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ABSTRACT: Although several Run+ (n = 2 or 3) complexes have been reported to be
excellent biomimetics for the water oxidation process of photosystem II, investigation
and spectroscopic characterization of the reactive intermediates such as [RuIV/V�O]n+

involved in the catalytic process are not only scarce but also a daunting task. Here, we
report a catalyst [RuIII(L)(PPh3)(H2O)]+ (2) found to show electrochemical water
oxidation efficiency with a considerably low overpotential of 195 mV compared to other
Run+ water oxidation catalysts reported in the nonaqueous media. Besides, the Schiff
base ligand (L) employed in this study facilitates the stabilization of a [LRuV�O]+

species. By the use of multispectroscopic techniques (spectroelectrochemistry, electron
paramagnetic resonance, and resonance Raman), we have shed light on the electronic
structure of the elusive [LRuV�O]+ species. Based on the experimental results, a
plausible intermolecular radical coupling (I2M) mechanism is proposed, which is
corroborated by theoretical calculations.
KEYWORDS: catalysis, water oxidation, ruthenium, high valent metal-oxo, EPR

■ INTRODUCTION
Oxidation of water constitutes one of the most challenging
processes in artificial photosynthesis, which aims at storing
solar energy in the form of chemical bonds of high-energy fuels
and is an appealing target reaction for molecular catalysts.1 The
quintessential water oxidation catalysts (WOCs) must possess
high efficiency and robustness while operating via a clearly
defined mechanism. In the electrochemical water splitting
reaction, four electrons/protons along with molecular O2 are
released at the anode (half-cell oxidation reaction) and the
released protons get reduced at the cathode (half-cell
reduction reaction).2−5 Compared to the latter, the former
reaction (O2 evolution) is found to be the bottleneck for
realizing the “hydrogen economy”. Thus, exploiting sustainable
sources requires an efficient catalyst, which performs the water
oxidation smoothly and efficiently, i.e., comparable to the rate
of native photosystem II (PS-II) with a turnover frequency
(TOF) of 100−400 s−1.2−4 After the discovery of the blue
dimer, cis,cis-[(bpy)2(H2O)RuIIIORuIII(OH2)(bpy)2]4+ as a
WOC (the first bioinspired model of PS-II), reported by
Meyer and co-workers, numerous studies have been under-
taken by various researchers to investigate the development of
durable and efficient Run+ catalysts.6−10 Due to diligent and
conscious efforts, not only Run+ catalysts but also other 3d/4d/
5d metal catalysts were identified for this challenging
process.11−15 Nevertheless, the Run+ catalysts (either a
monomer or dimer) show better turnover numbers and
TOFs6,8,14,16−36 than other biomimetic WOCs reported in the

literature.13,37−39 It is evident from the previous reports that
either RuIV�O or RuV�O is proposed as an active
intermediate for the water oxidation reaction; however, only
selected reports provided the spectroscopic and/or structural
characteristics of these intermediate species.40−47 This is
largely due to the high reactivity and instability associated
with the intermediates. These have been overcome by Lloret-
Fillol and co-workers, who managed to crystallize the RuIV�O
species and also isolated RuIV-η2-peroxo intermediates. These
intermediates have been characterized in-depth by resonance
Raman (rR), high-resolution mass spectrometry, and isotopic
labeling experiments. This particular example strongly supports
one of the mechanisms proposed for water oxidation catalysis,
i.e., water nucleophilic attack (WNA) on a RuV�O species.48

The Ru(II) complexes reported by Sun, Llobet, and co-
workers and the SCXRD, HR-MS, etc., spectroscopic
observations support the other mechanisms for the WOCs,
i.e. , intermolecular coupling of Mn+-oxyl radicals
(I2M).14,32,49−51

The accelerated reactivity of the ruthenium catalyst
presumably hampers the spectroscopic characterization of the
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transient species involved in the catalytic process, which is
d i r e c t l y e v i d e n t f r o m t h e m a n y l i t e r a t u r e r e -
ports.6,8,14,16,18−26,40,52 The reported catalysts which are
efficient and robust consist of pyridyl or polypyridyl ligand
platforms with various axial ligands.14,17−21,40,53,54 Therefore,
to intercept the transient species involved in the water
oxidation process, the catalyst reactivity should be slowed
down drastically so that it will be possible to characterize the
transient species via various spectroscopic techniques. For this
purpose, one needs to engineer a ligand system that not only
acts as an alternate ligand platform (instead of pyridyl or
polypyridyl) but also should stabilize the high-valent Ru(IV)
and Ru(V) species. In that aspect, the Schiff base ligand
emerges as the appropriate choice. Also, it is advantageous that
the Schiff base ligand is negatively charged and has strongly σ-
donating (less or no π-interaction) character, which may
facilitate the access of highly oxidized redox couples RuV/IV and
RuIV/III at low redox potentials.19

