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Do multinuclear 3d metal catalysts achieve O-O bond
formation via radical coupling or via water
nucleophilic attack? WNA leads the way in [CosO4]""

Roman Ezhov,! Alireza Karbakhsh Ravari,” Gabriel Bury," Paul F. Smith,? and Yulia Pushkar'3*

SUMMARY

Catalytic water oxidation is a required process for clean energy pro-
duction based on the concept of artificial photosynthesis. Here, we
provide in situ spectroscopic and computational analysis for the
closest known photosystem Il analog, [Cos0,4]"* ([Co4O4Py4Ac4]°,
Py = pyridine and Ac = CH3COO "), which catalyzes electrochemical
water oxidation. In situ extended X-ray absorption fine structure de-
tects an ultrashort, Co'V=0 (~1.67 A) moiety, a crucial intermediate
for O-O bond formation. Density function theory analyses show that
the intermediate has two Co'V centers and a Co'V=0 unit of strong
radicaloid character sufficient to support a Co'V=0 + H,O = Co-
OOH + H* transition, where the carboxyl ligand accepts the proton
and the bridging oxygen stabilizes the peroxide via hydrogen
bonding. The proposed water nucleophilic attack mechanism
accounts for all prior spectroscopic evidence on the Co,04** core.
Our results are important for the design and development of effi-
cient water oxidation catalysts, which contribute to the ultimate
goal of clean energy from artificial photosynthesis.

INTRODUCTION

The oxidation of water is a key half-reaction necessary for supporting a variety of
reduction processes such as H, or methanol production, CO; reduction, and nitro-
gen fixation." These processes are needed to produce sustainable carbon-neutral
fuels and support a COz-neutral chemical industry. The oxygen-evolving half-reac-
tion is accomplished in nature via the CaMnsOs heterocubane oxygen-evolving
complex (OEC) of photosystem Il (PS II), and the ultimate goal in the design of arti-
ficial photosynthesis water oxidation catalysts is to develop a catalyst with compara-
ble efficiency. Currently, water oxidation electrocatalysts consist of noble-metal
oxides, such as IrO; and RuOy, because of their high stability in acid, small overpo-
tential, and low Tafel value.?”* However, the application of precious-metal-based
catalysts on an industrial scale is cost prohibitive. To make this process more
economically viable, oxygen evolution and reduction catalysts have been developed
with Earth-abundant metals.*” Water oxidation reaction (WOR) electrocatalysts

based on transition-metal oxides have been extensively studied.'®"?

Cobalt (Co) cubanes bearing the [Co,04]"" oxo-metalate cluster have been of sub-
stantial interest for several reasons: (1) structural similarity to the heterocubane OEC
responsible for water oxidation in natural photosynthesis7'13’16, (2) representation of
asingle, partial unit cell matching the structural motif of several crystalline heteroge-
neous water oxidation Co-based catalysts, such as Co30,4 and LiCoO,,"*°and (3) a
widely used model structure for the highly active amorphous “Co-Pi” Co oxide

The bigger picture

With increasing energy demand,
widespread implementation of
water splitting to Hy is of critical
importance for artificial
photosynthesis and sustainability,
but the oxidation half-reaction
2H,0 — O, + 4e™ + 4H" requires
either an energy input that is too
high (high overpotential) or the
use of expensive precious metals.
The development of fast,
inexpensive, and durable water
oxidation catalysts (WOCs) is
necessary for future sunlight-to-
chemical-fuel devices.

Cobalt-oxide-based WOCs
comprising the Co,O4 cubane
motif are currently the systems
most structurally and functionally
close to the oxygen evolving
complex (MnsCaO) of
photosystem Il active in nature.
For future development, an exact
mechanism of water splitting
should be clarified. Here, we
present an experimental
detection of a Co'V=0 moiety
during water oxidation with a
Co0404PysAc, molecular catalyst.
This observation, supported by
density functional theory
modeling, develops an
understanding of the water
nucleophilic attack mechanism in
this material.
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Figure 1. O-O bond formation in Co,0,4 cubane
(A) Structure of the [Co4OAPy4Ac4]O (1) water oxidation catalyst.

(B) O-O bond formation via the geminal hydroxide on the Co center.
(C) O-0O bond formation via radical coupling at adjacent Co centers in the high oxidation state.

Chem Catalysis

(D) Water nucleophilic attack mechanism proposed in this study of (1)-catalyzed WOR during bulk electrolysis at pH 12. In the middle is the DFT model of
the [Co"',04C0"V=0/Co"(CH3CO2)monol® active intermediate with a spin-density distribution showing the strong radicaloid character of the Co'V=0
unit. Peroxide formation is facilitated by two H bonds, such that the carboxyl accepts a proton and a bridging oxygen stabilizes the peroxide.

catalyst.”?'~?° The question of whether the single, molecular cubane is itself a cata-
lyst has been affirmatively answered only recently for [Co4O4Py4Acsl® (1) (Figure 1A)
given that studies reported prior to 2014 were found to be affected by the presence
of catalytically active impurities.”® Since the report of the purification procedure, the
Tilley?” and Dismukes?® groups both showed that (1) was able to promote WOR only
at basic pH (pH ~12) because the crucial process necessary for the one-electron
oxidized [Co404(OAC)4(py)al” (1) inducing a WOR catalytic cycle is coordination
of the hydroxyl ion (OH™) to its Co center. The likely molecular nature of O, evolution
from (1) in photocatalytic assays was also shown by Genoni et al.?’ and, more
recently, in an operando spectroscopy study by Liu and Frei,”® who detected the
O-0 intermediate. Elucidating the mechanism of the O-O bond formation in such
catalysts is crucial to the development of artificial photosynthesis.

