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To improve the performance of dye-sensitized photoelectro-
chemical cell (DS-PEC) devices for splitting water, the tailoring
of the photocatalytic four-photon water oxidation half-reaction
represents a principle challenge of fundamental significance. In
this study, a Ru-based water oxidation catalyst (WOC) covalently
bound to two 2,6-diethoxy-1,4,5,8-diimide-naphthalene (NDI)
dye functionalities provides comparable driving forces and
channels for electron transfer. Constrained ab initio molecular
dynamics simulations are performed to investigate the photo-
catalytic cycle of this two-channel model for photocatalytic
water splitting. The introduction of a second light-harvesting
dye in the Ru-based dye-WOC-dye supramolecular complex

enables two separate parallel electron-transfer channels, lead-
ing to a five-step catalytic cycle with three intermediates and
two doubly oxidized states. The total spin S=1 is conserved
during the catalytic process and the system with opposite spin
on the oxidized NDI proceeds from the Ru=O intermediate to
the final Ru-O2 intermediate with a triplet molecular 3O2 ligand
that is eventually released into the environment. The in-depth
insight into the proposed photocatalytic cycle of the two-
channel model provides a strategy for the development of
novel high-efficiency supramolecular complexes for DS-PEC
devices with buildup and conservation of spin multiplicity along
the reaction coordinate as a design principle.

Introduction

Artificial photosynthesis, inspired by nature, with the goal of
conversion of solar energy into chemical energy, has attracted
growing interest in the past decades.[1] In particular, dye-
sensitized photoelectrochemical cells (DS-PECs) that can drive
water splitting through the absorption of sunlight, have the
potential to produce clean and renewable chemical fuels, e.g.
in the form of molecular energy-rich hydrogen, to meet the
future global energy demand in an environmentally sustainable
way.[2] Two half reactions are involved when the water splitting
process proceeds in two physically separated electrode com-
partments, the oxygen evolution reaction (OER) for water
oxidation, and the hydrogen evolution reaction (HER) for proton
reduction.[3] For the catalytic water splitting in DS-PECs, the
high activation free energy barrier for the O� O bond formation
process represents a thermodynamic and kinetic bottleneck,
and the OER half-reaction is considered the rate-determining
step.[4]

The solar-driven four-photon water oxidation half-reaction
occurs at the photoanode, and is always initiated by light
absorption at the molecular sensitizers and subsequent electron

injection from the dye in the excited state into the electrode.[5]

Owing to a proper molecular assembly of the water oxidation
catalyst (WOC) and the dye components in a WOC-dye
supramolecular complex, the photooxidation of the dye should
be followed by a proton-coupled electron transfer (PCET)[6]

process within the water oxidation catalytic cycle: The electron
is used for the regeneration of the dye to its initial state while
the proton is being transferred to a different direction, into the
environment.[7] Computational studies serve as a powerful
technique for guiding the development of efficient dye-
sensitized photoanodes[8] by rate enhancement of photocata-
lytic water oxidation in DS-PEC devices and modulation of the
mechanism of operation by the solvent environment.[9] A great
majority of the computational effort has been devoted to
lowering the activation free energy barrier of the catalytic water
oxidation step involving the rate-limiting O� O bond formation
process, in which a single channel for the electron transfer (ET)
from the WOC to the photooxidized dye was explored.[9c]

Since 1970, Kok’s classical S-state cycle model of photo-
synthetic water oxidation involving five oxidation states (S0!4)
has been the paradigm for the understanding of oxygen
evolution.[10] By taking into account the role and sequence of
deprotonation events as well, an extended S-state cycle has
been introduced by Dau et al., in which eight successive steps
starting from I0 lead to I8 and only then the O2 is formed and
released.[11] In other words, the I-cycle model involves not only
four oxidizing equivalents but also four bases prior to the
dioxygen formation. For sequential alternating proton and
electron transfer[7] or concerted PCET[9c] according to the Kok or
Dau cycle in natural or artificial oxygenic photosynthesis, every
individual catalytic PCET step can only proceed after the
accomplishment of the previous catalytic step.[12]

