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We present a computational study addressing the catalytic cycle of a recently-synthesized

all-inorganic homogeneous catalyst capable to promote water oxidation with low overpotential and
high turnover frequency [Sartorel et al., J. Am. Chem. Soc., 2008, 130, 5006; Geletii et al.,

Angew. Chem., Int. Ed., 2008, 47, 3896]. This catalyst consists of a tetraruthenium-oxo core
[RusO4(OH),-(H,0)4]° * capped by two polyoxometalate [SiW003¢]°~ units. The reaction mechanism
underpinning its efficiency is currently under debate. We study a reaction cycle involving four
consecutive proton-coupled electron transfer (PCET) processes that successively oxidize the four
Ru"—H,0 units of the initial state (So) to the four RuY-OH centers of the activated intermediate (S,).
The energetics of these electrochemical processes as well as the structural and electronic properties of
the reaction intermediates are studied with ab initio Density Functional Theory (DFT) calculations.
After characterizing these reaction intermediates in the gas phase, we show that the solvated
tetraruthenate core undergoes a solvent-induced structural distortion that brings the predicted
molecular geometry to excellent agreement with the experimental X-ray diffraction data. The calculated
electronic properties of the catalyst are instead weakly dependent on the presence of the solvent. The
frontier orbitals of the initial state as well as the electronic states involved in the PCET steps are
shown to be localized on the tetraruthenium-oxo core. The reaction thermodynamics predicted for the
intermediate reaction steps is in good agreement with the available cyclic voltammetry measurements

up to Ss, but the calculated free energy difference between the initial and the activated state (Sy/Ss)
turns out to be significantly lower than the thermodynamic limit for water oxidation. Since the
oxidizing power of the Sy/S; couple is not sufficient to split water, we suggest that promoting this

reaction would require cycling between higher oxidation states.

1. Introduction

The ultimate goal of artificial photosynthesis is the conversion
and storage of solar energy into high-energy chemical fuels. To
this end, the oxidation of water leading to O, evolution is one
of the limiting reaction steps.'> This electrochemical semi-
reaction involves the release of four electrons and four protons
as well as the formation of an O-O bond:

2H,0 — O, + 4H" + 4e [AG(pH = O,NHE) = 4.92 eV].
M
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Finding stable catalysts capable of promoting this reaction
efficiently and with low overpotential is extremely challenging,
and it is considered to be one of the key bottlenecks for the
development of artificial photosynthetic devices. Several
materials have been proposed in the past few years, including
metal-oxide or semiconducting surfaces/nanoparticles (such as
Ru0,,® Ir0,,* Co0,)’ as well as molecular organometallic
catalysts based on Mn® and Ru’ (for a review of the topic see
ref. 8). Molecular catalysts are, in general, more efficient than
metal oxides but they suffer from poor stability, since the
organic ligands are quickly oxidized by the reaction inter-
mediates, thus degrading their performance.® Here, the
paradigmatic example is the “blue dimer”, cis,cis-[(bpy),-
(H,O)RuORu(H>0)(bpy),]* *, which is the best characterized
molecular catalyst for water oxidation.”

A breakthrough in this field came in 2008, when two
research groups independently reported the synthesis of an
efficient fully inorganic catalyst for water oxidation. This is
a Ru-based polyoxometalate (Ruy,—POM) molecule that is
prepared as a salt and dissolves in water forming an anion
with charge 10—. The Ru,~POM complex, which is the
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Fig. 1

Molecular structure for the initial state S, of the full
Ruy;—POM complex (a) and of the simplified Ru,~Cl model (b). Red,
gray, small light blue, large light blue, yellow, and green spheres
represent O, W, H, Si, Ru, and Cl atoms, respectively.

subject of the present study, catalyzes water oxidation
with low overpotential (0.35 eV),” high turnover frequencies
(>450 cycles per hour) and no deactivation,'®!'" making it
one of the best catalysts for water oxidation reported to date.
A stable oxygen-evolving anode based on this compound
has been recently synthesized by depositing the Ru,—POM
catalyst on a conducting substrate of functionalized carbon
nanotubes.’

The structure of the Ru,~POM anion was determined
experimentally by means of X-ray crystallography on molecular
crystals.'®!! Its active core is formed by four Ru atoms at the
vertices of a tetrahedron (see Fig. 1) which are linked by six
bridging O atoms forming two p-hydroxo and four p-oxo
bridges. Each Ru atom is proposed to be in a Ru' (d*
oxidation state and binds a water molecule. The resulting
tetraruthenate [Rus(u-0)4(u-OH)»(H,0)4)° " core is capped,
on each side, by a [y-SinO%]g’ polyoxometalate, thus
leading to the Rus~POM anion, which has a 10— charge and
D4 symmetry. The Ru tetrahedron is slightly distorted, with
Ru-Ru distances in the 3.47-3.66 A range. Following the
nomenclature introduced by Sartorel et al.,'® we will refer to
this initial structure as Sy, which has already been the focus of
some theoretical investigations.'>!3

The catalytic cycle investigated in this work was proposed
on the basis of Raman spectroscopy'” and is schematically
displayed in Fig. 2. During this cycle, the initial state S,
(comprising four Ru'Y-H,O units) is transformed to the active
state S; (comprising four Ru¥-OH units) by four successive
PCET processes. In each PCET step the water molecule bound
to a Ru center loses a proton with the concomitant oxidation
of one ruthenium atom from Ru'v to RuY. The S, state has
been proposed to be the catalytically active species promoting
the oxidation of water. This reaction mechanism is also
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Fig. 2 Scheme of the catalytic cycle studied in this work, from the
initial (Sp) to the activated (S4) states, which are separated by four
PCET events.

consistent with the dependency of the cyclic voltammetry on
the pH (~0.59 meV per pH unit).'

