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Abstract: The presence of single-electron transfer (SET) steps in water oxidation processes catalyzed
by first-row transition metal complexes has been recently recognized, but the computational
characterization of this type of process is not trivial. We report a systematic theoretical study based
on density functional theory (DFT) calculations on the reactivity of a specific copper complex active
in water oxidation that reacts through two consecutive single-electron transfers. Both inner-sphere
(through transition state location) and outer-sphere (through Marcus theory) mechanisms are
analyzed. The first electron transfer is found to operate through outer-sphere, and the second one
through inner-sphere. The current work proposes a scheme for the systematic study of single-electron
transfer in water oxidation catalysis and beyond.
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1. Introduction

One of the most promising reactions to replace the undesirable use of fossil fuels in energy
production is the water splitting process triggered by sunlight, which generates oxygen and hydrogen
from water. Molecular hydrogen generated in this way is generally known as solar-hydrogen or
solar-fuel [1], and is used to store solar energy in chemical bonds, mimicking photosystem II in
green plants and algae [2]. The chemical energy stored in the H–H bond can then be used as fuel,
upon combustion with oxygen. The resulting water can then be used to reinitiate the overall process in
a clean and green scheme. Alternatively, this hydrogen can be used to reduce CO2 to produce more
complex and convenient fuels [3].

From a chemical point of view, water splitting is a redox process formed by two half-reactions:
water oxidation to molecular oxygen and protons, and the subsequent reduction of these protons to
molecular hydrogen. Traditionally, the oxygen evolution reaction has always been the bottleneck,
due to unfavorable thermodynamics and kinetics, and the design of efficient catalysts for this step
is still a vast field of research [4–7]. Water oxidation, from a mechanistic point of view, involves the
breaking of four H–O bonds, the release of 4 protons and 4 electrons, together with the formation of
an O–O bond. This is associated with a high kinetic barrier, usually translated into the need of a very
high overpotential [8].
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One of the relevant strategies to overcome this high kinetic barrier is the development of molecular
water oxidation catalysts (WOCs) based on transition metal complexes [9,10]. There are many
synthetic and characterization techniques which allow for excellent control of the electronic and
structural factors that are key in catalytic performance. The first steps in the development of water
oxidation catalysts were those based on second- and third-row transition metals, such as Ru [11–18] or
Ir [19–23]. More recently, molecular complexes based on first-row transition metals, such as Mn [24–27],
Fe [28,29], Co [30,31], Ni [32], and Cu [33–37] have been reported, as they use more abundant and
inexpensive elements.

Mechanistic and theoretical studies, mainly with Ru complexes, have been crucial to gain a deep
understanding of the full mechanistic scenario involved in the water oxidation reaction [38]. In this
context, two main pathways have been reported: water nucleophilic attack (WNA) and the interaction
of two M–O species (I2M). Both mechanisms have been largely discussed by other groups [39,40],
and any further details on them are outside the scope of this report. In 2015, we reported a step-by-step
variant of the WNA mechanism, where the classical two-electron concerted reaction was divided in
two sequential single-electron transfer (SET) steps that we called SET–WNA [41,42]. The mechanistic
elucidation and, more specifically, the factors that control the oxidation of the ligand were key for
further optimization of the catalyst, achieving a record overpotential value of 150 mV in basic pH [36].

Computational homogeneous catalysis has been mainly focused on two-electron transfers [43],
but at present, the development of new photochemical and electrochemical reactions based on first-row
transition metal catalysts has increased the popularity of SET steps [44,45]. From a theoretical
perspective, these processes can proceed in two different ways: through an inner-sphere electron
transfer step, where the electron “jumps” between two linked redox centers and can be described by
classical transition state theory [46–48], or through an outer-sphere electron transfer step, where the
two redox centers are not connected and the electron “hops” from one redox partner to the other.
An example of an outer-sphere mechanism is the oxidation/reduction of a complex by means of a
photoredox catalyst—a cornerstone of recent developments in photocatalysis [49].