Catalytic mechanisms of (1) have been studied with UV-visible spectroscopy, electron
paramagnetic resonance (EPR), mass spectrometry, X-ray spectroscopy, density
functional theory (DFT) calculations, and O, evolution measurements at different
pH and isotopically labeled reagents.?’-?%31-3 Different conformations of the mixed
Co"/Co" cubane intermediates and the O-O-forming units of molecular Co-based
catalysts have been discussed previously (Figures 1B and 1C).?%?%#8:30:32735 Seyeral
assumptions about the architecture of the [Co4O4]"" cluster bearing highly oxidized
Co=0 species during WOR have been made (Figure 1C), and a majority of works pro-
pose participation of the neighboring Co—Co di-p-oxo moieties in high oxidation
states (presumably CoV=0) during the formation of peroxo species and O; release
(Figure 1C). Generally, formation of the high-valent metal-oxo species is considered

a key factor in catalyst activation for oxidation reactions, including WOR.*¢%?

Mechanistic observations and proposals are more diverse for different metal-oxide
systems. Here, both water nucleophilic attack (WNA) and radical coupling (RC) were
widely considered. For instance, the formation of Fe=O species followed by WNA is
claimed to be responsible for the water oxidation activity of iron-oxide-based
WOCs.*** The peroxo intermediates of Co oxides, bearing a [Co,404] structural
unit, were detected by different infrared (IR) spectroscopic techniques.*>*’ In addi-
tion to the Co"/Co" formation followed by RC to form the peroxo unit,”**” the
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possibilities of Co"'/Co" and cofacial hydroxo-oxo species Co"(OH)/Co'" have been
considered.”**?*® A similar conformational motif of edge-site catalysis was pro-
posed for the electrocatalytic intermediates of the Co oxides and Co-Pi catalytic
films.?*73° This literature overview shows that, in contrast to diverse mechanistic pro-
posals in heterogeneous systems, a mechanism consisting of RC significantly dom-
inates the discussion of the catalytic activity of the molecular cubane (1). Reactivity
proposals that would prefer a WNA instead are limited to calculations’ or only
partially supported.®® Alternatively, the possible formation of a side-on peroxo
unit on a Co"" metal center (geminal 1,1-intermediate) was concluded after the
lack of activity of its bpy (2,2-bipyridine) analog, where such a conformation is
impossible (Figure 1B). This mechanism suggests that after OH™-promoted hydroly-
sis of the Co—OAc site, formation of the Co(OH), intermediates occurs. Then, these
1,1-(gem)-dihydroxo species undergo oxidation by (1)*, followed by O, release.”®

Although the formation of Co'V=0 species as a key intermediate was hypothesized
in all of the mechanistic schemes for (1) (Figure 1C), these oxo species have never
been observed previously. Here, we present in situ X-ray absorption spectroscopy
(XAS) and extended X-ray absorption fine structure (EXAFS) detection of the CoV=0
fragment, supported by EPR and DFT analysis, to uncover the structure of the reac-
tive intermediates in WOR catalyzed by (1). Co=0O species are extremely elusive,
highlighting the concept of the “oxo wall,” an empirical observation of the scarcity
of M=O (M is a transition metal) complexes beyond group 8 of the periodic table.
These species have been reported only in exceptional cases, mostly in pyrolytic
transformations of Co-based complexes.?**’~*" Our direct observation confirms
the generation of the Co"V=0 intermediate in WOR promoted by (1); subsequent
DFT and EPR analysis highlights its ability to directly activate water via WNA, a
new mechanistic observation for the field. We also compare the [C04O04]"" unit to
the OEC of PS Il during WOR.

RESULTS AND DISCUSSION

In situ XAS

In this study, we determined the presence of the Co'V=0 intermediate by using in situ
X-ray absorption near-edge structure (XANES) and EXAFS during electrochemical
WOR of purified (1) at 1.4 V versus Ag/AgCl potential in a basic water solution (pH
12) fora prolonged time (8 h) (Figures 2A and 2B and Table S1). While rate law studies
for (1) have been performed down to pH 11, the hydroxide contribution to the rate law
renders the reaction too kinetically slow below this value. Thus, in agreement with
earlier mechanistic studies of (1), pH 12 was used. XAS measurements were per-
formed for (1) initial (1), (2) (1) oxidized under noncatalytic conditions with cerium(IV)
ammonium nitrate (Ce') at pH 1 (measured at 20 K) (Figure S1), and for the first time,
(3) under catalytic conditions via in situ bulk electrolysis (BE) of (1) at pH 12 (Figures 2A
and 2B). All the necessary controls were done to ensure that catalytic current was
caused by the presence of (1), and in particular, the baseline current without (1)
was ~10 times lower, and the working electrode after the BE experiment was Co
free by X-ray fluorescence, in agreement with prior electrocatalysis studies of the pu-
rified cubane?’. Experiments were done during multiple beam times to ensure repro-
ducibility. The resulting data show a shift to higher energy and shape change of the
Co K-edge (Figures 2A and S1) under both catalytic and noncatalytic oxidation. No
changes in multiple EXAFS scans of the initial solution prior to the BE were observed.
This indicates no detectable X-ray-induced photodecomposition of the catalyst un-
der the defocused X-ray beam used in the study.”? In addition, no precipitate or
film deposition was observed on the X-ray beam pathway during BE.
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Figure 2. XAS spectroscopy of (1) and its oxidized intermediates

(A) Co K-edge XANES of (1) as a starting powder (red), its solution at pH 12 before BE electrolysis
(green), and its solution during the electrolysis at pH 12 with 1.4 V potential versus Ag/AgCl after
prolonged time (black).