Keeping all of these factors in mind, we have utilized the
Salen-type Schiff base ligand (H2L; C18H20O4N2) to isolate a
cationic RuIII complex, with the molecular formula of
[RuIII(L)(PPh3)(OH2)]+ (2). As anticipated, the electro-
chemical or chemical oxidation of 2 led to the facile access
of the transient and high-valent [LRuV�O]+ species with a
relatively long lifetime of 20−25 min at room temperature.
The formation of [LRuV�O]+ transient species was
thoroughly characterized by spectroelectrochemistry, electron
paramagnetic resonance (EPR), and rR-isotopic labeling
studies (vide inf ra, Scheme 1). The multispectroscopic

characterization of the high-valent [LRuV�O]+ transient
species is scarce in the literature due to the extreme reactivity
of the transient species. Theoretical calculations were
performed not only to support our experimental findings but
also to shed light on the electronic structure of the high-valent
[LRuV�O]+ species formed from 2 (vide inf ra, Scheme 1).

After conducting thorough experimental and theoretical
investigations, we present a mechanism for the water-oxidation
catalytic cycle. Our findings indicate that the intermolecular
radical coupling of [LRuV�O]+ (I2M pathway) emerges as
the predominant and energetically favorable route for O−O
bond formation, surpassing the WNA mechanism (vide inf ra).

■ RESULTS AND DISCUSSION
The reaction of [RuIIICl(L)(PPh3)] (1)55−57 with silver nitrate
(AgNO3) and sodium tetraphenylborate (NaBPh4; Scheme

S1) yielded green-colored crystals. The data collection and
structure solution reveal the molecular formula as [RuIII(L)-
(PPh3)(OH2)](BPh4) (2, Figure 1). In 2, the dianionic

tetradentate Schiff base ligand occupies the equatorial plane of
octahedral geometry while the axial coordination sites were
completed by the water and PPh3 ligands. The selected bond
lengths and angles of 2 are provided in Tables S1−S3. These
are consistent with the other RuIII complexes reported in the
literature.55−57 A detailed structural description of 2 is
provided in the Supporting Information (Figures S1 and S2).
It is noteworthy to mention that ESI-MS data confirmed that
the solid-state structure of 2 is maintained in solution as well,
where an m/z value of 1027.4467 g/mol is attributed to the
[M + H]+ peak.

Significant insight into the redox behavior of 2 is gathered
from electrochemical studies performed in dry acetonitrile. All
redox potentials reported in this study are against the
ferrocenium/ferrocene (Fc+/Fc) redox couple. The cyclic
voltammogram of 2 in dry acetonitrile shows three reversible
redox couples at E1/2 = −0.57 V, E1/2 = 0.51 V, and E1/2 = 1.01
V, which are assigned to the metal-based RuIII/RuII, RuIV/RuIII,
and RuV/RuIV redox process (Figure 2A). The control cyclic
voltammetry (CV) experiment with the free ligand displayed
only an irreversible oxidation signal at 0.80 V (Figure S3). This
data strengthen the assignment of metal-based redox couples
for 2. It is noteworthy that the RuV/RuIV redox couple is
accessed with significantly lower potential than the other Run+

complexes reported in the literature.16,53,58,59 A sharp increase
in the current is observed at more positive potentials beyond
1.28 V vs Fc+/Fc, which is attributed to the oxidation of the
water molecule that is coordinated to the ruthenium ion in 2
(Figure 2A). Incidentally, we have not only observed a sharp
increase in the catalytic current but also the cathodic shift of
the Ru(V/IV) redox couple, upon serial addition of water into
the mixture. This indicates the possible involvement of the
proton-coupled electron transfer (PCET) process (Figure
S4).51 This process is tested by performing the kinetic isotopic
experiments using a H2O and D2O mixture (H2O + D2O = 1
mL). The gradual decrease in the catalytic current observed
upon increasing the D2O concentration in the H2O/D2O
mixture and the observed kH/kD = 1.25 signifies the possible

Scheme 1. Various Analytical Techniques and Theoretical
Approaches Were Employed for Detecting and Determining
the Electronic Structure of the Transient [LRuV�O]+
Species, Respectively

Figure 1. Thermal ellipsoid (50% probability) ORTEP representation
of the cationic core of 2. Cyan = Ru, magenta = P, red = O, blue = N,
and gray = C. The hydrogen atoms, solvent molecule, and
counteranion (BPh4

−) were removed for clarity.
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involvement of the PCET process that facilitates stabilization
of Ru(V/IV) (Figure S5), thus enhancing the catalytic
efficiency of 2. The presence of the strongly σ-donating
phosphine, negatively charged Schiff base ligands, and the
polar peripheral ether group is likely to support the
synchronous proton/electron transfers.60,61

