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Effect of Anchoring Dynamics on Proton-Coupled Electron
Transfer in the Ru(bda) Coordination Oligomer on a
Graphitic Surface
Dario Calvani,*[a] Rick Louwersheimer,[a] and Francesco Buda*[a]

The oligomeric ruthenium-based water oxidation catalyst, Ru-
(bda), is known to be experimentally anchored on graphitic
surfaces through CH-π stacking interactions between the
auxiliary bda ([2,2’-bipyridine]-6,6’-dicarboxylate) ligand bonded
to ruthenium and the hexagonal rings of the surface. This
anchoring provides control over their molecular coverage and
enables efficient catalysis of water oxidation to dioxygen. The
oligomeric nature of the molecule offers multiple anchoring
sites at the surface, greatly enhancing the overall stability of the
hybrid catalyst-graphitic surface anode through dynamic bond-
ing. However, the impact of this dynamic anchoring on the
overall catalytic mechanism is still a topic of debate. In this

study, a crucial proton-coupled electron transfer event in the
catalytic cycle is investigated using DFT-based molecular
dynamics simulations plus metadynamics. The CH-π stacking
anchoring plays a critical role not only in stabilizing this hybrid
system but also in facilitating the proton-coupled electron
transfer event with possible vibronic couplings between the
anchoring bonds motion and charge fluctuations at the catalyst
– graphitic surface interface. Furthermore, this computational
investigation displays the presence of a quartet spin state
intermediate that can lead to the experimentally observed and
thermodynamically more stable doublet spin state.

Introduction

Over the past few decades, significant advancements have
been made in the development of molecular water oxidation
catalysts, reaching turnover frequencies (TOF) in the range of
50000 s� 1.[1–4] The success of molecular transition metal com-
plexes as water oxidation catalysts is primarily due to their
synthetic versatility and ability to allow for supramolecular
interactions, hydrogen-bonding effects, and local acid-base
enhancements.[5] Interestingly, the exploration of solid-surface-
anchored molecular complexes as electro-anodes and cathodes
for water-splitting devices has received relatively little attention,
in particular when compared to non-molecular materials such
as transition metal clusters[6] or nano-wires.[7] There are a few
examples in the literature where molecular water oxidation
catalysts have been modified with anchoring functionalities and
successfully anchored onto conductive or semiconductive solid
surfaces. These heterogenized, molecular hybrid materials
exhibit varying degrees of performance and stability.[8–17]

Concerning the anode, a crucial challenge lies in finding robust

and efficient water oxidation catalysts (WOCs) that can be
anchored onto a conductive or semiconductive surface.[18]

Molecular catalysts offer a broad pH range for operation,[1–4,19–21]

but their performance is often hindered by the limited amount
of active catalyst that can be deposited per unit surface area.[22]

Currently, in the range of the most promising molecular WOCs
based on ruthenium complexes,[5,23,24] a family of Ru-tda-based
oligomers of general formula (Ru-tda)n was prepared, isolated,
and extensively characterized in a homogeneous solution by
Hoque et al..[25] These oligomers demonstrate a remarkable
affinity for graphitic surfaces like multiwalled carbon nanotubes
(CNTs), owing to multiple ligand-based CH-π interactions with
the graphitic surfaces,[25–28] and exhibiting impressive electro-
catalytic activity for water oxidation as anchored molecular
catalysts.[25] More recently, Gil-Sepulcre et al. explored the
potential of Ru(bda) based catalysts as hybrid molecular WOCs.
While monomeric Ru(bda) complexes have previously been
shown to decompose when anchored to a surface,[29] Gil-
Sepulcre et al. successfully anchored a decameric Ru(bda)10
oligomer to the graphitic surface of CNTs and displayed
excellent performance as water oxidation and outstanding
stability.[30,31] They proposed a perpendicular CH-π interaction[25]

between the CH groups of the bda ligands in the oligomer and
the delocalized π-system of the graphitic material[30] to be
responsible for the initial strong affinity of the oligomer towards
the graphitic surface. Once anchored to the surface, the
oligomeric catalyst can undergo a change of the bda ligand
coordination mode at the electrode surface, transitioning from
a bda-k-N2O2 to a bda-k-NO configuration, accompanied by the
coordination of aqua ligands to the partially vacant positions
left by the bda ligand.[30] They proposed that the bda-k-NO
coordinated Ru(bda)10 oligomer interacts at the graphitic sur-
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face not only through CH-π interactions but also by introducing
additional π-π and anion-π interactions involving the axial
pyridyl moiety and the carboxylate group of the bda ligand,
respectively.[30] Gil-Sepulcre et al. suggested that the anchoring
interaction with the graphitic surface unlocks this
transformation,[30] and proposed a separate more favorable
catalytic cycle for the bda-k-NO configuration with respect to
the bda-k-N2O2 case.[30] The dynamic CH-π interaction, indicated
by Gil-Sepulcre et al., achieves surface densities that are
significantly higher than traditional anchoring strategies based
on π-π stacking, diazonium salts, or conventional methods,[32–34]

resulting in exceptional stability.[30,31]

