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Dispersion forces drive water oxidation in
molecular ruthenium catalystsy

13°°¢ Lukas Nledereggeri Markus Rauhalahti,
* and Ville R. I. Kaila

Corinna R. Hess

Rational design of artificial water-splitting catalysts is central for developing new sustainable energy
technology. However,
photosystem |l, has been remarkably difficult to achieve artificially. Here we study the molecular
mechanism of ruthenium-based molecular catalysts by integrating quantum chemical calculations with

the catalytic efficiency of the natural light-driven water-splitting enzyme,

inorganic synthesis and functional studies. By employing correlated ab initio calculations, we show that
the thermodynamic driving force for the catalysis is obtained by modulation of m-stacking dispersion
interactions within the catalytically active dimer core, supporting recently suggested mechanistic
principles of Ru-based water-splitting catalysts. The dioxygen bond forms in a semi-concerted radical
coupling mechanism, similar to the suggested water-splitting mechanism in photosystem Il. By rationally
tuning the dispersion effects, we design a new catalyst with a low activation barrier for the water-
splitting. The catalytic principles are probed by synthesis, structural, and electrochemical characterization
of the new catalyst, supporting enhanced water-splitting activity under the examined conditions. Our
combined findings show that modulation of dispersive interactions provides a rational catalyst design

rsc.li/rsc-advances

Introduction

The molecular design of catalysts with the ability to lower the
activation barrier of the chemically challenging water oxidation
reaction is central in the production of solar fuels and
sustainable energy technology."* The natural photosystem II
(PSII) has been considered a holy grail of water oxidation cata-
lysts (WOCs), as it efficiently drives light-driven water splitting
at ambient temperatures, without releasing harmful side-
products.® Although light-activated catalysts resembling the
natural oxo-manganese-calcium (Mn,O5Ca) centre of PSII have
not been achieved,**° electrochemical and photocatalytic water-
splitting rates of recent catalysts™? have tremendously
improved upon the initial “blue dimer” WOC by Meyer and co-
workers® from the early 1980s.
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principle for controlling challenging chemistries.

Sun, Llobet and co-workers*® synthesized a new molecular
Ru catalyst with a turnover frequency (TOF) for electrochemical
water-splitting of ca. 300 s~ (Scheme 1, catalyst 2). This rep-
resented an important milestone in the development of artifi-
cial water-splitting catalysts, by providing the first manmade
catalyst with an activity comparable to the light-driven turnover
rate of PSII. Although the exact underlying mechanism of the
catalysts still remains unclear, both experimental®>® and
computational studies have been central in understanding their
mechanistic principles.®** Here we employ large-scale
quantum chemical calculations to elucidate the mechanism of
Ru-based WOCs, and by combining inorganic synthesis,

Scheme 1 Structures of catalysts Ru-BdaPic; (1), Ru-Bdalsoq; (2), and
Ru-BdaBenz; (3).
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structural studies, and electrochemical characterization, we
design a new catalyst with improved reaction energetics based
on understanding the quantum chemical interactions.