The goal of the present computational work based on
Density Functional Theory (DFT) is to study the evolution
of the Ruy—POM complex during this catalytic cycle in which
water is oxidized and molecular oxygen is evolved. We first
characterize the structural and electronic properties of the
initial state Sy in the gas phase as well as its dynamics in the
presence of a solvent (described explicitly). The characterization
is then extended to all reaction intermediates S;—S4 of the
catalytic cycle described above. The energetics of water oxidation
is addressed in terms of these intermediates with the method
proposed by Norskov and coworkers'’. Different sets of
calculations employing the standard generalized gradient
approximation (GGA) as well as hybrid functionals demon-
strate the important role played by the exchange and correlation
functional in yielding reliable computational predictions. The
comparison between the calculated reduction potentials and
the available experimental cyclic voltammograms is used to
discuss this reaction mechanism in the context of other alternative
reaction mechanisms proposed in the literature, most prominently
the work of Geletii ef al.'*

2. Computational methods
2.1 Electronic structure calculations

The DFT calculations presented in this work were performed
with the QUICKSTEP program'¢ provided by the CP2K
package.'” This program uses an atom-centered Gaussian-type
basis to represent the wave functions together with an
auxiliary plane wave basis to describe the electronic density.
The electron-ion interactions were modeled through the
Goedecker—Teter—Hutter (GTH) pseudopotentials. The
dependency of the results on the approximations for the
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exchange and correlation (XC) functionals is determined by
exploring the following functionals: the generalized gradient
approximation (using the PBE functional),'® as well as the
B3LYP'"?° and the HSE06*' hybrid functionals.

Since PCET reactions involve the removal of a H atom from
the H,O molecules coordinated to the Ru atoms, we have
performed a preliminary study for testing the dependency of
the computed quantities on the choice of the basis set for the O
and H atoms. To this end, we considered six different
Gaussian-type basis sets for the O and H atoms, namely
DZVP, TZVP, TZV2P, aug-TZV2P, aug-QZV2P and
aug-TZV2P-MOLOPT (DZV, TZV, QZV stand for double-,
triple-, and quadruple-{ valence functions, P and 2P indicate
that one or two polarization functions have been included, and
aug- indicates the inclusion of diffuse functions). This analysis
was performed on a simplified model of the Ru,~POM
molecule (defined in the following section) in the initial S,
and final S, states of the catalytic cycle. The results obtained
with the different basis sets are reported in the ESI{ and
include (i) the Ru—Ru and Ru-H,O distances, (ii) the Mulliken
charges on the Ru atoms, and (iii) the corresponding spin
densities. On the basis of this analysis, we conclude that the
aug-TZV2P (for O and H), DZVP-MOLOPT (for Ru, W and
Si), and the DZVP (for Cl) basis sets ensure sufficiently
converged results for distances, spin densities and Mulliken
charge differences. All the results reported in the following
were obtained with these basis sets. The cutoff for the plane
wave representation of the charge density was set to 280 Ry.

Unrestricted spin-polarized calculations were always
employed, investigating, for every structure, solutions with
total magnetization M = 2S5 + 1 = 1,3,5,7 for structures with
an even number of electrons, and M = 28 + 1 = 2,4,6 for
structures with an odd number of electrons. Where relevant,
both the ferromagnetic (FM) and antiferromagnetic (AF)
couplings between the Ru atoms were explored.

2.2 Structural models

Besides the full polyoxometalate Ru,—POM anion described
above (charge 10—, Fig. 1), we also considered a simplified
model structure in which the [y-SiW,,01¢]°~ polyoxometalate
units are replaced by four Cl™ ions, while leaving the
[Rug(u-O)4(-OH),(H>0)4)]°* core unchanged. This substitution
leads to the formation of an anion with charge 2—, which will be
denoted in the following as Rus—Cl. The latter structure was
employed to reduce the computational cost of some selected
calculations, similarly to previous studies.'” All structures were
relaxed until the forces acting on each atom were below 4.5 X
10* a.u. (0.023 eV A,

2.3 QM/MM simulations and representation of the solvent

The influence of the liquid environment on the structural and
electronic properties of the Ru,~POM molecule was described
by an explicit atomistic description of the solvent. We
employed the QM/MM approach as implemented in the
CP2K package,”® where a portion of the whole system
(Rug—POM in our case) is described at the quantum-mechanical
(i.e. DFT) level, while the remaining part of the system (the
solvent) is treated at the molecular-mechanics level, using a

classical force field. Water was modeled with the TIP3P model,?
and charge neutrality was maintained by including 10 Na™
counterions. Besides the electrostatic interaction, the Ru,—POM
and the TIP3P water molecules interact also via a Lennard-Jones
(L)) potential. Since the outer surface of
the POM caps comprises of oxygen atoms, we limited the
interaction of the POM with the solvent to these exposed O
atoms only. In particular, their interaction with the TIP3P water
molecules and Na ¥ counterions was modeled with the same LJ
parameters of the oxygens in the TIP3P model.