To estimate TOF (kobs), variable scan rate measurements
(0.1 to 1.0 V/s) were performed with 2 in the presence of an
optimal amount of water (300 μL) in acetonitrile (3 mL;
Figure S6C). We noticed a 20-fold enhancement in the
catalytic current in the presence of water. The constant limiting
current is observed when the scan rate is 0.5−1.0 V/s with a
diffusion coefficient (D) value of 1.0341 × 10−5 cm2/s (Figure
S6). Under these conditions, the oxidation current recorded
for 2 at 1.0 V (vs Fc+/Fc), which is assigned as [LRuV�O]+

species (vide inf ra), was independent of the scan rate
dependency of a stoichiometric redox signal following the
Randles−Sevcik equation. A plot of the ratio of catalytic and
stoichiometric currents, i.e., icat to ip, for the Ru(V/IV) couple
as a function of the inverse of the square root of the scan rate is
shown in Figure S7. Here, a linear relationship was observed,
which is ideally used to estimate the TOF via eq 1 (where icat is
the catalytic current, ip is the peak current measured in the
absence of the substrate (corrected current), ncat is the number
of electrons involved in the catalytic reaction, F is Faraday’s
constant, kobs is the pseudo-first-order rate constant, R is the
universal gas constant, T is the temperature in kelvin, and v is
the scan rate)

i
k
jjjj

y
{
zzzz=

i
i

n
RTk

F
v2.242cat

p
cat

obs
1/2

1/2

(1)

Though Randles−Sevcik equation-derived correlation has
been a valuable tool for describing one-electron catalytic
processes under ideal conditions, it is challenging to deploy it
for complex multielectron processes. Here, a peaked current
response was observed during homogeneous catalysis by the
Ru complex. Such a response typically indicates that there is a
competition between the diffusion of a new substrate to the
electrode and its consumption during catalysis. Hence, direct
usage of the Randles−Sevcik method for TOF calculation in
such conditions can overestimate the TOF and may mask the
true kinetic behavior of the system. Hence, the foot-of-the-
wave analysis (FOWA) can provide a better picture of the
kinetics of this multielectronic oxygen evolving reaction
(OER) electrocatalysis driven by 2. The FOWA is typically
represented by eq 2. Here, utilizing the FOWA allows for a
more pragmatic analysis, enabling a straightforward determi-
nation of kinetic parameters without the complications arising
from diffusion limitations and nonlinear effects

=
× ×

+
i
i

k4 2.24

(1 e )

RT
F

F RT E E x
p

obs

/ ( )redox (2)

The FOWA has emerged as an effective method for
qualitatively understanding the nature of the WOC mechanism
proposed by Costentin and Saveánt (eq 2).62 As proposed
earlier, for the WNA or I2M mechanistic pathway, the value of
“x” in eq 2 is 1 or 3/2, respectively.62−64 The rate [kobs (or
TOF)] of the reaction was calculated from the slope of the
linear plot obtained between i

ip
and

+
1

(1 e )F RT E E x/ ( cat/2)
. Here, the

experimentally measured i
ip

values were plotted against

Figure 2. (A) CV of 2 (1.0 mM; blue trace) recorded in dry MeCN solution containing 0.1 M tetrabutylammonium perchlorate at 0.05 V/s scan
rate. The green trace and the asterisk mark represent the redox process of the BPh4

− ion (0.5 mM). (B) Analysis of the catalytic activity 2 by
FOWA using the potential−current response from the anodic sweep: 1.04−1.35 V vs Fc+/Fc. (C) Experimental (black square) and theoretical (red
circle) oxygen evolution were observed for 2 (2.5 mM) during a bulk electrolysis experiment performed at 1.46 V vs Fc+/Fc in the MeCN/H2O
(2:1) mixture under 1 atm N2 in a closed vessel with a 1 cm × 1 cm reticulated vitreous carbon working electrode at 25 °C. Inset: the charge
response during this experiment was recorded for 2 (red trace) and blank solutions (green trace).
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+
1

(1 e )F RT E E x/ ( cat/2)
with both the possible values of x = 1 and x =

3/2, and better linearity is observed for x = 3/2 (Figures 2B
and S8) compared to when x = 1 (Figure S8) and the rate of
the reaction estimated from the slope of the linear fit of FOWA
yields 0.44 (±0.02) s−1. Hence, this analysis suggests that 2-
catalyzed water oxidation likely follows an I2M pathway. This
is in good agreement with the other experimental observations
(rR and EPR) which are further corroborated by the
computational study (vide inf ra).

We have also recorded the blank Pt electrode background
response for the OER after adding different amounts of water
(Figure S9A), where we noticed only a minimal contribution
for the background OER activity (20 μA current with a slanted
slope) compared to the same in the presence of 2 (150 μA
current with a stiff slope). This observation indicates a distinct
catalytic response in the presence of 2 beyond 1.1 V (Figure
S9B).