Methods

Quantum chemical calculations

The geometries of ruthenium-2,2’-bipyridine-6,6'-dicarboxylic-
acid-dibenz[g]isoquinoline, Ru-BdaBenz, (3), ruthenium-2,2’-
bipyridine-6,6’-dicarboxylic-acid-diisoquinoline, ~Ru-Bdalsoq,
(2), and ruthenium-2,2’-bipyridine-6,6'-dicarboxylic-acid-di-4-
picoline, Ru-BdaPic, (1) were optimized in Ru' and Ru"
states, with oxo- and dioxygen ligands, at density functional
theory (DFT) level, using the TPSSh-D3(B]) hybrid functional
corrected for dispersion interactions,***” in combination with
the def2-TZVPD basis set for the Ru=O0 unit, and def2-SVP for
the other atoms.**** Final electronic energies were computed
using the def2-QZVPP basis sets, with added diffuse functions
(def2-QZVPPD) on the Ru=O0 unit. Solvation effects were treated
using the conductor-like screening model (COSMO)* with
a dielectric constant of 78, mimicking the dielectric response of
an aqueous environment. The dimeric models, comprising 108-
144 atoms, are shown in Fig. 1. Reaction paths for the O-O bond
formation process were studied using a multi-dimensional
reaction path optimization approach,** related to the zero-
temperature string method.”” Based on the optimized reaction
paths, transition state optimizations for the central models
were performed. Particular care was taken to ensure that the
located transition states are true transition states and not
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saddle points on the rather shallow free energy surfaces of these
complexes. All transitions states were validated with frequency
calculations (see ESI-Table 11). For comparison, the electronic
energies of selected points along the reaction path were
computed with the random phase approximation (RPA) using
TPSSh orbitals.***¢ The RPA correlation energy was extrapolated
towards the complete basis set (CBS) limit using the two-point
formula by Halkier et al* in connection with the def2-
TZVPP(D) and def2-QZVPP(D) basis sets, with diffuse func-
tions on the heavy atoms of the axial ligands and the Ru=0O
unit, in order to properly account for dispersion effects.
Entropic and enthalpic effects were evaluated using the
harmonic oscillator approximation, with possible low-
frequency modes below 50 cm™" set to 50 cm™'. The full
molecular Hessian was computed using numerical second
derivatives. Non-covalent interaction (NCI) analyses were per-
formed with NCIplot version**** and visualized with VMD.*
Energy decomposition analyses were performed within the Su-
Li scheme.* All quantum chemical calculations were performed
using TURBOMOLE.*»* See the ESIf for further simulation
details.

Synthesis of Ru catalysts

Ru(DMSO0),Cl, (200.0 mg, 0.4 mmol), 2,2'-bipyridine-6,6'-dicar-
boxylic acid (H,bda) (100.8 mg, 0.4 mmol) and NEt; (0.84 mL, 6
mmol) were mixed in 60 mL of methanol. The solution was
sparged with Ar for 15 min and stirred at 70 °C for 2 h. Upon
heating the solution became dark red. Benz[glisoquinoline
(740 mg, 4 mmol) was added and the reaction was stirred
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Fig.1 Structures along the optimized open-shell singlet reaction pathway for (a)

1, (b) 2, and (c) 3. See ESI-Fig. 17 for triplet state structures. The

modelled catalytic reaction starts after oxidation of Ru"-H,O that yields the Ru¥=0 species. Energetics are reported at TPSSh-D3(BJ)/def2-

QZVPP(d)/e = 78 level. See also ESI-Fig. 3.
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overnight. The solvent was removed and the crude product was
purified by column chromatography on silica using
a DCM : MeOH gradient (100 : 1, 25 : 1, 25 : 2). The red brown
solid obtained after solvent removal was washed with water and
ether. Afterwards, the dark red solid was dissolved in DCM,
filtered and the solvent was removed. After recrystallization
from MeOH, 50 mg of 3 (0.07 mmol, 17%) were obtained as
a dark red solid. Single crystals suitable for X-ray diffraction
were obtained by slow diffusion of pentane into a solution of 3
in DCM. See the ESIj for further experimental details.

Revalue (25 : 1) = 0.13 UV/ViS Apax (DCM)/nm 493, 402, 381,
351, 331 and 301 (¢/M ' x 10° em ' 11.1, 9.0, 9.5, 11.5, 8.4,
22.9); *"H-NMR (400 MHz, CD,Cl,):  [ppm] 8.81 (s, 2H, H,, H'y),
8.75 (d, J = 7.95 Hz, 2H, H;, H'3), 8.57 (s, 2H, H5, H'5), 8.45 (s,
2H, Hy, H'1), 8.08 (m, 6H, Hy, H'y, Hg, H's, Ho, H's), 7.98 (t, ] =
7.86 Hz, 2H, H,, H';), 7.73 (d, ] = 6.90 Hz, 2H, Hy,, H';3), 7.63
(m, 6H, Hy, H'7, Hg, H'g, Hyy, H'11) LRMS (ESIT) m/z = 703.12 [M
+H]".