The dimensions of the simulation cell were 34.20 x 34.20 x
45.60 A, including 1822 TIP3P water molecules. The size of the
system was determined so that the excess of negative charge on
the Ruy,—POM anion is effectively screened by the solvent. This
cell size was therefore determined by preliminary molecular
dynamics (MD) runs with a purely classical force field in the
NPT ensemble at zero pressure. After determining the
appropriate cell size, we run an additional MD simulation of
~1 ns in the NVT ensemble at room temperature with the
purely classical force field to equilibrate the system.

The QM/MM simulation consisted in a molecular dynamics
run in the NVT ensemble, using the Nosé-Hoover thermostat
to enforce a constant temperature of 300 K. After a ~0.5 ps
equilibration run we run a ~1.5 ps MD monitoring the
structural and electronic properties of the Ruy,—POM. The
electronic structure properties reported in Section 3.2 were
extracted from single point calculations at selected snapshots
along the MD simulation.

2.4 Calculation of the energetics of the catalytic cycle

The thermochemistry of the water oxidation reaction was
studied by focusing on the free energy differences between
the intermediates Sq—S4. The thermodynamics of the catalytic
cycle was studied with the protocol proposed by Nerskov
et al.", which has been already applied to the study of water
oxidation®*2® and oxygen reduction'® reactions on metal and
metal-oxide surfaces. Since this method has been already
presented, applied and reviewed,?” in the following we give
only a very a brief description of the important concepts. In
this framework, the possible energy barriers separating the
reaction intermediates are not addressed, therefore the kinetic
processes by which electrons and protons are extracted from
the Ruy,—POM molecule will not be investigated.

Since all the events considered here are PCET, we do not
need to compute separately the chemical potentials of H™ and
e, but simply the chemical potential of the pair. By setting the
zero-reference of the free energy to the normal hydrogen
electrode (NHE), defined by the equilibrium

H' + e < 1/2H,, )

the free energy of the pair HY + e~ is equal to half the free
energy of a hydrogen molecule at standard conditions. At zero
bias potential and at pH = 0, the free energy change AG of a
reaction is computed as

AG = AE + AZPE + AH — TAS, 3)

where AFE is the difference of the DFT total energies, AZPE is
the change in zero point energy, computed using the DFT
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Table 1 Zero point energy difference (AZPFE) and enthalpic plus
entropic contribution to the free energy change (AH — TAS) for the
intermediates S; of the catalytic cycle

State AZPE AH — TAS
So 0.00 0.00
S ~0.23 ~0.16
S, —0.46 —0.32
S, —0.68 —0.47
S —0.91 —0.63

vibrational frequencies, AH and AS are the changes in enthalpy
and entropy, computed using standard thermodynamic tables.?®
The zero-point energy changes between intermediates separated
by a PCET event are calculated with a normal mode analysis
of the Sy and S; states as well as of the H, molecule: AZPE(S,) =
ZPES,) + 12ZPEH,) — ZPE(S,). These quantities,
reported in Table 1, are evaluated at the PBE/TZV2P level and
we assume that each PCET reaction leads to the same AZPE
contribution. The change in entropy AS associated with the
release of a proton and an electron is, by virtue of eqn (2), equal
to half the entropy of a hydrogen molecule at standard
conditions, i.e. 0.21 eV. Similarly, the release of a proton and
an electron leads to a change in enthalpy of 0.05 eV.

3. Results and discussion
3.1 Initial state S,: isolated molecule

In this Section we investigate the structural and electronic
properties of the initial state So. The limit of the isolated
molecule in the gas phase is used as a reference, both for
establishing the predictions of different energy functionals, as
well as for determining the changes induced by the interaction
with the solvent (reported in the following Section).

3.1.1 Full Rus~POM complex. The equilibrium geometry
of the gas-phase Ru,~POM molecule in the initial state Sy
(Fig. la) was determined starting from the experimental
coordinates. The Ru—Ru interatomic distances resulting from
the PBE functional (PBE/full in Table 3) are in fair agreement
with the experimental values but do not capture the structural
distortion of the tetraruthenium-oxo core. In the gas phase,
the Ru—Ru distances are almost degenerate (3.53-3.56 A),
while XRD data show that the p-hydroxo bridge (3.66 A) is
longer than the p-oxo one (3.47 1&). We anticipate that this
distortion is correctly predicted only when the molecule is
solvated in solution. As shown in Section 3.2, by accounting

for the solvent effects, the same PBE functional yields an
excellent agreement with the experimental structure of the
tetraruthenium-oxo core.

The PBE/full calculations predict an open-shell singlet
ground state for S,, in agreement with the experimental
evidence that it is a diamagnetic, EPR silent, state.!">12
According to the Mulliken population analysis, there is an
excess of positive charge (0.55¢) on each Ru atom. These
atoms are antiferromagnetically coupled across the p-hydroxo
bridge, as shown by the atomic spin polarization (difference
between spin up and spin down densities on the Ru atoms)
reported in Table 2. The calculated density of electronic states
(DOS) is displayed in Fig. 3a together with the projections
(PDOS) on the POM (red) and tetraruthenium-oxo core
(black). These PDOS clearly show that the frontier orbitals
belong to the core while the electronic states of the POM
ligands start appearing at energies ~1 eV above/below the
HOMO/LUMO levels. The calculated PBE HOMO/LUMO
gap is 0.39 eV. The four intermediates in the catalytic
cycle involve removing four electrons from the four highest
occupied orbitals of this Sy state. The energies of these orbitals
lie in a 0.10 eV window therefore forming a quasi-continuum,
in agreement with the findings of Quifionero ez af.'?

