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COMMUNICATION
Capturing the Role of Explicit Solvent in the Dimerization of
RuV(bda) Water Oxidation Catalysts
Shaoqi Zhan,[a] Daniel Mårtensson,[a] Miha Purg,[b] Shina C. L. Kamerlin,[b] Mårten S. G. Ahlquist*[a]

Abstract: We present a ground breaking empirical valence bond
study for a soluble transition metal complex. With this model we
studied the full reaction of two Sun’s catalyst monomers approaching
and reacting in the RuV oxidation state. Analysis of the solvation
shell in the reactant and along the reaction coordinate revealed that
the oxo itself is hydrophobic, which adds a significant driving force to
form the dimer. The effect of the solvent on the reaction between the
prereactive dimer and the product was small. The solvent seem to
lower the barrier for the isoquinoline (isoq) complex while it is
increased for pyridines (py). Comparing the reaction in gas phase
and solution we find that the proposed p-stacking interaction of the
isoq ligands is entirely driven by the water medium.

Artificial photosynthesis is proposed as a renewable and
sustainable solution to the future energy demands.[1-2] In lightdriven water splitting into its elements the energy of light is
stored in the bonds of the products. The process is composed of
two reactions: water oxidation (2H2O → O2 + 4e- + 4H+) and
proton reduction.[3-6] Water oxidation requires strongly oxidizing
conditions and involves four one-electron transfer reactions per
oxygen molecule produced. Due to the harsh conditions and
limited rates the water oxidation reaction is considered the
bottleneck of the whole process.[7] A wide array of catalysts have
been synthesized to accelerate this reaction.[8] Among these, a
family of Ru(bda)L2 catalysts (bda = 2,2’-bipyridine-6,6’dicarboxylate, L = typically a nitrogen heterocycle such as py,
Figure 1) stand out, with turnover frequencies of over 1000 per
second.[9]
The Ru(bda)L2 complexes have been shown to follow
second order kinetics with respect to the catalyst concentration,
indicating that two catalysts are present in the rate determining
step. Moreover a seven-coordinate RuIV dimer was isolated.[9]
Privalov and co-workers showed that the mechanism proceeds
via interaction of two M-O units (I2M), and involves a radical
coupling reaction between the oxygens of the RuV=O moieties
(Scheme 1).[10] Recently, we found that not only is the coupling
possible, but that there is not an intrinsic barrier between the oxo
fragments of the RuV=O moieties in this reaction.[11] The origin of
the activation energy relative to the pre-reactive dimer was
shown to be due to inter- and intramolecular strain in the rest of
the molecule, which is needed to get the oxo groups in close
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the reaction, since kinetics show two monomers reacting in the
rate limiting step, but could not specify how, due to lacking
suitable computational methods. Herein, we show results from a
study where the empirical valence bond (EVB) approach has
been used for a synthetic metal complex with a catalytic metal
center for the first time, which allowed us to study the reaction
with fully explicitly solvated catalysts. This revealed unexpected
solvation effects that explain why the dinuclear reaction is
favored, a finding that is of substantial importance for the design
of new catalysts operating by this mechanism.

Scheme 1. Proposed O-O bond formation mechanism.

Density functional theory (DFT) is highly accurate for
describing catalytic metal complexes.[12] but has limitations
including small system size, limited simulation timescales, and
restricted conformational sampling. Molecular mechanics (MM),
on the other hand, can be used to compute large systems
efficiently, with millions of atoms. However, in its standard form,
MM is not suitable, or even applicable, for bond-breaking and
bond-forming reactions. One solution to this problem is the EVB
approach[13] which uses fully classical descriptions of different
key stationary points within a valence bond framework in order
to describe chemical reactions.[14] Since it is based on an MM
description of the reactant and product states, EVB allows for a
physically and quantitatively meaningful description of
environmental effects.[15] To date, EVB has mainly been applied
to enzyme reactions[16] and reactions of main-group elements in
solution.[17] Here we present the first study where EVB is applied
to a reaction involving a catalytic transition metal center.
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contact. We concluded that solvation must play a large role in
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Table 1. The average H-bond number formed between complex 1 and 4 with
H2O.

Figure 1. RuV complexes included in this study.

Effect of Solvent on Formation and Structure of the Prereactive
Dimer – Hydrophobic Oxygen Atoms
In our recent report[11] we observed no correlation between
the activation energy and the experimental reaction rate for the
[RuVO(bda)L2]+ complexes, with or without implicit solvation.
Herein, EVB-MD with full explicit solvation was developed and
used to better understand the details of the solvent effects (see
Supporting Information for details). Analysis of the trajectories of
the RuV monomers revealed some intriguing results. The radial
distribution functions of the monomer between the Ru=O oxygen
(O7) and water oxygen and hydrogen, show that the first
solvation shell contains 2.7 waters. More interestingly the shell
structure is more distinct between O7-O than O7-H, and the O7-O
distance is close to that of O7-H. This result indicates that water
does not form hydrogen bonds with the oxo. Detailed analysis of
the hydrogen bonding (H-bonding) between the all the oxygen
atoms further strengthened this observation (Table 1). O1 has on
average 0.66 hydrogen bonds to water, O2 0.17 hydrogen bonds,
while O7 had close to none - 0.02 hydrogen bonds. These
results indicate that the oxo species, which was designed to
react with water, is actually hydrophobic (see also extended DFT
calculations that provide further evidence of this hydrophobicity
in the Supporting Information).
The hydrophobic oxo is initially quite counterintuitive but it
could be key to the high reactivity of the complex. Since the
reaction relies on the formation of the prereactive dimer, with the
oxos pointing towards each other, there must be a driving force
for this formation or the complex can only react via the less
efficient WNA pathway. When the prereactive dimer and the
product complex are formed, the number of hydrogen bonds of
O1 stays intact (monomer 0.66, prereactive dimer 0.64, product
0.63), but O2 changes from 0.17 to 0.09 to 0.01 in the monomer,
prereactive dimer and product complexes, respectively. For O7,
the H-bonding stays at a low and virtually nonexistent value
along the reaction coordinate. Since the RuIV-OH species is
known to interact with water from the crystal structure we also
parametrized a model to study the solvation on this species.
Here the situation is qualitatively different. The number of
hydrogen bonds to the oxygen atoms are 0.47 to O1, 0.23 to O2
and 0.16 to O7. There is also significant interaction between the
hydroxide proton and water. We deduce that the hydrophilic
channel seen in the RuIV-OH crystal does not exist for the
RuV=O species, where water is instead excluded from the
reacting region.

