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ABSTRACT: Electron correlation plays a crucial role in the energetics of
reactions catalyzed by transition metal complexes, such as water splitting. In the
present work we exploit the performance of various methods to describe the
thermodynamics of a simple but representative model of water splitting
reaction, based on a single cobalt ion as catalyst. Density Functional Theory
(DFT) calculations show a signiﬁcant dependence on the adopted functional,
and not negligible diﬀerences with respect to CCSD(T) ﬁndings are found
along the reaction cycle. We performed quantum Monte Carlo calculations
using an unrestricted single Slater determinant wave function multiplied by a
Jastrow factor using both DFT and fully optimized orbitals. Variational and
Lattice Regularized Diﬀusion Monte Carlo results are in overall agreement with the CCSD(T) free-energy proﬁle, even though
diﬀerences in the description of the thermodynamics of the reaction cycle are found. NEVPT2 calculations reveal that the role of
the static correlation of the diﬀerent reaction steps is not large, and it is limited to only a few intermediate structures. Finally, the
free-energy diﬀerence of the overall water splitting reaction computed at the quantum Monte Carlo level shows an excellent
match with the experimental value of 4.92 eV, underlining the capability of these techniques to properly describe the dynamical
correlation of such reactions.

1. INTRODUCTION
Water splitting triggered by photo- and electrochemical
processes represents a promising way to convert sunlight
energy or electrical energy into fuels. In recent years, artiﬁcial
photosynthesis1−12 is taking this challenge by using materials
and strategies which are directly or indirectly inspired by
natural photosynthesis. The main obstacle for an industrial
eﬃcient conversion of solar energy into chemical fuels within
an artiﬁcial photosynthetic process is the lack of suitable and
cheap materials as catalysts for water oxidation. Even though
materials based on noble metals are eﬃciently catalyzing the
water splitting process, large-scale applications necessitate
catalysts based on earth-abundant transition metals, such as
Mn, Fe, Co, and Ni, to guarantee availability and low prices.
Since in a few years nanostructured cobalt amorphous oxides
were revealed to be good candidates1,11,13−15 due to their
robustness and catalytic properties. Reduced models of the
amorphous cobalt oxide nanoparticles have been designed to
study the structure16,17 and reactivity8,18,19 of water oxidation
reaction. Density functional theory (DFT) has been extensively
used for the quantitative description of the chemical processes
involved in the artiﬁcial catalysis, thanks to the good trade-oﬀ
between accuracy and computational eﬀort permitting the
study of the electronic structure of transition metal complexes.
In order to benchmark the behavior of diﬀerent DFT
exchange-correlation functionals and of the Hubbard correction
introduced in DFT+U approaches,19 recent ab initio calcu© 2016 American Chemical Society

lations at coupled cluster and Møller−Plesset perturbation level
of theory have been performed on a simpliﬁed reduced model,
composed of only one cobalt ion coordinating three water
molecules and three OH− groups, mimicking the Co−O bonds
of larger clusters.11,19 Despite its simplicity, the ion model is
fully representative of the thermodynamics of the water
oxidation mechanism.11,19 Within this catalyst, the water
splitting reaction
2H 2O → 4e− + 4H+ + O2

(1)

