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ABSTRACT: A mechanism of water oxidation catalyzed by the carbon-free tetra-Co containing polyoxometalates
[Co,(H,0),(PW,0,,),]' (PCo,) and [Co,(H,0),(VW,0,,),]" (VCo,) is elucidated by DFT calculations. Computational
analysis for PCo, suggests that a first PCET step may proceed via a sequential electron-then-proton transfer (ET+PT)
pathway and leads to one electron oxidize species S, (POM-Co™-OH). In contrast, the second PCET, which controls
the potential required to form POM-Co™-O" active species S, is clearly a concerted process. The overall S$,—S,
transformation is estimated to require less than 1.48 V and 1.62 V applied potential at pH=8 for PCo, and VCo,
anions, respectively. At operando conditions, with the presence of a buffer and with an applied potential above the
threshold potential the two H-atom removal could take place via concerted pathways. These steps represent rapid
pre-equilibria before the rate determining step, which corresponds to the O-O bond formation. The key chemical
step occurs via nucleophilic attack of an external water molecule to intermediate S,. We assume that this step governs
the kinetics of the reaction. Comparison of the calculated energetics and electronic structures of intermediate species
in the PCo, and VCo, catalyzed water oxidation cycle shows that coupling of d orbitals of V and Co atoms in VCo,
increases the oxidation potential of the Co-center. The orbital coupling is also responsible for the higher catalytic
activity of VCo, because it increases the electrophilicity of Co"'~O" moiety in the key S, species.

INTRODUCTION

Natural photosynthesis in higher green plants
involves complex reactions that use solar energy to
oxidize H,O into O, within the Photosystem II
(PSII) and generates reducing equivalents, which
are used by Photosystem I (PSI) to reduce CO, to
carbohydrates. The aim of the artificial
photosynthesis is the harvesting of the solar energy
and its storage in chemical bonds, by means of
water splitting obtaining fuels and oxygen.[1, 2]
One of the bottlenecks of artificial photosynthesis
is the design of a efficient water oxidation catalyst
(WQOC), which has to be fast, inexpensive, robust,
and has to enable the water oxidation close to the
thermodynamic potential working in
environmentally friendly conditions.[3]

Recently, numerous homogeneous molecular
water oxidation catalysts have been reported,[4-19]
among which carbon-free polyoxometalate (POM)

complexes are promising. [20, 21] These complexes
act as WOCs in both homogeneous and
heterogeneous conditions,[22, 23] and yet, are all-
inorganic species with high stability towards
oxidative degradation.[24, 25]

The first reported POM showing effective water
oxidation activity was the [Ru,O,(OH),(H,O),(y-
SiW,0056),]"" complex.[26-31] However, recently
POMs with earth-abundant metals showing
superior water oxidation activity were foci of
chemical and catalytic sciences.

In 2010, Hill and co-workers have reported the
first  Co-containing  polyoxometalate WOC,
[Coy(H,0).(PW,0,,).]°  (PCo,).[32, 331 This
complex contains a tetracobalt oxide core that is
sandwiched by two lacunary PW,0;, polytungstate
cages with phosphorus atoms inside the cage (see
Figure 1).



A higher nuclearity Co-containing POM, the
nonanuclear [C09(HZO)6(OH)3(HPO4)2(PW9034)3]16'
(PCoy) cluster, has also exhibited WOC
performance both in homogeneous conditions[34]
and in the solid state, when incorporated into a
carbon paste modified electrodes. This complex
shows high oxygen evolution rates in a wide range
of pH.[35] The replacement of P" in PCo, with vV
leads to [Co,(H,0),(VW,0,,).]" (VCo,), which is
about 20 times faster than the phosphorus analog
PCo, using [Ru(bpy);]*" as chemical oxidant under
dark conditions at pH=9. Besides their intrinsic
interest, Co-containing POMs can be viewed as
discrete  molecular models of extended
heterogeneous cobalt oxide catalyst due to their
apparent structural analogy. The much studied
Kanan-Nocera  heterogeneous cobalt oxide
phosphate WOC (CoP;)[36] has some structural
features in common with these poly-cobalt POMs.