Results

Dispersion drives catalysis in molecular ruthenium catalysts

To probe the origin of the higher TOF of Ru-Bdalsoq, (2) relative
to Ru-BdaPic, (1),* we employed multi-dimensional reaction
pathway optimizations, within the quantum chemical density
functional theory (DFT) framework. Our modelled reaction
pathways start from the monomeric RuY=0 states, obtained by
oxidation of Ru"-H,0 with an external electron acceptor (not
modelled here), and proceed toward the O, product states,
shown in Fig. 1. In the catalytic process, the mononuclear Ru'=
O centres associate, and form a dimeric core complex along
open-shell singlet (Sgimer = 0) and triplet (Sgimer = 1) pathways,
with key energetic differences (Fig. 2, see below).

The O-O distance (doo) in the initial dimeric complex is ca.
4.4 A and 3.5 A, for 1 and 2, respectively (Fig. 1a and b), from
which the reaction proceeds towards the transition state (TS),
where the O-O bond is formed. Along the open-shell singlet
pathway, doo at the TS is ca. 1.9 A, while only ca. 1.7 A in the
triplet TS (ESI-Fig. 11). The transition states have significant
imaginary frequencies in the —200 to —500 cm ™' range (see ESI-
Table S1t). Further shortening leads to the elongation of the
Ru-O bonds, and a symmetric Ru-O-O-Ru bridge, with an O-O
bond length around 1.4 A, resembling a peroxy compound. The
peroxy-intermediate continues over a vanishingly small reaction
barrier, where the closed shell singlet turns to open shell, to
form a superoxide complex (ESI-Fig. 2t), characterized by an
0-0 bond of ca. 1.25 A and one net unpaired electron on the
resulting O, unit (Fig. 1, ESI-Fig. 31). In subsequent steps, one
of the Ru-O bonds breaks, whereas the other Ru-O bond
elongates, leading to a hatching state, with a fully formed O,
species, loosely bound to its parent complex.

The energetics along the reaction pathway are strikingly
different for catalysts 1 and 2 (Fig. 2, ESI-Table 17), an effect that
results mainly from differences in m-stacking dispersion energy
within the reaction complexes. The dispersion interaction is
19 keal mol ! for catalyst 1, and 34 kcal mol ™~ for catalyst 2, that
correlates with differences in doo distances in the initial core

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Computed free energy profile (kcal mol™?) along the water-
splitting reaction path for catalyst 1 (in black), 2 (in blue), and 3 (in red).
The magnitude of (b) the dispersion interaction and (c) the singlet—
triplet (S—T) splitting is marked with bars. Positive S—T splitting energies
indicate energetically preferred singlet states. (d) Non-covalent inter-
action plots*®* of catalysts 1, 2, and 3 in the TS. Green areas depict
dispersion interactions within the molecular systems. Energetics are
reported at TPSSh-D3(BJ)/def2-QZVPP(d)/e = 78 level.

complex. However, despite the strong m-stacking, the complexes
are rather loosely bound, with overall complexation free ener-
gies of ca. +12 and +6 kcal mol™" for 1 and 2, respectively
(Fig. 2a).

To further validate the dispersion interactions beyond
empirical corrections in DFT (DFT-D3),”” we employed the ab
initio random phase approximation (RPA), which model these
electron correlation effects in a parameter-free form**-**>* (ESI-
Table S27). The singlet transition state of catalyst 2 has a free
energy barrier of 12.4 kcal mol ™" at the RPA level (9.5 keal mol
at DFT-D3), whereas an experimental barrier of ca.
14.6 kecal mol ™" can be extrapolated based on transition state
theory using a standard pre-exponential factor. The small
difference between the RPA and experimental estimates could
result from basis set or dynamic effects, including explicit
solvent interactions, that are neglected in the current QM
cluster models. For the less efficient catalyst 1, the RPA energies
of +22.5 kcal mol™" also compare well to DFT-D3 barriers of
+21.5 keal mol ™', and with an extrapolated experimental barrier

RSC Adv, 2021, 1, 425-432 | 427
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of ca. 20 kcal mol '.> A similar free energy barrier of
19.8 kcal mol™" for the pyridine analogue of catalyst 1 was
recently determined by Xie et al.,** but ¢f*

