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ABSTRACT: Ligand effects of some representative mono-
meric Ru-based water oxidation catalysts on the key O−O
formation step are revealed in this work. Three effects, namely,
cis-effect, net charge effect, and steric hindrance effect, are
identified, which can exert sizable modulation on the O−O
formation barriers for the two widely accepted O−O
formation mechanisms of WNA (water nucleophilic attack)
and I2M (direct coupling of two high-valent metal oxo units).
The study demonstrates that, through the way of ligand design,
there remains a large space for improving O−O bond
formation reactivity.

■ INTRODUCTION

Searching for highly efficient catalysts for water oxidation (2H2O
→ 4H+ + 4e− + O2) has become an important objective in
artificial photosynthesis as means for solar energy conversion
into a fuel.1−7 In nature, water oxidation transpires by the
Mn4CaO5 cluster at the oxygen-evolving center (OEC) of
photosystem II with a perfect efficiency and high rate that
synthetic catalysts have seldom approached to this day.8 To
achieve this challenge, many efforts have been made to design
and prepare highly effective water oxidation catalysts (WOCs)
with high turnover frequency (TOF) and low overpoten-
tial.7,9−12 These attempts have led recently to the preparation
of WOCs involving various transition metals.9,13−19 Among
these complexes, the monomeric Ru-based complexes have been
explored most extensively, due to their structural simplicity,
which facilitates elucidation of reaction mechanism and the study
of structure activity relationships.7,9,18,20

The monomeric Ru-WOCs, differ by their supporting ligands.
Despite extensive efforts invested in the development of novel
Ru-supporting ligands,7,19−24 understanding the impact of the
ligand on the key O−O bond formation step in O2 formation
during water oxidation remains scant. For instance, it is not clear
what role might be played by the net charge of the ligand and how
steric hindrance affects the O−O bond formation. The goal of
the present work is to explore the dependence of O−O bond
formation reactivity on the structure of the Ru-supporting ligand
in typical monomeric Ru-WOCs. Attaining this understanding is
key step toward a more complete assessment of the various
effects exerted by Ru supporting ligands on the activity of WOCs
in their catalytic cycles. The insights gained herein would be
helpful and inspiring in future ligand design for developing more

efficient Ru-WOCs. It is also notable that O−O bond formation
is not necessarily the rate-limiting step in the water oxidation
reactions, despite the fact that sometimes this process was found
experimentally to be the most difficult step.25

As shown in Scheme 1, there are two widely accepted
mechanisms of O−O formation initiated from high-valent RuV
O active species. One of these involves a water nucleophilic
attack (WNA) on high-valent metal oxo, while the second
proceeds via direct coupling of two high-valent metal oxo units
(I2M).11,20−23,26−30 During the WNA mechanism, water attacks
as a nucleophile the high-valent metal oxo (RuVO) moiety of
the WOC, as shown in Scheme 1a. This mechanism is also
known to transpire during O−O bond formation within OEC in
natural photosynthesis.5,31 Alternatively, in the I2M mechanism
in Scheme 1b, O−O bonding occurs between two high-valent
metal oxo units (RuVO). Recent experimental−computational
discovery of this I2M mechanism, by Sun, Privalov, Llobet, and
their co-workers, in the Ru-based WOCs as RuII(bda)(isoq)2 in
Scheme 2 is a significant progress in the area of Ru-WOCs.32

However, similar to the situation in the WNA mechanism, here
too, in the I2M mechanism, the ligand effect remains largely
unexplored.
To explore and identify various ligand effects on the O−O

bond formation process during the WNA and I2M mechanisms,
we chose experimentally synthesized WOC RuII(bda)(pic)2
(modeled with 2 in Scheme 3) as a prototype complex,22

whose O−O formation process including orbital analysis had
been explored in both WNA and I2M mechanisms.23,32 On the
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basis of these works for 2 from Sun, Privalov, Llobet, and their co-
workers,22,23,32 by replacement of some ligating groups in its
equatorial tetradentate ligand (bda) with pyridyl, phenyl, N-
hetero carbenyl (NHC), or amido groups that are commonly
used experimentally in ligands for Ru complexes, we systemati-
cally designed the series of potential Ru-WOCmodels in Scheme
3, wherein all the complexes possess high-valent RuVO species
as needed in water oxidation. In addition to different equatorial
ligands, the charges of these models also vary from 0 to +3. For
clarity, we labeled the tetradentate ligands by abbreviating them
to the four ligating groups from left to right. In all models, two
axial positions are occupied by two pyridine groups, which are
not explicitly depicted, but are noted under the structures in
Scheme 3. Among these models, 15 is the analogue of
[RuII(dpp)(pic)2]