Atomistic level understanding of mechanisms
and governing factors of water oxidation by
transition metal catalysts is expected to advance on
the design of more efficient, stable, fast and cost-
effective WOCs. The mechanism of water oxidation
catalyzed by Ru-based systems has been subject of
extensive studies.[37-51] However, the mechanism
and governing factors of the Co-containing
catalysts still remain elusive, and computational
approaches are expected to play a crucial role in
solution of these problems. Recent mechanistic
studies on heterogeneous cobalt oxide catalysts
have focused on various cluster and periodic model
systems of the cobalt phosphate WOC (CoP;)[52-
57, as well as on recently synthesized
homogeneous cubane-type WOCs.[58]

In general, these studies have shown that water
oxidation by CoP; is initiated by successive Proton
Coupled Electron Transfer (PCET) events leading to
the formation of the active Co'"-oxo or Co"-oxyl
species, which is involved in the formation of the
0O-0 bond. Two different mechanisms for the O-O
formation have been proposed: i) “water
nucleophilic attack” (WNA) mechanism, involving
intermolecular nucleophilic attack of external
water to the electrophilic Co'Y-oxo or Co'"'-oxyl
species,[53] and ii) “direct O-O coupling”
mechanism proceeding via intramolecular direct
coupling of two Co'Y-oxo sites.[52] These initial
discrepancies were later attributed to the structural
differences in the models used.[59]

Here, we elucidate mechanism of water oxidation
by the sandwich species PCo, and VCo,, which
have been extensively studied experimentally.
Because of bulkiness and structural stability of
these Co,-POM anions[32-34] one can eliminate the
direct intermolecular O-O bond formation
mechanism. Therefore, in the present paper, we
only investigate in detail by computational means
the key steps leading to the formation of the active
Co"-ox0 or Co"-oxyl species, and WNA to O,
bond formation mechanism of the water oxidation
by the tetra-Co-containing POM catalysts.

PCo, PCo, PCo,

Figure 1.  Polyhedral  representation  of  the
[Co(H.0)PW, 0,,* (PCo,), [Co,(H,0),(PW,0,).I (PCo,)
and [Coy(H,0)s(OH),(HPO,),(PW,0,,),]  (PCo,)
polytungstate anions.

RESULTS AND DISCUSSION

1. Electronic and Structural Properties of the
PCo, and VCo, Catalysts. Previous experimental
studies have shown[32, 33, 60] that at the resting
stages of [Co,(H,0),(PW,0,,).]" (PCo,) and
[Co,(H,0),(VW,0,,).]"" (VCo,) anions all four Co
atoms are in their 2+ oxidation states with a formal
high-spin d’ electron configuration and three
unpaired electrons. From these three unpaired
electrons two occupy an eg-like and one a t,4-like
orbitals. In the presented computational (DFT)
work, we do not analyze the magnetic coupling
among the four Co(Il, d’) centers. Thus, we discuss
only the high-spin electronic state of the S, species
with twelve (three per Co-center) unpaired
electrons, in which, for simplicity of our analysis,
we fixed C,;, symmetry in both PCo, and VCo,.
Furthermore, in this ground state (S,) of PCo, and
VCo,, the water ligand is linked to the external Co"
centers with a relatively long Co-OH, bond length
(2.24 A), and adopted an orientation to accentuate
the interactions between the hydrogen atoms and
the terminal oxo sites of the POM (with O-
H.-O=W distance of ~2.01 A, see Figure 2).



Figure 2. Ball and stick representation for PCo,.

2. Water oxidation by the PCo, anion.

A. Initial steps. Water oxidation is usually
catalyzed by using either photo-induced (utilizing
organic compounds as electron sinks) or
electrochemical (applying a potential to oxidize
water) approaches. Below, we focus on the issues
related to the electrochemical water oxidation. In
the studied process, the oxidation steps of the
reactive center are controlled by the applied
potential, while the chemical steps of the reaction
depend on O-H bond cleavage and O-O bond
formation energies, and dictate the kinetics of the
reaction. In other words, in order to initiate the
studied water oxidation it is necessary to apply a
threshold potential, while the following bond
formation/cleavage steps of the reaction do not
depend on this applied potential. Keeping in mind
these two control factors, along this article we
present our results in V or kcal-mol” (or eV)
depending if we are referring to the
electrochemically or kinetically controlled steps,
respectively.

Existing experiments show that most of the
catalytic processes utilizing cobalt-containing
POMs occur in neutral or basic media (often at
pH=8).[22-25] Therefore, we focus the discussion of
our results considering that the Co,-catalyzed
water oxidation occurs at pH=8. Here, we estimate
the effect of pH on a single S; — §; transformation
by using standard Nernst eq. 2, in which we have
assumed that S; and S; species have identical
concentrations.

Taking as a starting point the mechanism
proposed for single-site cobalt[61-63] and
ruthenium[37-44] catalysts, we first analyze the
solution speciation of the S, species at pH=8. Casey
and co-workers[64] studied the rates of water
exchange of PCo, by means of spectroscopic and
potentiometric techniques, concluding that the pK,
for the first deprotonation of the water ligand
[So(Co"-OH,)—S,'(Co"-OH)] would be close to 8.