(B) EXAFS data and corresponding best fits (dashed lines; Tables S1 and S3) of (1) as a powder (red),
its solution during BE electrolysis (black), and its solution oxidized with Ce'V (blue) and measured in
a cryostat (20 K).

Compound (1) contains four Co"'ions, whereas (1)* has a single Co", which trans-
lates to an ~0.4 eV positive shift in Co K-edge XANES®® (Figure S1). However, the
Co K-edge XANES measured during BE of (1) in water at pH 12 (Figure 2A) has ~1
eV K-edge shift compared with the dissolved, all-Co"' cubane. This is consistent
with the formation of a [Co',Co'Y5] intermediate, comparable to that reported
earlier for electrolysis in CH3CN.?* Oxidation of (1)* to the [Co",Co" ;04" state
is predicted from DFT calculations to take place at approximately +1.4-1.5V (Tables
S2 and S3) in nonprotic solvents and was reproduced here with experimental cyclic
voltammetry data (Figure S3). In addition, the XANES spectral shape changes, with
the top of the edge becoming pointier (Figure 2A). This change indicates a potential
geometric change in the cluster and change in the form of the cluster frontier’s or-
bitals. EPR analysis of the samples quickly frozen in liquid N from the in situ cell dur-
ing prolonged BE under applied potential indicates mostly EPR-silent species,
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Figure 3. X-band EPR at 20 K

(A) 1 mM solution of (1)* (blue) in comparison with 1 mM solution of (1) (black) subjected to BE at pH
12 with 1.4 V potential versus Ag/AgCl after prolonged time (black) and quickly frozen for EPR
analysis. The spectra are presented on the same intensity scale.

(B) The same comparison but the EPR intensity of the BE sample is magnified 100 times.

agreeing with the [Co™,Co',] oxidation state assignment (Figures 3A and 3B) (see
below for a detailed description of the EPR results).

EXAFS analysis indicates considerable changes in the structure of (1) at pH 12 and
the applied potential (Figure 2B). Note that EXAFS data were collected in an
extended k > 15 A" range to ensure the best distance resolution. EXAFS fits of
the initial (1) and (1)* formed by Ce'"V oxidation agree with known structures of these
species (Table S4, Figure S2). The first coordination sphere of Co comprises oxygens
as pz-oxo bridges, expected Co-O at ~1.85 A, and asingle nitrogen ligand from pyr-
idine with Co-N at ~1.90 A. However, to achieve satisfactory EXAFS fits of the in situ
data, the addition of a short ~1.65-1.70 A Co-O vector is required (Table S1). This
distance agrees well with the DFT model of [Co",0,C0"V=0/Co™(CH3CO)moncl®
(Tables 1 and S5, Figure 1D) and is comparable to the shortest Co=O bond length
isolated to date at 1.72 A.* For Co—O at ~1.67 A, both n = 0.25 and n = 0.5 vectors
give similar fit results. Note that N is not a coordination number but a parameter of
the EXAFS fit, which is defined as n = (humber of Co-X vectors)/(number of Co ions in
the molecule). Thus, n = 0.25 corresponds to the presence of a single Co''=0 unit
per [Co,04]"", while n = 0.5 would require two Co'V=0 units per [Co,04]"". EXAFS
fits cannot distinguish whether the intermediate has one or two Co'V=0 units, while a
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Table 1. DFT analysis of O-O bond formation by (1)>* (Co"',Co',) state of the Co40,-cubane

Reactions of O-O bond formation AG (eV)
BP86
TCo",04C0"VY=0/Co™(CH3CO)mono + H20 = 5Ca"';0,4Co0"-O0H/Co"(CH3CO2H)mono +0.92
TCo",04C0"=0/Co™(CH3CO2)mono/H20 = SCo",04Co"-O0H/Co"(CH5COH)mono +1.12
TC0",04C0"=0/Co"(CH3CO2)mono = *Co"'304C0"(OOC(O)CH3)bridging +0.56
TCo",04C0"=0/Co™(CH3CO)mone/H20/OH™ = SCo™,0,Co"-O0H/Co"™(CH3CO2)mono/H20 —0.61
BP86 with 15% Hartree Fock
TCo",04C0"=0/Co(CH3CO2)mono + H20 = Co",0,Co0"-O0H/Co™(CH3COH)mono —0.55
TCo",0,4C0"=0/Co™(CH5CO)mone/H20 = 5Co'"',04Co"-OOH/Co"(CH3COH)mono —0.19
Additional oxidation reactions Redox potential (eV)
TC0",04C0"Y=0/Co™(CH3CO2)mono/H20 = PCo"0,C0"V=0/Co", Co™(CH3CO2)mono/H20 + e~ +0.86
5Co'",0,4Co0"-O0OH/Co"(CH3COH)mono = PCo™",04C0"Y-O0H/Co"(CH3COH)mono + €~ +0.12