Further analysis suggested that 2 catalyzes water oxidation
with an overpotential of 195 mV (onset potential = 1.28 V,
Ecat/2 = 1.405 V; Figure S10), which is significantly lower than
other WOCs reported in the nonaqueous medium (MeCN),65

while it is comparable to the overpotential, reported for certain
ruthenium catalysts in aqueous media.60,66 Although the
ruthenium complex is not soluble in aqueous solutions, we
made efforts to evaluate its potential for water oxidation
utilizing Britton−Robinson universal buffer across a range of
pH values (2−14, refer to Figure S11; 33% v/v) in acetonitrile
solvent (2:1 ratio). Among the pH conditions explored, pH 8
emerged as optimal for water oxidation efficiency, surpassing
other pH ranges (Figure S11). Therefore, to evaluate the OER
efficiency of the complex via bulk electrolysis, we have
maintained the same solvent ratio (2:1) with 2 dissolved in
MeCN and pure water added. The amount of O2 evolved was
calculated from bulk electrolysis of 2 in the MeCN/H2O
mixture (15 mL, 2:1 ratio (v/v); Figure 2C). After 500 min of
continuous electrolysis at 1.46 V (vs Fc+/Fc), passing of 33.6
C was recorded along with the production of 79.5 μmol of O2,
corresponding to a Faradaic efficiency (FE) of 91.3% (see the
Supporting Information for the Faradaic efficiency calculation
section). To investigate the homogeneous nature of 2 in this
catalysis process, we conducted a series of tests. First, we
performed a rinse test during the electrochemical reaction.
Subsequently, we analyzed the system using dynamic light
scattering and scanning electron microscopy before and after
bulk electrolysis. Our findings (see the Supporting Information
for details and Figures S12−S14) indicate that there was no
nanoparticle deposition observed on the active surface area of
the working electrode. This suggests that 2 maintained its
homogeneity throughout the catalytic process.

Next, we turned our focus to identifying the nature of the
transient species responsible for water oxidation. DPV
experiments were performed in DMF to avoid the MeCN
evaporation that exhibits similar redox processes as those
observed in MeCN (Figure S15). For this, initially, we
performed detailed spectroelectrochemistry experiments (Fig-
ures S16−S18). The absorption spectrum of 2 shows intense
bands in the region of 200−400 nm (ε = 75940 M−1 cm−1)
which are attributed to the ligand-based (π−π*) charge
transfer along with a broad band observed in the 600−1000
nm region, which is assigned to the metal to ligand charge
transfer (MLCT) transition. The band’s assignment was also
consistent with the TD-DFT calculations performed on this

complex (vide inf ra). It is unusual to see absorption bands of
such intensity around 820 nm (ε = 20, 100 M−1 cm−1) for
Ru(III) complexes.67 A spectroelectrochemical experiment was
performed on 2 at applied potential values of 0.46, 0.86, and
1.4 V (vs Fc+/Fc), and the corresponding changes in the
visible and NIR regions were monitored (Figure 3). The

MLCT as well as ligand-centered bands are directly influenced
by the RuIV/RuIII (at 0.46 V) and RuV/RuIV oxidation (0.86
and 1.4 V), i.e., the intensity of those bands gradually decreases
and finally disappears as a function of increasing applied
potential (Figure 3). This is consistent with the sequential
removal of electrons from the RuIII ion in 2 (RuIII → RuIV →
RuV), i.e., the insufficient electron density on the metal center
leads to weaker and/or no charge-transfer transition. A similar
scenario has been witnessed for other Ru-based WOCs
reported in the literature.23,61 Hence, the cyclic voltammetric
and spectroelectrochemistry studies support the formation of
high-valent Ru species from 2 during the bulk electrolysis
responsible for water oxidation.

Before we intend to intercept the electrochemically/
chemically generated reactive RuV species, the electronic
structure of 2 was investigated (in both solid state and frozen
solution) by X-band (9.384 GHz) cw-EPR measurements at
low temperature. The EPR spectra of a polycrystalline powder
and its frozen MeCN solution of 2 are detailed in the
Supporting Information. In both cases, 2 shows a rhombic
signal68 (refer to Figures S19 and S20 of the Supporting
Information).

To reinforce the evidence of the disappearance of MLCT at
1.4 V, attributed to the emergence of Ru(V) species in
spectroelectrochemical experiments, we reproduced the
generation of these species through bulk electrolysis which
was carried out in a MeCN/H2O mixture by holding the
potential at 1.46 V at room temperature. At this potential, we
have shown above that 79.5 μmol of O2 (Figure 2C) liberates
upon water oxidation after the elusive Ru(V) species
formation. The species so generated through the bulk
electrolysis exhibited notably distinct EPR spectral features
compared to pure 2 (see the Supporting Information for
methods and sample preparation). The rhombic EPR signal
observed at X-band (ν = 9.106 GHz) frequency for the species