can be decomposed into seven consecutive steps, four of which
are characterized by a proton-coupled electron transfer (PCET)
in which one electron and one proton are released
simultaneously, as shown in Figure 1. The calculation of the
free-energy reaction proﬁle for the catalytic cycle of the smallest
model (Figure 1) has been carried out following the protocol
proposed by Nørskov and co-workers.20
In the previous work by Fabris and co-workers,19 assuming
CCSD(T) results in the complete basis set (CBS) limit as the
theoretical reference, standard LDA and GGA exchangecorrelation functionals have been seen to fail to correctly
reproduce the reaction proﬁle, whereas hybrid B3LYP and
PBE0 functionals instead display a satisfactory agreement with
the CCSD(T) predictions.19
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approaches are characterized by a DFT-like scalability with
respect to the system size (Nd, with 3 < d < 4 and N the
number of electrons)21,29 and by the use of algorithms that can
be eﬃciently parallelized, making QMC calculations a
competitive tool for accurate calculations on large correlated
systems. Indeed, the main drawback of any QMC approach,
namely the very large prefactor in the scaling preventing the
systematic use of QMC in quantum chemical calculations of
medium- and large-size systems, has been dramatically
alleviated by the introduction of high-performance computing
facilities on which QMC methods can scale up to 106 cores.
These properties are the main reason for the growing number
of QMC applications in problems of quantum chemistry and
molecular physics.27,2629−38
Variational Monte Carlo (VMC)39 represents the simplest
method, which combines together Monte Carlo integration for
computing the energy as the expectation value of the electronic
Hamiltonian Ĥ and the variational principle for the ground
state. The VMC energy EVMC21 is deﬁned as the minimum of
the expectation value of Ĥ over the set of parameters p of a trial
wave function ΨT for a given nuclear conﬁguration R

Figure 1. Reaction cycle involving the cobalt ion (in pink) model, as
deﬁned in ref 19.

E VMC = min E[ΨT (p, x, R)]

To compute the free-energy proﬁle of the reaction deﬁned by
the ion model, in the present work we consider the quantum
Monte Carlo methods (QMC)21 as a high-level alternative
approach. Thanks to the embarrassing parallelism allowing one
to exploit the potentiality of high-performance computing
infrastructures,22 QMC has been successfully applied to the
study of the energetics and the structure of large systems with
hundreds of electrons, as polyacetylene chains,23 biochromophores24,25 and to investigate the properties of liquid water.26
The wave function employed in present investigation is
deﬁned as an unrestricted single Slater determinant multiplied
by a Jastrow factor. The presence of the Jastrow term, i.e. an
explicit function of interparticle distances,27 is essential to
eﬃciently describe the high degree of dynamical correlation
present in transition metal-based systems, allowing us to
directly compare QMC energies with those obtained by
CCSD(T). Using the B3LYP structures reported in ref 19,
we have carried out variational and diﬀusion Monte Carlo
calculations for estimating the free-energy proﬁle of the water
oxidation reaction along the ion model (Figure 1). Several
functionals have been also tested against QMC and CCSD(T)
results. Furthermore, we have compared the QMC results with
those obtained by NEVPT2 calculations, with the aim to
investigate the possible multiconﬁgurational nature of the
cobalt-based structures along the catalytic pathway.
The work is organized as follows. In Section 2 the QMC
methods and the trial wave function used are shortly
introduced, together with the procedure used for computing
the free-energy proﬁle. Details on the present calculations are
summarized in Section 2.3. Our results on the cobalt complex
are presented and discussed in Section 3, and ﬁnal comments
on the use of the present QMC computational protocol for
transition metal complexes as the cobalt model investigated in
this work are reported in the Conclusions.

(2)

p

where (the dependence of ΨT with respect to p and R is here
omitted)
E[ΨT ] = ⟨Ĥ ⟩ΨT2 =

∫ ΨT (x)Ĥ ΨT (x)d x
∫ ΨT2 (x)d x

(3)

The VMC integral is written in terms of the local energy, EL =
2
HΨ̂T/ΨT, and of the probability density ΨT2
∫ ΨT

∫ ΨT2 (x)EL(x)d x
E[ΨT ] =
∫ ΨT2 (x)d x

(4)

and estimated as a sum over a set of spin and Cartesian
coordinates x, randomly generated according to the probability
distribution

ΨT2

∫ ΨT2

dx .