H-bond

O1

O2

O7

1-monomer

0.66

0.17

0.02

1-prereactive

0.64

0.09

0.02

1-dimer

0.63

0.01

0.00

4-monomer

0.63

0.16

0.04

4-prereactive

0.70

0.12

0.02

4-dimer

0.51

0.00

0.00

RuIV-OH

0.47

0.23

0.16

EVB Model and Effects of Solvation on O-O Bond Formation
In Table 2, the calculated energetics of the four catalysts are
listed (Figure 2 shows the reaction coordinate of py and isoq).
For the py derivatives, we observe a solvent-induced increase in
the calculated activation free energy compared to the gas-phase.
For the more hydrophobic 4, the solvent has the opposite effect.
For comparison, we have also provided in Table 2 data from our
previous calculations in explicit solvent using the PBF solvent
model,[11] showing that the EVB and DFT calculations give ∆∆G*
within 4 kcal/mol of each other, depending on the complex, as
well as following the same qualitative trend in ∆∆G*.

Figure 2. The energy profile of complexes 1 and 4.
Table 2. Activation free energy for forward (∆∆G) and reverse (∆∆G*) reaction
of complexes 1-4. All values are in kcal/mol.
∆∆G[a]
gas

∆∆G*[a]
gas

∆∆G[b]
water

∆∆G*[b]
water

1

3.3

23.5

4.8 (6.3)

24.1 (22.2)

2

1.1

22.8

2.7 (3.6)

22.2 (21.9)

3

4.0

21.0

4.7 (5.5)

21.4 (19.9)

4

7.9

24.8

7.1 (6.4)

28.9 (24.6)

Complex

[a]

All values calculated with DFT in the gas phase. [b] All values are calculated
with EVB an explicit TIP3P water environment. DFT results with the PBF
solvation model[11] are provided in parenthesis for comparison.
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As the reaction proceeds, the p-stacking increases, as indicated
by the distance decreasing from 6.26 Å to 3.96 Å. For 1 the
situation is different. In the reactant dimer, the ligands remain in
their non-stacked configuration also in water. This is true
throughout the reaction and the distance between the py ligands
is 6.35 Å in the reactant and 5.58 Å in the product, the angle α is
~50o and the angle β is 19o in two states.
In summary, we have created the first EVB model for
solution phase transition metal complexes with catalytic metal
centers. The EVB force fields allowed for a full study of the
impact of the solvent on the reaction. By simulating the
monomer, prereactive dimer, product, and the full path for the OO bond formation, we found interesting effects of the solvent.
The most striking was the interaction between the Ru bound oxo
and water. H-bonding was more or less absent and the
arrangement of the water molecules indicated a hydrophobic
interaction. This effect explains why the two RuV=O monomers
form the prereactive dimer, with the geometry where the two
oxos are pointing towards each other. Once the prereactive
dimer is formed the O-O bond is readily formed. The effect of the
solvent on intrinsic O-O forming step was small. The H-bonding
pattern indicated that already at the prereactive dimer, the Hbonding between O2 and water is absent, while the O1 retains Hbonding with water throughout the reaction. A striking effect of
the solvent was observed for 4, where no p-stacking was
observed in the gas phase, but in aqueous solution the complex
adopts a geometry with clear p-stacking. This indicates that the
p-stacking interaction is entirely solvent-driven. This effect is not
observed for 1, where the p-system is smaller. We believe that
the results of this study have found one the key properties for
water oxidation catalysts that operate via O-O radical coupling the hydrophobic oxo. This property facilitates the formation of
the prereactive dimer. Once the dimer is formed the reaction
proceeds with a minimal barrier, in line with our recent DFT
based results. The effect of water on the O-O step was minimal,
and the supramolecular properties are likely the key to highly
active catalysts.

Acknowledgements
Figure 3. The structure of the complex 4 transition state in the (top) gas phase
and (bottom) solvent phase. These structures highlight key p-stacking
interactions (distances in Å) formed in the solvent but not in the gas-phase.

When comparing 1 and 4 a striking difference was found in
the p-stacking tendency. In the gas phase, neither appears to
adopt p-stacked geometries. Instead, the hydrogen atoms of the
py and isoq ligands interact with the electronegative carboxylate
oxygen atoms. In aqueous solution, 4 clearly twists to give a pstacked configuration (Figure 3). The distance between the
center of mass of the isoq at the transition state is 5.42 Å in the
gas phase, and only 4.1 Å in solution. The angle α between two
normal vectors perpendicular to the planes of two rings reduces
to 16o from 42o, and the angle β between a normal vector
perpendicular to one ring and a vector connecting the two
centres of mass reduced to 10o from 12o. Hence, the solvent
seems to drive the formation of the p-stacked configuration.[18]
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