Figure 3. Spectroelectrochemical UV/vis/NIR spectral changes in 2
(1 × 10−5 M) observed upon the applied potentials of 0.46 V (red
trace), 0.86 V (green trace), and 1.4 V (purple trace) vs Fc+/Fc in
DMF at room temperature.
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is consistent with S = 1/2 and has g-values = [1.920 2.143
2.245] (Figure 4). The extracted spin Hamiltonian parameters

are attributed to the formation of the transient RuV species
[RuIV usually has an integer electron spin (S = 1) with a large
D (zero-field splitting) value, which is expected to be EPR
silent]. Upon increasing the concentration of 2 from 0.5 to 2.5
mM during bulk electrolysis, the EPR spectral features for the
transient Ru(V) that was observed earlier at low concentration
are not observed. This indicates that the lifetime of Ru(V) is
dictated by the concentration of this species formed, which
might give insights into the nature of the mechanism involved
in water oxidation catalysis (vide inf ra).

To provide evidence for the generation of elusive RuV from
2 chemically, EPR spectra were recorded for 2 in MeCN in the
presence of the two-electron oxidizing agent iodosyl benzene
(PhIO) (1:6 ratio of 2 and PhIO; Figures 4 and S21).69,70 It is

evident from the comparison of the EPR spectra of 2 and 2 +
PhIO that new EPR signals are formed, which are successfully
simulated with the following spin-Hamiltonian parameters; g =
[1.905 2.106 2.249]; Voigtian broadening = [2.9 1.9] mT; and
HStrain = [0 102 208] MHz, again consistent with S = 1/2
RuV species. The g-values observed for the electrochemically
generated and chemically generated RuV species are similar but
not identical, however, distinctly different from 2. This
experiment further enables us not only to affirm the formation
of Ru(V) species but also to carry out the isotopic labeling
experiments to substantiate the evanescent terminal [Ru(V)�
O]+ species through rR (vide inf ra).

The electrochemical, spectroelectrochemistry, and EPR
measurements confirm the formation of RuV species from 2.
However, the specific structure pertaining to the RuV transient
intermediate remains undisclosed, and the major difficulty
arises in discerning the existence of a terminal oxo ligand
attached to the central ruthenium ion. rR studies were
conducted at room temperature to elucidate the existence of
terminal oxo Ru(V) species in the solution. The rR spectrum
of 2 in acetonitrile with λexc at 405 nm results in the
enhancement of bands at 1602, 1536, 1414, 1365, 1345, 1300,
850, 732, and 615 cm−1 (Figure S22). These bands are
tentatively assigned to the phenolic and imine groups present
in L2− of 2.

Reacting 2 with 6 equiv of PhIO in CH3CN in the presence
of a minuscule amount of water (20 μL, 1.1 M) at room
temperature shows resonantly enhanced bands at 803 and 615
cm−1 (Figure 5B). The intensity of the 803 cm−1 band
decreases over 25 min, with a concomitant increase in the
intensity of the band at 615 cm−1 (Figure 5B). Therefore, the
peak observed at 803 cm−1 is attributed to the transient species
formed from 2 in the presence of PhIO (Figure 5). This 803
cm−1 peak shifted to 760 cm−1 upon treatment of 2 with 18O-
labeled PhIO while the 615 cm−1 band remained unaffected
(Figure 5A).

The observed 43 cm−1 shift is in the expected range for
either the terminal RuV�O (41 cm−1) or O−O (48 cm−1)
oscillator following Hooke’s law.42,71,72 To unambiguously
determine this aspect, we have generated the transient species
by reacting 2 with an equimolar mixture of PhI16O and PhI18O

Figure 4. Frozen solution X-band EPR spectrum of 2 (top trace). The
cw-EPR spectra of the transient species generated from 2 upon
treating with PhIO (middle trace) or electrochemically via bulk
electrolysis (BE @ 1.46 V; bottom trace); experimental conditions with
temperature = 20 K; MW frequency = 9.384 GHz for 2 and 2 + PhIO
as frozen solutions in MeCN (20 K) and 9.106 GHz at 77 K for BE@
1.46 V in MeCN/H2O (2:1) mixture.

Figure 5. (A) rR spectra at λexc 638 nm of [LRuV�O]+ generated by using PhI16O (red trace) and PhI18O (black trace) from 2 in MeCN at room
temperature. The difference spectrum shows 803 cm−1 as positive and 760 cm−1 as the negative band (blue trace). Condition to generate [LRuV�
O]+: 0.3 mM 2 in MeCN + 10 equiv PhIO or PhI18O in trifluoroethanol (TFE). (B) The self-decay of the intermediate ([LRu�O]+) (generated
by the reaction of 0.3 mM 2 in MeCN and 10 equiv PhIO in TFE) was followed by rR spectroscopy at room temperature. # indicates peak from the
CH3CN solvent, and * indicates peak from the TFE solvent.
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(overall 10 equiv), which exhibits again bands at 803 and 760
cm−1. The absence of a band at ca. 780 cm−1 (expected from
the 16O−18O oscillator) suggests that the 803 cm−1 band
indeed originates from a terminal RuV�O species (Figure
S23).