2+ that has been synthesized and applied as
an actual WOC in experiment.33 Different ligands in Scheme 3
may have different net charges, different steric hindrance effects,
or different electronic properties. Since, in this work, we are
mainly concerned about the barrier difference of various systems
with different ligands, except the attacking water in the WNA

mechanism, we did not add more solvent water molecules into
the system, which leads to a simpler model than the previous
modeling for some specific system.22,23,32 This work elucidates
the roles of all of these factors during the O−O bond formation
process by computing and comparing the respective activation
barriers. It should be noted that kinetic barriers in this study
concern the O−O bond formation between intermediates with
the same number of electrons and protons. This feature is
different from those electrochemical water oxidation processes
with changing numbers of electrons or protons, which had been
explored with the approach developed by Nørskov and
Rossmeisl et al. in water oxidation on metal and metal-oxide
surfaces, and with multinuclear Ru WOCs.34

■ COMPUTATIONAL DETAILS
All geometries of RuVO species and O−O formation transition states
were optimized in water with the PBE035 functional using the Ahlrichs’
def-SVP and def-SV36 basis sets on the Ru atom and the other elements.
Single-point calculations were performed with both PBE0 and B3LYP37

functionals using the larger basis set def2-TZVPP38 (denoted as B2)

Scheme 1. Proposed O−O Bond Formation Mechanisms through (a) WNA Pathway and (b) I2M Pathway, Exemplified by WOC
RuII(bda)(pic)2

Scheme 2. Molecular Structures of Some Synthesized Ru-WOCs with Equatorial Tetradentate Ligandsa

abda = 2,2′-bipyridine-6,6′-dicarboxylate, isoq = isoquinoline, pic = methylpyridine, dpp = 2,9-di(pyrid-2′-yl)-1,10-phenanthroline.
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instead. PBE0 and B3LYP had been widely employed in theoretical
modeling of O−O bond formation by monomeric Ru-based
WOCs.21−23,25a,32,39−43 Through high-level ab initio coupled cluster
calibration study, we have recently shown that PBE0 and B3LYP
perform well in barrier calculation of O−O bond formation promoted
by RuVO species with theWNAmechanism.44 The effect of the water
solvent was modeled by the continuum solvation model CPCM,45 in
both single-point and geometry optimization calculations. The
harmonic vibrational frequency analysis was used to confirm the
transition states (one imaginary frequency) and the RuVO reactants
(no imaginary frequency), as well as to obtain the thermal correction of
Gibbs free energy. To compare the barriers more evenly in different
systems and mechanisms, we measured the barrier as the energy
difference between the transition state and the separated reactants,
rather than from the reactant complex. This treatment can avoid the
problem of multiple geometric conformations often encountered in the

relatively flexible systems, such as reactant complexes of Ru(V)O and
the attacking H2O. Compared with using the reactant complex as the
zero point to measure the barrier, this treatment of separated reactants
will cause a relatively larger difference between the Gibbs free energy
barrier and the electronic energy barrier. However, since the key issue
here in this work is often barrier comparison, the difference between
these two ways of treating the reactant is minimized. The spin states of a
single metal oxo unit in the WNA mechanism (RuVO) and double
metal oxo units in the I2M mechanism were adopted as S = 1/2
(doublet) and S = 0 (singlet), respectively. All calculations were
performed with the Gaussian 09 suite of program.46

■ RESULTS AND DISCUSSION

The energy barriers for O−O bond formation are collected in
Table 1 for the WNA and I2M mechanisms of 1−16. Since the