[a] Dr. Y. Shao, Prof. Dr. H. J. M. de Groot, Dr. F. Buda
Leiden Institute of Chemistry, Leiden University
Einsteinweg 55, 2300 RA, Leiden (The Netherlands)
E-mail: y.shao@lic.leidenuniv.nl

f.buda@chem.leidenuniv.nl
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cssc.202100846

© 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH. This is
an open access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

ChemSusChem
Full Papers
doi.org/10.1002/cssc.202100846

3155ChemSusChem 2021, 14, 3155–3162 © 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH

Wiley VCH Montag, 02.08.2021

2115 / 209826 [S. 3155/3162] 1

http://orcid.org/0000-0002-8606-7470
http://orcid.org/0000-0002-8796-1212
http://orcid.org/0000-0002-7157-7654
https://doi.org/10.1002/cssc.202100846
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcssc.202100846&domain=pdf&date_stamp=2021-06-25


In this work we explore how the catalytic cycle could be
affected by introducing two excited dye motifs in parallel, and
thereby combining two PCET steps without stable intermedi-
ates in between. For this aim, an additional dye molecule is
introduced in the catalyst-dye supramolecular complex 1([(cy)
RuIIbpy(H2O)]2+-NDI) (cy=p-cymene, bpy=2,2’-bipyridine,
NDI=2,6-diethoxy-1,4,5,8-diimide-naphthalene) for photocata-
lytic water splitting, which has been systematically investigated
in silico recently,[7,9c,13] leading to the dye-WOC-dye
supramolecular complex 1(NDI1-[(cy)RuIIbpy(H2O)]2+-NDI2) with
the total spin S=0 (denoted as 1(NDI1-[RuII-H2O]2+-NDI2) in
Scheme 1, where NDI1=NDI2=NDI). The goal of this modifica-
tion is to rearrange the sequence of catalytic intermediates by
having first the absorption of two photons, followed by the
transfer of two electrons and two protons.

The family of NDI chromophores has shown excellent
thermal, chemical and photochemical stability and good photo-
electronic properties in various fields, which makes them
promising candidates for organic electronics applications,
photovoltaic devices, and artificial photosystems.[14] Moreover,
the optical properties of the NDI chromophores can be easily
tuned over a wide light-spectrum by adding one or more
substituents to the core molecule.[15] Specifically, the NDI dye
with diethoxy functional groups considered in this work has
been demonstrated to be able to perform fast electron injection
in the TiO2 semiconductor conduction band on a time scale of
picoseconds upon photooxidation.[5,13a] The stability of the
mononuclear WOC [(cy)RuIIbpy(H2O)]2+ has been investigated

using online electrochemical mass spectrometry (OLEMS) and
in situ surface enhanced Raman spectroscopy (SERS) in our
previous work.[13b] Moreover, the system would be further
stabilized once the dye-WOC-dye supramolecular complex is
anchored on the semiconductor substrate, thus decreasing the
possibility of decomposition of the complex during the photo-
catalytic water splitting reactions.[16] The probability of the
absorption of two solar photons and the subsequent injection
of two electrons into the semiconductor by the two dyes within
the complex on the time scale relevant for the photocatalytic
events is quite low in normal light intensity. However, this initial
condition can still be realized by using a solar concentrator
(antenna) that could considerably enhance the exciton feed-in
rate and thus drive the photochemical processes in parallel. The
incorporation of two NDI dye functionalities covalently bound
to the bipyridine ligand of the catalytic motif, provides two
parallel channels for ET, enabling theoretically concurrent ET
events from the WOC to the oxidized dyes NDI1+* and NDI2+*.
Scheme 1 presents the proposed photocatalytic cycle of the
two-channel model for water splitting by the Ru-based dye-
WOC-dye system. An extended photocatalytic cycle considering
all possible reaction pathways is shown in Scheme S1 (see the
Supporting Information). Given that the spin alignment of
unpaired electrons on the WOC and dye has turned out to play
a significant role in the PCET reactions in the one-channel
model, only the most favorable pathways with proper spin
alignments are explored for the two-channel model (Scheme 1).
Specifically, the first half of the cycle for the two-channel model
is initiated by the co-photooxidation of two NDI dyes, which
leaves one α unpaired electron (") on each NDI dye with total
spin S=1. This choice is based on the previous finding for the
one-channel model where the triplet spin configuration was
found to be more favorable for the second PCET step. Instead,
for the third step involving the O� O bond formation process in
the one-channel model, it is found that the antiparallel spin
alignment of the unpaired electrons on the WOC ("") and dye
(#) is essential for this reaction. Thus, for the second half of the
cycle, the antiparallel spin alignment of unpaired electrons on
the two NDI dyes is considered: in this way the total spin S=1
is preserved along the whole cycle until the formation of the
triplet oxygen (3O2), which eventually leaves the complex being
exchanged by a water molecule and brings the spin multiplicity
back to the singlet state (Scheme 1).[7]