higher number of units is unlikely. A DFT model for Co"',04C0"=0/Co"=0 species
(Figure 1C and Tables 1 and S5), widely discussed in mechanistic proposals as the
one forming a O-O bond via an RC mechanism, does not agree with our EXAFS re-
sults, as it predicts Co-O at ~1.75 A (see Table S1). Thus, combined spectroscopic
and DFT data indicate a strong preference for a single Co"V=0 unit per [CosO4"™"
due to (1) energetic penalty of complete acetate ligand dissociation (see “DFT anal-
ysis” and Equation S1), (2) discrepancy in the Co-O bond length for species with two
Co-oxo, and (3) lack of experimental observation of full acetate dissociation. From
our prior experience, fitting short metal-oxygen distances to EXAFS data that do
not have such interactions always results in worse fits. For instance, fitting a Co=0
vector at ~1.7 A to initial (1) or to (1)* resulted in significantly worse fits (data not
shown). Our DFT analysis (below) shows that one Co'V=0 fragment per [Co404]""
may enable O-O bond formation. DFT of a [Co"5,04C0"V=0/Co™(CH3CO)monol’
model (Figure 1D, intermediate 2) also predicts two groups of Co-Co distances:
one shorter (~2.73 A) and one longer (~2.86-2.91 A). EXAFS fits improve if the
Co-Co vector is split into two shells (Table S1).

In situ EPR

Oxidation of (1) by one electron results in the well-known paramagnetic (S = 1/2) cubium
signal (1)*.?° This signal can be produced by oxidation with Ce'¥ at acidic pH or by BE at
neutral pH ~ 7, where the catalyst is inactive (Figure S5). EPR samples from BE in pH 12
solution at 1.4 V versus Ag/AgCl electrode (concentration of (1) 1 mM) were quickly
frozen and compared by X-band EPR at 20 K with solution of (1)" of the same concen-
tration (Figures 3A and 3B). BE samples were largely EPR silent (lost at least ~90% of the
EPR signal; only one sample is shown in Figure 3A), except for the background, due to
frozen oxygen, which evolves vigorously under BE conditions, and new signal described
below (can be seen under 100x magnification). Loss of S = 1/2 EPR signal is consistent
with XAS data, ensuring oxidation to the (1)** state. (1)2* can have an EPR-undetectable
[C0",04C0"=0/C0"(CH3CO2)monol’ form (S = 0 or S = 1; Table S5), as discussed
below, based on XAS analysis and DFT. Traces of cubium (1)* signal are detected
upon sample melting (data not shown). A zoomed view (X 100 magnification) into the
black curve in Figure 3A shows a new, short-lived (as it disappears with sample melting)
S=1/2signal (Figure 3B, black). The signal maximumisatg ~ 2.08 and has a g,, compo-
nent centered around g ~ 1.80. The g-tensor values near g ~ 2 indicate a significant
electron localization on the ligand. Low g-tensor values were previously reported for
Co"-0,™ superoxo complexes.”®? We cannot exclude that additional structure in
the signal, in particular around g,,, belongs to a rather large (50-60 G) 5Co (I = 7/2)
hfs. Low content (a few percent) of the signal, large frozen O, backgrounds due to
high activity of this catalyst, and the short-lived nature of this new S = 1/2 signal
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prevented its further analysis. Currently, we cannot exclude that two EPR signals can be
present in this range with different >’Co (I = 7/2) hyperfine splitting. For completeness,
below we provide DFT computed *’Co hfs and show that large *Co (I = 7/2) hfs is
possible for CoV~OOH terminal peroxo species.

DFT analysis

It is experimentally established that Co"',Co'Y; is a catalytically competent state.
Multiple potential mechanisms for O-O formation by [Co4O4]"" cubane have been
discussed (Figures 1B and 1C).13:14.23.27,28,31.36,53 Thg experimental consensus
that bridging oxygens do not exchange under catalytic conditions suggests that
O-0 bond formation involving bridging oxygens should not be considered.

The [Co",Co0"Y,]?* cubane generated in nonaqueous solutions can be in a triplet (S =
1) or a singlet state (S = 0), which are energetically equal.23 In situ XANES at pH 12 in
water confirms the Co'",Co'V, intermediate. EXAFS data indicate that at pH 12 the
intermediate contains at least one Co'V=0 group. The minimally modified structure
where this group can be achieved is [Co"',0,4C0"=0/Co™(CH3CO2)monol’, where
the single bridging acetate becomes a terminal ligand (Figure 1D). Prior studies of
WNA mechanisms highlighted the benefit of a base (acetate is one example) for
structural stabilization and energy lowering via H bonds.?®** Intramolecular H
bonding was noted as a prevalent stabilizing force for water molecules terminally
binding metals in some WOC systems.55 For the [Co™,0,4C0"V=0/Co(CH;CO,)-
monolC structure, the triplet state is ~0.7 eV lower in energy than the singlet (Table
S5). DFT-computed Co"=0 in this intermediate (~1.675 A) matches well the Co—
O distance (~1.67 A) detected in EXAFS (Table S1). Differences in Co—O distances
computed with three DFT approaches are insignificant (~1.67 A with BP86,
~1.66 A with B3LYP, and ~1.61 A with BP86 + 15% HF). Co-Co distances that are
separated into two groups, the shorter (~2.73 A) and the longer (~2.85 A), also
match the DFT model (Table S1).