Beyond VMC, the diﬀusion Monte Carlo (DMC)
technique40 is one of the most used Green’s function Monte
Carlo approaches, allowing one to extract the ground-state
energy, within the ﬁxed-node approximation,40 i.e. the lowest
energy associated with the nodal surface of the trial wave
function. The Green’s function Monte Carlo method adopted
in this work is the Lattice Regularized DMC (LRDMC),41,42
which has been demonstrated to be eﬃcient for systems with a
large number of electrons42 and preserves the variational
principle even when used in combination with nonlocal
pseudopotentials.42
2.2. Trial Wave Function. In QMC the trial wave function
Ψ is usually deﬁned as a product of a Fermionic term + , which
provides the nodal structure, and a bosonic one, named the
Jastrow factor 1 , explicitly describing the interparticle
correlation:21,27

2. THEORETICAL METHODS
2.1. Quantum Monte Carlo Methods. Quantum Monte
Carlo methods (QMC)21,28 are a powerful alternative to
traditional quantum chemistry and DFT methods to tackle the
electronic structure calculations of atoms, molecules, and solids
in which the electron correlation has a crucial role. QMC

Ψ(x) = +(x) × 1(x)

(5)

A proper choice of the wave function ansatz guarantees an
accurate description of both static and dynamical correlations,
provided a full optimization of the variational parameters of the
trial wave function is achieved. In our investigation the
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Table 1. Jastrow Basis Set Convergencec

Fermionic part of the wave function + is represented by an
unrestricted single Slater determinant.
The Jastrow factor is written as the exponential of a function
U, 1 = exp[U ], consisting of several terms accounting for the
two-body, three-body, and four-body interactions between the
electrons and the nuclei27,43,44
U = Uen + Uee + Ueen + Ueenn

reaction free energies
(eV)
basis set
a

J1
J2b

(6)

total energies (Hartree)

a→b

a

b

2.42(2)
2.44(2)

−247.3881(6)
−247.4114(4)

−246.7012(4)
−246.7235(5)

a

4s3p2d for Co, 3s2p1d for O, and 2s1p for H. All the QMC
calculations have been performed using this basis set. bThe same as J1
but with the addition of the f shell. cThe J-uB3LYP wave function is
used. Reaction free energies from a → b and total energies of a and b
are listed here.

with the electron−nucleus Uen, the electron−electron Uee, the
electron−electron−nucleus Ueen, and the electron−electron−
nucleus−nucleus Ueenn contributions. The functional form of
the Jastrow used in our investigation is described in refs 27 and
43. The leading contribution is the homogeneous two-electron
interaction term Uee, which only depends on the electron pair
distance, and is used to satisfy the electron−electron cusp
condition in all-electron calculations. The one-electron
interaction term Uen describes the electron−nucleus correlation
and satisﬁes the nuclear cusp condition. The Ueen and Ueenn
functions describe inhomogeneous two-electron interactions,
which take into account the dynamical correlation eﬀects
between electrons, also improving the description of dispersive
interactions.45
2.3. Computational Details. The Hartree−Fock (HF),
DFT, complete active space (CASSCF), and n-electron valence
state perturbation theory (NEVPT2) calculations have been
done using the ORCA package.46 For DFT we employed the 6311G** basis set in accordance with ref 19, whereas for HF,
CASSCF, and NEVPT2 we have used the cc-pVDZ basis set.
The structures of the conformers have been optimized at the
DFT level using the B3LYP functional, in accordance with ref
19, in order to obtain results which were comparable with their
high-level ab initio calculations, also done on the B3LYP/6311G** optimized molecular structures.
The active space used for CASSCF and NEVPT2 includes all
the relevant d-type orbitals involved in the Co coordination. In
detail, for singlet and triplet structures (a, c, d, f, and g) an
active space of eight electrons in eight molecular orbitals has
been selected; for the doublet ones (b and e) nine electrons in
eight orbitals have been used.
QMC calculations are carried out using the TurboRVB
package47 developed by Sorella and collaborators. The
electronic structures of the cobalt-based molecular systems
have been described through an unrestricted single Slater
determinant wave function with the addition of a Jastrow factor,
substituting the core electrons of the cobalt and oxygen atoms
with energy-consistent pseudopotentials (ECP) with relativistic
corrections.48,49 The unrestricted Slater determinant is built
from uncontracted Gaussian functions, whose exponents are
taken from the Gaussian primitives of the ANO-VTZ basis set.
Large exponents (i.e., > 50) have been removed due to the
presence of ECPs, together with the f shells of the ANO-VTZ
basis set.
Two basis sets for the Ueen and Ueenn parts of the Jastrow
factor (Table 1) have been deﬁned using uncontracted
Gaussian functions, in order to verify the convergence of our
results with respect to the explicit Jastrow term. The ﬁrst basis
set is composed by Co(4s3p2d), O(3s2p1d), and H(2s1p)
orbitals, whereas in the second one f orbitals are added for the
cobalt.
Energy is minimized with respect to all the variational
parameters, including the nonlinear Gaussian exponents of the
Fermionic and many-body Jastrow expansion, using the method
described in refs 43 and 50−52. The wave function