In addition, an 803 cm−1 band was also observed when 2
was reacted with 10 equiv PhIO in 1:1 CH3CN/H2O (v/v),
indicating that the existence of the same intermediate during
the water oxidation process is feasible (Figure S24). To our
surprise, the decay rate of the intermediate is unaffected in the
presence of H2O or D2O (Figures S25 and S26), indicating
that the WNA of [LRuV�O]+ is not that facile. At the same
time, the unchanged decay rate (even in the presence or
absence of H2O/D2O) implies that the intermolecular radical
coupling mechanism of [LRuV�O]+ appears to be favored.
This mechanism is further strongly supported by the
observation of a strong increase in the current beyond 1.28
V vs Fc+/0 in the cyclic voltammogram of 2 in dry acetonitrile
(due to the catalytic water oxidation; refer to Figure 2A), i.e.,
in the absence of added external water. The 20-fold increase in
current upon the addition of the optimum amount of water
(300 μL) in the CV experiment presumably reinstates the
formation of 2 (Figure S6C) and the catalytic cycle continues.

To further corroborate the I2M mechanism, concentration-
dependent rates of decay studies were performed on the
[LRuV�O]+. We recorded rR data at λexc = 638 nm using
varying concentrations (0.3, 0.6, and 0.9 mM) of 2 with 10
equiv of PhIO. Following the intensity of the 803 cm−1 band as
a function of time (normalized with respect to the 825 cm−1

peak from the TFE solvent) allowed us to determine the
observed rate constant (kobs) at each concentration. However,

we encountered a practical challenge at higher concentrations,
where the decay of intermediate [LRuV�O]+ was exception-
ally rapid (e.g., at 0.9 mM, decaying within 4 min; see Figures
S25−S28 in the Supporting Information). As the kinetics were
monitored using rR, it was not feasible to obtain a sufficient
number of data points for reliable fitting due to the rapid decay
of the [LRuV�O]+ species. The absence of EPR signals for the
electrochemically generated transient Ru(V) at a higher
concentration (2.5 mM) again reiterates the fact that the
radical coupling mechanism is favored over the WNA of Ru(V)
species in water oxidation catalysis. Theoretical calculations are
also consistent with our experimental observation (vide inf ra).

DFT calculations were carried out to understand the
detailed mechanistic insights of the catalytic activity of 2 and
the role of a [LRuV�O]+ intermediate species (see the
Supporting Information). Among three possible spin states, the
reactant was found to have a doublet ground state (22ls) with
(dxz)2(dxy)2(dyz)1(dz2)0(dx2−y2)0 electronic configuration [quar-
tet (42is) and sextet (62hs) states lie at 1.12 and 2.63 eV,
respectively (Figures S29−S31 and Tables S5 and S6)]. The
computed TD-DFT plot for the 22ls state is in good agreement
with the experimental data, offering further confidence in the
computational methodology employed (see Figures S32 and
S33). Additionally, the computed EPR values for the ground
state (22ls), g = [1.967 2.127 2.178], are in good agreement
with the experimentally extracted g-matrix, further validating
our computational findings (Table S7). In the subsequent step
of the proposed mechanism of water splitting, the constructed
thermodynamic cycle (see Figures 6 and S34) suggests that the
reaction proceeds favorably via the proton transfer (PT)−
electron transfer (ET) pathway for the O−H bond activation

Figure 6. Energy profile diagram for the proposed mechanism, containing solvent-free energies (ΔG), for the water oxidation process proceeding
by 2. Here, the dotted line represents the WNA mechanism and solid line represents the I2M mechanism.
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among the tested pathways. The formation of a [RuIII−OH]
intermediate (2Int1′ls) is found to be exothermic by −2.82 eV
and the follow-up [RuIV−OH]+ species has an energy penalty
of 1.22 eV (3Int1is) (see Figures 6 and S34).

Although the formation of [RuIV−OH]+ appears to be
significantly endothermic, it is important to note here that this
energy is computed without any reference point. If the entire
potential energy surface is reconstructed using the exper-
imental potential of 1.40 V, all of the steps computed were
found to be exothermic (see Figure 7). The [RuIII−OH] to
[RuIV−OH]+ conversion in this reference potential is found to
be +0.15 eV, suggesting a favorable process if the external
potential is taken into consideration. A very strong [RuIII−
OH] bond with a significant π-donation from the −OH group
stabilizes this species as shown in the NBO analysis (1.58 eV in
second-order PT analysis, see Figure S35), and this is evident
from a short Ru−O(H) distance of 1.970 Å, which is ∼0.331 Å
shorter compared to the reactant complex leading to the
exothermic formation. However, in the following electron
transfer process, the RuIII metal is oxidized to RuIV, which is
unfavorable for the given ligand environment (Figures S36−
S39).73 The computed redox potential, while going from 22ls
[RuIII−OH2]+ species to [RuIV−OH]+ species (3Int1is), closely
matches the experimental observations, with a value of 0.56 V
(Table S8).