A recent time-resolved rapid-scan IR observation of photo-oxidized cubane at pH
12.3 indicates no free acetate under reaction conditions, suggesting that all acetates
remain at least as the terminal ligands to the cubane.®® In the same study, an
~833 cm™" band was assigned to the Co-OO-Co peroxo species bridging two
Co centers. These two observations are challenging to reconcile, given that the
Co-O0O-Co species were proposed following oxidation in water by a cubane having
dissociated an acetate, as offered in a recently proposed mechanism.>? Either the
bridging species would need to be generated by isomerization following coordina-
tion of second water to an adjacent Co, as offered by Liu and Frei*°, or the 833 cm ™'

band is an O-0 vibration of different geometry.

In considering an alternative, a prior report has shown that the structural analog
[(30404(bpy)4Ac2]2+ is not an active catalyst under the same conditions; in that inter-
pretation, the proposed mechanism called for a side-on peroxide formation from
Co(OH), geminal sites (Figure 1 B).%® Notably, the two cubanes do not exhibit similar
redox potentials to access Co",Co"Y;, in acetonitrile solvent® (Table $3). Cyclic vol-
tammogram data for (1) in acetonitrile has confirmed the earlier result®® (Figure S3),
while in the same electrochemical window the bpy analog reversibly oxidizes only
once at approximately +0.71 V.4°¢ Hence, oxidation of the bpy derivative requires
greater energy input, likely due to its positive charge. DFT calculations confirm this
effect (Table S3). Note that protic solvents are known to form hydrogen (H) bonds to
the cubane p3-oxos, reducing donation to Co and raising the potentials in aqueous
solution.”® This effect causes (1) and the bpy analog to reach the Co"'3Co0" level at
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identical potentials in water. Nonetheless, the Co"',Co"; level was observed for (1)
and remains undetected for the bpy analog, potentially explaining its lack of cata-
lytic activity without necessarily requiring a geminal, side-on mechanism.

Considering the aforementioned observations and contradictions, we explored the
reaction of [Co",0,C0"V=0/Co(CH3CO)monol® with water via the WNA mecha-
nism, which has negative (—0.27 eV) AG in the calculations done with 15% Hartree
Fock exchange (Tables 1 and S6 and Figure 1D). Multiple research groups have
noted that inclusion of a variable percentage of Hartree Fock exchange stabilizes
the peroxide species in PS I OEC.>’~* In O-0 bond formation with the [Co,04]
cubane, the terminal acetate acts as a proton acceptor group. A barrier of
approximately +0.9 eV is estimated for the computed WNA process (Tables Sé6
and S7, Figure S4, and Video S1; see supplemental information for details). Addi-
tional driving force can be provided by proton removal at pH 12 and oxidation of
formed Co"'304,C0"-O0H to Co"'30,CoY(OOH). This should require a moderate
potential (Table 1) while shifting the equilibrium toward a peroxo form. Direct OH™
hydroxide ion reaction with Co'V=0 in [Co",04C0"Y=0/Co™(CH3CO2)monol° is also
thermodynamically possible (Table 1). The ratio of Co'V=0 reactivity via direct wa-
ter (~55 M) activation or via reaction with OH™ (~0.01 M at pH 12) is dependent on
the reactant availability and reaction barrier.

Direct involvement of oxygen-containing ligands such as N-oxides and carboxylates
into O-O bond formation was proposed for some water oxidation catalysts.®%"
Currently, experimental confirmation of the direct carboxylate ligand involvement
in O-O bond formation is lacking. Nevertheless, for complete analysis of all possible
pathways, the S[Co”'304Co”'(OOC(O)CH3)brid9mg]o product of O-O bond formation
was computed (Table 1). Energetically, this pathway is similar to WNA but was not

further investigated pending experimental evidence.

DFT-computed spectroscopic properties of proposed intermediates are summa-
rized in Table 2. The computed O-OH vibration in S[Co",04Co"-O0OH/Co"(CH5.
COH)monol® peroxide is ~762 cm™! and is insensitive to O—OH to O-OD exchange
(Table 2). Thus, this type of end-on peroxide also agrees with reported Fourier
transform infrared (FTIR) spectroscopy.30 O-OH vibration (~807 cm™") of the
oxidized [Co",0,CoV-O0OH/Co"(CH3COH)mono]™ form is highly plausible under
applied potential and agrees better with the FTIR experiment. Deprotonation of
carboxylate ligand, plausible at pH 12 (Table S8), shifts the computed O-O vibra-
tion further to ~875 cm ™' (Table 2). Both [Co'"204Co0""~O0H/Co"(CH3CO2H)monol°
and [Co"',0,Co"-O0OH/Co"(CH3CO)monol* result in O-0 vibrational frequencies
very close (taking into account ~50 cm™" uncertainty of calculations) to the exper-
imentally reported ~833 cm ™" frequency.?® DFT-computed *?Co hyperfine splitting
is presented for completeness for S = 1/2 species (Table 2). Considering pH and
applied potential, we conclude that [Co",04CoV-OOH/Co"(CH3CO)monol® is a
likely peroxo intermediate with spectroscopic properties matching FTIR. DFT pre-
dicts a weak driving force for its deprotonation forming [Co",0,CoV-00/
Co™(CH3CO)monol ™ (Table S8). [Co",04C0"M-00/Co™(CH3CO)monol ™ is pre-
dicted to have smaller 5?Co hfs on the order of 15-22 G (Table 2) because of
the larger spin density localization on the —OO superoxo fragment. This is an
end-on peroxo intermediate, while the attempts to produce side-on peroxide
have led toward the end-on state.