Therefore, a detailed analysis of the dynamics appears
necessary to reveal the mechanistic features underlying the
enhanced catalytic performance and stability of the Ru(bda)-
based oligomer (Ru(bda)n) anchored at the graphitic surface
(GS). In this work, we computationally investigate the dynamics
of the IV/V oxidation PCET step, as schematically shown in
Figure 1, which appears to be strongly influenced by the
catalyst anchoring conditions at the GS.[30] The main focus is to
understand how the dynamics at the interface between the
catalyst and the graphitic surface can affect the PCET event. A
combination of DFT-based MD and metadynamics simulations
have been efficiently used to explore the whole path of this
specific PCET step from reactants to products and the spin
states of the catalytic intermediates.[35,36] The stability of possible
catalytic products with different spin states with respect to the
reactant has been investigated and compared with the one
experimentally predicted by Electron Paramagnetic Resonance
(EPR).[30] Via a Vibrational Density Of States (VDOS) analysis,
vibrational resonances between the dynamics at the anchoring
region and the PCET event were studied. This analysis reveals
strong resonances between specific nuclear frequencies and
fluctuations in the Mulliken charges on the Ru(bda)n and GS.

This computational work unveils the effect of the Ru(bda)n
oligomer anchoring dynamics on the PCET event, stability of
the anchored oligomer, and possible spin state intermediates at
the base of the catalytic mechanism process.

Results and Discussion

Preliminary DFT-Based Static and MD Calculations

Initially, a static DFT geometry optimization of the
3[""(RuIV� OH)(bda)1]

0 monomer catalyst in the triplet spin state,
as predicted by Gil-Sepulcre et al.,[30] was performed to optimize
the starting configuration of the PCET step (see Methods
section). The unpaired electrons are indicated explicitly in the
formulas near the corresponding molecular fragment, Ru(bda)
complex or GS, as a " or # depending on the electron spin up
(α) or down (β). Subsequently, the 3[""(RuIV� OH)(bda)1]

0 opti-
mized geometry was located above a GS at the optimal
distance for an efficient CH-π stacking interaction.[26–28,30] The
simulation box size of 11.30×12.78×16.00 Å3 is chosen in such a
way that the two picoline ligands without their para hydrogens
are connected at the border of the box by periodic boundary
conditions (PBC), as shown in Figure 2. In this way, the
simulation box mimics the rigidity of an infinite (n units)
oligomer 3[""(RuIV� OH)(bda)n@GS]0, as represented in Figure 1
and Figure 2. A separate DFT geometry optimization was
performed to evaluate the stability of the system in the triplet
spin state and total charge zero (3[""(RuIV� OH)(bda)n@GS]0). The
resulting geometry for the 3[""(RuIV� OH)(bda)n@GS]0 was then
solvated with 50 water molecules, 3[""(RuIV� OH)(bda)n@GS]0sol,
corresponding to at least two solvation shells, as displayed by
the radial distribution functions in Figure SI.1 in the Supporting
Information, for a total amount of 259 atoms. In general, the

Figure 1. Illustrative bda-k-NO configuration of the Ru(bda)n oligomeric chemical structures on a graphitic surface (GS) in a water environment during the
PCET event. The proton transfer (PT) and electron transfer (ET) events from (RuIV� OH)(bda)n reactant state to (RuV=O)(bda)n product state are depicted by
violet and red arrows, respectively. The oxygens and hydrogen involved in the PCET analysis are defined as O(1), O(2), O(3), and H(1), respectively. Schematic
representation of possible anchoring noncovalent interactions: the main interaction CH-π in the green solid arrow, and the additional interactions π-π, and
anion-π, in light blue, and orange dash arrows, respectively.
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explicit solvation accounts for a proper description of the
reaction path, activation energies, and the inclusion of the
reorganization energy.[37–39] Subsequently, DFT-based MD NVE
and NVT equilibration were performed, providing the initial
configuration for the following DFT-based MD production runs,
as depicted in Figure 2 (see Methods section).

Projected Density of States (PDOS) Analysis

On the equilibrated 3[""(RuIV� OH)(bda)n@GS]0sol geometry, the
frontier electronic states have been explored via a Projected
Density Of States (PDOS) analysis to estimate the energy gap
for an efficient electron transfer (ET) during the PCET event. As
reported in Figure 3a, the LUMO (dash bar) of the GS is higher (
�3.0 eV) in energy than the HOMO (solid bar) of the
(RuIV� OH)(bda)n. With all the valence orbitals on the GS

occupied, and the LUMO lying much higher in energy than the
HOMO, there is no driving force for an ET event. Therefore, to
mimic the influence of the experimentally applied electrode
potential at the IV/V oxidation step,[30] and to make the ET event
from the catalyst to the GS thermodynamically more feasible,
we charged the GS surface positively creating an electron-
acceptor hole. To estimate a realistic number of electrons to
extract from the system, we used the following relation,

F ¼
s

C
þFPZC ¼

ne
CA
þFPZC,

where F is the applied electrode potential, s is the surface
charge density, e ¼ 1:6� 10� 19C is the elementary charge, C
and FPZC are the capacitance and potential of zero charge of
the system (including the adsorbates), A is the surface area of
the GS per computational cell, and n is the number of electrons

Figure 2. Snapshot of the 3[""(RuIV� OH)(bda)n@GS]0sol system in water after DFT-based MD equilibration (side view). In grey, the PBC images of the central
simulation box provide the Ru(bda)n oligomer configuration anchored at the GS. In balls and sticks the (RuIV� OH)(bda)n and the GS, with ruthenium, carbon,
oxygen, nitrogen, and hydrogen, in pink, grey, red, blue, and white colors, respectively. The water solvation is shown in sticks.

