution (2-3 mL) was transferred into a gas-
tight cuvette with a septum to allow gas addition. Spectra were
collected after the sequential addition of approximately 2
equivalents of Oz via a gastight syringe until a total of 10 equiv-
alents of Oz had been added. The solution was purged with N2
by passing N2 gas through the solution for 5 minutes, and an-
other spectrum was collected.

Procedure for Cyclic Voltammetry (CV) Measurements: All
cyclic voltammetry scans were collected in triplicate at a scan



rate of 50 mV/s and referenced using an Ag/AgCl electrode
with a porous Teflon tip stored in a 1M KCl solution. A glassy
carbon working electrode with a 3 mm diameter was used and
polished with alumina before each scan, and a platinum wire
was used as the counter electrode. Sodium phosphate (NaPi)
buffer stock solutions were prepared using sodium monobasic
phosphate (NaH2PO4) and sodium dibasic phosphate (Na-
HPO4). The pH of each stock solution was adjusted using NaOH
or HCl as appropriate and confirmed using a 3-point calibrated
Mettler Toledo FiveEasy pH meter. Solutions were deoxygen-
ated as necessary by passing Nz gas through both stock and ex-
perimental solutions before performing each experiment. For
all variable pH experiments, a 0.5 mM solution of complex 3
was prepared by dissolving 3 in 0.1 M NaPi buffer at the desired
pH. Scans of these solutions were collected under Nz. For the
two rinse test experiments, the following procedure was used:
first, a scan of deoxygenated 0.1 M NaPi buffer solution at pH 7
was collected under N2. A separate solution of 0.5 mM complex
3 was prepared using a 0.1M NaPi buffer solution at pH 7, and
either a CV or a controlled potential electrolysis scan of this so-
lution at 1.25 V vs. Ag/AgCl was collected under Nz. In both
cases, after the experiment the glassy carbon working elec-
trode was rinsed with water but was not polished with alumina
before collecting another scan of deoxygenated 0.1 M NaPi
buffer solution at pH 7 under N2. For all poisoning experiments,
the following procedure was used: a 2.0 mM stock solution of
complex 3 was prepared using 0.1 M NaPi buffer at pH 7. A 2.0
mM stock solution of 2,2’-bipyridine poison was prepared us-
ing 0.1 M NaPibuffer at pH 7. These two stock solutions and the
0.1 M NaPi buffer solution were combined in proportions ap-
propriate to obtain 0, 1, 2, or 3 equivalents of the 2,2’-bipyri-
dine poison relative to complex 3. Scans of the resulting solu-
tions were collected under Nz. For KIE experiments, a stock so-
lution of 0.1 M NaPi buffer was prepared in D20 at pD 8.5. The
pD was measured using a Mettler Toledo FiveEasy pH meter
and verified by aligning the E1/2 of the Co!!/Co!!! couples in D20
to those measured in H20. A 0.5 mM solution of complex 3 was
prepared by dissolving 3 in the D20 NaPi stock solution. Scans
were collected under Nz. The KIE was calculated from
(in20/ip20)? since kcat is proportional to ict?. For the measure-
ments with variable buffer concentration, a stock solution of
pH 8.5 NaPi buffer was prepared at the desired concentration
of HPO42~ (0.095 M, 0.060 M, or 0.030 M) and NaCl was added
to maintain an ionic strength of 0.29 M. A 0.5 mM solution of 3
was prepared by dissolving 3 in the appropriate buffer and CV
scans were collected in triplicate under No.

Procedure for Oxygen Evolution and Controlled Potential
Electrolysis Measurements

Dissolved Oz evolved during controlled-potential electro-
lyses was quantified using a Unisense Microsensor Monometer
equipped with an 0x-500 oxygen probe. A three-point calibra-
tion was established with Nz-sparged (0%), air-saturated
(20.8% 032), and O2-sparged (100%) solutions. The dissolved
02 concentration in solution at 20°C was determined from a lin-
ear interpolation of solubility data reported at 20°C: [02]air-satu-
rated = 0.26 mM and [Oz]oxygen»saturated =1.25 mM in pH 7 bulffer.
Controlled-potential electrolyses were conducted in a custom
two-compartment H-cell shown in the SI. The first compart-
ment was airtight and contained a 0.25 cm diameter glassy-car-
bon rod working electrode with ~3 cm in contact with electro-
lyte solution (~4.9 cm? surface area), Ag/AgCl reference elec-
trode (CH-Instruments), a small stir bar, and an 0x-500 oxygen
probe (Unisense A/S) with a total volume of 54 mL. The second
compartment contained a Pt mesh counter electrode (Alfa Ae-
sar). The two compartments were separated by a Nafion 117

membrane (t= 0.007 in., Sigma-Aldrich). Both compartments
were filled with air-saturated 0.1 M NaPi solution. The first
compartment was filled specifically such that there was no ap-
preciable headspace. The concentration of dissolved Oz was
monitored for 10 min at open circuit potential (OCP), followed
by a controlled potential electrolysis of complex 3, where the
potential was held at 1.25 V vs Ag/AgCl for 10 min passing a
total charge of ca. 2.5 C. The Oz produced was calculated by tak-
ing the difference between the measured equilibrated Oz con-
centration five minutes after the end of the electrolysis and the
background Oz (at OCP). The Faradaic efficiency was calculated
by taking the increase of the dissolved O: divided by the theo-
retical value calculated from the total charge passed. Control
experiments were carried out using the same procedure (See
SI).

Procedure for X-ray Photoelectron Spectrum (XPS) Meas-
urements. XPS spectra were acquired on a Kratos Axis Ultra
XPS with a monochromatic Al Ka X-ray source (1486.7 eV) op-
erating at 8 mA and 14 kV. The peak positions of the XPS peaks
were referenced against the graphitic/advantageous carbon
peak that occurred at 284.8 eV. Any charging effects during
data acquisition were compensated using an electron flood
gun. Survey scans were collected using a pass energy of 160
and step size of 1 eV (See SI). High-resolution core scans were
collected at a pass energy of 20 and step size of 0.1 eV (See SI).
For the quantitative determination of that elemental ratios,
peaks from high-resolution XPS core scans were fitted to sym-
metric Voigt line shapes composed of Gaussian (70%) and Lo-
rentzian (30%) functions with a Shirley background using the
CasaXPS version 2.3.17 software (Casa Software Ltd). Ele-
mental ratios were calculated by quantifying the total peak
area in the N 1s region, the O 1s region, the Co 2p3,2 peak and
associated shake-up peak, the Na 2s region, the P 2ps,2 peak,
and the C 1s region and dividing by their respective relative
sensitivity factors (as tabulated for the Kratos Ultra XPS instru-
ment). The ratio of the resulting corrected peak areas is shown
in Table S2 with the Co peak area set to 1.
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A previously reported cobalt complex featuring a tetraimidazolyl-substituted pyridine chelate is an active water ox-
idation electrocatalyst with moderate overpotential at pH 7. Cyclic voltammetry measurements confirm that the imid-
azolyl donors result in a more electron-rich Co center when compared with previous pyridine-based systems. The pri-
mary changes in electrocatalytic behavior of the present case are enhanced activity at lower pH and a marked depend-
ence of catalytic activity on pH.
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