optimization follows the computational procedure deﬁned by
some of us in previous works:27,31,36,43 we start from previously
optimized Slater-determinants at the DFT level with the ORCA
package,46 using B3LYP and PBE0 exchange-correlation
functionals; afterwords, the Jastrow factor is added to the
wave function, and its parameters are fully optimized at the
VMC level while maintaining the orbital part frozen (the
corresponding wave functions will be referred to as J-uB3LYP
and J-uPBE0); after this step a full relaxation of all the
parameters of the wave function, including the Gaussian
primitives of the Fermionic basis set is taken on (the
corresponding wave function will be referred to as J-uSD).
For the LRDMC calculations a value of 0.04 bohr has been
chosen for the space discretization step a, according to the
analysis previously done in other works.27,31,35
Zero-point energy (ZPE), thermal, enthalpy, and entropy
corrections were taken into account in the computation of freeenergy diﬀerence for each intermediate structure of the cycle.
Normal-mode analysis was performed in order to get the ZPE
correction, whereas the thermodynamic corrections were
estimated at room temperature of 298.15 K and standard
pressure of 1.00 atm. The ZPE corrections have been computed
with diﬀerent energy functionals with the 6-311G** basis set
and are reported in Table S1 of the Supporting Information.
Since the values of the corrections seem to be nearly identical
for the diﬀerent functionals, we have decided to apply
corrections obtained with the B3LYP functional to all the
free-energy values presented in this work, in accordance with
ref 19. Rotational entropy of thermal corrections are evaluated
assuming the complex to have C1 point symmetry.

3. RESULTS AND DISCUSSION
The main goal of the present investigation is to quantitatively
capture the interplay between electronic correlation and the
energetics of the intermediate states along the water splitting
reaction using a single-reference representation of the wave
function.
For this reason the starting point of our analysis is the
comparison of the free-energy proﬁles obtained with diﬀerent
DFT functionals, as shown in Figure 2. The total energies, the
values of the ⟨S2⟩ operator, and the thermal corrections
obtained for these calculations are reported in Table S1, while
the energy and free-energy diﬀerences are collected in Table S2
of the Supporting Information. From Figure 2 we can see that
the widely used hybrid functionals, such as B3LYP and PBE0,
produce very similar free-energy proﬁles with a well
distinguished maximum at step 5. Reducing the percentage of
the exact HF exchange to 15%, as done for the B3LYP*
functional,53 has only the eﬀect of giving a slightly smoother
free-energy proﬁle, still close to the B3LYP and PBE0 data.
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Figure 3. Reaction free-energy proﬁle computed at the HF and DFT
levels, using B3LYP and PBE0 functionals. VMC calculations with an
optimized Jastrow term and B3LYP and PBE0 orbitals are also
reported (J-uB3LYP and J-PBE0). Error bars for VMC are within the
symbols.

Figure 2. Reaction free-energy proﬁle computed at the DFT level,
using M06, PBE0, B3LYP, B97, B3LYP*, TPSSh, and BP86
functionals with the 6-311G** basis set.