Shortly after, Ivanovi¢-Burmazovi¢ et al.[65] also
studied the water exchange reactivity and stability
of PCo, in the 6 to 10 pH range, which is the
catalytically relevant pH region, employing “O-
NMR spectroscopy and ultrahigh-resolution
electrospray ionization mass spectrometry. In that
work, it was found no evidence of Co-hydroxo or
Co-oxo species formation in the studied pH range
(pH=6-10). Hence, authors concluded that the pK,
for the first deprotonation of PCo, should be
higher than 10. Note that the POM is unstable
above pH=10.[25] Despite experimental evidences,
we decided to compute the deprotonation of S,
species in order to confirm that the pK, value could
be higher than 10, and consequently, that the true
nature of the catalyst corresponds to the Co(II)-
aqua species S,. For the [So(Co"-OH,)—S,'(Co"-
OH)] step we have estimated a pK, value of 19.7
and an endergonic free energy of +16.1 kcal-mol™ at
pH=8 (Figure 4). Deviations of computed pK,
values with respect to experimental ones can be
significant as it has already been pointed out.
Hence discrepancies between experimental and
computed pKa of 5 units are not unusual,[39]
where 1 pK, unit represents 60 meV, 1.38 kcal-mol™
Reported experimental data and our present
calculations strongly suggest that the pK, for the
first proton removal step should be higher than 10.
Thus, at pH=8, where catalytic experiments are
performed, the predominant species existing in
solution is S,(Co"-OH,), whereas the
concentration of S,'(Co"-OH) species should be

negligible.
.
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Figure 3. Schematic presentation of the water oxidation
single-site catalyst mechanism using cobalt-containing
polyoxometalates.



Thus, we analyze each step of the PCo,-catalyzed
water oxidation cycle at pH=8 starting from the
S,(Co"-OH,) species (see Figure 3). According to
this mechanism, the first step of the overall process
is the H-atom removal from the coordinated water
molecule of the resting Co"-OH, (S,) state of the
system. This step leads to the Co"'~OH species (S,)
with one-electron oxidized Co-center (i.e. from Co"
to Co™) and deprotonated water (i.e. OH) ligand.
In the next step, the S, species transforms to the
Com—oxyl species (S,) with one electron oxidized
and deprotonated oxyl ligand. Both these steps of
the reaction, in general, could occur via either
proton-coupled  electron  transfer  (PCET),
sequential proton-then-electron transfer (PT+ET)
or sequential electron-then-proton transfer
(ET+PT) pathways; hence, we analyze the three of
them for each step. The computed free energies are
shown in Figure 4. The vertical steps in the square
diagram  represent  one-electron  oxidation
reactions, the free energies of which are expressed
as standard reduction potentials. Horizontal steps
represent acid-base equilibria, the free energies of
which may have associated a pK,.[18] Finally,
diagonal steps represent concerted PCET steps.
Hence, the first H-atom removal from the
coordinated water molecule, ie. the S,—8,
transition, via the PCET pathway requires 1.51 V
potential vs to NHE. As already mentioned, the
PT+ET pathway is unlikely in this step, since
deprotonation of the water ligand in the S, species
is thermodynamically unfavorable and it would
need strong basic conditions (pH>10) where PCo,
is unstable. The same step of the reaction
proceeding via the sequential ET+PT requires lower
applied potential (1.27 V for S,—S,’) than the
concerted PCET (1.51 V). Nevertheless, the free
energy for the subsequent deprotonation (S,'—S,)
step is slightly endergonic +5.5 kcal-mol™ (+0.24
eV), and consequently, the ET+PT process requires
additional chemical thermal energy in order for the
reaction to proceed, slowing down the overall
kinetics of the reaction. It is worthy to point out
that in the present model bulk water is considered
the proton acceptor in the PT events (as well as in
the PCET events). This assumption implies that the
computed free energies might be viewed as upper
limit energies, since actually buffer (phosphate,
borate, etc.) may act as the proton acceptor during
experimental conditions. In other words, whenever
the proton acceptor is a stronger base than bulk
water the free energies required to proceed through
the deprotonation step will be lower than the
computed ones. Therefore, at the reaction
conditions where always a buffer is used and the
potential is somewhat greater than the minimum

required, concerted and sequential paths are
competitive.