Scheme 3. High-Valent RuVOActive Species in Monomeric RutheniumWOCs Studied in This Work (Two Pyridine Ligands at
Axial Positions Were Omitted for Clarity)
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conclusions of this work remain essentially unchanged fromΔE⧧
toΔG⧧, below, we only discuss the electronic energy barrierΔE⧧.
Inspection of the data reveals that, except for a few cases, which
will be discussed later, the I2M barriers are significantly lower
than the correspondingWNA barriers. This computed trend is in
agreement with the previous DFT calculations for 2 by Privalov
et al.22 However, quantitatively, our WNA barrier for 2 is higher

than the WNA barrier reported before. This difference is mainly
due to the larger basis set used in this work (see data in Table S1
in the Supporting Information).
Before we discuss various effects of the Ru supporting ligand

on the O−O bond formation barrier, first, we wish to resolve a
special issue for the WNA mechanism. As shown in Scheme 1,
unlike I2M, in the WNA mechanism, there has to be a proton-

Table 1. Calculated O−O Bond Formation BarriersΔE⧧ andΔG⧧ (kcal/mol) of All Ru-Based WOCs in Scheme 3 with WNA and
I2M Mechanismsa,b

aΔE⧧ is the electronic energy barrier and was computed at the PBE0/B2 level in water. ΔG⧧ is the Gibbs free energy barrier. bIn the WNA
mechanism, Ca (carboxylate) and Py (pyridyl) groups are acting as groups to accept H+ during O−O bond formation concomitantly coupled with
proton transfer. For 1 and 3, as shown in Scheme 3, there are two alternative H+-accepting Ca groups with different chemical environments; we use
subscript “left” and “right” to distinguish them. Note that “left” corresponds to the Ca group adjacent to Ph or NHC groups.
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accepting group, which temporarily absorbs the proton released
from the water attacking RuVO to formO−O bond formation.
The basic side group of the equatorial ligand can play such a role
and was explored as a proton-accepting group in previous
computational work.22,23 In some of our WOCs like 9, there are
two different proton-accepting basic groups. To determine which
group is apt to accept the proton, we calculated two barriers using
the alternative pyridyl (Py) or carboxylate (Ca) groups as
proton-accepting groups. The results in Table 1 indicate that Ca
confers a lower barrier than Py by 2.6 kcal/mol. Thus, wherever
possible, Ca should be used preferentially as proton-accepting
groups for the WNA mechanism in the following exploration of
various ligand effects on O−O bond formation.
Let us now focus on the WNA barriers in Table 1. For 1, one

can see two significantly different WNA barriers of 24.9 and 43.0
kcal/mol for two side Ca groups as proton-accepting groups.
This very large difference of∼20 kcal/mol arises apparently from
the Ph group in the ligand in 1. Concerning the reactant structure
of 1, the Ru−OCa bond adjacent to the Ph group is considerably
longer than the other one by 0.09 Å. When compared with the
corresponding Ph-to-Py substituted ligand in 2 that has a WNA
barrier of 32.7 kcal/mol, it is clear that Ph coordination in 1 can
substantially lower the O−O formation barrier when the Ph
group is in a cis position to the proton-accepting group in the
WNAmechanism. In fact, the Ca in the cis position of Ph is more
basic. We hereafter call this strong activation “the cis-effect” for
the WNA mechanism. On the contrary, the barrier is increased
significantly when the Ph group is not at a cis position to the
proton-accepting group. In this manner, the Ph group can
selectively favor one of the two WNA pathways. It is interesting
to see that the carbene group (NHC) in 3 behaves similarly,
leading to an even larger barrier difference between cis and non-
cis cases (16.7 and 39.8 kcal/mol). Thus, both Ph andNHC exert
a cis-effect that lowers the O−O formation barrier in the WNA
mechanism.
In the above cases of 1, 2, and 3, two alternative proton-

accepting groups are present in one molecule, and one of these is
adjacent to a Ph or NHC group. If only one proton-accepting
group exists in the complex, the cis-effect is also apparent, such as
in theWNA barrier of 6 (18.7 kcal/mol) compared with that of 4
(36.7 kcal/mol), the barrier of 7 (25.0 kcal/mol) compared with
that of 5 (33.7 kcal/mol), and the barrier of 13 (18.2 kcal/mol)
compared with that of 10 (35.6 kcal/mol).
In addition, the cis-effect is not dependent on the identity of

the proton-accepting group. For example, using Py as a proton-
accepting group, 16, which bears an NHC group cis to the
proton-accepting group, leads to a barrier of 19.8 kcal/mol,
which can be compared with the much higher barrier of 30.5
kcal/mol of 14 having the corresponding NHC-to-Py substituted
ligand. Similarly, 11, which bears a Ph group cis to Py, has a
barrier of 26.5 kcal/mol, which is much lower than the barrier of
44.8 kcal/mol for 12, with the corresponding Ph group being
non-cis to Py. The same net charges in the above comparisons
also exclude the possibility that such a barrier lowering cis-effect
is due to a net charge difference of the high-valent RuVO
system. Most likely, the cis group simply confers higher basicity
on the corresponding proton-accepting group like Ca that
deprotonates water.
Different from WNA, for the I2M mechanism, we only see a