TOT |]
— POM |
— CORE -

-(a) Ru,-POM (PBE)

(b) Ru,-CI (PBE)

DOS (A_rh. Unil_s}

(©) Ru,-CI (B3LYP)

-8 F 2 0 2
E-Ey om0 (V)

Fig. 3 Total (green), and partial density of states projected on the

tetraruthenium-oxo core (black) and on the polyoxometalate ligands

(red). (a) Ru4—POM molecule at the PBE level, (b) Rus—Cl model at

the PBE and (c) B3LYP levels. H and L indicate the HOMO and

LUMO, respectively.

Table 2 Differences of up and down Mulliken spin density (u) localized on the Ru atoms for the various intermediate states S;. In each block, the
two elements in the first row are u(Rul) and u(Ru2), while the two elements in the second row are u(Ru3) and p(Ru4). PBE/full refers to
the calculation done on the full Ruy~POM model, while all other calculations have been performed on the simplified Ru,~Cl model. M indicates

the multiplicity

Functional Ru atoms SoM = 1) Si(M = 2) So(M = 3) S;(M = 2) SyM = 1)
PBE/full w(Rul), u(Ru2) —0.48, 0.30 0.35, 0.87 1.28, 1.28 —1.37, —0.24 1.42, 1.46
u(Ru3), u(Ru4) —0.30, 0.48 0.20, —0.78 —0.68, —0.65 0.94, 1.30 —1.47, —1.41
PBE w(Rul), u(Ru2) —0.69, 0.33 0.35, 0.69 1.11, 1.32 —1.33, -0.24 141, 1.34
u(Ru3), u(Ru4) —0.35, 0.72 0.47, —0.83 —0.12, —1.04 0.85, 1.40 —1.38, —1.38
B3LYP w(Rul), p(Ru2) 143, 141 1.39, 1.89 1.94, 194 1.86, 1.85 1.87, 1.90
u(Ru3), u(Rud) —1.40, —1.43 —1.36, —1.32 —1.35, —1.37 —1.76, —1.31 —1.89, —1.88
HSE06 u(Rul), u(Ru2) 1.48, 1.44 1.43, 1.95 2.00, 1.98 1.92, 191 1.94, 194
1(Ru3), p(Rud) —1.46, —1.48 —1.40, —1.37 —1.41, —-1.42 —1.84, —1.37 —1.94, —1.94
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3.1.2 Validation of the simplified Ru,~Cl model. The full
Rus~POM molecule is computationally very demanding for
calculations employing hybrid functionals, which have instead
been performed on the simplified Ru,~Cl model (Fig. 1b). We
validate this structural simplification by showing that the
overall structural and electronic properties predicted by the
PBE functional are preserved by substituting the POM ligands
with Cl™ ions (Ru—Ru and Ru-H,O distances in Table 3). The
ground state turns out to be a singlet also for the Ruy,—Cl
model, with the same antiferromagnetic coupling of the full
Ru,~POM complex. The Mulliken population analysis gives a
0.47e positive charge on each of the four Ru atoms. The
calculated DOS is shown in Fig. 3b. The main electronic
features resemble those of the tetraruthenium-oxo core in
the full Ruy4~POM molecule (Fig. 3a), with a HOMO-LUMO
gap of 0.33 eV. These findings show that the structural and
electronic properties of the Ru;—POM are well captured by the
simplified Ruy—Cl model, suggesting that this simplification
can be used when the cost of the calculations becomes
prohibitively large.

3.1.3 GGA vs. hybrid functionals and discussion. Coming
now to hybrid functionals, the geometry of the Sy state of the
Ru,—Cl model was optimized by using the aug-TZV2P basis
set. With the B3LYP functional we find that the Ru-Ru
distances are in the 3.51-3.59 A range (3.49-3.56 A using the
HSEO06 functional) and that the Ru—Oy,; average distance is
2.23(2.18) A (see Table 3). Note that also these calculations do
not predict the experimental structural distortion of the Ru
tetrahedron cage. The ground state of Sy is a singlet with FM
coupling of the Ru atoms along the p-hydroxo bridge (see
Table 2). In this case the Mulliken population analysis places a
0.67 (0.61)e positive charge on the Ru atoms. The comparison
between the DOS calculated at the PBE and B3LYP levels
(Fig. 3b and c, respectively) shows a considerable increase in
the HOMO-LUMO gap from 0.33 to 1.92 eV (1.65 with
HSEO06). The four highest occupied molecular orbitals lie, in
this case, within a 0.29 (0.30) eV energy window. Overall, the
inclusion of a portion of the Hartree—Fock exchange has the
effect of localizing a higher spin density on the Ru atoms,
while the geometry is only marginally affected. Most notably,
the interaction between the spin densities localized on the Ru
atoms across the p-hydroxo bridge (i.e. the interaction between
Rul and Ru2 and between Ru3 and Ru4, see Fig. 1) changes
from AF in the case of PBE to FM in the case of hybrid
functionals. We verified that the FM solution is favored over
the AF one by 0.17 ¢V in the B3LYP case, while in the PBE
case it was not possible to converge to a FM solution.

The electronic structure of the Ru centers can be interpreted
on the basis of the ligand field theory. Each Ru ion is at the
center of a distorted octahedron whose field splits the energy
of the Ru-d orbitals in the t,, and e, levels, with two of them
unpaired. The calculated spin polarization of about 1.5e (see
Table 2) is consistent with a Ru'v(d*) ion, having formally
four electrons in the ty, level.