Once the reaction reaches the S,(Co-OH) state,
the second oxidation process (i.e. $,—8,) proceeds.
Following the same procedure, we computed again
PCET  [S,(Co™-OH)-S,(Co™-0)],  PT+ET
[S,(Co™'-OH)-S,"(Co™-0)-8,(Co™-0")]  and
ET+PT  [S,(Co"™-OH)-S, (Co™-OH")—S,(Co™'-
O")] pathways. We found that the H-atom removal
from the OH-ligand via the concerted PCET
pathway requires an applied potential of 1.48 V.
Considering the sequential proton-then-electron
transfer pathway (PT+ET), deprotonation of
S,(Co™-OH) species requires an energy as high as
+45.8 kcal'mol™ (1.99 eV). Finally, the sequential
electron-then-proton transfer needs an applied
potential of 2.59 V for the ET event. Thus, the two
sequential pathways require rather high energies to
be initiated, and we can conclude that the second
H-atom removal occurs preferably via a concerted
PCET event, where the electron and the proton are
transferred in one step from the OH-ligand

) m e . .
[S,(Co ' -OH)—S,(Co -0O")], with an applied
potential of 1.48 V.

AG > 16
kcal/mol >
So So
Co/-OH, Co'-OH
E=151V i
E0=127V iE0=082V
AG<6 o AG > 45
, L ealimol ] kealimol I,
S1 Sy Sy
Co'-OH, Co'-OH Co'-0
H E=148V |
E0 = 2.59 Vi iE0=-050V
AG <-25
V, kcal/mol > =
S S
Co'-0°H Co-0°

Figure 4. Schematic presentation of the PCET, PT+ET, and
ET+PT events for PCo, WOC at pH=8. Potentials are given
in V, whereas values associated to deprotonation steps are
given in kcal/mol. The orange dashed line in the first
concerted PCET indicates that the process may become
competitive with the sequential ET+PT at E,,, > 1.51 V.

In electrochemical catalysis the potentials are not
additives as those are in the chemical catalysis.
Therefore, one may conclude that in the
electrochemical conditions the formation of the
active species $,(Co™-0") will require an applied
potential of about 1.5 V at pH=8. At this potential
the concerted PCET of the first H-atom removal (S,
—8,) is feasible and we cannot discard that it
competes with the sequential ET+PT occurring at
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lower potential. These findings are consistent with
the previous electrochemical analysis of PCo,.
Indeed, previous cyclic voltammetry experiments
shown an onset potential of 1.46 V vs NHE at
pH=7.8 for water oxidation using PCo, as a
catalyst.[66]

Despite the complexity presented above, we still
can draw the following conclusions from the
presented computational findings: 1) removal of the
first electron (i.e. oxidation of Co" to Co™ (S¢—S.'))
is less energetically demanding than the removal of
the second electron (i.e. (S,—S,); 2) the first
oxidation step does not necessarily occur coupled
to a proton transfer, while the second oxidation is a
concerted PCET event; and 3) the potential
required for the overall two-electron redox reaction
is determined by the second oxidation step, that is
the formation of the active species (S,).

Close examination of geometry parameters of
various intermediate oxidation states of PCo,
shows that the change of external Co-O bond
distance (it is established that in the sandwich
POMs the external TM-OH, sites are reactive
sites[67]) along the water oxidation cycle is
consistent with the nature of the oxidation events.
Indeed, oxidation of the cobalt center [i.e. SO(COH—
OHZ)—>SI’(COHI—OH2)] shortens the Co-OH, bond
distance from 2.24 A to 1.96 A. The following loss of
the first [i.e. S, (Co™- OH,)—S,(Co™-OH)] and the
second [ie. $,(Co™-OH)—S,(Co™-0)] proton
further reduces the calculated Co-O bond distance
to 1.82 A and 1.76 A, respectively (see Table 2).

Aforementioned geometry changes are also
consistent with the nature of the frontiers orbitals

S S, S, S,

Col-OH, Co-OH  Co-O-

& +1

Co''-OH,

o NNE NAN NN NNN NN NN NN

25+1 13 10 10 11

Co"-0--OH, Co'-OOH(OH)

of the intermediate species. Indeed, as seen in
Figure 5, the contribution of ligand p(O) orbital to
the HOMO is significant in S, species and,
consequently, the next oxidation event is expected
to be hydrogen removal from OH-fragment that
leads to the Com—oxyl species S, (POM-Co"'-0).
Consistently, in S, species the calculated spin
population of oxyl-center is 1.00 |e| (see Figures 5
and 6). One should mention that the oxidation of
Co"™-OH leads to the Co™-O" species rather than
the Co'Y-O unit. A similar result was previously
reported for cobalt oxide cubane systems[s2] and
single-site  Co-corrole  catalysts.[61-63] More
recently, DFT and CASSCF studies of the Co
derivatives of POMs also revealed that the
formation of a Co" species is energetically
unfavorable.[68] Similarly, for Ru-containing
POMs, it was suggested that the Ru"'-oxo groups
are formally closer to being Ru"-oxyl radicals. [45]

S, S,

Figure 5. The HOMOs and the spin densities of several
species of the PCo,-catalyzed water oxidation cycle.