Figure 3. Projected Density of States (PDOS) for a, the DFT-based MD equilibrated configurations in water solvation of 3[""(RuIV� OH)(bda)n@GS]0sol and b,
3[""(RuIV� OH)(bda)n@GS]2+

sol. Solid and dash bars represent the occupied and empty orbitals, respectively. Blue color for the p orbital of GS and, orange and
cyan colors for the p and d orbitals of Ru(bda)n, respectively. The energy scale is set to 0.00 eV for the HOMO. The spin momentum is defined as � 1=2�h for
electrons with spin up ("=α) or down (#=β), respectively.
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that should be extracted per computational cell. We approxi-
mated C and FPZC based on the respective values obtained for
pristine graphene. For C we used 21 μF/cm2. For FPZC,

[40]

different values can be found in literature, ranging from � 0.1 V
vs SHE to +0.1 V vs SHE.[41–43] In this work we approximated it as
0 V vs SHE. Furthermore, we set A to the area of the simulation
box (11.30×12.78 Å2). Finally, for F we employed the exper-
imental applied electrode potential at which the IV/V oxidation
is experimentally found to occur at pH=7.[30] This potential is
given by Eexp V=IVð Þ ¼ 0:88 V vs SHE (in the approximation NHE�
SHE).[30] Based on these values, we obtained n ¼ 1:7. In order to
extract full electrons, we set n ¼ 2, leading to a system that has
a total charge of 2+ (3[""(RuIV� OH)(bda)n@GS]2+

sol). During each
DFT-based simulation, the charge is compensated by a
homogeneous background charge. Moreover, given the size of
the simulation box and the electrostatic screening of the
explicit water molecules, the possible spurious effect of periodic
images is expected to be negligible.[44] The electronic structure
of this doubly charged system is reported in Figure 3b. The
energy gap between the HOMO of the (RuIV� OH)(bda)n and the
LUMO of the GS is now �0.8 eV suggesting the presence of a
barrier for the ET to occur (see Figure 3b). The catalyst

""(RuIV� OH)(bda)n in a triplet spin state has the spin density
mostly localized on the Ru and the O(3) (see Figure SI.2a in the
Supporting Information and Figure 1 for nomenclature). For the
whole system 3[""(RuIV� OH)(bda)n@GS]2+

sol both the α- and β-
HOMO as well as the α-LUMO are delocalized over the GS
(Figure 3b). Investigation of the activation free energy associ-
ated with the PCET event from the reactant state
3[""(RuIV� OH)(bda)n@GS]2+

sol to the product state
3[(RuV=O)(bda)n@GS]+

sol+H+
sol was conducted using DFT-based

MD and the metadynamics enhanced sampling method.

DFT-Based MD Metadynamics for the PCET Event

After the initial equilibration and the extraction of two electrons
from the GS, we conducted a 1.0 ps NVT DFT-based MD[45,46]

metadynamics[47–49] simulation. This simulation aimed to capture
the PCET event along a Collective Variable (CV) defined as the
O(1)� H(1) distance, where H(1) is the proton involved in the PT, as
shown in Figure 1 and Figure 4a,b,e (see also Methods section).
A free energy barrier ΔF�1.2 eV was found from the starting
reactant system to the state when the proton was completely

Figure 4. a, Free energy profile with free energy barrier of �1.2 eV (�28 kcalmol� 1) along the Collective Variable (CV) O(1)� H(1) (Å) over the 1.0 ps DFT-based
MD metadynamics simulation. b, Time evolution (fs) of the Ru� O(3) (red line), Ru� O(1) (orange line), O(1)� H(1) (light-blue line), and H(1)� O(2) (blue line) bond
distances (Å) during the PCET event (R.I, R.II, and R.III) described by the DFT-based MD metadynamics. c, Schematic representation of the bond distances
analyzed, Ru� O(3) (red line), Ru� O(1) (orange line), O(1)� H(1) (light-blue line) and H(1)� O(2) (blue dash line). d, Time evolution (fs) of the spin moment of GS (black
line), Ru(bda)n (red line), and water solvation (blue line) during the PCET event (R.I, R.II, and R.III). e, Enlargement of region R.II representing the PCET event
with the time evolution (fs) of the Ru� O(3) (red line), Ru� O(1) (orange line), O(1)� H(1) (light-blue line) and H(1)� O(2) (blue line) bond distances (Å) and spin moment
of GS (black line) and Ru(bda)n (red line). This region is further divided into R.IIa (PT) and R.IIb (ET). f, Time evolution (fs) of the Mulliken charges of GS (black
line), Ru(bda)n (red line), and water solvation (blue line) during the PCET event (R.I, R.II, and R.III).
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transferred to the first bulk water molecule (CV�2.3 Å), as
shown in Figure 4a. Although the metadynamics does not
appear to be fully converged due to insufficient sampling of the
product state, the trajectory provides an insightful path for
analyzing the PCET event and its representative configurations.
A converged free energy surface (FES) would require a much
longer metadynamics simulation and/or a different CV than the
O� H distance. At the level of DFT used in this work (see
Methods section), this simulation would result in an excessively
high computational cost. During the DFT-based MD metady-
namics simulation, the O(1)� H(1) distance is observed to oscillate
until the PCET event occurs and the system reaches the product
state, 3[(RuV=O)(bda)n@GS]+