Similar free-energy proﬁles are found for M06, B97, and
TPSSh, while the GGA BP86 functional is characterized by the
largest deviations with respect to the others. Also, the absolute
value of the reaction free energies was increased as the
percentage of the HF exchange increased.
Because of the overall compatibility of the DFT calculations
with hybrid calculations, in order to construct the QMC
starting wave functions we have decided to use the Kohn−
Sham orbitals derived from the B3LYP and PBE0 calculations,
also encouraged by the conclusions reported in ref 19 on the
reliability of B3LYP and PBE0 for the electronic structure of
cobalt complexes.
On this set of orbitals we have added and optimized the
Jastrow factor, with the aim of understanding the role of the
dynamical correlation introduced by this bosonic many-body
term. In order to deﬁne a compact and still accurate Jastrow
factor we have compared the performance of two diﬀerent basis
sets described in Section 2.3. In Table 1 we report the freeenergy diﬀerence for the step a → b, as a representative
example of the full reaction path, and the corresponding total
energies for a and b structures computed using the J-uB3LYP
wave functions, with the J1 (without f functions) and with the
J2 (with f functions) Jastrow terms. The Jastrow parameters are
optimized minimizing the VMC energy, whereas the Slater
determinant is kept ﬁxed at the B3LYP molecular orbitals. As
clearly expected, total energies with J2 are lower (about 0.02
hartree) than those with J1, but interestingly free-energy
diﬀerences are equal within the statistical uncertainty implicit in
the QMC approach. This important result allows us to use the
smallest Jastrow factor for all the following QMC calculations
presented in this work, considerably reducing the computational eﬀort. Comparison among J-uB3LYP with the B3LYP
functional, J-uPBE0 with the PBE0 functional, and HF is shown
in Figure 3. The total energies are reported in Table 2, and the
energy diﬀerences are reported in Table 3. HF is of course
expected to give only a poor description of the electronic
structure of the transition metal complex and, consequently, a
bad estimation of the reaction free energy; thus, it is here taken
only as a reference result in the absence of electronic
correlation. At this level of theory (Figure 3) a large freeenergy diﬀerence of 4.27 eV is found for removing one proton
and one electron from the original complex (step 1), composed
of three water molecules and three OH− groups. Only a small

minimum of less than −0.41 eV corresponds to step 3, i.e., the
addition of one water molecule. The proﬁle for the successive
steps is completely diﬀerent with respect to the DFT ones in
Figure 2, with a maximum at step 6. The introduction of
electronic correlation through DFT results in a more structured
free-energy proﬁle. As previously mentioned, hybrid B3LYP
and PBE0 functionals give the same free-energy behavior along
the reaction path: a ﬁrst maximum at step 2 (1.90 and 2.06 eV,
respectively), followed by the minimum at step 3 (−0.46 and
−0.70 eV), and a further maximum at step 5 (1.12 and 1.22
eV).
The addition of the Jastrow factor to the unrestricted B3LYP
and PBE0 wave functions, taking into explicit account the
electron−electron distance, is seen to enhance the free-energy
diﬀerences along the path, computed at the VMC level (Figure
3). In particular, the ﬁrst maximum, on step 1 as for HF, is
equal to 2.42(2) and 2.43(2) eV for the VMC/J-uB3LYP and
VMC/J-uPBE0 treatments, whereas the second maximum (step
5) corresponds to 1.43(2) and 1.15(2) eV, respectively. The
minimum at step 3 is the same (−0.73(3) vs −0.74(3) eV).
The main diﬀerence between J-uB3LYP and J-uPBE0 is found
for steps 4 and 5, i.e., the removal of one proton and one
electron, otherwise the agreement is quantitative along the
path, with the J-uB3LYP and J-uPBE0 VMC proﬁles practically
identical within the error bars. VMC ⟨S2⟩ values for J-uB3LYP,
J-uPBE0, and J-uSD are reported in Table S3.
LRDMC calculations fully recover the dynamical correlation,
provided the nodal surface of the Slater determinant. The
energy proﬁles obtained from these calculations are reported in
Table 3 and displayed in Figure 4 together with the
corresponding VMC results. Discrepancies in steps 4 and 5
between J-uB3LYP and J-uPBE0 are evidently reduced at the
LRDMC level, whereas a reasonable agreement is maintained
along the path, with diﬀerences at maximum of around 0.3 eV.
Despite these small variations both the LRDMC results are
essentially compatible within each other as also shown by the
total energies in Table 2.
In order to get a full comprehension of the role of the
speciﬁc choice of the molecular orbitals for the Fermionic part
of the wave function, i.e. the Slater determinant, we have fully
optimized the wave function at the VMC level of theory,
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Table 2. Total Energies (in Hartree) of the Diﬀerent Structures for VMC and LRDMC Calculations
VMC