A well-known approach to calculating these outer-sphere electron transfer processes is Marcus
theory [50,51]. By applying this methodology, the activation barrier for an outer-sphere electron transfer
between a donor and an acceptor species can be estimated. Although the theory appears in the 1950s,
the direct application to transition metal catalyst calculations is not yet fully developed. Recently,
the estimation of the barrier for outer-sphere single-electron transfer steps has been successfully
applied, by our group [52,53] and others [54], to estimate energy barriers.

The number of reports on theoretical calculations of barriers for SET steps in homogeneous
catalysis is increasing, but such studies are still scarce, particularly in the context of water oxidation.
In this article, we revisit one of the systems we had previously studied, involving two SET
steps, and reexamine each of them, in detail, to investigate their inner-sphere or outer-sphere
nature. The water oxidation catalyst we studied is that presented in Figure 1, Cu-OPBAN
(OPBAN = o-phenylenebis-(oxamidate). This system was found to follow the SET–WNA mechanism.
We were able to characterize the existence of an intermediate and a transition state for an inner-sphere
mechanism in the second transfer. For the first step, we postulated that the barrier was low, but we were
not able to compute an accurate value. We will now present the computed barriers for outer-sphere
mechanisms for each of the steps and compare them with the previous results.
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Figure 1. (a) The catalyst under study in this work. (b) single-electron transfer–water nucleophilic
attack mechanism reported in [41]. Free energies (kcal/mol) in black, spin populations in red.

2. Results and Discussion

Inner-sphere electron transfer is characterized by a transition state, which yields an estimation of
the barrier. The calculation may not be trivial, but it follows standard procedures well-known in the
computational chemistry community. Outer-sphere electron transfer is not so simple, and we will apply
Marcus theory to obtain the barriers. As the technique is less commonly used, we will briefly describe
its main features. The initial idea of Marcus theory is that, for an outer-sphere electron transfer between
two redox partners, there is a crossing point to go from the potential energy surface of the reactants to
that of the products (Figure 2). However, in contrast to traditional transition state theory, this crossing
point is associated not only with the structural changes of each species but also the solvation cage
rearrangement surrounding each complex. The barrier is then estimated by considering the overlap
between parabolic curves associated with the energies of both reactants and products. We apply, here,
only the most simplified version of Marcus theory, without taking into account electronic coupling
between the two states or electron tunneling.
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An interesting aspect of Marcus theory is the relation between the kinetic barrier of electron
transfer and the reaction themodynamics. The most common case, which we will consider in this work,
is that shown in red in Figure 2. The more exergonic the reaction, the lower the barrier for electron
transfer. In the case where the intersection point between the curves for reactants and products is at the
equilibrium coordinate of the reactant surface, no thermal activation is necessary, i.e., the reaction is
barrierless (green line in Figure 2). When the intersection between both curves is at some point previous
to the equilibrium coordinate of the reactants, the activation energy increases with the exothermicity
of the process (blue line in Figure 2). The latter case has been labeled as “Marcus inversion region”.

To estimate the energy barrier for the outer-sphere single-electron transfer ∆G‡, we follow
Equation (1). ∆G0 is the standard free energy of the reaction step, i.e., the energy difference between
reactants and products of the SET step, and λ is the reorganization energy of all nuclei and solvent
molecules involved in the electron transfer step. The reorganization term λ is computed separately for
each component: λN for the nuclear reorganization and λS for the solvent reorganization. The final
value of λ is the sum of both components: λN and λS.

∆G‡ =

(
λ + ∆G0

)2

4λ
(1)

The nuclear reorganization λN can be obtained by calculating the gas phase energy difference
between the initial and final structure of each species participating in the SET. This is numerically
shown in Equation (2), where D (donor) and A (acceptor) are the complexes participating in the SET
step, the numbers 1 and 2 refer to initial and final structure, respectively, and α and β represent
the electronic state of each complex. This term is related to the necessary energy for the system
to distort the equilibrium structure to reach a proper structure for facilitation of electron transfer.
The contribution of this component is expected to be smaller than λS, due to the small nuclei movement
normally associated with outer-sphere electron transfer [50].