TS s, S, S,

Co'"-OOH Co'-00

t t t
NN

11 11 10 11

Figure 6. Unpaired spin distribution in the active Co sites of different species involved in the PCo, catalyzed water

oxidation mechanism.

Table 1. Computed Values for Each Step of the PCo,- and VCo,-catalyzed Water Oxidation Cycles at pH=8.

POM S8’ Y 558"  $587(V)  $,5TS? 5589  §/58Y 587
V) (eV) (eV) (eV) (V) V)
PCo, D +1.27 +0.24 +1.48 +0.99 +0.22 +0.26 +0.05
d)
VCo, +1.58 +0.32 +1.62 +0.73 -0.11 +0.42 +0.07

a) For the electrochemical steps the potentials are given in V versus NHE; b) Values corresponding to the
deprotonation step (eV); c) Energy values for the activation barrier of the transition state are given in eV. d) Values in
bold represent the threshold potentials and energy barriers to overcome for PCo, and VCo, at pH=8.



Table 2. The Calculated Co-O Bond Distances (in A) and Unpaired Mulliken Spin Densities (in |e|) of the Co and
“active” O-centers for the Different Intermediate Species (S;) of the PCo,- and VCo,-catalyzed Water Oxidation
Cycles.”

So S/’ S, S. TS S; S, S,
POM Co"-OH, Co"™-OH, Co"-OH Co"-0- Co"-0+H,0 Co"-OOH(OH) Co™-OOH Co"-00
d(Co-O) PCo, 2.240 1.956 1.820 1.760 1.730 1.876 1.832 2.060
VCo, 2.220 1.968 1.821 1.761 1.734 1.867 1.833 2.013
d(Co-O,) PCo, 2.240 1.969 2.100 2.100 2.070 2.097 2.106 2.164
VCo, 2.150 1.938 2.064 2.062 2.018 2.066 2.062 2.117
p(Co) PCo, 2.73 0.00 0.00 -0.04 115 1.01 0.01 0.79
VCo, 2.78 0.00 -0.01 -0.06 1.35 1.03 -0.01 0.71
p(O) PCo, 0.03 0.00 -0.01 1.00 -0.14 (-0.10) -0.06 (-0.01) -0.01 (0.00) 0.09 (0.15)
VCo, 0.03 0.00 0.01 1.01 -0.26 (-0.17) -0.08 (-0.01) 0.00 (0.00) 0.1 0.21)

a) Values in parentheses are for the second oxygen atom after the O-O bond formation.

B. The O-O bond formation: Nucleophilic
attack of water to the Co™-oxyl (S,) species.
Once the active cobalt-oxyl species (S,) is formed,
next step of the water oxidation by Co,-POM
catalyst is the O-O bond formation, which, as we
mentioned above, is expected to occur via the WNA
mechanism. This process, which is initiated by the
nucleophilic attack of an “external” water molecule
to the Co""-oxyl intermediate S,, will be followed by
two more PCET events, and will release molecular
O,. Once again, we rule out the intramolecular
formation of O-O bond from two Co-oxyl groups in
the same POM because of large distance between
these two oxo atoms (>9.6 A).

As seen in Figure 6, nucleophilic attack of water
to intermediate S,(Co™-0) yields [CoH(OOH)C03II
(H,O)(PW,0,,).H]" (S3’) species, where one of the
protons of coordinated (external) water is
transferred to a basic oxygen atom of the POM in a
concerted manner, as shown in Figure 7. Since
oxygens of the Co-O-W bridges are the most basic
ones, they are the most likely to be protonated.[69-
72] The free energy barrier for the water HO-H
bond activation is calculated to be 0.99 eV at the
transition state TS (see Table 1 and Figure 8). We
note that the LUMO+1 of the active S, (Co™-0")
species, has a Co-O nr*-antibonding character
(Figure 7) and is significantly polarized toward the
oxyl ligand; this clearly favors the nucleophilic
attack of a water molecule. [7, 37, 44, 46] The
following PCET event from species S3’ requires an
applied potential of 0.26 V, and yields the
intermediate [COHI(OOH)COBH(HZO)(PW9O34)2]10_
(S;), the ground state of which has nine unpaired
electrons (three electrons on each Co" centers and
a low-spin Co" jon) (see Figure 6).

The last PCET event requires a relatively low
energy of 0.05 V, and leads to the formation of the
Co"-00 (S,) species with ten unpaired electrons,
only one of which is localized in the reactive cobalt

center. The last step involves the molecular oxygen
released from species S, upon coordination of
another water molecule that regenerates the
catalyst. Thus, based on above presented data, if
the Co™-O" species (S,) has been formed (via either
chemically or electrochemically or
photochemically), then the following O-O bond
formation would occur with less energy demand.