sol+H+
sol (Figure 4a,b). An analysis

of the significant PCET distances along the trajectory (Figure 4c),
reveals three key regions (Figure 4b). In the first part of the
dynamics, reported as Region I (R.I) in Figure 4b, all the
analyzed distances oscillate around their equilibrium values.
Accordingly, the spin moments and Mulliken charges on
(RuIV� OH)(bda)n, GS, and water solvent also slightly oscillate for
the whole R.I (Figure 4d,f). When the metadynamics bias
potential reaches the peak of the free energy profile (Figure 4a),
sharp changes in all the parameters along the trajectory are
observed in Region II (R.II) (Figure 4b,d,f). The R.II has been
characterized as the PCET region in Figure 4e and this can be
further divided into two sub-regions, R.IIa and R.IIb, correspond-
ing to the PT and ET steps, respectively (Figure 4e). Initially, the
PT occurred (R.IIa) with the breaking of the O(1)� H(1) bond
(Figure 4b,c,e cyan line). Concomitantly, one of the water
molecules in the first solvation shell gets the liberated proton
(Figure 4b,c,e blue line) and the Ru� O(1) bond shortens to
become a double bond in the oxidized system (RuV=O)(bda)n
(Figure 4b,c,e orange line). The Ru=O(3) bond, intramolecularly
coordinated with the hydrogen of the dangling carboxylic
group of the bda ligand, remains unaltered (Figure 4b,c,e red
line).[30] Then, in R.IIb a sharp change in the spin moment is
noticeable, pointing out the occurrence of the ET step (Fig-

ure 4d,e). The R.II displays a change in the Mulliken charges
with the GS that gains one electron and shifts from charge �2
+ to �1+ (Figure 4f). The total Mulliken charge on the Ru(bda)n
oligomer catalyst stays constant because it is oxidized to
(RuV=O)(bda)n donating an electron to the GS and at the same
time donating a proton to the water solvation bulk with the
formation of a hydronium ion (Figure 4f) and a double bond
Ru=O(1) (Figure 4b orange line). Region III (R.III) addresses the
product state (RuV=O)(bda)n where there are three unpaired
electrons of spin up on the (RuV=O)(bda)n, S=3/2 (quartet spin
state), and one unpaired electron of spin down on the GS, S=

� 1/2 (doublet spin state), while the total multiplicity in the
system (2S+1=3) is conserved along the PCET reaction.

The PDOS of two representative configurations in R.IIa and
R.IIb, respectively, are reported in Figure 5a,b. When the DFT-
based MD metadynamics has reached the PT event in the
region R.IIa of the trajectory, the HOMO (Figure SI.3a in the
Supporting Information) of the (RuIV� OH)(bda)n is �0.1 eV
higher in energy than the LUMO of the GS, establishing an
electronic driving force for the ET event (Figure 5a). This
seemingly non-aufbau result arises from the fact that in the
PDOS analysis of a selected configuration, a starting bias on the
electronic configuration is used corresponding to the initial
diabatic state with the electron still on the catalyst (reactant
state). The close proximity of the HOMO and LUMO character-
izes a scenario that can be related to an intersection region
between the two diabatic states. In R.IIb, the PDOS reveals that
a crossing of eigenvalues has occurred: the HOMO of the
(RuIV� OH)(bda)n has transitioned to become the LUMO of
(RuV=O)(bda)n, and vice versa, the LUMO of GS has been filled
with the transferred electron, resulting in the GS HOMO and
confirming the occurrence of the ET step, as displayed in
Figure 5b and Figure SI.3b in the Supporting Information. After
the PCET event, in region R.III, the catalyst exhibits a quartet
spin state """(RuV=O)(bda)n with three singly occupied MOs and

Figure 5. Projected Density of States (PDOS) for two configurations of Ru(bda)n@GS from the DFT-based MD metadynamics a, in region R.IIa (PT) and b, in
region R.IIb (ET). Solid and dash bars represent occupied and empty states, respectively. Blue color for the p orbital of GS and, orange and cyan colors for the
p and d orbitals of Ru(bda)n, respectively. The energy scale is set to 0.00 eV for the HOMO. The spin momentum is defined as � 1=2�h for electrons with spin up
("=α) or down (#=β), respectively.
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a spin density delocalized over the Ru, O(3), and O(1) (see
Figure SI.4 in the Supporting Information).