λN = D2α+ A2β − D1α − A1β (2)

The solvent reorganization λS is computed using the continuum solvent model. The value for
λS is obtained from Equation (3). In this case, we keep the same geometry for both species (D1 and
A1) and we compare the energy of the solvation cage between the initial and final electronic states
([δ]−[ε] and [α]−[β], respectively) of the SET step, for each species. In other words, it is the energy
input needed to reorganize the solvent when the structural parameters of the redox partners change
to facilitate the electron transfer. This methodology, when used to compute solvent reorganizations,
has been shown to reproduce experimental results [55,56].

λS = D1[δ] + A1[ε] − D1[α] − A1[β] (3)

Marcus theory is then applied to the following to estimate the outer-sphere barrier for the first
electron transfer in our CuL system. Two models were considered. In the first model (Figure 3a),
we considered that the electron transfer departs from the OH− moiety (donor) and goes to the 1c
complex (acceptor). The associated free energy barrier for the outer-sphere electron transfer following
this model, MTA-SET1, is 23.0 kcal/mol from intermediate 1c (Figure 3a). The product generated with
this model would consist of a radical ·OH moiety and the one-electron reduced form of the complex,
MTA-1d, in the singlet spin state. The energy of the resulting state of this first electron transfer is
8.3 kcal/mol. Then, the system could evolve through MECPA(S-T) to result in the triplet spin state
form of the catalyst, which is found at 3.2 kcal/mol below the singlet state.
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The second model that we analyzed involves the electron transfer from a cluster of two OH−

moieties (donor) to the neutral form of the catalyst, MTB-1c (acceptor) (Figure 3b). This cluster is
generated from the initial reactants through release of the hydroxyl ligand from the complex, with a
modest free energy cost of 1.6 kcal/mol. The calculated barrier for this model is 12.6 kcal/mol,
MTB-SET1 from previous intermediate MTB-1c. Again, the product of the electron transfer step
ends up in the singlet spin state form of the catalyst and evolves to the triplet spin state through
MECPB(S-T). Finally, the product of this path, MTB-1d (T), is found at 12.1 kcal/mol below the
reactants. The obtained values are in agreement with the expected dependence of the kinetic barrier on
the thermodynamics of the reaction. As we can see from the comparison of our two models, model A,
which is endergonic by 8.3 kcal/mol, has a higher kinetic barrier than model B which is exergonic by
9.1 kcal/mol. In both cases, the electron jumps from the OH moiety (model A) or from the HO···OH
cluster (model B) to the ligand of the catalyst.

The calculated values for the two models are presented in Table 1. As expected, the nuclei
reorganization term is much smaller than the solvent reorganization term.

Table 1. Marcus theory calculated values for the two models for the first SET step. Energies in kcal/mol.

Step λS λN ∆G ∆G‡

MTA-SET1 74.4 0.1 8.3 23.0
MTB-SET1 61.9 5.4 −9.1 14.2

Interestingly, the barrier for model B is 14.2 kcal/mol, clearly affordable under the experimental
reaction conditions. This indicates that this first electron transfer can proceed through an outer-sphere
mechanism. The fact that we could not locate a transition state for this step, and that two different
energies could be obtained for the same structures in the area where this transition state could be,
suggests that the inner-sphere mechanism is not operative for this first electron transfer. Therefore,
we conclude that the first SET step takes place through an outer-sphere mechanism with a barrier of
14.2 kcal/mol.

For the second electron transfer step, only model B was considered because the same number of
atoms should be kept in both redox partners. The application of model B results in the final product,
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while model A would form a double oxidized OH species that would not make chemical sense.
The results from model B are depicted in Figure 4.Inorganics 2019, 7, x FOR PEER REVIEW 6 of 10 
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The activation barrier found with Marcus theory for the second single-electron transfer is at
26.4 kcal/mol, MTB-SET2, from previous intermediate MTB-1d, which is considered as two fragments:
the [HO···OH]− cluster and the one electron reduced form of the initial catalyst. Remarkably, the free
energy of MTB-1e (Figure 4), made of two separate fragments, is 0.5 kcal/mol below that of the
adduct where the two fragments are together (Figure 1). There is a compensation between the entropic
term favoring the separate fragments and the enthalpic term (weak chemical bonds) favoring the
joint system.