3.2 [Initial state Sy in solution: QM/MM simulations

In this Section we investigate the changes induced by the
solvent on the structural and electronic properties of the initial

Table 3 Distances among Ru atoms in the RusO4 core of the
intermediate states evaluated using the PBE, B3LYP and HSE06
functionals. PBE/full refers to the calculations performed on the full
Ruy~POM molecules, while all other calculations have been performed
on the simplified Ru,~Cl model. Bold labels refer to the Ru atoms
oxidized from Ru' to Ru"

State  Atoms PBE/full PBE B3LYP HSE06 Exp.

So d(Rul,Ru2) 3.53 3.58  3.59 3.56 3.66
d(Ru3,Ru4) 3.54 3.57  3.57 3.55 3.66
d(Rul,Ru3)  3.54 3.54  3.56 3.51 3.47
d(Rul,Ru4) 3.56 3.50  3.53 3.52 3.48
d(Ru2,Ru3) 3.56 349 351 3.49 3.47
d(Ru2,Ru4)  3.54 3.53 354 3.53 3.46
d[(Ru-H,0) 2.27 227 223 2.18

S d(Rul,Ru2)  3.64 3.66  3.71 3.64
d(Ru3,Ru4) 3.54 3.58 3.5 3.55
d(Rul,Ru3)  3.52 3.52 359 3.55
d(Rul,Ru4)  3.60 3.54  3.59 3.57
d(Ru2,Ru3)  3.56 3.52 355 3.53
d(Ru2,Ru4)  3.58 3.47  3.56 3.55
d(Ru-H,0) 229 223 221 2.16
d[(Ru-OH)  1.95 193 192 1.90

S, d(Rul,Ru2)  3.74 3.81 385 3.80
d(Ru3,Ru4) 3.54 3.58  3.53 3.51
d(Rul,Ru3)  3.58 3.52 357 3.54
d(Rul,Ru4)  3.60 3.56  3.56 3.53
d(Ru2,Ru3)  3.58 3.53 3.6l 3.57
d(Ru2,Ru4)  3.60 3.55 355 3.54
d[(Ru-H,O) 2.28 222 221 2.16
d(Ru-OH) 1.96 1.95 193 1.90

S5 d(Rul,Ru2) 384 3.78 381 3.73
d(Ru3,Ru4)  3.69 3.69 3.1 3.63
d(Rul,Ru3)  3.57 3.66  3.58 3.57
d(Rul,Ru4)  3.58 3.57  3.59 3.58
d(Ru2,Ru3)  3.58 3.53  3.60 3.58
d(Ru2,Ru4)  3.49 349  3.63 3.54
d[(Ru-H,0) 2.34 224 223 2.19
d(Ru-OH) 1.96 193  1.92 1.89

Sy d(Rul,Ru2)  3.81 3.86 383 3.80
d(Ru3,Rud)  3.83 3.84 385 3.80
d(Rul,Ru3)  3.58 3.58  3.62 3.57
d(Rul,Rud)  3.60 3.57 361 3.58
d(Ru2,Ru3)  3.58 3.56  3.60 3.57
d(Ru2,Ru4)  3.58 3.57  3.61 3.55
d[(Ru-H,0) — — —
d(Ru-OH) 1.95 1.95  1.92 1.90

state So. The liquid environment was modeled by employing
an explicit description of the water molecules and counterions,
as described in Section 2.3. Given the high computational cost,
the calculations were performed at the PBE/DZVP-MOLOPT
level. We report in the included ESIt that this level of theory
yields a sufficiently accurate description of the Ru—H,O bond
(see Tables I and II in the ESI¥).

The Ru—Ru distances in the tetrahedron core during the
MD simulation (~ 1.5 ps) are reported in Fig. 4. The effect of
the solution is to differentiate the Ru—Ru distances, shortening
those across the p-oxo bridges (dashed lines) and increasing
those across the p-hydroxo bridges (continuous lines). With
respect to the gas-phase geometry, the RuyOg core in solution
undergoes a structural distortion leading to calculated Ru—Ru
average distances (3.49 A across the p-oxo bridges and 3.67 A
across the p-hydroxo bridges) that are in very good agreement
with the experimental values (3.47 and 3.66 A).

Quite interestingly, the distortion pattern described above is
preserved during the whole dynamics (see Fig. 4) and is predicted
also by a continuum dielectric model of the solvent.'?
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Fig. 4 Time evolution of the Ru—Ru distances during the QM/MM
molecular dynamics simulation. In the top panel we consider one of
the two pairs of Ru atoms linked by the p-hydroxo bridge (Rul and
Ru2) and two of the four pairs linked by the p-oxo bridge (Rul and
Ru3, Rul and Ru4). The remaining pairs are shown in the bottom
panel.

By examining five snapshots of the MD run through single
point calculations and comparing them with the results
obtained in vacuum, we found that the electronic structure
of the Ruys—POM molecule is only weakly perturbed by the
presence of the solvent. As an example, the HOMO-LUMO

)
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Fig. 5 Time evolution of the difference between the spin-up and
spin-down Mulliken populations localized (spin density) on the Ru
atoms during the QM/MM molecular dynamics simulation. The top
(bottom) panel shows the spin density for Rul and Ru2 (Ru3 and
Ru4), the top (bottom) pair connected by the p-hydroxo bridge in
Fig. 1. Notice how both pairs remain AF coupled along the dynamics.

(@)s, . (b)s,
HNUE ,

Fiuai ; Ru4

r

(c)S,

4

gap is in all cases between 0.30 and 0.40 eV (0.39 eV in
vacuum) and the Ru atoms are antiferromagnetically coupled
along the p-hydroxo bridge as in the gas-phase calculation.