LUMO

LUMO+1

LUMO and LUMO+ the

orbital of
[COHI(O.)Co;I(HZO)(PW9O34)2]10_ (S,) species, as well as
transition state structure associated by water nucleophilic

Figure 7.

attack to  [Co"(0)(H,0)Co," (H,0)(PW,0,,).]""

distances are given in A.

(TS);

One should mention that some of previous
studies have proposed the water molecules of
solvation shells to be a proton acceptor, but our
studies of PCo, show that the bridging oxygen of
the Co-O-W moiety is the favored proton
acceptor,[40, 45, 61-63] similar to the situation
proposed in the Ru-substituted Keggin anions.[46]

Thus, above presented data show that PCo,-
catalyzed water oxidation starts with the sequential
ET+PT event [S,(Co"-OH,)—S,'—8,(Co™-OH)]
followed by the formation of the reactive S,(Co"'-
O’) species via the PCET event [S,(Co™-
OH)—8,(Co™-0")]. The S$,(Co™-0O’) intermediate
reacts with an external water molecule then two
subsequent PCETs result in the formation of
molecular O,. In this mechanism, the Sl(Com—
OH)—S,(Co™-0") step determines the potential
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required for the formation of the active species.[59]
As shown above, the electrochemical generation of
the active species S,(Co™-0) formation requires
1.48 V of applied potential at pH=8, which would
correspond to an overpotential of 0.72 V. [Note that
overpotential (n) is simply the difference between
AG(S,—8S,) and AG(2H,O —0,+2H,)/4]. As already
mentioned, WOC reactions are frequently
facilitated photochemically. Formally,
electrochemical and photochemical processes are
rather similar, but energetic balance requires
consideration of the oxi-reduction of the sacrificial
electron acceptor.

On the other hand, the kinetics of the chemical
0O-0O bond formation is determined by the O-O
bond formation transition state. This reaction step
requires an energy of 22.8 kcal-mol™ (0.99 eV),
which is clearly accessible at room temperature
when the applied potential is positive enough to
shift the pre-equilibria toward the reactive Co"'-O"
species (S,).

Comparison of these findings for PCo, catalyst
with those for the previously studied Ru" based
catalysts (both those in organometallic and POM
frameworks) shows that oxidation of Ru centers
occurs at lower potentials than Co center. Indeed,
the one-electron oxidation potential for
[Rum(HZO)SiWHO”]S' was reported to be 0.64 V vs.
SCE (0.88 V vs NHE),[67] while its computed value
was 0.45V.[46] For the Ru,-POM,
[Ru,0,(0OH),(H,0),(y-SiW,,05),]", the PCET
event leading to the formation of active Ru'-O’
species is reported to require 1.53 V potential (at pH
=0), 400 mV lower than the potential we have
found for PCo,.[45] In contrast, the energy for the
O-0O bond formation was reported to be rather
high in [Ru"(H,O)SiW,0,]" (123 eV, 284
kcal-mol™).[46]

Indeed, it is worth mentioning that TOF values
measured for tetraruthenium and PCo, anions
indicate a higher catalytic activity for PCo,
suggesting a lower free energy barrier for the
latter.[24]

3. Water oxidation catalyzed by the VCo,
polyoxometalate. As explained above, the
replacement of P¥ in PCo, by V" results in the
[Co,(H,0),(VW,0,,).]" (VCo,) anion, which
exhibits a greater hydrolytic stability than PCo,.
Furthermore, VCo, is a relatively faster water
oxidation catalyst than PCo, under photochemical
conditions.[60] Such a change in stability and
reactivity of the catalyst upon going from PCo, to
VCo, likely reflects the differences in electronic
structure of the two POMs, despite the fact that
both PCo, and VCo, have a same overall charge

and nearly identical geometries.[32, 33, 60] This
statement is partly supported by the UV-vis spectra
that show transitions involving orbitals of cobalt
and heteroatom (vanadium) for VCo,, whereas
these transitions do not appear for the PCo,. This
finding indicates involvement of vanadium d
orbitals in redox chemistry of VCo,.[60]

In order to provide computational support and
elucidate additional factors explaining the
difference in stability and reactivity of PCo, and
VCo, systems, we also computed the water
oxidation mechanism for the VCo, system and
compared the resulting data with that for the PCo,
system.