The transition states along the singlet pathways have a AG*
of +21.5 keal mol " and +9.5 keal mol * for 1 and 2, respectively,
and are reached via a further 1-2 kecal mol ™" increase in the -
stacking interaction between the aromatic ring systems. The
transition states relax to closed-shell singlet peroxide interme-
diates, with AG increase in non-covalent of +4.8 kcal mol " (1)
and —1.3 keal mol ™" (2), from which the O, species forms with
an overall endergonicity of +16.6 kcal mol™' (1) and
+8.6 kcal mol ' (2), but achieved via entropic stabilization,
driving the release of the O, product to the monomeric catalyst
form. Considerably higher barriers of 18.5 kcal mol ™" (1) and
9.3 kecal mol " (2) are obtained along the triplet state pathways
for both catalysts and later TS at a doo of 1.74 A. Interestingly,
the triplet pathways lack stable potential energy minima for the
peroxide intermediate that is strongly stabilized along the
singlet pathway (ESI-Fig. 11). The near degeneracy of the spin
states in the monomeric and Ru-O, forms thus suggests that
spin crossing may be involved in the final steps of the water-
splitting process with an interesting connection to the
Mn,O5Ca of PSII, which also has near degenerate high and low
spin states in key steps of its reaction cycle.**** Moreover,
similar to PSII, the O, species is likely to form via a radical
coupling mechanism,***"% as indicated by a unit spin density
on the oxygenous-ligand along the O-O bond formation process
(Fig. 1, ESI-Fig. 3, ESI-Table 17).

Our findings thus suggest that the energy gained from the
dispersion interactions is employed for lowering the activation
barrier for the water oxidation process. Switching off dispersion
interactions in the employed DFT models prevents the forma-
tion of the initial dimer catalyst complexes, as their free energy
increases by 20-30 kcal mol ™" relative to the separated mono-
mers (Fig. 2b, ESI-Table 3t). Catalyst 2 is stabilized by ca.
4 keal mol ™" stronger dispersive interaction per aromatic unit
relative to 1, as the extended axial ligands enable 2 to embrace
the opposite monomer with both isoq units, whereas the less
extended aromatic system of 1 allows only for wt-stacking of one
of the Pic units in the transition state (Fig. 1a and b).

Design of an improved water-splitting catalyst

Having established the importance of dispersion interactions
on the activation energy, we next proceeded to further
strengthen the dispersion forces upon formation of the transi-
tion state. To further strengthen dispersion forces at the tran-
sition state, we computationally designed a putative catalyst by
extending the aromatic system of the axial ligands by using the
benzo[glisoq molecules (Ru-BdaBenz,, catalyst 3 in Scheme 1)
with three aromatic rings. The free energy profiles for 3 show
that increased intermolecular interactions stabilize the initial
dimeric complex by almost 9 kcal mol " relative to 2.

In contrast to 1 and 2, the dimeric complex of 3 becomes
more stable relative to the free monomers that facilitate the
initial complex formation (Fig. 1a). The complexation free
energy is <3 kcal mol ™" that allows the complexes to dissociate
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after product formation. The increased m-stacking interaction
also affects the geometric properties by shortening the doo for
the dimeric pre-complex of 3 to ca. 2.6 A from 3.5 A for catalyst 2
A and 4.4 A for catalyst 1 (Fig. 1c). The transition state of 3 at 1.9
A has a free energy barrier of only 3.3 kcal mol " in the open-
shell singlet state with respect to the free monomers, and the
activation free energy is <6 kcal mol " as compared to the initial
dimeric complex (Fig. 1a). The formation of the O, in catalyst 3
takes place via a peroxy-state with a relative free energy of
—8.2 keal mol " that is stabilized relative to the catalysts 1 and
2. The hatching Ru-O, state has a free energy barrier of
5 kecal mol~* above the monomeric state, suggesting that 3 has
overall improved catalytic properties over 1 and 2. Interestingly,
the lowering of the catalytic barriers correlates with increased
dispersion interactions between the axial ligands of 3 as
compared to 2 (Fig. 1b, ESI-Table 1}), as reflected by gradual
increase in non-covalent interactions from 1 to 3 (Fig. 1d).
Energy decomposition analysis® further supports that in addi-
tion to dispersion, electrostatic interactions also stabilize the
catalytic dimer (ESI-Table 37). Although the lowered chemical
barrier for 3 is expected to overall favour the catalyst turnover,
we note that the stabilized peroxy state could also kinetically
trap the catalyst in this transient state by preventing efficient
release of the O, product in the bulk solvent.