The thermodynamic cycle suggests that the next step of the
mechanistic pathways proceeds via the PT−ET pathway
wherein the [RuIV−OH]+ (3Int1is) species converts into
[RuV�O]+ (2Int2ls) species (Figures S40 and S41). The

PT−ET step has energy margins of −1.59 and 2.41 eV,
respectively. In the case of PT, the geometrical change of the
attached ligand from −OH to −O2− (in the species [RuIV−
OH]+ to [RuIV�O](3Int2′is)) leads to RuIV�O wherein the
oxide makes a π-bond to stabilize Ru in the +4 oxidation state,
compared to the −OH counterpart where only a partial π-
bond was detected [WBI index value is 0.77 vs 1.28 (Table
S9), Figure S42]. This π-bond facilitates the further formation
of the putative [RuV�O]+ species, though this step is
endothermic, as expected (see the Supporting Information).
The RuV�O species has two different spin states, namely, S =
3/2 and S = 1/2, the doublet computed to be the ground state
(2.41 eV; see Figure 6), agrees with the cw-EPR measurement
performed for [RuV�O]+ species (S = 1/2). For the doublet
ground state, not only is the computed [RuV�O]+ vibration
(789.3 cm−1) in good agreement with the experiment (803
cm−1) but also the computed absorption features for 2Int2ls
(Figure S43) match well with spectroelectrochemical measure-
ments. Furthermore, the [RuV�O]+ bond distance is
computed to be 1.779 Å which is in good agreement with
the previous reports (1.700−1.760 Å).74,75 In order to further
validate the formal oxidation state of the Ru ion in Int2
species, we have performed the rigid scan by varying the Ru−
O distance from 1.778 to 1.998 Å. Our computational findings
suggest that as we transition from RuV�O to RuIV−O•, the
radical character on oxygen strengthens, while the spin density
on Ru slightly decreases. Additionally, with an increase in the
bond length, the Ru−O bond stretching frequency notably
decreases, falling below ∼750 cm−1, which further supports the

Figure 7. Energy profile diagram for the proposed mechanism with respect to the redox potential (in eV, see the Computational Detail section), for
the water oxidation reaction proceeding by 2. Here, the dotted line represents the WNA mechanism and solid line represents the I2M mechanism.
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oxidation state being +5. Moreover, the formation of a genuine
RuIV−O• entity is also significantly endothermic (41.8 kJ/
mol), discouraging the formation of such species (Figure S44).

A spin density plot reveals strong delocalization of electrons
from Ru to the oxo center with significant spin polarization
(negative spin density) detected in the ligand framework (for
NBO analysis, see Figure S45). Since the net spin density
detected in the {Ru−O} fragment is ∼1.61, the additional gain
in electron was obtained via spin polarization of the ligand,
suggesting L•↓−RuV↑−O•↑-type ground state structure, unveil-
ing the importance of the redox active Schiff base ligand in
stabilizing such a high-valent species. To affirm this further, we
have now performed spin natural orbital analysis, which clearly
shows three electrons in the Ru center, suggesting a +5
oxidation state (Figure S46) (see the inset of Figure 8 for spin
density.) In the proceeding step, [RuV�O]+ or
L•↓−RuV↑−O•↑ species perform the OER, and here, we have
considered two probable mechanisms: (i) WNA mechanism
leading to the formation of the O−O bond and RuIII−OOH
species (see Figures 6 and 8) and (ii) I2M mechanism leading
to the formation of end-on [RuIV−O−O−RuIV]2+ species.35

The computed potential energy surface considering both WNA
and I2M mechanisms is shown in Figure 6.

To understand the kinetic requirement of this process
further, the transition state (2TS3ls) has been calculated for the

O···O bond formation step from 4Int2w
is, and four water

molecules yielded a barrier of 1.25 eV from a reactant complex
(Figure S47). Given that [RuV�O]+ formation itself is energy
demanding, the WNA mechanism requires further energy for
the O···O bond formation (Figures S48−S50) for species
2Int3ls, 3Int4is, and 1PCls, and therefore, it can be ruled out. In
the I2M mechanism, two molecules of [RuV�O]+ are
expected to approach each other, resulting in the formation
of a singlet dimer species (1Int2′ls), with an expected spin
density pattern of [RuIV↑−O↑O↓−RuIV↓]2+ at the transition
state (see Figure S51). Such a mechanism with lower kinetic
barrier at the open-shell singlet has been proposed earlier by
Privalov and co-workers for the O2 evolution reaction
involving a seven coordinate Ru species.14 This process is
computed to be exothermic with an energy margin of −1.91
eV, indicating the thermodynamic favorability of this pathway.
During the formation of this dimer species (1Int2′ls), the O···O
distance is found at 4.812 Å, which subsequently decreases to
1.882 Å during the formation of the O−O coupling transition
state (1TS3′ls) (Figure S52). This singlet transition state shows
spin density as {O(0.67)···O(−0.61)} during the transition state,
which facilitates the formation of the O−O bond. The spin
density pattern at the oxygen is the same as we have
anticipated. The energy gap between the 1Int2′ls state and
the 1TS3′ls state is found to be 0.51 eV, which is notably lower