As reported previously, the calculated geometry and
the corresponding X-ray crystallographic values for
PCo, and VCo, are in close agreement. Meanwhile,
there exist several remarkable differences (see Table
1) in the calculated energy values of the analogous
steps of the PCo,- and VCo,-catalyzed water
oxidation cycles. The most significant differences
are in: (a) the increase of the potential for oxidation
of Co"-center to the Co™ one (S, —8,'), and (b) the
reduction of the energy barrier upon the
nucleophilic attack of water on the Co"-oxyl group
(S,>TS). Indeed, the S,—S, transition for VCo,
requires a 1.58 V of applied potential, which is a 0.31
V larger than that required for PCo,. These
differences for the PCo, and VCo, systems could be
explained by coupling of d orbitals of V and Co
atoms in VCo, which results in stabilization of the
eg-type electrons of the Co(II) center in S, state, and
increases in oxidation potential of Co(Il)-center to
give the low-spin Co(III) center in S, state without
es-type electrons. This also confers an additional
structural stability to VCo, during -catalytic
turnover. Because of the complexity of the systems
and the extensive delocalization electrons in
canonical orbitals a simple examination of the
occupied molecular orbitals in the S, state does not
permit to identify a unique (or a few number)
orbital(s) that recovers the coupling between V and
Co orbitals. However, unoccupied orbitals are
usually much more localized and thanks to that the
V - Co coupling in eg-type orbitals has been
characterized in the parent S, species. A detailed
description is provided in the SI (Figure S1).

One should emphasize that, although the
Co"/Co™ (ie. So—S, step) oxidation potential
increases upon going from PCo, to VCo,, this
change is not expected to have significant influence
to the overall catalytic performance of the Co,-
POM systems since the step that determines the
overpotential (S,—S, step) appears later in the
catalytic cycle.



Once the species (S,) with all-Co" centers is
oxidized to the species (S,') with three Co" and one
Co centers, the next two events in the water
oxidation cycle do not directly involve the active Co
center. As a consequence, the energy required for
the following steps is not expected to be
dramatically different for the PCo, and VCo,
catalysts. Indeed, our calculations show that: (a)
the deprotonation (S,'—>S,) requires a slightly
higher energy (7.4 kcal-mol”, 0.32 eV) for VCo,
than for PCo, (5.5 kcal'-mol”, 0.24 eV); and (2) the
second PCET event (S,—8S,) is only +0.14 V higher
in energy for VCo, than for PCo, (Table 1).

As outlined above, the following step in the Co,-
POM-catalytized water oxidation cycle is O-O
bond formation initiated by the nucleophilic attack
of external water on the Co"-oxyl group. The
computed activation free energy for VCo, (16.8
kcal-mol™, 0.73 eV) is about 6 kcal-mol™ (0.26 eV)
lower than that found for the PCo, anion, see
Figure 8. Thus, if the active Co''-oxyl intermediate
is already formed by various means, such as
electrochemical, photo-induced or chemical
pathways, then the O-O bond formation is
expected to be faster for VCo, than for PCo,. This
conclusion qualitatively agrees with the observed
kinetic behavior reported by Hill and co-workers,
who have shown that VCo, displays faster kinetics
than PCo,. While the trend is well reproduced, the
computed absolute values of the free energy
barriers (16.8 and 22.8 kcal-mol™ for VCo, and
PCo,) are somewhat higher than those estimated
from experimental TOFs (13 and 16 kcal-mol”,
respectively). However, if we consider the
overestimation of entropy penalty for these
biomolecular processes, the calculations are in
reasonable good agreement with observations (see
Table Ss in the Supporting Information). All these
results are consistent with the fact that the O-O
bond formation step might be the turnover-
limiting chemical step, after the formation of the
catalytic active Com—oxyl intermediate.[73]

In order to elucidate reason of the
aforementioned reduction of the O-O bond
formation barrier upon going from PCo, to VCo,,
we analyzed a set of lowest unoccupied orbitals of
their S, species, because these could be the
acceptor orbitals in the nucleophilic attack of
water. For PCo,, we found that LUMO and
LUMO+1 orbitals have -2.88 eV and -2.75 eV
energies, respectively. Among these orbitals, the
LUMO+1 has a strong p(oxyl) contribution and,
therefore, is the best candidate to accept electrons
from the coordinated water molecule (see Figure
7). However, in the case of VCo,, three unoccupied
orbitals, namely, LUMO, LUMO+1 and LUMO+2
orbitals, have a strong contribution from the oxyl

oxygen (Figure 9) and are good candidates for
being an acceptor orbitals. Interestingly, all these
three orbitals are lie lower in energy (at the
positions of -2.95 eV, -2.78 eV and -2.77 eV,
respectively) than the LUMO and LUMO+1 orbitals
of the S, species of PCo,. Therefore, one may
expect attack of water molecule to the S, species to
be more favorable for VCo, than for PCo,.