Herein, we report how the introduction of parallel channels
for ET changes the number of involved intermediates and the
sequence of reaction events along the photocatalytic cycle in
the dye-WOC-dye system by using ab initio molecular dynamics
(AIMD) simulations, which can provide accurate predictions of
the reaction mechanism and activation energy barrier.[17] First,
we shortly present the results for the first half of the catalytic
cycle. Then, we primarily focus on the second half of the
catalytic cycle starting from the second intermediate 3(NDI1-
[RuIV =O]2+-NDI2) (Scheme 1, bottom right), since the catalytic
step involving the O� O bond formation has long been
considered the rate-limiting step for the photocatalytic water
oxidation half-reaction.

Scheme 1. Proposed photocatalytic cycle of the two-channel model for
water splitting by a Ru-based dye-WOC-dye system. The inset shows the
structure of the intermediate 3(NDI1-[(cy)RuIV(O)bpy]2+-NDI2) complex (in-
dicated as 3(NDI1-[RuIV =O]2+-NDI2)) together with the attacking water
molecule. It is assumed that each light flash induces an electron injection
(golden arrows) from NDI1/NDI2 to the semiconductor electrode or to the
next stage in a tandem cell, leading to the photooxidation of NDI1/NDI2:
NDI1/NDI2!NDI1+*

/NDI2+*

. Green (α electrons) and purple (β electrons)
vertical arrows depict the spin of unpaired electrons located on the WOC
and on the two NDI dyes. The red double-sided arrow indicates the reaction
coordinate d(Oi

!Oii) considered in the constrained MD simulations. The
superscript on the left indicates the spin multiplicity 2S+1 for each
intermediate and oxidized state.
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Results and Discussion

First half of the catalytic cycle

To verify the feasibility of the entire proposed photocatalytic
cycle for the two-channel model, the first half of the photo-
catalytic cycle is first investigated. Here we only give the main
results (see the Supporting Information, section S2 for details).
According to our simulations, the first and second catalytic
steps, starting from the initial intermediate 1(NDI1-[RuII-OH2]

2+

-NDI2) (S=0) and ending with the intermediate 3(NDI1-[RuIV =

O]2+-NDI2) (S=1; see 1st and 2nd PCET in Scheme 1), can
proceed with a low activation free energy barrier of around
4 kcalmol� 1 after the co-photooxidation of the two NDI dyes
(Figure S2). In this process, we assume that one attacking water
molecule is approaching Hiii while at the same time another
attacking water molecule approaches Hiv (where Hiii and Hiv

refer to the two hydrogen atoms of the ligated water;
Figure S1). The spins are parallel on the NDI in the initial
photooxidized state (Figure S1) and the spin on the WOC is
built up from S=0 to S=1 during the two PCET steps.