By monitoring the time evolution of the atomic spin density
on the four Ru atoms (Fig. 5) we can see that the anti-
ferromagnetic coupling of these Ru pairs is preserved during
the dynamics, while the magnitude and the sign of the atomic
spin density on each Ru atom strongly fluctuates. There is an
almost perfect antisymmetric correlation between the fluctuations
of the spins of the atoms connected by the p-hydroxo bridge,
so as to preserve the antiferromagnetic coupling.

3.3 Reaction intermediates S;—S,

Having characterized the initial state, we now present the
structural and electronic properties of the reaction intermediates
S-S, (Fig. 6), with the goal of identifying the main changes
induced by the four PCET steps during the catalytic cycle.

3.3.1 S;. The intermediate complex S; is formed by
removing a H atom from one of the water molecules coordinated
to the RuyOg core. The minimum-energy structure is displayed
in Fig. 6a, where an ellipse marks the hydroxyl group resulting
from the PCET process. This process leads to the formation of
an electron hole that formally oxidizes the Ru atom neighboring
the hydroxyl ligand from Ru' to Ru". All functionals (GGA
and hybrid) and model systems (Rus~POM and Ru,—Cl)
display an increase of the Mulliken charge associated with
the oxidized Ru atom (Rul) with respect to the value in the
initial state. The increase is more prominent for the hybrid
functionals (0.08-0.11e) than for the PBE one (0.06e). Note
that the actual calculated values are quite different for the PBE
(from 0.47 in Sy to 0.53 in S;) and for the hybrid functionals
(from 0.68/0.62 in Sy to 0.76/0.73 in S; for B3LYP/HSE06),
the latter obviously predicting a higher localization of the hole
on the metal centers.

The atomic spin densities predicted by the hybrid functional
calculations fully support the oxidation of the Rul ion to RuY
(Table 2). The increase of its spin density is consistent with the
removal of one electron from the spin minority in the t,, level,
resulting, formally, in three unpaired electrons at the Ru"
atom. This is precisely the case requiring a reliable description
of the localization of the electron hole, something in which the
hybrid functionals are known to be better suited than the
traditional gradient corrected ones, in which the self-interaction
error is major. Indeed, the PBE electronic solution cannot
support the same ligand field model of the RuV-OH group.

(d)s,
A
v

y ¥ 1

Fig. 6 S-S, intermediates of the catalytic cycle studied in this work. The ellipse indicates the hydroxyl group formed after every PCET step.
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We can anticipate (as demonstrated in the following Section)
that this inability of the GGA functionals to cancel the
self-interaction strongly affects their reliability in capturing
the energetics of the catalytic cycle.

The larger positive charge localized on the oxidized Ru"
atom can be expected to drive apart its Ru'Y neighbors.
Indeed, the increase of the RuY—Ru'" distances can be clearly
seen across the p-hydroxo bridge (by about 0.08-0.12 A),
while the distances across the p-oxo bridges are modified to
a smaller degree (by 0.00-0.08 A), as shown in Table 3. The
geometries of the other bridges not involving the RuY center
are instead scarcely affected (bond lengths change by less than
0.02 /OX). The structural changes after the first PCET process
can therefore be rationalized on the basis of an ionic model of
the Ru-oxo core, in which the larger ionic charge localized on
the oxidized Ru" center drives the distortion of the tetra-
hedron. In agreement with this electrostatic interpretation,
hybrid functionals predict a higher positive charge at the
oxidized Ru atom than the gradient corrected one, and a
correspondingly larger increase of the Ru¥—Ru' distance.

3.3.2 S;. A second PCET step, in which a H atom is
removed from the water molecule bound to Ru2, leads to
the intermediate S, displayed in Fig. 6b. Also in this case the
oxidation of Rul and Ru2 from Ru'" to Ru is supported by
the increase of their Mulliken positive charge to 0.59¢ at
the PBE level (0.79 and 0.73 with the B3LYP and HSEO06
functionals, respectively). This is accompanied by the increase
of their atomic spin densities (Table 2) on the two oxidized Ru
atoms, resulting, formally, from three unpaired electrons on
the t,, levels. The PBE solution is consistent with the prediction
of the hybrid functionals, but with smaller magnitude of the
atomic spin densities.

The change in the molecular structure follows the ionic
model presented for the case of Sy, with a further increase of
the Rul-Ru2 distance from 3.66-3.71 A in S, to 3.81-3.85 A
in S,, due to the additive repulsive effect of the excess positive
charge induced by the oxidation.

3.3.3 S;. In the case of the S3 intermediate (Fig. 6¢) there is
only one Ru'Y center (Ru4) bound to a water molecule, the
others being in their oxidation state V and coordinated by a
hydroxyl ligand. The average Mulliken charge on the oxidized
RuV ions is compatible with the one presented for the previous
cases, 0.55/0.75/0.70¢ with the PBE/B3LYP/HSEO06 functionals,
with the corresponding values for the Ru'Y center (Ru4) being
0.50/0.69/0.63e, respectively. As expected, the Rul-Ru2
distance (i.e. the distance between two Ru" atoms across the
p-hydroxo bridge) is larger than the Ru3-Ru4 one (i.e. the
distance between a Ru" and a Ru" atom across the p-hydroxo
bridge), in line with what seen for the previous intermediates
(Table 3).