Quartet or Doublet Spin State for the Product (RuV=O)(bda)n

The catalyst spin state, hereafter indicated in bold characters,
for the product (RuV=O)(bda)n of the PCET step was determined
to be a quartet within an overall triplet spin state complex,
3["""(RuV=O)(bda)n@

#GS]+
sol+H+

sol. However, EPR experiments
conducted by Gil-Sepulcre et al. on the (RuV=O)(bda)n oligomer-
ic product anchored at the graphitic surface identified a doublet
spin state.[30] Consequently, the energetics of both the quartet
("""(RuV=O)(bda)n) and doublet ("(RuV=O)(bda)n) spin states of
the (RuV=O)(bda)n product complex have been investigated and
compared to the reactant triplet spin state (""(RuIV� OH)(bda)n).
Initially, a 2.0 ps NVT DFT-based MD equilibration was con-
ducted for the reactant triplet spin state
(3[""(RuIV� OH)(bda)n@GS]2+

sol) to be taken as reference for the
energetics analysis of the product spin states. Subsequently,
other two separate 2.0 ps NVT DFT-based MD equilibrations
were carried out for the possible product systems with the
catalyst in the quartet spin state (3["""(RuV=O)(bda)n@#GS]+

sol+

H+
sol) and in the doublet spin state (1["(RuV=O)(bda)n@

#GS]+
sol+

H+
sol), respectively. The simulations for the products, quartet

and doublet spin states, were initiated from a snapshot in
Region III of the product quartet spin state
3["""(RuV=O)(bda)n@

#GS]+
sol+H+

sol. The initial geometry of the
doublet spin state was obtained by manually spin flipping one
electron from the """(RuV=O)(bda)n geometry to form
"(RuV=O)(bda)n. The MOs representation of the product doublet
spin state "(RuV=O)(bda)n is reported in Figure SI.5a,b in the
Supporting Information. We also considered the doublet spin

state case in which the unpaired electron on the catalyst has
the same spin as the unpaired electron on the GS,
3["(RuV=O)(bda)n@"GS]+

sol+H+
sol . However, this system turned

out to be unstable according to our 2.0 ps NVT DFT-based MD
equilibration and was not further considered in the analysis (see
Figure SI.6 in the Supporting Information). The cumulative
averages of Kohn-Sham (KS) potential energies of the reactant
triplet spin state (3[""(RuIV� OH)(bda)n@GS]2+

sol) and product
spin states, quartet 3["""(RuV=O)(bda)n@

#GS]+
sol+H+

sol) and
doublet 1["(RuV=O)(bda)n@

#GS]+
sol+H+

sol), respectively, are re-
ported in Figure 6 (the corresponding KS potential energy
fluctuations are shown in Figure SI.7). The cumulative averages
of the KS potential energies are computed starting after the first
0.4 ps of each NVT DFT-based MD, where the initial relaxation
occurs. The product quartet spin state results comparable in
energy to the reactant triplet spin state (Figure 6). Instead, the
product doublet spin state is �0.36 eV lower than the product
quartet spin state.

To determine constant potential reaction energetics the
first-order correction to capacitive charging was employed on
the KS potential energies.[50,51] We refer to the Methods section
for the definition of this correction. This correction approach
enables a comparison between KS potential energies, and more
extensively the electrochemical reaction energetics, at constant
potential of the reactant (R) in the triplet spin state
(3[""(RuIV� OH)(bda)n@GS]2+

sol), and product (P) in the quartet
(3["""(RuV=O)(bda)n@

#GS]+
sol+H+

sol) and doublet
(1["(RuV=O)(bda)n@

#GS]+
sol+H+

sol) spin states. Table 1 presents
the computed corrections on the products in quartet and
doublet spin states, relative to the reactant triplet spin state
(3[""(RuIV� OH)(bda)n@GS]2+

sol). This correction led to a shift of
DEcorr � DE ¼� 0.11 eV for the quartet spin state
(3["""(RuV=O)(bda)n@#GS]+

sol+H+
sol) and DEcorr � DE ¼� 0.09 eV

Figure 6. Cumulative averages of KS potential energies (eV) fluctuations from 0.4 ps to 2.0 ps of each NVT DFT-based MD equilibration. The red line represents
the reactant triplet spin state system (3[""(RuIV� OH)(bda)n@GS]2+

sol), while the brown and yellow lines correspond to the products, 3["""(RuV=O)(bda)n@
#GS]+

sol

+H+
sol and

1["(RuV=O)(bda)n@
#GS]+

sol+H+
sol, with the catalyst in the quartet and doublet spin state, respectively.
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for the doublet spin state (1["(RuV=O)(bda)n@
#GS]+

sol+H+
sol),

respectively, compared to the reactant triplet spin state. The
product doublet spin state is found to be lower in KS potential
energy than the reactant triplet spin state. The product quartet
spin state remains higher in energy compared to the doublet
spin state and slightly lower than the triplet spin state. This fact
is in line with the initial hypothesis that removing two electrons
from the GS would correspond to the experimentally applied
potential, thus making this reaction energetically viable. The
thermodynamic stability of the product doublet spin state
suggests that the quartet spin state observed during the DFT-
based MD metadynamics is an intermediate that can possibly
decay via intersystem crossing to the experimentally more
stable doublet spin state.[30]