LRDMC

structure

J-uB3LYP

J-uPBE0

J-uSD

J-uB3LYP

J-uPBE0

a
b
c
d
e
f
g

−247.3881(6)
−246.7012(4)
−246.0217(9)
−263.3129(9)
−262.6786(5)
−262.0248(5)
−230.1051(5)

−247.3920(4)
−246.7041(4)
−246.0254(8)
−263.3183(8)
−262.6693(5)
−262.0257(5)
−230.1072(8)

−247.4219(2)
−246.7372(2)
−246.0615(2)
−263.3520(2)
−262.7150(2)
−262.0694(2)
−230.1378(2)

−247.608(2)
−246.927(2)
−246.249(2)
−263.568(2)
−262.932(2)
−262.264(2)
−230.299(2)

−247.612(2)
−246.921(2)
−246.245(2)
−263.576(2)
−262.934(2)
−262.265(2)
−230.299(2)

Table 3. Free Energies (in eV) for the Water Splitting Reaction at Diﬀerent Levels of Theory
uDFT
step
1
2
3
4
5
6
7

a→b
b→c
c→d
d→e
e→f
f→g
g→a

VMC

LRDMC

HF

uB3LYP

uPBE0

J-uB3LYP

J-uPBE0

J-uSD

J-uB3LYP

J-uPBE0

4.27
0.10
−0.41
0.25
0.63
1.02
−0.37

1.72
1.90
−0.46
0.62
1.12
−0.26
−0.76

1.91
2.06
−0.70
0.74
1.22
−0.24
−0.85

2.42(2)
2.25(3)
−0.73(3)
0.94(3)
1.43(2)
−0.82(2)
−0.58(2)

2.43(2)
2.21(2)
−0.74(3)
1.35(2)
1.15(2)
−0.86(2)
−0.60(2)

2.29(1)
2.08(1)
−0.56(1)
0.94(1)
1.14(1)
−0.69(1)
−0.46(1)

2.17(8)
2.13(8)
−0.88(8)
0.90(8)
1.74(8)
−0.55(8)
−0.69(8)

2.45(8)
2.06(8)
−1.19(8)
1.09(8)
1.77(8)
−0.52(8)
−0.78(8)

correlation is therefore played by the Jastrow factor more
than by the speciﬁc choice of the molecular orbitals.
To check the quality of the ECPs used in QMC calculations,
we have compared for DFT(B3LYP) calculations the full
energy proﬁle obtained by all-electron calculations (with
diﬀerent basis sets: 6-311G**, def2-TZVPP, ma-def2-TZVPP,
ma-DKH-def2-TZVPP). The results show that the diﬀerence of
reaction energies between the ECPs used in the present
work48,49 and the all-electron basis set def2-TZVPP were under
0.06 eV, conﬁrming the reliability of ECPs used in this work
(Table S4 and Figure S1).
Having veriﬁed the convergence of the QMC calculations, a
comparison with the CCSD(T) data19 is reported in Figure 5
and Table 4. Furthermore, in Table 4 we have added the total
free-energy diﬀerence of the water oxidation process obtained
with the VMC/J-uB3LYP, LRDMC/J-uB3LYP, and VMC/JuSD and with the CCSD(T) method,19 compared to the

Figure 4. Comparison between the free-energy proﬁles obtained
through the fully optimized VMC/J-uSD wave function and the VMC
and LRDMC results given by the J-uB3LYP and J-uPBE0 wave
functions obtained by adding the Jastrow factor to the molecular
orbitals obtained through the B3LYP and PBE0 functionals. Error bars
for VMC and LRDMC are within the symbols.