+0.99 +0.95

bfd 7073 3015
L 4022
PCo, —

: -0.11
VCo,

% +H,0 H e
s, —>{15 S, 4"

Figure 8. Energy profile corresponding to the water
nucleophilic attack to Co™-oxyl species (S,), and subsequent
PCET event started from protonated Co"-0O0H POM (S5)
(energies are in eV).

LUMO

LUMO+1
Figure 9. LUMO, LUMO+1 and LUMO-+2 orbitals of the
[Co™(0")Co," (H,0)(VW,0,,).]' (S,) species.

LUMO+2

CONCLUSIONS

From the above present computational studies
we may conclude:

1. The initial H-atom removal step [So(POM-Co''-

OHZ)—>SI(POM—COIH—OH)] in water oxidation
catalyzed by the PCo, and VCo, anions could
proceed via the uncoupled electron-then-
proton transfer (ET+PT) pathway and leads to
one-electron oxidize species S,. Although we
cannot discard the concerted PCET event being
competitive with the ET+PT pathway when the
applied potential is held high enough, since
both processes are relatively close in energy.
The second H-atom removal from the OH-
fragment of S, is a concerted PCET event and
forms the Co™-O" active species S,. The overall
So—S. transformation is estimated to require
less than 1.48 V and 1.62 V at pH=8 for PCo,
and VCo, anions, respectively, which determine
the overpotential for the overall catalytic
reaction.[59]

2. The O-H bond cleavage (i.e. S,—S, step)
together with the O-O bond formation, i.e. the
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chemical steps of the reaction, control the
kinetics of the reaction. Where the O-O bond
formation occurs via a “water nucleophilic
attack” mechanism from the Co"-oxyl
intermediate S,, which requires 22.8 kcal-mol™
(0.99 eV) and 16.8 kcal-mol™ (0.73 eV) energy
barriers for PCo, and VCo,, respectively.

3. Comparison of the calculated energetics for the
PCo, and VCo, anions shows that coupling of d
orbitals of V and Co atoms in VCo, results in
stabilization of high-spin Co(II)-centers with
es-type electrons compared to the low-spin
Co(IlT)-centers. Orbital coupling is also
predicted to be reason (or one of reasons) for
observed enhancement of catalytic activity of
VCo, compared to PCo,.

In summary, using a relatively simple model
system we have been able to propose a plausible
reaction mechanism for Co-containing POM acting
as WOCs. We are convinced that in the years to
come the combination of additional experimental
data with more sophisticated models that consider,
for example, the effect of the buffer, ionic strength,
or the incorporation of explicit waters in some
steps will allow to advance further in
understanding of these complex catalytic reactions.

Computational Details. All reported
calculations were performed with the Gaussian-og
package[74] at density functional theory (DFT)
level by utilizing B3LYP functional.[75-77] Recently,
Fabris et al. have shown that exchange-correlation
hybrid functionals such as the B3LYP and the PBEo
lead to a fair agreement with the coupled cluster
energies for the water oxidation process by cobalt
oxide clusters.[78] In fact, latter successful
computational studies on WOC process by Co
systems employed B3LYP functional.[56, 58] This
latter functional has been widely used in theoretical
studies of ™ substituted
polyoxometalates.[72],[79-82]

For P, Co and W atoms, the LANL2DZ effective
core potential (ECP) and associated basis sets were
used.[83] The 6-31G(d,p) basis set was used for O
atoms directly bound to Co and the 6-31G basis set
for the rest of atoms.[84-86] All the structures were
optimized in water using IEF-PCM approach to
model the solvent effects (¢ = 78.36 and UFF radii).
[87] The nature of all stationary points was verified
by vibrational frequencies, which were also used for
calculation of free energy contributions. A data set
collection of computational results is available in
the ioChem-BD repository[88] and can be accessed
via doi10.19061/iochem-bd-2-6.

In order to investigate the energies required to
reach each step in the catalytic cycle we adopted
the energetic scheme proposed by Voorhis:[43]

1 +
E® = F (AG?g) + AGgoy — nH+G?:f;D) —4.24V (1)

where F is the Faraday constant, AG(Og) is the free
energy change associated with oxidation in vacuum,
AGgop, is the free energy of solvation, G(O(Z; is the
standard free energy of a proton in aqueous solution
for which we adopted a value of -11.803 eV, the
negative term (E; o = —4.24 V) is the absolute
standard potential of the half-reaction:

<= "% Hyp

H'ag + €'

For elementary electrochemical steps that involve a
proton transfer, the measured potential at
experimental pH conditions is related to standard
conditions (pH=0) by the Nernst equation that a
room temperature is (in V)

E= E°—-0.059 % pH (2)

Calculated pK, values were obtained from the
free energy of deprotonation steps using the
standard equation:[89, 90]

AGa(S)/RT

pK, = —logso €™ (3)
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