tiny shift on the O−O formation barrier by introducing the Ph
(11.6 kcal/mol for 1) or NHC (8.6 kcal/mol for 3) groups into
the ligand to replace Py (10.9 kcal/mol for 2). In addition, 1,
which bears a net charge of zero, has a slightly higher I2M barrier

than 2 and 3, which possess net charges of 1+. This result is
counterintuitive based on simple Coulomb repulsion between
two approaching high-valent RuVO molecules during O−O
bond formation in the I2M mechanism, which implies that the
net charge of high-valent RuVO species may be screened and
may not be a decisive factor for O−O bond formation. This
viewpoint can be further supported by the comparison of 8 to 2
(I2M barrier of 11.2 and 10.9 kcal/mol), and of 11 to 5 (I2M
barrier of 14.5 and 13.8 kcal/mol). The two tetradentate ligands
in each pair share the same coordinating atoms but differ by 1 net
charge. The considerable shift due to net charge change can only
be seen when the net charge of the WOC becomes even higher,
+3, as seen in 14 in comparison with 9 (I2M barriers of 21.8 and
15.7 kcal/mol), and in 16 with 10 (I2M barriers of 17.8 and 12.3
kcal/mol). The shifts of the barrier for these two pairs of WOCs
are of similar size, i.e., 6.1 and 5.5 kcal/mol, respectively, with +3
net charge systems bearing a uniformly higher barrier than the +2
ones. This fact is in line with the intuition based on simple
physics of Coulomb repulsion. Thus, we can conclude that, only
for a very positively charged system such as +3, the Coulomb
repulsion begins to significantly affect the I2M O−O bond
formation barrier, the magnitude of which is almost independent
of the specifics of ligands. Having examined the net charge effect
on the I2M O−O formation barrier, a question arises: Is there a
charge effect also in the WNAmechanism? Since the mechanism
involves nucleophilic attack, it is natural to expect that positive
net charges will generally favor this mechanism due to enhanced
electrophilicity of the RuVO complex. To clarify this issue, we
can compare the WNA barrier of 6 (18.7 kcal/mol) with the
corresponding one of 1 (24.9 kcal/mol, Caleft as proton-
accepting group), which exhibits a shift of 6.2 kcal/mol. Because
1 relates to 6 by replacement of one side carboxylate with an
amido group, while sharing the exact same coordinating atoms,
we can thus unambiguously assign this shift to the net charge
effect. Interestingly, if we compare the WNA barrier of 4 (36.7
kcal/mol), which does not have a cis-effect like in 6, with the
corresponding one of 1 (43.0 kcal/mol, Caright as proton-
accepting group), we see a shift of 6.3 kcal/mol for the net charge
effect. The nearly identical shifts for 4 and 6 indicate that the net
charge is independent of the cis-effect, which should be the case if
we really reveal here a new ligand factor for the O−O bond
formation barrier.
This net charge effect is approximately transferable. To clearly

see this, we can perform a Ph-to-NHC replacement in the ligand,
without changing the coordinating atoms while increasing the
net charge of the WOC by 1. Applying this replacement for 1/
11/7, we get the corresponding NHC group-containing systems
3/16/13, and we find that the net charge shifts of the WNA
barriers are 8.2/6.7/6.8 kcal/mol, respectively (WNA barriers of
24.9/26.5/25.0 kcal/mol for 1/11/7 and 16.7/19.8/18.2 kcal/
mol for 3/16/13). Note that these species include all possible net
charges under study, i.e., 0, +1, +2, and +3, which means that,
unlike in the I2Mmechanism, the existence andmagnitude of the
net charge effect in the WNAmechanism are independent of the
specific charges of the system.
The net charges increasing can lead to the barrier decreasing

for the WNA mechanism and the barrier increasing for the I2M
barriers. In addition, the cis-effect would lead to lowering of the
WNA barriers. As a result, for the complexes 13 and 16, we find
that the differences between WNA barriers and I2M barriers are
only 4.2 and 2.0 kcal/mol, respectively. These values are quite
small, which implies that the water oxidation mechanism could
switch from I2M to WNA if the errors of barrier predictions of
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these two mechanisms are similar. It is interesting to see that a
recent work by experimentalists has showed that subtle ligand
modifications for a Ru WOC can cause a change in the O−O
bond formation mechanism due to close I2M and WNA
barriers.47