Dynamical Effect of the CH-π Stacking Anchoring on the PCET
Event

DFT-based MD is the ideal approach to analyze possible
dynamical effects of the CH-π stacking anchoring between
3[""(RuIV� OH)(bda)n] and the GS on the PCET event, as it allows
for the monitoring of charge fluctuations and nuclear vibra-
tional motions at the same time.[52,53] Therefore, the separate
2.0 ps NVT DFT-based MD trajectories on the reactant triplet
spin state (3[""(RuIV� OH)(bda)n@GS]2+

sol), and the products,
quartet spin state (3["""(RuV=O)(bda)n@#GS]+

sol+H+
sol) and dou-

blet spin state (1["(RuV=O)(bda)n@
#GS]+

sol+H+
sol), were used to

perform a Vibrational Density of States (VDOS) analysis.[52,53] The
geometrical parameters followed along the trajectory (from
0.4 ps to 2.0 ps) are the distances between the four interacting
hydrogen atoms of the bda ligand and four centers of mass of
the closest six carbons rings on the GS (H(1bda)� GS(com1),
H(2bda)� GS(com2), H(3bda)� GS(com3), H(4bda)� GS(com4)) involved in the
CH-π stacking, the Ru� O(1) bond distance, the O(1)� H(1) bond
distance (for the (RuIV� OH)(bda)n case only), as depicted in
Figure 7a. Furthermore, we follow the Mulliken charges fluctua-
tions along the dynamics on the GS, and on the Ru and O(1)

atoms of the RuIV(bda)n and (RuV=O)(bda)n. A gaussian window
function with a sigma value of 15 was chosen for each VDOS

analysis. The time evolutions of the investigated CH-π stacking
anchoring distances, Ru� O(1) and O(1)� H(1) bond distances, and
Mulliken charges on the GS, the Ru and O(1) atoms, along each
NVT DFT-based MD, are reported in Figures SI.8a,b,c, SI.9a,b,c,
SI.10a,b,c, in the Supporting Information, respectively. Notably,
the stability of the Ru(bda)n oligomeric system is confirmed by
the small fluctuations observed in each selected CH-π stacking
distance, as reported in Figure SI.8 in the Supporting Informa-
tion. The rationale for choosing these parameters is to address
the nuclear modes involved in the CH-π stacking anchoring, in
the oxidation of the triplet spin state to the quartet or doublet
spin states, and to search for possible correlations with
characteristic frequencies in the electron charge fluctuations
during the PCET event. The VDOS analysis allows exploring
possible vibronic couplings present in our adiabatic DFT-based
scheme description of the PCET process.[54] The VDOS of both
reactant and product states in Figure 7b,c,d exhibit resonances
in the range of 800–1000 cm� 1 (0.1–0.12 eV) between the
frequencies associated to GS Mulliken charge fluctuations and
those related to CH-π stacking anchoring distances
H(1bda)� GS(com1), H(2bda)� GS(com2), H(3bda)� GS(com3), H(4bda)� GS(com4) and
Ru� O(1) bond distance (Figure 7b,c,d insets). The observed
resonances in the region of 800–1000 cm� 1 (0.1–0.12 eV) for
both reactant and product cases are supposed to facilitate the
ET step. Other resonances between the same parameters are
present in the range of 3000–3200 cm� 1 characteristic of
aromatic C� H and O� H stretching modes (Figure 7b,c,d insets).
Interestingly, in this range of frequencies, a correlation is found
between the oscillations of Mulliken charges in the Ru� O(1) and
the GS. In summary, the dynamics of the CH-π stacking
anchoring as well as that of Ru� O(1) and O(1)� H(1) bonds strongly
couple with the Mulliken charge fluctuations on the GS and on
the Ru and O(1). These dynamic interactions connect every
element, from the leaving proton and the catalyst to the GS,
and play a crucial role in stabilizing the anchoring and fostering
possible vibronic couplings during the PCET event
dynamics.[52,53]

Conclusions

This work explores at the DFT-based MD level the dynamics of
the PCET event in the following catalytic reaction of the
Ru(bda)n oligomer anchored to a graphitic surface (GS):

3½""ðRuIV� OHÞðbdaÞn@GS�2þsol

� e� ;� Hþ

����!

½ðRuV¼OÞðbdaÞn@GS�þ þ Hþsol:

The CH-π stacking anchoring has been experimentally
reported as a novel way to stabilize the catalyst on the graphitic
surface by Gil-Sepulcre et al.[30] The computationally obtained
product quartet spin state (3["""(RuV=O)(bda)n@#GS]+

sol+H+
sol)

has been compared to the doublet spin state
(1["(RuV=O)(bda)n@#GS]+

sol+H+
sol) expected experimentally by

Gil-Sepulcre et al.[30] After applying the first-order correction to
capacitive charging for constant potential energetics
analysis,[50,51] we found that the KS potential energy of the

Table 1. Changes for the products quartet and doublet spin states,
3["""(RuV=O)(bda)n@

#GS]+
sol+H+

sol and 1["(RuV=O)(bda)n@
#GS]+

sol+H+
sol,

relative to the reactant triplet spin state, 3[""(RuIV� OH)(bda)n@GS]2+
sol,

denoted as P and R in the first order correction to capacitive charging,
respectively (see Methods section).[50,51] The table includes changes in
system KS potential energies (DE ¼ EP FPð Þ � ER FRð Þ), GS Mulliken charges
(qP � qR), system work functions (FP � FR) approximated to each system
HOMO level, and corrected system KS potential energies at constant
potential (DEcorr ¼ EP FRð Þ � ER FRð Þ). All values for DE and F are listed in
eV, q is given in atomic units e.