Geometry optimization of the dye-WOC-dye complex for the
second half of the catalytic cycle

The initial geometry of the dye-WOC-dye complex 3(NDI1-
[RuIV =O]2+-NDI2) was optimized at the DFT level employing
the OPBE exchange-correlation functional[18] and the TZP (triple-
ζ polarized) Slater-type basis set with the ADF software
package[19] (see the Supporting Information S3 for more
computational details).[13a] To check if the photooxidized dyes
coupled to the Ru-based WOC exert thermodynamic driving
forces for the subsequent catalytic steps, the frontier molecular
orbital energy levels together with the singly occupied
molecular orbitals (SOMOs) of the doubly-oxidized complex
3(NDI1+*-[RuIV =O]2+-NDI2+*) with total spin S=1 (Scheme 1)
are shown in Figure S3 and the corresponding energy values
are listed in Table S2 (see the Supporting Information S4). A
closed systems approach simulation[20] with S=1 allows to have
the same total spin for the initial (3[RuIV =O]2+) and for the final
(3[RuII-O2]

2+) intermediates, thus avoiding the need for intersys-
tem crossing during the reaction: The electronic ground state of
the 3[RuIV =O]2+ WOC is a triplet configuration, whereas the two
unpaired electrons on the photooxidized dyes are in an
antiparallel arrangement. We also checked the case of the
parallel spin configuration for the two unpaired electrons on
the dyes, leading to a quintet state 5(NDI1+*-[RuIV =O]2+-NDI2+

*). The result shows that the bond energy difference between
the triplet 3(NDI1+*-[RuIV =O]2+-NDI2+*) and the quintet state
5(NDI1+*-[RuIV =O]2+-NDI2+*) is negligible (see the Supporting
Information S5). This is not surprising considering the relatively
large distance between the two dyes, thus an intersystem
crossing could easily take place between these two energeti-
cally degenerate states.

It is found that the alignment of the energy levels is
favorable for the subsequent ET steps involving the O� O bond

formation since the SOMOs localized on the NDI dyes (SOMO
dye1 and SOMO dye2) with antiparallel spins are lower in
energy than the HOMO of the dye-WOC-dye complex localized
on the WOC (SOMO WOC; Figure S3). The orbital energy
difference between the SOMO WOC and the SOMO dyes is
ΔESOMO-1�0.18 and ΔESOMO-2�0.21 eV, respectively (see Ta-
ble S2).

Equilibration of the solvated system and co-photooxidation
of two NDI dyes

An orthorhombic box of dimensions 25.5×22.4×15.4 Å3 with
periodic boundary conditions containing the dye-WOC-dye
solute 3(NDI1-[RuIV =O]2+-NDI2) (S=1) together with 212 explic-
it water molecules was used in the AIMD simulations to get
accurate predictions of the catalytic reaction and free energy
profile. AIMD simulations were carried out with the Car-
Parrinello molecular dynamics (CPMD) program.[21] The elec-
tronic structure was determined using GTH pseudopotentials
for the ruthenium transition metal[22] and dispersion-corrected
pseudopotentials (DCACP) for the remaining atoms,[23] together
with a plane wave cutoff of 70 Ry and the OPBE exchange-
correlation functional (see the Supporting Information for more
computational details). The OPBE functional represents a good
compromise between the accuracy in the description of
transition metal complexes and the computational cost in-
volved in AIMD simulations for such large systems.[18] An initial
free AIMD simulation of 0.6 ps at room temperature (300 K) was
performed for the solvated system to further equilibrate the
solvation environment (see section S3.2).

The system is assumed to be already in its doubly-oxidized
form of dye+*-[WOC]2+-dye+* at the beginning of the con-
strained AIMD simulation for the second half of the cycle, since
the photoinduced electron injection from the selected NDI to a
TiO2 semiconductor surface can be achieved on a time scale of
approximately 1 ps, as has been demonstrated in previous
work.[5,13a] The co-photooxidation is mimicked by removing two
electrons from the simulation box after the initial equilibration
simulation of the dye-WOC-dye system leading to a total charge
of 4+ . A free AIMD simulation for another 0.6 ps at room
temperature is performed to further equilibrate the fully
oxidized system with total spin S=1 corresponding to antipar-
allel spins on the two NDI dyes. When tracking the spin density
along this free AIMD simulation, it is found that two unpaired α
electrons (") localize on the WOC at the RuIV =O group, one
unpaired β electron (#) on NDI1, and one unpaired α electron
(") on NDI2 in the doubly oxidized system (see the inset in
Figure S5). No ET occurs at this stage, which is an indication of
the stability of the initial state of the oxidized complex 3(NDI1+