We computed the bridging peroxide (Co",04C0"-00-Co'") that was proposed to
explain FTIR results,*® but obtained ~718 cm™". This O-O bond frequency significantly
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Table 2. DFT-computed key spectroscopic characteristics of the reactive intermediates in BE of (1) in water solution at pH 12 at 1.4 V versus

Ag/AgCl applied potential

Intermediate (°*?Co hfs in gauss for S = 1/2 species) Vibration (HF) Isotope shift®

TCo",04C0"=0/Co™(CH3CO ) mono Co=0:744 cm™" (1.61 A) Co="%0:713 cm™";

*Co'",04Co"-O0H/Co"(CH3COH)mono ~O-OH: 762 cm™ . -O-OD: 761 cm™';
(Co-0:1.86 A; O-0: 1.41 A) _180_OH: 738 cm™";

%Co!",04C0"-O0H/Co"(CH3CO2)mono -O-OH: 821 cm™
5C0'",04C0"-00/Co"(CHsCO)mono ~O-OH: 932 cm™"
PCo",04C0"~O0H/Co"(CH3CO2H)mono -O-OH: 807 cm ™"

(*’Co hfs: A = 34; A, = 58; A,, = 78)

PCo",04C0"-O0H/Co™(CH3CO)mono -O-OH: 875 cm™"
(*7Co hfs: Ay = 30; Ay, = 52; A, = 75)

PC0'";04C0"-00/Co"(CH3COZ)mono ~O-OH: 1,090 cm™"
(7Co hfs: Ay = 16; Ay, = 15; A, = 22)

°C0"304C0"(OOC(O)CH3)eridging Co-0-0-C: 725 cm ™"
5CoM,0,Co"-00-Co"" 0-0:718 cm™’
PCo'",0,CoM-00-Co'" 0-0: 905 cm ™!

("Co hfs: Ay = 14; Ay, = 11; Ay, = 23)°
(*7Co hfs: A = 13; Ay = 11; A, = 23)

~180-"80H: 718 cm";
—O-"80H: 742 cm™"
—O-0D: 809 cm™;
-80O-OH: 782 cm™";
~180-"80H: 762 cm~";
—O-"80H: 786 cm™;
-0-0D: 873 cm™";
-8 0—OH: 849 cm™;
-180-"80H: 826 cm;
—~O-"80H: 852 cm™’

Co-"80-0-C: 720 cm™"

?lsotope shifts were computed for the most promising intermediates.
PTwo Co centers have large hfs.

" value. The O-0 vibration in the

oxidized bridging peroxo intermediate Co";0,C0~00-Co" was computed to be
~905 cm~". Generation of Co",0,C0"V=0/Co"V=0 (Figure 1C), a precursor of the
Co"y04Co"-00-Co" bridging peroxide, carries an approximately +2.1 eV penalty
when generated from Co",04C0"=0/Co™(CH3CO2)meno (Equation S1). We did not
computationally investigate the pathway in Figure 1B, since it requires de-coordination
of two acetate ligands from the same Co center. We suggest that statistically it is less

deviates from the experimentally reported ~833 cm™

probable than de-coordination of just one acetate ligand.

Thus, summarizing the overall spectroscopic and computational data in this and previ-
ous studies, the following observations should be noted for [Co4O4]-catalyzed water
oxidation: (1) in situ EXAFS data indicate formation of the CoV=0 species during elec-
trocatalytic WOR, (2) lack of free acetate during WOR signifies that acetate groups
remain bound to the Co centers and are likely needed to provide H bonds and serve
as proton acceptors during O-O bond formation, (3) re-interpretation of vibration at
~833 cm™" 3 as the terminal peroxide (instead of bridging) is possible (see Table 2),
(4) the EXAFS Co-O distance (~1.67 A) does not agree with the ~1.75 A Co-Odistance
predicted for clusters with two Co-oxo fragments, (5) DFT calculations show a large en-
ergy penalty for complete acetate dissociation with generation of two Co''=0 units pre-
positioned for RC (Equation S1), and (6) formation of this bridging peroxide as a result of
earlier discussed Ac/OH exchange®” seems improbable given that it would require OH
groups in cis configuration without complete detachment of an acetate (Figure S7),
which is a complex structural re-arrangement.

The formation of [Co"',0,C0"V=0/Co™(CH3CO2)monol® is straightforward and does
not require complete acetate detachment or large conformational re-arrangements
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Figure 4. Models of the PS Il OEC
Models of the PS Il OEC at the S3 (A) and S4 (B) states. Structures of the peroxides formed via RC and WNA are shown.

of Co4O4 ligands. These species can react with water (or with hydroxide ion) via WNA
(Table 1).