The calculated values for the second electron transfer step are depicted in Table 2. In this case,
we can see that the contribution of the nuclei rearrangement parameter is very high and almost
equal to the solvent rearrangement. We attribute this discrepancy from the expected values (nuclei
rearrangement should be much smaller than solvent rearrangement) to the energy difference between
the [HO···OH] cluster before and after the SET step. In fact, if we divide the contribution coming from
each redox partner, the contribution coming from the [HO···OH] cluster is 59.7 kcal/mol while for
the Cu catalyst, it is only 1.2 kcal/mol. This is directly translated to a higher kinetic barrier and, thus,
the reaction is not feasible through this mechanism.

Table 2. Marcus theory-calculated values for the second SET step. Energies in kcal/mol.

Step λS λN ∆G ∆G‡

MTB-SET2 62.1 60.9 −8.9 26.4

For the second electron transfer, the outer-sphere barrier of 26.4 kcal/mol is above what could
be considered reasonable in the experimental conditions. It is, moreover, clearly higher than that
for the inner-sphere barrier. Figure 1 reports a value of 9.7 kcal/mol, which should be corrected to
15.7 kcal/mol taking into account the existence of the more stable intermediate MTB-1d. We thus
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conclude that for this second electron transfer the process takes place through an inner-sphere
mechanism. The catalyst plays a significant role in the electron transfer internal coordinate and
it is not a simple electron acceptor like in the outer-sphere mechanism.

We have thus shown that we can compute the barrier for both outer-sphere and inner-sphere
single-electron transfer steps using, as a starting point, density functional theory (DFT) calculations.
The accuracy is, in principle, similar to that of the already standard computational free energy profiles,
which have been shown to be in reasonable agreement with the experiments and provide a roadmap
to improved catalyst design. With the computational treatments we highlight, in this article, processes
involving SET steps that can also be improved in a similar way.

3. Methods

All calculations were carried out by means of density functional theory as implemented in the
Gaussian09 (Rev. D01) program package [57]. To make the current calculations easier to compare with
the previous results on the system, the same description [36] was applied. This was the B3LYP-D3
functional [58,59], together with the basis set 6-31+G(d) for C, N, O, and H [60,61], and LANL2TZ(f) for
Cu [62,63]. Water solvation was introduced implicitly using the SMD methodology [64]. All geometry
optimizations were carried out in solution without symmetry restrictions. Free energy corrections
were calculated at 298.15 K and 105 Pa pressure, including zero-point energy corrections (ZPE).
Unless otherwise mentioned, all reported energy values are to be taken as free energies in solution.
To compute the solvent reorganization term λS, we used the keywords NonEq = write and NonEq = read
in Gaussian09 to store and read the solvent cage.

A dataset collection of computational results is available in the ioChem-BD repository [65] and can
be accessed via https://doi.org/10.19061/iochem-bd-1-112. Cartesian coordinates for all stationary
points are provided also as Supplementary Materials.

4. Conclusions

Single-electron transfer processes in water oxidation can take place through either inner-sphere
or outer-sphere mechanisms, and their barriers can be computed by computational chemistry based
on DFT methods. The barrier for inner-sphere mechanisms can be measured from the free energy
of the associated transition states, while the barrier for outer-sphere mechanisms can be computed
through application of Marcus theory. In the specific copper catalyst studied for water oxidation,
two transfers are involved, where the first takes place through the outer-sphere, and the second
through the inner-sphere. We recommend that both mechanisms should be tried for any single-electron
transfer process. The inner-sphere electron transfer requires the characterization of a transition state.
If this does not exist, we suggest that the process should operate through the outer-sphere mechanism,
which can be evaluated through the application of Marcus theory. When the transition state can
be located, the barriers to both inner- and outer-sphere can be computed, and must be compared.
Additionally, efficient characterization of single-electron transfer processes can provide abundant
information on steps that are difficult to characterize experimentally and facilitate the optimization of
water oxidation processes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/7/3/32/s1,
Cartesian coordinates of all stationary points in the manuscript.
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