Finally, for the I2M mechanism, except for the net charge
effect already discussed above, we identified another effect, which
plays an important role in some specific system. 2, 9, and 15
constitute a series of complexes generated from one another by
successive replacement of two side Ca groups by Py in the
tetradentate equatorial ligand of 2. Comparing their respective
I2M barriers, one can find that, from 2 to 9, the I2M barrier only
changes moderately by 4.8 kcal/mol (from 10.9 to 15.7 kcal/
mol), but from 9 to 15, there is a huge increase of 31.2 kcal/mol.
What is the reason for such a huge change leading to the highest
energy barrier of all? Above, we have shown that the net charge
effect from +2 to +3 can only account for a very limited increase
of the I2M barrier, by around 5 kcal/mol. Hence, this huge
barrier increase cannot be interpreted by changes in net charges;
it originates in a steric effect. As shown in Figure 1, for the I2M
transition-state (TS) structure with complex 2, the tetradentate
equatorial ligands of two oxo metal moieties show hardly any
distortion and keep in a plane, with the two axial pyridyl ligands
being parallel to each other. These indicate almost no steric
repulsion between the two oxo metal moieties in the TS.
Although 9 has a larger tetradentate ligands, it has only one more
side pyridyl ligand than 2, and hence, the two metal oxo units
adopt a head-to-tail (Ca-to-Py) relationship between the two
tetradentate ligands and thereby avoid strong steric repulsion in
O−O bond forming TS. In contrast, two crowded tetradentate
ligands with two side pyridyl groups prevent complex 15 to
assume a head-to-tail pattern contact and lead to a much higher
barrier in O−O bond formation. From Figure 1, the O−O bond
lengths of the three TS structures for O−O bond formation are
1.98 Å (2), 1.93 Å (9), and 1.81 Å (15), respectively, which
indicate that TS is becoming increasingly late in character on
going from 2 through 9 to 15, in line with steric hindrance
disfavoring the O−O bond formation. In addition, their
corresponding Ru−Ru distances are in reversed order of 4.88
Å (2), 4.90 Å (9), and 5.08 Å (15), which means that the Ru
center is separated away along this series. This can also be
accounted for by the steric repulsion between the ligands of two
Ru centers because it is the contact of the Ru-surrounding ligands
that determines the Ru−Ru distance. A longer Ru−Ru distance
corresponds to larger steric hindrance between two high-valent
RuVO fragments. Excluding this exceptional case of 15 with a
very crowded ligand environment, the barrier in the I2M

mechanism is generally less affected by ligand variation than the
barrier in the WNAmechanism, which implies that the space left
for reactivity adjustment by the ligand in the I2M mechanism is
not as large as that in the WNA mechanism.

■ CONCLUSIONS
In summary, several effects exerted by the tetradentate Ru-
supporting ligand on the activation barrier of O−O bond
formation in the water oxidation process following both WNA
and I2M mechanisms are revealed in this work. We found that
(1) the phenyl or carbene group in the tetradentate Ru-
supporting ligand can facilitate the WNA O−O bond formation
compared with a pyridyl group. Phenyl and carbene groups exert
a selective participation of the cis-proton-accepting moiety in the
WNA O−O formation mode. (2) In line with the chemical
intuition, the net charge of the system is found to have some
uniform shifting effect on O−O bond formation for the WNA
mechanism, with lowering of the WNA barrier by a more
positively charged system. For the I2Mmechanism, however, the
simple intuition about Coulomb repulsion effects on the barriers
manifests only when the charge reaches a high value of +3. (3)
For a very bulky ligand, steric hindrance can severely increase the
barrier in the I2Mmechanism. All of these findings are useful and
inspiring in the future ligand design for monomeric Ru-based
WOCs in searching for a highly effective O−O formation process
to increase the overall performance of WOCs.
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Figure 1. Transition-state structures of O−O bond formation catalyzed with 2, 9, and 15 following the I2M mechanism.
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