*-[RuIV =O]2+-NDI2+*) (S=1).
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Constrained AIMD simulations and catalytic water oxidation
steps

To explore the catalytic water oxidation steps involving bond-
forming and bond-breaking processes, which are normally
considered as rare events on the characteristic AIMD simulation
time scale, the constrained MD approach was employed in the
simulations to control the reaction coordinate after the re-
equilibration of the photooxidized system.[24] The constrained
reaction coordinate in this case is the distance between the
oxygen atom Oi on the Ru complex and the Oii oxygen of the
attacking water indicated by the red double-sided arrow in
Scheme 1 (see the Supporting Information S3 for more compu-
tational details). To visualize when and how the electron
transfers from the WOC to the oxidized NDI dyes (NDI1 and
NDI2 in Scheme 1), the spin density was tracked during the
AIMD simulations. The variation of the spin density localized on
the WOC (black line) along the constrained MD trajectories is
collected in Figure 1. The initial value of � 2 for the spin density
corresponds to the triplet state with two unpaired electrons on
the WOC.

For the two-channel model starting with the oxidized
3(NDI1+*-[RuIV =O]2+-NDI2+*) (S=1) complex (Figure 1, inset
(left)), the ET starts at the reaction coordinate d(Oi

!Oii)=2.5 Å
(Figure 1, black line), whereas in the one-channel model it was
actually observed at the reaction coordinate d(Oi

!Oii)=2.1 Å.[7]

The shortening of d(Oi

!Oii) from 2.5 Å to 2.0 Å induces the
complete ET from the WOC to the oxidized NDI1 with spin
density localized on the WOC fluctuating around an average
value of � 1. After short-term fluctuations of spin density
localized on the WOC, the dye system that is initially in the
dye+*-[WOC]2+-dye+* state ends up with one unpaired α elec-
tron (") localized on the WOC and one unpaired α electron (")
on the NDI2 at the end of the constrained 1.8 Å MD simulation.

Moreover, the proton transfer (PT) from the attacking water
molecule to the solvent is first observed during the constrained
1.8 Å MD simulation when tracking the distance between Ru
and the OH d(Ru-OH) along the constrained MD trajectories
(Figure 1, blue line): here the OH is defined as an O atom with
only one H within a radius of 1.2 Å. Subsequently, the released
proton Hi diffuses into the solvent bulk via a “chain” of
hydrogen-bonded water molecules following a Grotthuss-type
mechanism[7,8f,13a,25] and no back reaction occurs after roughly
5.2 ps along the constrained 1.6 Å MD trajectory (see the
Supporting Information S7). It is also noticeable that during the
constrained 1.6 Å MD simulation, the integrated spin density
gets an average value smaller than � 1, which can be attributed
to the initial attempts of the fourth ET process from the WOC to
the oxidized NDI2 (Figure 1, inset, right).

At the end of the constrained 1.6 Å MD simulation, the
constraint on the reaction coordinate was released and the
system is allowed to evolve freely. The time evolution of the
distance between the oxygen atoms Oi and Oii d(Oi-Oii), the
variation of the total spin density localized on the WOC, and
the distance between Ru and H3O

+ (defined as an O atom with
three H within a radius of 1.2 Å) along the free MD trajectory
after releasing the constraint are collected in Figure 2 for
quantitative descriptions of electron and proton dynamics.