Product (P) DE
(eV)

qP � qR FP � FR

(eV)
DEcorr

(eV)

3["""(RuV=O)(bda)n@
#GS]+

sol

+H+
sol

� 0.08 0.55 � 0.42 � 0.19

1["(RuV=O)(bda)n@
#GS]+

sol

+H+
sol

� 0.46 0.53 � 0.36 � 0.55
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product doublet spin state is lower than that of both the
product quartet spin state and the reactant triplet spin state.
Moreover, the product quartet spin state is slightly more stable
than the reactant triplet spin state. These findings can suggest
the presence of a short-lived catalytic intermediate quartet spin
state that may decay via intersystem crossing to the observed
and thermodynamically more stable doublet spin state.[30] The
stability of the Ru(bda)n oligomeric system on the GS is
validated through the small fluctuations observed in the CH-π
stacking distances. Finally, the VDOS analysis of the DFT-based
MD trajectories reveals a possible vibronic coupling between
the CH-π stacking anchoring distances, Ru� O(1) and O(1)� H(1)

bond distances, and the Mulliken charge fluctuations of the GS
and the Ru and O(1) on the catalyst. The discovered resonances
establish correlations among each element of the PCET event
under investigation: the water bulk, the catalyst, and the
graphitic surface. These insights offer a deeper understanding

of the PCET mechanism of the Ru(bda)n oligomer anchored to a
graphitic surface, serving as a water oxidation molecular anode.

Methods

Preliminary DFT-Based Static Calculations

The DFT-based geometry optimizations were performed using
the CP2K code[46] with the B3LYP hybrid functional,[55–58] D3(BJ)
atom-pairwise dispersion corrections,[59,60] and double-zeta basis
set with one additional set of polarization functions (DZVP-
MOLOPT-SR-GTH for ruthenium and DZVP-MOLOPT-GTH for the
other elements) was chosen in accordance with previous
literature for similar catalytic systems.[35,61] The Auxiliary-Density-
Matrix Methods (ADMM) was employed in the calculations (see
Supporting Information for the input files).[62] First the initial
state of the 3[""(RuIV� OH)(bda)1]

0 monomeric catalyst was

Figure 7. a, Schematic representation of 3[""(RuIV� OH)(bda)n@GS]2+
sol system and the bond distances parameters investigated via VDOS, Ru� O(1), O(1)� H(1),

H(1bda)� GS(com1), H(2bda)� GS(com2), H(3bda)� GS(com3), and H(4bda)� GS(com4), in dark yellow, light blue, green, violet, red, and blue arrows, respectively. The hydrogens of
the bda ligand and the centers of mass (com) on the GS involved in the CH-stacking are indicated with cyan sticks and stars, respectively. Besides the proton
acceptor water molecule, the rest of the water solvation molecules are omitted for clarity. b, VDOS vs frequencies ω (cm� 1) of the distance parameters, Ru� O(1),
O(1)� H(1), H(1bda)� GS(com1), H(2bda)� GS(com2), H(3bda)� GS(com3), and H(4bda)� GS(com4), in dark yellow, light blue, green, violet, red, and blue lines, respectively, and of the
Mulliken charges on GS and Ru� O(1) in black and orange lines, respectively, in the separate NVT DFT-based MD on the triplet spin state reactant system
3[""(RuIV� OH)(bda)n@GS]2+

sol. c,d, VDOS vs frequencies ω (cm� 1) of the distance parameters, Ru� O(1), H(1bda)-GS(com1), H(2bda)-GS(com2), H(3bda)-GS(com3), and H(4bda)-
GS(com4), in dark yellow, green, violet, red, and blue lines, respectively, and of the Mulliken charges on GS and Ru� O(1) in black and orange lines, respectively, in
the separate NVT DFT-based MDs on the products, quartet spin state 3["""(RuV=O)(bda)n@

#GS]+
sol+H+

sol and the doublet spin state 3["(RuV=O)(bda)n@
#GS]+

sol

+H+
sol, respectively. Yellow insets in b, c, and d, magnify the VDOS in the range of 750–1000 cm� 1 where relevant resonances can be observed.
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optimized and then the 3[""(RuIV� OH)(bda)n@GS]0 oligomeric
molecular system including an amount of 50 explicit water
molecules in a MD box of dimensions 11.30×12.78×16.00 Å3

was optimized, resulting in the optimized
3[""(RuIV� OH)(bda)n@GS]0sol molecular system. This last optimized
geometry was subsequently used as a starting configuration for
the first DFT-based MD runs, NVE and NVT (before the
extraction of two electrons).