Comparative analysis of (1) and PS Il OEC O-O bond-formation mechanisms

A strong motivation to study the Co,O4 cubane was its resemblance to the CaMn,Os
cluster of PS Il photosynthetic enzyme.?®?*% In 2015, we proposed Mn"=0 as a
reactive fragment of the S; state of the OEC able to satisfy spectroscopic properties
and be positioned to form O-O bonds early in the S3 to So transition (Fig-
ure 4A).>74%%> Time-resolved X-ray diffraction (TR-XRD) analysis of the S; state®¢ %8
resulted in data that might be interpreted as a formation of at least three possible
structures: Mn"V—OH, Mn-OO-Mn, or Mn"V=0, with the last one favored in the
most recent study.®® Interestingly, [Co",0,C0V=0/Co™(CH3CO2)monol® displays
strong radicaloid character for the oxygen in the Co''=0 group (see spin density;
Figure 1D). Similar radicaloid character of the Ru¥=0 fragment oxygen was estab-
lished via direct spin-density mapping by EPR for the water oxidation intermediate
in the “blue dimer” catalyst.°” In PS II, the O-O bond was proposed to form via
RC between the oxygens in Mn'V=0 and bridging Mn-O-Mn.>”-’% The mechanism
observed for the [Co",0,C0"V=0/Co™(CH3CO)monol® with involvement of the
carboxylate and bridging oxygen as proton acceptors in the O-O bond formation
(Figure 1D) prompted analysis of similar configurations for the OEC (Figure 4). The
S3-state model allows WNA of the Ca?"-bound H,O on the Mn'V=0. The closest
carboxylate ligand able to accept a proton is E189, while two oxo bridges, the left
(approximately +0.2 eV) and the right (approximately +1.5 eV), of the Mn"=0 frag-
ment may form H bonds with the peroxides formed (Figure 4B). Such peroxides are
energetically plausible for formation, even at S; state. Note that formation of a
peroxide via RC will agree better with the TR-XRD data of the S; state because
this does not require additional oxygen atoms except those already detected in
TR-XRD.“¢“® To account for peroxides formed via WNA on the Mn'V=0, additional
oxygen density should be present in the S; state (Figure 4A). Thus, such a peroxide
can be possible only as a minor configuration. One-electron oxidation of the
OEC forming the S, state results in similar energetics with approximately +1.8 eV
for the left and approximately +0.2 eV for the right (Figure 4B and Table S9).
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Future detection of electron densities in the S, state (formed ~200-1,000 us into the
S3-to-Sp transition) will help to discriminate between RC and WNA mechanisms.

Conclusions

Understanding the exact mechanism of the O-O bond formation requires determi-
nation of which of the two main pathways, the RC or the WNA, is operational under
reaction conditions. Often, the simple presence of multiple metal centers with the
possibility of adjacent M"*=0 units is sufficient to sway researchers into proposing
the RC pathway with little experimental evidence. Here, we analyzed all available
experimental data on the most studied 3d multinuclear WOC, [Co4O4AcsPy,°.
We augment earlier results with in situ detection of the short, ~1.67 A, CoV=0
bond crucial to initiate O-O bond formation. The "oxo wall" effect is most likely miti-
gated here by the multimetallic nature of the [Co,O4] cluster. X-ray spectroscopy
data and DFT calculations indicate that under electrochemical conditions O-O
bond formation proceeds via rate-limiting WNA on [Co"5,04C0"Y=0/Co"(CH;CO,)-
monolC. Formation of Co¥ has not been supported experimentally or with DFT. We
show that multimetallic cubane provides unique stabilization for the Co'V=0 +
H,O = Co-OOH + H™ transition, with the carboxyl accepting the proton and the
bridging oxygen stabilizing the peroxide via H bonding. A similar pathway was iden-
tified for the CaMn4Os cluster of PS I, which strengthens understanding of the water
oxidation mechanisms for both systems. These results inform rational design of
multinuclear, 3d transition-metal-based water oxidation catalysts.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Yulia Pushkar (ypushkar@purdue.edu).

Materials availability
All unique reagents generated in this study will be made available on request.

Data and code availability
There is no dataset or code associated with this paper.

Materials and methods

Complex (1) was prepared and purified as previously described.”® UV-vis spectra
were recorded on a Varian Cary 300 Bio spectrophotometer. Aqueous solutions
were prepared with ultrapure (type 1) water (resistivity 18.2 MQ-cm at 25°C) from a
Q-POD unit of the Milli-Q integral water purification system (Millipore, Billerica,
MA, USA). XAS measurements were made for BE of (1) in water in situ in a basic me-
dium at beamline 9 of the Argonne National Laboratory using a potentiostat (CHI
627C; CH Instruments) and a custom-made double-compartment three-electrode
cell. The electrolysis of (1) was performed in 0.1 M sodium sulfate water solution
basified with an appropriate amount of sodium hydroxide to pH 12 for at least 8 h.
The cell was equipped with Grafoil as the working electrode, Pt wire as the counter-
electrode in an auxiliary chamber filled with the electrolyte solution, and Ag/AgCl as
the reference electrode at 1.4 V versus Ag/AgCl applied potential and a 4 um poly-
propylene tape window on the X-ray path. The basicity of the solutions in the cell and
auxiliary chamber was measured after each scan and adjusted to pH 12 with 1 M
NaOH or HNOQ3 if necessary. Electrochemical measurements that did not take place
at the beamline were performed using a Biologic VSP potentiostat with a typical
three-electrode cell: glassy carbon working electrode, Pt wire counterelectrode,
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and Ag/AgClreference electrode. The medium was 0.1 M tetrabutylammonium hex-
afluorophosphate in acetonitrile, and the measurements were performed under N,
atmosphere. The data are referenced to the experimentally determined ferrocene
redox couple.

X-band EPR measurements were conducted at a temperature of 20 K with a Bruker
EMX X-band spectrometer and CW microwave radiation using a ColdEdge closed-
cycle cryostat. Power dependence was measured for all detected EPR signals. We
found that none of the Co signals could be saturated with maximum available micro-
wave power of 30 mW.

All reported measurements were repeated several times to ensure the reproduc-
ibility of the results.