Based on these data, the O� O bond distance relaxes within
a very short time of about 0.2 ps to an average value of d(Oi-Oii)
�1.35 Å (Figure 2a), which is consistent with the formation of a
transient Ru-OOH state (for comparison, the O� O bond length
in molecular hydrogen peroxide is 1.47 Å). After 0.2 ps (at ca.
6.8 ps; Figure 2, dashed vertical line) a fast ET process from the
WOC to the oxidized NDI2 takes place (Figure 2b). This ET
process is strongly coupled to the fourth PT from the hydro-
peroxo ligand to the solvent bulk (Figure 2c). Notice that two
protons (Hi and Hii) diffuse independently from each other into

Figure 1. Spin density integrated over the upper half of the simulation box including the WOC (black line) and time evolution of the distance between Ru and
the OH d(Ru-OH) (blue line) along the constrained MD trajectories. The OH is defined as an O atom with only one H within a radius of 1.2 Å, illustrating the PT
during the MD simulations. Inset left shows the spin density isosurface computed at a snapshot taken at the beginning of the constrained 2.5 Å MD simulation
(0.0 ps), clearly indicating two unpaired α electrons (" in green) localized on the catalyst, one unpaired β electron on NDI1 (# in purple), and one unpaired α
electron on NDI2 (" in green). Inset right shows the spin density isosurface computed at the end of the constrained 1.6 Å simulation (ca. 6.5 ps). According to
the simulations, one proton of the attacking water is totally released during the constrained 1.6 Å simulation and only oxygen Oii is in the OH form at any
time. An integrated spin density of � 2 corresponds to two unpaired α electrons ("). The value of the constrained reaction coordinate d(Oi

!Oii) in the MD
simulations is noted in grey. The water molecules are omitted for clarity in both cases and only the initial doubly oxidized state 3(NDI1+*

-[RuIV =O]2+-NDI2+*

)
(S=1) and the transient final state 3(NDI1-[RuIII-OOH]2+-NDI2+*

) (S=1) are shown explicitly. See Scheme 1 for the atomic labeling.
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the solvent at this stage and we only focus on the second
released proton Hii in Figure 2c. The distance between the
oxygen atoms Oi and Oii equilibrates quickly to an average
value d(Oi-Oii) of about 1.25 Å. Although we have a higher
proton density compared to the one-channel model, we
observe that the fourth PCET catalytic water oxidation step
proceeds spontaneously following the formation of the O� O
bond and the system reaches the final intermediate 3(NDI1-[RuII-
OO]2+-NDI2) [S=1; Scheme 1 and Eq. (1), where H2Osol and H+

sol

represent the solvated attacking water molecule and solvated
proton respectively].

3ðNDI1þ.-½RuIV ¼ O�2þ-NDI2þ.

Þ þ H2Osol $

3ðNDI1-½RuII-OO�2þ-NDI2Þ þ 2Hþsol
(1)

In this final complex with an average d(Oi-Oii)�1.25 Å two
unpaired α electrons (") are localized on the dioxygen ligand
(Figure 2, inset). This compares well with the bond length
1.21 Å in molecular 3O2 in its triplet state and indicates the
formation of the oxygen-oxygen bond in the triplet state
featuring a bond order of 2 as in molecular oxygen. The 3O2

ligand can then be exchanged by a water molecule and the
complex is ready for the next catalytic cycle. All these results
indicate that the third and fourth catalytic steps proceed in a
sequential way without a stable intermediate between these
two steps (see S3

4+!S0
2+ in Scheme 2).

This result is at variance with the case of the one-channel
model where the complex with a hydroperoxo ligand was
found to be a stable intermediate (see I4

2+ and I4
3+ in

Scheme 3), whereas here it is only a transient Ru� OOH state
developing into the final intermediate (Scheme 2).[7]

Figure 2. a) Time evolution of the geometrical parameter d(Oi-Oii), b) spin
density integrated over upper half of the simulation box including the WOC,
and c) distance between Ru and the H3O

+ d(Ru-OH3
+) along the free MD

trajectory after releasing the constraint at the end of the constrained 1.6 Å
MD simulation. The H3O

+ is defined as an O atom with 3 H within a radius of
1.2 Å, illustrating the second PT during the MD simulation. According to the
simulations, only one oxygen is in the H3O