The interpretation of the atomic spin densities on the basis
of the simple model applied to the previous intermediates does
hold also for S; (Table 2). Starting from the S, solution, which
displays two unpaired spins in the Ru' atoms and three
unpaired spins in the Ru" atoms, the oxidation of one Ru'"
atom leads to an increase of the corresponding atomic spin
density (on Ru3, in our specific geometry), consistently with

the removal of one electron from the minority spin of the
Ru ion.

3.34 S4 In the case of the S, intermediate, which is
obtained from S, by replacing each of the four water molecules
with OH groups (Fig. 6d), we find that, at the PBE level, the
Ru—Ru distances along the p-hydroxo bridges are both ~ 3.85 A,
while those along the p-oxo bridges are ~3.57 A (see Table 3).
The tetrahedral structure of the Ru core is therefore significantly
distorted compared to the S, state. The same behavior is
displayed by hybrid functional calculations. The Mulliken
charge on the four Ru atoms is 0.64e in the PBE calculation,
0.77e in the B3LYP calculation and 0.72e in the HSE06 one.
By comparing these numbers with the corresponding ones for
So we see a clear increase of the positive charge localized at the
Ru atoms upon their oxidation.

All three functionals give FM coupling between the
Ru atoms across the p-hydroxo bridge, with the hybrid
functionals leading to a more localized atomic spin density.
By comparing the magnitude of these quantities with those of
S, we see that each of the four Ru" atoms of S, has an atomic
spin density comparable to that of the two Ru" atoms of S,
and higher than of the two Ru'¥ atoms. This is consistent with
our model in which the oxidation of all Ru atoms leads to
three unpaired electrons in the ty, level of every Ru atom.

3.4 Energetics of the intermediate states of oxidation

In this section we present and discuss the free energies of the S;
intermediates. We do this by using the methodology outlined
in Section 2.4. The total energy differences AE in eqn (3) are
evaluated through DFT calculations of the S; intermediates in
vacuum, which have been characterized in the previous
Section. We note that this is an acceptable approximation
since solvent effects on these thermodynamic quantities have
been shown to be negligibly small.'> In particular, the main
quantity of interest here is the energy difference between S,
and S,. The inclusion of an implicit solvent model modifies
this quantity by just 0.05 eV.

3.4.1 Validation of the simplified Ru,—~Cl model. Before
describing the thermochemistry of the PCET reactions
transforming S, into S; (Fig. 2), we first assess that the
thermodynamics calculated for the simplified Rus—Cl model
correctly reproduces the one of the full Rus—~POM complex.
To this end, we calculate the total energy difference

i
AE(S) = E(Si) +5 E(Hz) — E(So) 4)
between the state S; and the state Sy for the Ruys—Cl and
Ru;~POM systems. The data are reported in Table 4 (third
and fourth columns) and demonstrate that, at the PBE level
the two models agree within 0.1 eV per PCET event.

3.4.2 Total energy differences. In the mechanism under
analysis, the structures of the intermediates S; differ only by
the number of H atoms in the ligands of the four Ru centers.
Therefore the POM capping units remain almost invariant
during the catalytic cycle. We have established, in agreement
with the findings of Quifionero er al.,'* that the frontier
orbitals are strongly localized on the tetraruthenium-oxo core
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Table 4 Relative energies of the S; intermediates, computed using three different types of XC functionals (PBE, HSE06, B3LYP) and the
aug-TZV2P basis set. The HSE06 and B3LYP results are obtained using the relaxed geometries at the DZVP level, while the PBE results are fully
relaxed at the aug-TZV2P level. In the case of hybrid functionals, AEg,, ¢ is used to estimate AEg,, pom (see text). M indicates the multiplicity

and all energies are in eV

State M AE}?EE —cl AEEELE —POM AEE‘?&% AE}?iEﬁOM AE}TEE?] AEEEF%OM
So 1 0.00 0.00 0.00 0.00 0.00 0.00
N 2 1.00 1.03 1.06 1.09 1.25 1.28
S, 3 2.13 1.92 2.56 2.35 2.87 2.66
S3 2 3.24 3.02 3.90 3.68 4.33 4.11
S4 1 4.39 4.04 5.27 4.92 5.89 5.54

(Fig. 3). These considerations indicate that also the free energy
differences between PCET steps, AGry, pom, Will be mostly
determined by local changes (structural and electronic) in the
tetraruthenium-oxo core. Hence, the energetics of the full
Ru,~POM complex, AEry, pom, can be estimated on the basis
of the accurate energy differences calculated with the hybrid
functionals in the Ruy—Cl model, AER,, 1, corrected for the
small contribution of the POM ligands calculated at the
PBE level:

AERe om (Si) 2 AERG (1) + ARy, pom (Si) .
= AEgy;a(S),

(and analogous for the B3LYP functional). This approximation
allows us to relate the thermodynamics calculated for the small
Ru,—Cl model to the experimental data measured for the
molecular complex in solution.

The cost of each PCET step, and the first one in particular,
turns out to be smaller with the PBE than with hybrid
functionals (see Table 4). This can be rationalized by the
different descriptions of the Ru—OH bond provided by different
functionals, which can already be seen for a model system
consisting of one Ru atom undergoing the Ru—H,O/Ru-OH
transition (see ESI, Table III).