labeling the results as J-uSD. The total energies obtained are
reported in Table 2, while the free energies are listed in Table 3.
The reaction proﬁle obtained with this optimized wave function
is also compared in Figure 4 with the VMC and LRDMC, JuB3LYP, and J-uPBE0 energy proﬁles.
By examining these results we can see that the free-energy
proﬁle obtained with the fully optimized J-uSD ansatz is only
slightly changed with respect to the previous VMC and
LRDMC calculations, with a small reduction (in absolute value)
of energy diﬀerences when compared to the DFT-based values.
The full optimization of the wave function performed at the
VMC level therefore does not dramatically aﬀect the picture of
the free energy with respect to the LRDMC and VMC results
obtained with the J-uB3LYP and J-uPBE0 wave functions. A
fundamental role in recovering the necessary electronic

Figure 5. Comparison between the uDFT/B3LYP, J-uB3LYP/
LRDMC, J-uSD/VMC, and CCSD(T)19 free-energy proﬁles. Error
bars for the VMC and LRDMC calculations are within the symbols.
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Table 4. Comparison between DFT (uB3LYP), QMC, CCSD(T),19 and NEVPT2 Reaction Free Energies of the Water Splitting
Reaction
step
1
2
3
4
5
6
7
1

a→b
b→c
c→d
d→e
e→f
f→g
g→a
→7

VMC/J-uB3LYP

VMC/J-uSD

LRDMC/J-uB3LYP

uB3LYP

NEVPT2

CCSD(T)19

exp

2.42(2)
2.25(3)
−0.73(3)
0.94(3)
1.43(2)
−0.80(2)
−0.58(2)
4.90(7)

2.29(1)
2.08(1)
−0.56(1)
0.94(1)
1.14(1)
−0.69(1)
−0.46(1)
4.75(3)

2.17(8)
2.13(8)
−0.88(8)
0.90(8)
1.74(8)
−0.55(8)
−0.69(8)
4.8(2)

1.72
1.90
−0.46
0.62
1.12
−0.26
−0.76
3.89

2.32
3.96
−2.29
−0.04
1.96
−0.88
−0.75
4.28

1.97
1.69
−0.23
0.84
1.10
−0.49
−0.59
4.29

4.92

experimental value of (1.23 × 4 = 4.92) eV in standard
conditions and pH = 0.
We have to point out that at step 6 one O2 molecule is
formed in its triplet ground state, which turned out to be
diﬃcult to be described correctly due to strong dynamical
correlation. In a previous investigation Zen et al.34 demonstrated that QMC is able to quantitatively catch the electronic
structure of the O2 molecule; in particular LRDMC was seen to
better perform with respect to CCSD(T) in describing the
triplet-singlet gap. This consideration might eventually indicate
that the CCSD(T) references may still be inadequate in fully
recovering the correlation present in the O2 ground state,
explaining the diﬀerences with our free-energy proﬁle. The
LRDMC results presented here are based on the nodes of a
single DFT determinant wave function. Whereas the overall
behavior follows the VMC results, in step 5 LRDMC deviates
from the other results, indicating that the DFT nodes might
play an important role in describing this reaction step. A more
detailed study of the dependence of the nodal surface on the
DFT functional on that intermediate step might be the subject
of future investigations.
Another clue of the quality of the QMC calculations can be
found in the values of the water splitting free-energy. The
QMC results (VMC/J-uSD, VMC/J-uB3LYP, and LRDMC/JuB3LYP) are very close (or equal within the stochastic error
implicit in the QMC formulation) to the experimental
reference of 4.92 eV, whereas the CCSD(T) value (4.28 eV)
is underestimated.
At last, since Kwapien et al.19 suggested the possible role of
the multiconﬁgurational nature of the structures appearing in
the c and f steps in the catalytic process, we have investigated
the role of static correlation by means of NEVPT2 calculations,
based on the (8,8) active space for singlet and triplet states and
(9,8) for the doublet ones. Unfortunately, by comparing the
NEVPT2 results reported in Table 4 large diﬀerences appear
between these multiconﬁgurational calculations and the QMC
and CCSD(T) results. These large diﬀerences, also appearing
between the conﬁgurations c, d, and e which were not
recognized through the T1 diagnostic19 to be multiconﬁgurational, are probably due to the missing dynamical correlation of
the CASSCF(8,8) starting guesses to which the perturbative
correction is applied. This suggests that the diﬀerences
observed between NEVPT2 and the single reference VMC/JuSD, LRDMC/J-uB3LYP, and CCSD(T) are not strictly
connected to the inclusion of excited conﬁgurations in the
wave function. The largest discrepancies with respect to the
single-reference approaches are found for steps 3 and 4, which
share in common the structure d. The ground-state of this
structure is substantially single-reference according to the
CASSCF analysis, at least using the cc-pVDZ basis set. The