+ form at any time, and the
second excess proton associates primarily to three different oxygens
(indicated with different colors: blue, green, and magenta) during the
simulation. An integrated spin density of � 2 corresponds to two unpaired α
electrons ("). The inset shows the spin density isosurface computed for a
snapshot taken at the end of the free MD simulation, which indicates clearly
that the spin density is mostly localized on the 3O2 ligand and shows the
characteristic shape expected for the oxygen molecule, whereas virtually no
spin density is observed on the NDIs. The water molecules are omitted for
clarity and only the final intermediate NDI1-[RuII-OO]2+-NDI2 (S=1) is shown
explicitly. The time range is consistent with Figure 1. See Scheme 1 for the
atomic labeling.

Scheme 2. Four PCET steps between the catalytic intermediates from S1
2+ to

S0
2+ for the supramolecular dye-WOC-dye complex. It is assumed that two

light flashes induce the co-photooxidation of the two NDI dyes in the two-
channel model (Si

2+!Si
4+, i=0–4: NDI1!NDI1+*

and NDI2!NDI2+*

). The
vertical and horizontal double arrows correspond to the pathways of a
sequential PCET mechanism, either ET from the WOC to the oxidized dye
first (Si

4+!Si
4+ ’ and Si

3+!Si
3+ ’) or PT to the solvent first (Si

4+!Si
3+ and

Si
3+!Si

2+). The diagonal double arrow denotes the concerted PCET
mechanism. The favorable pathway of the second half of the catalytic cycle
in the two-channel model is indicated in blue. The stable intermediates
investigated in the present study are shown in black. The ligand exchange
S0

2+ +H2O!S1
2+ + 3O2 is also indicated in grey. H+ represents the proton

transferred to the solvent. The catalytic steps from S3
4+ to S0

2+, which are
the main focus of this work, are specifically described in the top panel.
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Free energy profile and reaction rate evaluation

Having established that the second half of the catalytic water
oxidation cycle starting from the doubly photooxidized
supramolecular complex 3(NDI1+-[RuIV =O]2+-NDI2+) (S=1) pro-
ceeds combining two sequential steps without stable inter-
mediates in between, it is relevant to evaluate how difficult it is
to activate this reaction in such a two-channel model. In recent
years, metadynamics simulations have been increasingly used
as an alternative enhanced sampling method in similar
computational works on O� O bond formation, which allows to
sample the entire free energy landscape.[26] Particularly, a
second collective variable has been included to keep track of
the proton transfer in addition to the O� O distance in very
recent publications by Luber et al.[26c,d] In our current work
instead, the reaction coordinate d(Oi

!Oii) is constrained to a
series of fixed values to estimate the free energy profile along
this reaction pathway using the Blue Moon ensemble approach
and thermodynamic integration.[24,27] The time-averaged mean
forces associated with the applied constraints and the inter-
polation of the time-averaged mean forces used for this
analysis, and the corresponding free energy profile of the two-
channel model as a function of the reaction coordinate
d(Oi

!Oii) are given in Figure S7 and Figure 3, respectively (see
the Supporting Information S3.3 for more computational de-
tails). Table 1 summarizes the thermodynamic parameters for
the O� O bond formation process extracted from these results.

The calculated activation free energy barrier (ΔG*) for the
two-channel model is 14.3 kcalmol� 1 (ca. 0.62 eV), which is
slightly lower than the 15.9 kcalmol� 1 (ca. 0.69 eV) computed
with the same approach for the one-channel model[7] (see
Table 1). However, this conclusion might be affected by the
statistical error in the time-averaged mean forces. If we use this

barrier for the estimation of the reaction rate according to
transition state theory[28] (see the Supporting Information S3.4
for computational details), the predicted reaction rate of the
two-channel model is k=230.4 s� 1, which is faster than that
obtained for the one-channel model (k=15.7 s� 1). Introducing
one proton acceptor group near the active site could further
lower the activation free energy barrier and thus accelerate the
O� O bond formation.[9c] Alternative WOCs in which the ligand
has been functionalized with proton acceptor groups, e.g.
carboxylate moieties, can facilitate the water splitting
reaction.[8e] One should keep in mind that the two-channel
model ends up with the final intermediate 3(NDI1-[RuII-OO]2+

-NDI2) (S=1; Scheme 1 and Figure 3) rather than an intermedi-
ate with a hydroperoxo ligand as in the one-channel model
(2([RuIII-OOH]2+-NDI) S=1/2)[7] as a result of the introduction of
the second electron-transfer channel.