3.4.3 Thermodynamics of the catalytic cycle. We report in
Table 5 the values of the free energy differences AGry,pom for
the intermediates S; evaluated with the three functionals,
together with the corresponding experimental values obtained
from the cyclic voltammetry measurements'? (referenced to
pH = 0). Note that these measurements could not identify a
clear peak corresponding to the S;/S4 pair and therefore the
experimental value for AG(Sy — S,) is not known. We start by
comparing the computed thermodynamics with the available
experimental data, i.e. the Sy/S; couple. Overall, the hybrid
functionals yield a good agreement with experiment, with
errors in the free energy after three PCET steps below
0.25 eV (7/9% at the B3LYP/HSEO06 level). In turn, this
reaction thermodynamics exposes the limits of the PBE
functional, which is affected by important discrepancies with
the experiment, as large as 0.81 eV (31%).

The experimental trend of a slight increase in the cost of a
PCET as a function of the oxidation step, 0.76/0.88/1.07 eV
for AG(So — S1)/AG(S; — S»)/AG(S, — S3), respectively, is
qualitatively reproduced by both B3LYP (0.70/0.87/0.96 V)
and HSE06 (0.89/0.99/1.08 eV). We note however that the

Table 5 Free energies of the S; intermediates, computed using three
different types of XC functionals (PBE, B3LYP, HSE06) and the
aug-TZV2P basis set. The quantity AG(S;) is defined as G(S;) +
i/2G(H,) — G(So), where i = {0,4}. The unit of all energies is eV

State AGREE Loy AGgityj,OM AGRSEYS Expt.'?
So 0.00 0.00 0.00 0.00

S, 0.64 0.70 0.89 0.76

S, 1.14 1.57 1.88 1.64
S, 1.87 2.53 2.96 2.71

S4 2.50 3.38 4.00 —

fourth oxidation step in both cases (0.85/1.04 e¢V) does not
follow this trend.

According to the catalytic cycle under analysis, water
oxidation is promoted by the S, intermediate. To achieve this
goal, the free energy difference AG(Sy — S4) has to exceed the
thermodynamic limit of 4.92 eV. Clearly, our calculations
show that the Sy/S4 couple does not fulfill this requirement,
since the computed values 3.38/4.00 eV (B3PLYP/HSE06) are
by more than 0.9 eV below this thermodynamic limit. Given
the overall good agreement with the experiment obtained for
the Sy/S; couple, we expect a similarly high predictive power of
the hybrid-functional calculations also for the Sy/S4 energetics.
The difference between the theoretically predicted So/S4 couple
and the thermodynamic value for water oxidation (0.9 eV) is
much larger than the variations due to different approximations
in the exchange and correlation functional (~0.4 eV for
So/S3). These calculations therefore show that the So/S4 couple
does not have enough oxidizing power to split water. On the
basis of this result we suggest that promoting water oxidation
would require higher oxidation states than those undertaken
in the four PCET processes assumed in the present Sy — Sy
catalytic cycle.

One possibility for reaching the thermodynamic driving
force necessary to promote water oxidation would be to
further oxidize the catalyst. To do so, a catalytic cycle
comprising four PCET processes would require the removal
of H atoms from the hydroxyl ligands of the Ru" ion, forming
RuY'=0 oxo or Ru¥Y-0* oxyl groups. We note that this
has important analogies with similar bimetallic Ru-based
metal-organic catalysts.”>® Incidentally, for these systems,
DFT calculations based on the B3LYP functional reproduced
very well the available experimental energetics of the
four-electron oxidation with errors below 0.3 eV.>! Another
possibility would be that some (or all) reaction intermediates
were not related by PCET processes as assumed here but
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rather by electron transfer steps. This would then modify the
charge of the molecular complex during the cycle, something
that has indeed been postulated to justify the approximately
linear increase of the S;/S;;; redox potential measured by
Geletii and coworkers.'* We are currently validating the latter
hypothesis with computational methods cabable of quantifying
the screening effects of the solvent on differently charged
Ru,~POM anions.

4. Conclusions

In conclusion, we have investigated the structural, electronic,
and thermodynamic properties of a Rus—POM molecular
complex by means of DFT calculations.

The initial S, state is predicted to be in an open-shell singlet
ground state, with a finite atomic spin density localized at
the Ru atoms. The calculated Mulliken charges and spin
polarization are compatible with Ru'v(d*) ions with two
unpaired electrons in the t», levels, AF coupled across the
p-hydroxo bridge. The QM/MM simulations of the solvated
molecule show that the tetraruthenium-oxo core undergoes a
solvent-induced structural distortion that brings the calculated
average distances in excellent agreement with the experimental
values.

Removing a hydrogen atom from one Ru"V—H,O unit of the
core drives the oxidation of the Ru center to RuY—OH. This is
supported by an increase of the Ru Mulliken charge (which
determines an electrostatic-driven distortion of the Ru
tetrahedron), and of the Ru spin polarization. We have also
shown that the main features of the electronic structure
changes underpinning the Ru'V—H,O/RuY-OH transformation
can be inserted in the framework of ligand-field theory.

The free energy difference between the S, and S; states
calculated with the hybrid functionals agrees within 0.25 eV
with the corresponding experimental value. This is in line with
the accurate thermodynamics predicted by these functionals
for other Ru-based molecular complexes.>® The same quantity
predicted by the GGA/PBE functional is affected by discrepancies
with experiment as large as 0.9 eV. The main result of our
analysis is that the free energy difference between the initial
state Sp and the active state Sy is significantly lower than the
thermodynamical limit for water oxidation. This suggests that
the So/S4 couple is not the one responsible for the catalytic
water splitting observed experimentally. One way to promote
this reaction with four PCET processes would be a catalytic cycle
involving higher oxidation states than the Ru'V—H,O/RuY-OH
of the Sy/S4 couple.
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