Synthesis and experimental characterization

Encouraged by our computational findings, we next synthesized
3, verified its structure by NMR spectroscopy and mass spec-
trometry, and resolved its molecular structure by X-ray crystal-
lography (see ESIT). We also synthesized and crystallized 2, as
the molecular structure of the Ru"-Bdalsoq, was unknown. In

woC 3

wocC 2

Fig. 3 Crystal structures of (a) WOCs 3 and (b) 2; 50% ellipsoids;
hydrogen atoms and solvent molecules, other than water, omitted for
clarity. Red dashed lines indicate mt-stacking interactions; blue dashed
lines represent hydrogen bonding interactions.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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our resolved X-ray structures of 2 and 3 (Fig. 3), the Ru centre is
six-coordinate and adopts a distorted pentagonal bipyramidal
structure, similar to that of 1 (ESI-Table 4t). The equatorial
Bda ligand enforces a large O1-Ru-O3 angle of ca. 120° (ESI-
Table 4t), which allows for binding of a seventh ligand.*
While the geometry of all three Ru complexes is similar,
differences in intermolecular interactions are apparent among
the crystal structures. Notably, m-stacking is not observed for
1," whereas two individual Ru complexes of 2 form m-stacks
involving one isoq ligand from each complex (Fig. 3b). The
structure of 3 exhibits significantly enhanced m-interactions
that involve both Benz ligands (Fig. 3a), and it forms unique
chain structures that are stabilized via hydrogen-bonding
between water molecules and the Bda ligand (Fig. 3a). This
hydrogen-bonding network is not observed in the structure of 2,
nor is it present in other Ru-Bda complexes.®*** The extended
aromatic system of the Benz ligand thus leads to significant
changes in intermolecular interactions, validating our compu-
tational data.

As further predicted by the computational data, the
augmented m-system affects the solubility of catalyst 3. The
catalyst is soluble in organic solvents such as DCM, MeOH, or
TFE, but insoluble in pure water, in contrast to 2, which is
slightly water soluble. The absorption spectra for 3 in TFE
exhibit a series of transitions in the visible region that originate
from the Bda and Benz ligands (ESI-Fig. 7 and ESI-Fig. 81). pH
dependent changes also are observed for 3 (ESI-Fig. 8%),
consistent with the behavior of 2, for which a dynamic equi-

librium between various coordination modes were
established.®®
254
a 204
154
2 10
el
=
o
5
-10 T T T T T T 1
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 25
E (V vs. NHE)
b
14
04

0.6 0.8 1:0 1:2 114 1.6 1.8
E (V vs. NHE)

Fig. 4 (a) CV of 2 (red) and 3 (black) in 2 : 1, TFE/pH 1.4 media; glassy
carbon electrode, 10 mV s™%. (b) DPV measurement for 2 (red) and 3
(black) in 2 : 1, TFE/pH 1,4 media; glassy carbon electrode, pulse height
= 50 mV, pulse width = 2.5 s, step height = 4 mV, step time = 5 s,
sampling time = 500 ms.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The redox properties and electrocatalytic behaviour of
complex 3 were further assessed by electrochemical studies.
Cyclic and differential pulse voltammetry (CV and DPV) of 3, in
a 2:1 TFE/pH 1,4 solution (Fig. 4a), exhibit three oxidative
events at 0.69V, 1.19 V, and 1.37 V (vs. NHE), which are assigned
to the Ru™", Ru™™, and Ru"""Y couples, respectively. The DPV
measurement illustrates a significant current increase at
~1.43 V (Fig. 4b, black lines), indicating that catalysis occurs
after formation of the putative Ru" species. The redox potentials
for the oxidative couples of 2in 2 : 1, TFE/pH 1,4 are identical to
those of 3 (Fig. 4a, red lines), but only a modest current increase
is observed after the Ru"""V couple for 2. Thus, under our
experimental conditions based on optimized solubility (see
Methods, and ESIT), the designed catalyst 3 shows an enhanced
WOC activity relative to 2. The relative activities of the two
compounds can be estimated from the relative i../i, values
from the CV data (see ESIf), based on which, 3 shows an
approximately three-fold higher activity compared to 2.