same comment can be extended to the structure e, while the
triplet c is correctly predicted as (partially) multiconﬁgurational.
Also in the NEVPT2 case, the water splitting free energy is
underestimated (4.29 eV).
Largest contributions from excited conﬁgurations to the
ground-state wave function for the complexes along the
reaction path (structures b, c, and f) are smaller than 20%.
The present results seem to support the idea that the most
important ingredient for a correct description of the water
splitting reaction catalyzed by the cobalt complex is the
dynamic correlation, properly described by the Jastrow even in
the presence of a single-reference wave function, whereas the
static correlation only plays a minor role in the estimation of
the free energies.

4. CONCLUSIONS
Artiﬁcial photosynthesis is an emerging research area in the
ﬁeld of energy research and materials science. Deﬁning an
eﬃcient and cheap catalyst represents a fundamental task for
both experimentalists and theoreticians. In this work we have
computed the free-energy proﬁle of the water splitting reaction,
using a simpliﬁed computational model based on the cobalt ion,
by means an eﬃcient and accurate QMC procedure.
An unrestricted single-reference wave function multiplied by
an optimized Jastrow factor has been employed, and
calculations at VMC and LRDMC have been carried out.
Since the most challenging task is the correct description of the
dynamic electronic correlation, the use of a fully optimized
Jastrow factor arises naturally as a powerful tool, at the expense
of a single Slater determinant. We have veriﬁed that the
inclusion of the Jastrow term in the wave function produces a
VMC free-energy proﬁle in fair agreement with the reference
CCSD(T) coupled cluster calculations, even if the simple
choice of using molecular orbitals from unrestricted B3LYP and
PBE0 is done. The same general good agreement is found when
the fully optimized J-uSD is used. The relaxation of the all the
parameters, including the nonlinear exponents of the Gaussian
function of the basis set expansion, leads to a variationally highquality wave function, with the total energies, within the ECP
scheme, well below the energies from J-uB3LYP and J-uPBE0.
Moreover, the optimization of the determinant term makes the
ﬁnal results independent of the choice for the molecular
orbitals. LRDMC calculations over the J-uB3LYP and J-uPBE0
wave functions conﬁrm the free-energy proﬁle already
determined at the CCSD(T) level of theory.
The multiconﬁgurational analysis performed at the NEVPT2
level, including all the relevant orbitals for the correct
description of the interaction between Co3+ and the various
H2O and OH−, reveals small contributions of singly excited
conﬁgurations for the triplet structures (as already pointed out
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by the CCSD(T) calculations) and for the doublet structure b.
The NEVPT2 free-energy proﬁle shows more pronounced
maximum and minimum points, even though a qualitative
analogy with the QMC results is conserved.
The deﬁnition of a compact but eﬃcient wave function as JuSD opens the way to the application of QMC to even larger
multicenter transition metal complexes, overcoming the scaling
issue intrinsic in the CCSD(T) method. The total free-energy
diﬀerences for the water oxidation computed at the QMC level
of theory are found in fair agreement with the experimental
reference value, overperforming CCSD(T) and making us
conﬁdent on the highly accurate results obtained by the present
computational approach.
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