Sample preparation for XAS and EXAFS study of WOR catalyzed by (1) in acidic
media

At room temperature, 20 uL of a 200 mM solution of the oxidizer (cev, 20 equiv) in
0.1 M nitric acid was added quickly to an aliquot of 200 pL of 1 mM solution of (1) ina
mixture of acetonitrile and 0.2 M nitric acid 1:1 by volume. After quick mixing, 40 pL
of the reaction mixture was immediately placed into polycarbonate (Lexan) tape-
supported polypropylene cryostat sample holders (inner dimensions of 12 x 2 x
3 mm) and frozen in liquid N, within 30s.

Sample preparation for EPR

The EPR samples were prepared by mixing 200 pL of 1 mM (1) in 0.1 M HNO3 with an
appropriate amount of Ce' in an EPR tube or by collecting 200 pL from a working
electrochemical cell, followed by freezing in liquid N> in less than 30 s.

DFT calculations

The DFT calculations, optimizations, and resulting single-point frequency calcula-
tions were performed by Gaussian 16 with unrestricted BP86 Becke’s 1988 func-
tional”" and the gradient corrections of Perdew.”? The basis set def2tzvp was used
for all atoms unless noted otherwise. The CPCM polarizable conductor model was
used to model acetonitrile or water solvation. DFT calculations were performed on
species relevant to redox reactions, seen in Table S2. DFT was used to optimize ge-
ometry and then calculate vibrations and energies. Free energies of reaction, shown
in Table S3, were computed on the basis of the energies of these optimized struc-
tures. The value of the reference potential (RHE) was assigned to 4.44 V and the
free energy of a solvated proton to —11.64 V.”* For reactions in acetonitrile solution,
the value of RHE was assigned to ~5.0 V.

Transition-state calculations were performed with the B3LYP hybrid functional and
the def2tzvp basis set for Co and 6-31G* for C, H, N, and O atoms (Table S7 and
Video S1). Transition states were identified by the presence of one negative fre-
quency. Transition-state barrier and associated AG values were obtained by
repeating optimizations and single-point frequency calculations on the reactant
and product in this basis set. Obtained energies for transition state were
approximately +0.96 eV for BP86/def2tzvp and approximately +0.93 eV for
B3LYP/Co-def2tzvp/O, N, C, H (6-31G*) (Tables S6 and S7). This value is similar to
previous DFT studies involving WNA on transition metal=O species.”*
Note that the reactant and product species in this reaction, Co"',04C0"v=0/
Co™(CH3CO2)mono/H20 and Co'";0,C0"-O0H/Co"(CH3CO2H)meno, have triplet
and singlet spin states, respectively. Single-point energy calculations along the
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reaction pathway revealed that the geometry at which the singlet and triplet states
have equal energy is farther along the reaction coordinate than the transition state
geometry; as such, the transition state was calculated in the triplet state (Figure Sé).

Spin states in calculation inputs were defined across each molecule. DFT calculations
then localized spins based on the BP86 methodology. Optimized geometries and
frequencies reveal spin states that may be observed locally either by spin-density
representations or by calculation of Mulliken spin densities on each atom. In the
Co",0,C0"V=0/Co™(CH3CO2)mono State, three of the Co atoms do not have local-
ized spin, while the Co=0 group does have localized spin (Figure 1D).

Bond lengths of Co-oxo species may be different depending on the methods and
basis sets employed in the DFT calculations. The basis set and methods used
were due to good agreement found in the calculated/experimental redox potentials
(Table S3) and agreement with coordination distances based on the best XANES fits.
Comparisons between methods UBP86 (generalized gradient approximation) and
hybrid functional B3LYP necessitate the use of 15% HF exchange in the UBP86
calculations, as B3LYP includes a percentage of HF exchange. Note that while differ-
ences in computational methodologies and basis sets may lead to substantial differ-
ences in optimized geometries, B3LYP, BP86, and BP86 + 15% HF all produced
similar Co=0 distances (all within 0.06 A).

XAS and EXAFS measurements

X-ray absorption spectra were collected at the Advanced Photon Source at the Ar-
gonne National Laboratory on bending magnet beamline 9 at electron energy
7,810 eV and average current of 100 mA. The radiation was monochromatized by
a Si(110) crystal monochromator. The intensity of the X-rays was monitored by three
ion chambers (lo, I1, and I,) and placed before the sample (Ip) and after the sample (/4
and lp). Iy and I, were filled with 100% nitrogen. The X-ray energy was calibrated by
setting the first maximum in the derivative of the Co metal K-edge XANES spectrum
to 7,709 eV. For in situ measurements, a custom-made electrochemical cell with a
4 pm Mylar tape window and a magnetic stirrer were placed between the I and
the I, ion chambers. Because of the high activity of this catalyst, the pH of the elec-
trochemical solution of (1) during the BE shifted toward increasing acidity; pH moni-
toring and basification occurred prior to each X-ray scan, as necessary.

For the measurements of (1) oxidized with Ce'V at pH 1, the plastic (Lexan) EXAFS
sample holders with frozen solutions were inserted into a cryostat pre-cooled to
20 K. The samples were kept at 20 K in a He atmosphere at ambient pressure.
Data were recorded as fluorescence excitation spectra using a 13-element energy-
resolving detector. To reduce the risk of sample damage by X-rays, the defocused
mode (beam size 1 X 1 mm) was used, and no damage was observed. The shutter
was synchronized with the scan software, preventing exposure to X-rays between
scans and during spectrometer movements.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.checat.
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