In addition, the larger thermodynamic driving force ΔG0 =

� 10.9 kcalmol� 1 (ca. 0.47 eV) obtained for the two-channel
model can be reasonably attributed to the accomplishment of
the barrier-less fourth catalytic water splitting PCET step under
the condition that the second dye NDI2 is photooxidized. This
result suggests a relatively stable final intermediate 3(NDI1-[RuII-
OO]2+-NDI2) (S=1; Scheme 1) that is lower in energy than an
alternative in-between intermediate 3(NDI1-[RuIII-OOH]2+-
NDI2+*) (S=1; Scheme S1). Finally, the cycle is completed by
replacing the dissociating triplet molecular oxygen with a water
molecule, leading to the initial singlet 1(NDI1-[RuII-OH2]

2+-NDI2)

Scheme 3. Basic photocatalytic cycle of the one-channel and two-channel
models for water splitting by WOC-dye and dye-WOC-dye systems,
respectively. The photocatalytic cycle of the one-channel model by a Ru-
based WOC-dye complex includes nine stable states (outer circle), in which
eight successive electron transfer and proton transfer steps starting from I1

2+

lead to I0
2+ and only then the O2 is formed and released.[7,13a] The

photocatalytic cycle of the two-channel model by a Ru-based dye-WOC-dye
complex includes five stable states from S1

2+ to S0
2+ (inner circle). The

superscript on the right indicates the total charge of the supramolecular
complex.

Figure 3. Free energy profile along the reaction coordinate d(Oi

!Oii)
computed by thermodynamic integration. The final intermediates corre-
sponding with the MD simulations for the one-channel and two-channel
models are both indicated. The free energy profile obtained for the one-
channel model from a previous study is also presented for comparison (see
Ref. [7]).

Table 1. The calculated activation energy barrier (ΔG* in kcal mol� 1),
reaction driving force (ΔG0 in kcal mol� 1), and the reaction rate (k in s� 1)
corresponding to the one- and two-channel models. The results for the
one-channel model are taken from Ref. [7].

Model ΔG* ΔG0 k

One-channel[7] 15.9 � 8.5 15.7
Two-channel 14.3 � 10.9 230.4
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state. Hence, the Ru metal ion operates as a spin shuttle during
catalysis. In the first part of the cycle, it selects the matching
spin from the NDI to build up spin multiplicity, and in the
second part it preserves the spin multiplicity and passes on a
triplet to the oxygen.

Conclusion

In conclusion, the introduction of the second NDI dye in the
dye-WOC-dye complex for photocatalytic water splitting pro-
vides an extra channel for ET, which enables the sequential
event of ET from the WOC to the two separate NDI dyes. The
dynamical description of the proposed photocatalytic cycle of
the two-channel model obtained with adiabatic AIMD simu-
lations and explicit solvation demonstrates that the third and
fourth catalytic steps can proceed one after the other without
stable intermediates in between. Although the estimated
activation free energy barrier of the combined third and fourth
catalytic steps for the two-channel model is similar to that of
the one-channel model, the introduction of the second ET
channel removes one intermediate in the cycle: the system can
now proceed without changing the total spin of the
supramolecular complex, from the Ru=O intermediate to the
final intermediate with a triplet molecular 3O2 product. Overall,
this study suggests that having the WOC coordinated to more
than one dye at the photoanode of a DS-PEC device can have
beneficial effects in the rate and efficiency of the photocatalytic
cycle: this is achieved by having the co-photooxidation of the
two dyes and an antiparallel spin alignment of the unpaired
electrons on the dyes.
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