Discussion

Our models suggest that part of the catalytic power in the
studied Ru-catalysts arises from maintaining some molecular
flexibility that allows for an extended tuning of dispersion
interactions during the reaction pathway. Similar effects that
rely on formation of multiple weak interactions are commonly
employed in enzymes to lower chemical transformation
barriers. For example, in the Mn,O5Ca centre of PSII, the water-
splitting site is dynamically flexible, and it samples both open/
closed conformational and high/low-spin states®*** before
funnelling into the structurally and electronically more uniform
S; state,®® which initiates the O-O bond formation process.
Recent studies support that reorganizing the water structure
within the catalytic core contributes to the unique catalytic
properties.*>*7° Although PSII is structurally very different
from the studied molecular WOCs, both systems might employ
a radical coupling mechanism in the O-O bond formation
process,>**°! although acid-base coupling mechanisms have
also been suggested cf. ref. 5 and references therein.

The dynamic flexibility allowing for the small structural
perturbations required to switch between different charge and
spin states suggest that the studied Ru-catalysts have a low
reorganization energy and over-potential. In natural photosyn-
thesis, these effects could minimize loss of free energy trans-
duced from the light-capturing process, a future target also for
the artificial WOC.

The Ru-catalysts studied here are suggested to bind a water
ligand in their reduced Ru" or Ru'™ form, followed by stepwise
oxidation and deprotonation to the highly oxidizing Ru¥=0
state that triggers O, formation (Fig. 5A-C). Our combined data
suggest that the Ru¥=0 species associate by forming a dimeric
core complex that is stabilized by dispersion forces, an effect
that is thermodynamically gradually favoured from catalyst 1 to
3. The O, formation chemistry involves rotation of the aromatic
ring systems with respect to each other, that in turn enhances
the dispersive interactions (Fig. 1, ESI-Fig. 1,7 5C). A gradual
improvement in the TS stabilization can also here be observed
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Fig. 5 Putative reaction mechanism of catalyst 3. Oxidation of Ru''-
H,0 yields the Ru'=0 species from which the catalysis starts. Catalyst
3 forms a dimeric core complex, and via radical coupling and peroxo
RuV-0O-0O-Ru" intermediate yields O, (pathway A). Under highly
oxidizing conditions, the RuV-0O-O-Ru" intermediate could be
further oxidized to yield O, and a mixed valence Ru'V/Ru"" product
state (pathway B). (C) Structure of computed intermediates within
putative reaction cycle of catalyst 3.

for our new catalyst 3. The O-O bond formation takes place
according to our reaction pathway optimizations via a Ru™-O-
0-Ru" peroxy intermediate (doo = 1.39 A) that follows a tran-
sition state at doo = 1.91 A (Fig. 5C). Also here, catalyst 3 showed
improved energetics relative to 1 and 2. We note, however, that
in addition to the peroxy intermediate, competing side path-
ways might dominate under different experimental condi-
tions.”* For example, oxidation of the Ru™-0-O-Ru"
intermediate under highly oxidizing conditions could trigger O,
release via a Ru™-0-0"-Ru" intermediate (Fig. 5, pathway B).>
The peroxy state is followed by a hatching Ru-O, state that
dissociates to the monomeric catalyst form. The balance
between solvation effects, which could be enhanced by polar
substitution in the aromatic ring system, and dispersive stack-
ing interaction, which modulate the energetics of intermediate
steps, could further provide rational ways to fine tune the
catalytic properties of the molecular Ru catalysts.

Conclusions

In summary, using mechanistic insight gained from quantum
chemical calculations, we designed here a new molecular Ru
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catalyst (3) with enhanced m-stacking dispersion interactions
that lower the catalytic water oxidation barrier. Experimentally,
we observed a three-fold higher activity for the water oxidation
reaction, relative to the previously known WOC (2) under the
conditions examined. The resolved crystal structures confirm
that the catalytic core forms stronger dispersive interactions
relative to previous WOCs 1 and 2, thus further validating our
computational design principles. Despite structural differences,
the catalytic reaction shows an interesting resemblance in
terms of radical coupling and spin energetics with PSIL.>*”% Our
integrated computational and experimental approach provides
a powerful approach to rational design of new light-driven,
biomimetic water-splitting catalysts.
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