DFT-Based MDs and Metadynamics

The DFT-based MD simulations were carried out using periodic
boundary conditions (PBC) and with the hybrid Gaussian and
plane wave approach,[63] as implemented in the CP2K/Quickstep
code.[46] The Kohn-Sham orbitals were described by an accurate
molecularly optimized double-zeta basis set with one additional
set of polarization functions (DZVP-MOLOPT-SR-GTH for ruthe-
nium and DZVP-MOLOPT-GTH for the other elements), while
the charge density was represented by plane waves with a
density cutoff of 600 Ry.[61] Separable norm-conserving pseudo-
potentials were used to mimic the interactions between the
valence electrons and the ionic cores.[64,65] The B3LYP hybrid
functional was employed since it was shown to be well-accurate
in describing transition-metal complexes, including Ru-based
WOCs.[30,66,67] The damped D3(BJ) atom-pairwise dispersion
correction was added to account for long-range van der Waals
interactions.[59,60] For the NVT before the extraction of two
electrons and all production NVT DFT-based MD simulations, a
Nosé-Hoover chains (NHC) thermostat was used, with a length
of the Nose-Hoover chain and time constant of the thermostat
chain of 7 and 10 fs, respectively. For the NVE and NVT before
the extraction of two electrons and production NVT DFT-based
MD simulations, the time step and temperature were 0.5 fs and
300 K, respectively. To compute the net atomic charges, the
Mulliken population was used.[68] The PDOS analysis was
conducted on selected configurations using the corresponding
CP2 K code analysis tool.[46] Therefore, starting from the
previous geometry optimized 3[""(RuIV� OH)(bda)n@GS]0sol mo-
lecular system, 0.5 ps of NVE DFT-based MD and then other
0.5 ps of NVT DFT-based MD were executed. After the extraction
of two electrons from the last equilibrated geometry, 1.0 ps of
NVT DFT-based MD metadynamics production run was con-
ducted on 3[""(RuIV� OH)(bda)n@GS]2+

sol to describe the PCET
event. The DFT-based MD metadynamics is performed employ-
ing the PLUMED plugin[69] with width=0.1 Å, height=

1.0 kJmol� 1, and deposition frequency of Gaussian hills every
25 time steps.[47] Subsequently, 2.0 ps of NVT DFT-based MD
equilibrations were conducted separately for the system with
the catalyst in the reactant triplet spin state
(3[""(RuIV� OH)(bda)n@GS]2+

sol), and in the products, quartet
(3["""(RuV=O)(bda)n@#GS]+

sol+H+
sol) and doublet

(1["(RuV=O)(bda)n@
#GS]+

sol+H+
sol) spin states, respectively. The

Auxiliary-Density-Matrix Methods (ADMM) was employed in the
calculations (see Supporting Information for the input files).[62]

Representative input files for the DFT-based equilibrations and
metadynamics are reported in Supporting Information.

Constant Potential Reaction Energetics Correction

The method used to determine constant potential reaction
energetics required only a single barrier calculation and the
corresponding electrode charge, i. e. graphitic surface (GS)
charge, in accordance with the work by Chan and Nørskov.[50,51]

This first-order correction to capacitive charging is grounded in
the premise that the energies associated with electron transfer
across interfaces can be distinctly separated into contributions
from chemical and electrostatic factors.[50,51] The electrostatic
contribution to the energy change can be expressed purely in
terms of capacitance.[50,51] This analysis was conducted at both
the reactant (R) state (3[""(RuIV� OH)(bda)n@GS]2+

sol) and product
(P) states (3["""(RuV=O)(bda)n@#GS]+

sol+H+
sol and

1["(RuV=O)(bda)n@
#GS]+

sol+H+
sol).

[50,51] For a given PCET event
from reactant state R to the product state P, the total energy
change in the simulation cell at constant potential with the
respect to the reactant (R) is described by

EP URð Þ � ER URð Þ ¼ EP UPð Þ � ER URð Þ½ � þ
e qP � qRð Þ UP � URð Þ

2 ,

where the first term on the right refers to the electrostatic
contribution to the energy change between states R and P at
different potentials UR and UP, respectively, in the second term,
qP � qR is the change on the GS charge from state R to P, and
the term UP � URð Þ=2 gives the finite cell contribution.[50,51] This
equation can be rewritten in terms of work functions Fi

according to

EP FRð Þ � ER FRð Þ ¼ EP FPð Þ � ER FRð Þ½ � þ
qP � qRð Þ FP � FRð Þ

2
,

where the first term on the right side describes the difference
of the KS potential energies of the product state and reactant
states, P and R, respectively, and the second term qP � qR can
be estimated from the Mulliken charge analysis on the GS
before and after the electron transfer event (ET).[50,51] Each work
functions Fi is set equal to the HOMO energy of state i, which
are the product or reactant states, P or R, respectively. In this
work each term of the upper equation was extrapolated from
the average on twenty DFT-based single point calculations
extracted every 20 fs along the last 0.4 ps of each independent
NVT DFT-based MD equilibration on the reactant triplet spin
state R (3[""(RuIV� OH)(bda)n@GS]2+

sol) and product quartet and
doublet spin states P, (3["""(RuV=O)(bda)n@

#GS]+
sol+H+

sol and
1["(RuV=O)(bda)n@#GS]+

sol+H+
sol), respectively. All the DFT-

based single points were performed using the CP2 K code[46]

with the B3LYP hybrid functional,[55–58] D3(BJ) atom-pairwise
dispersion corrections[59,60] and double-zeta basis set with one
additional set of polarization functions (DZVP-MOLOPT-SR-GTH
for Ruthenium and DZVP-MOLOPT-GTH for the other elements).
The Auxiliary-Density-Matrix Methods (ADMM) was employed in
the calculations (see Supporting Information for the input
files).[62]
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Supporting Information

The authors have cited additional references within the
Supporting Information.[70] The Supporting Information includes
additional computational analysis, DFT-based input files for
geometry optimization, NVE MD, NVT MD equilibration, and
NVT MD metadynamics, and DFT-based optimized and repre-
sentative DFT-based NVT equilibrated geometries.
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