Figure 8. Proposed mechanistic pathway of the water oxidation reaction proceeding by 2 via WNA (pathway A) and I2M (pathway B)
mechanisms. Inset: The spin density plot given corresponds to [(P)(L)-RuV�O]+ species. In this scheme, P and L represent the PPh3 and doubly
deprotonated Schiff base ligand (C18H20O4N2).
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than the transition state energy barrier in the WNA pathway
(1.25 eV). These computational results suggest that the
bimolecular pathway is more favorable compared with the
WNA pathway. Subsequently, this dimerization transition state
leads to the formation of [RuIV−O−O−RuIV]2+ (Figure S52).
The formation of the [RuIV−O−O−RuIV]2+ species is found to
be even more exothermic, with an energy release of −2.32 eV.
Furthermore, there are several strong C−H.π interactions as
well as the π−π interactions (as confirmed by AIM analysis,
Figures S53 and S54) between both L in the two Ru-oxo
species that were found to stabilize such a dimeric species.
Among the various spin states calculated, the singlet ground
state (S = 0) was found to be the ground state of the dimeric
species. The Ru−O distance was found to be 1.967 Å and the
O−O distance was found to be 1.345 Å, and this is consistent
with the similar end-on peroxo species reported earlier.22 The
ν(O−O) stretching frequency is 667.3 cm−1, which matches a
feature observed at 645 cm−1 in the rR experiments.

This is aided by significantly longer Ru−O distance and a
partial triplet character already developed at the ground-state
structure (Figures S55 and S56). An exothermic step by 0.17
eV leads to the facile formation of oxygen once [RuV�O]+

formation takes place. The O−O bond distance at the product
complex is computed to be 1.214 Å, which is similar to that
found in O2, suggesting a favorable release of O2 compared to
the WNA mechanism, which has a steeper energy penalty
(Figure 6). During the formation of the product complex, RuIV

converts to RuIII and the presence of a water molecule
regenerates 2 and the catalytic cycle continues. Thus,
energetics supports the mechanism of the OER via the I2M
pathway and not the WNA pathway (Figures S51−S65). A
large energy penalty associated with the nucleophilic attack of
H2O on the oxo atom leading to the RuIII−OOH species was
found to be the differentiator and absence of functional groups
in the ligand framework that can anchor water in the vicinity of
the RuV�O. Both of these factors facilitate the formation of
[RuIV−O−O−RuIV]2+ species and thus the I2M pathway is
dominant over WNA. In rR studies, the observation that
[RuV�O]+ in the presence of water does not decay faster than
the self-decay strongly suggests a significant energy penalty for
the nucleophilic attack, along with a weak feature observed at
645 cm−1 that grows with the decay of [RuV�O]+ species in
the rR experiments and might indicate I2M mechanism, but we
cannot conclusively state this as this peak is insensitive to 18O-
labeling studies.

The mechanism for the water oxidation catalyzed by 2 is
provided based on the results of electrochemical data, rR, EPR,
and theoretical studies (Figure 8). The proposed mechanism is
in line with the mechanism explored for monometallic
Ru(II)/(III) complexes in the literature.14,16−23,40,52−54,58,76,77

The initial two steps of the catalysis involve the loss of 2e− and
2H+ resulting in the formation of the [LRuV�O]+

intermediate from the parent 2. Considering that the rate of
decay of [LRuV�O]+ is independent of H2O/D2O in rR
measurements and the rate of decay of this transient species
depends on the concentration of 2 (also observed in cw-EPR
measurements) suggests that the I2M mechanism is a more
favorable pathway (pathway B in Figure 8) than the WNA
mechanistic pathway. Following this, O2 evolution and
regeneration of 2 is found to be the facile pathway in the
presence of water, thus the catalytic cycle continues. Based on
our results, we have made a qualitative comparison (Table S10
and Figure S66), which indicates that when the overall charge

on the coordination sphere of [RuV�O] is ≤+1, an I2M
mechanism is favored. Conversely, when the overall charge
exceeds +1, the WNA mechanism predominates. For example,
like in our case, Sun et al. have documented the presence of a
[Ru(V)�O]+ species, which favors the I2M mechanism,49

whereas Meyer et al. have found the presence of a [Ru(V)�
O]3+ species that facilitates the WNA pathway.16,53 This trend
illustrates that by modulation of the charge of the anchoring
ligand, the overall water oxidation mechanism can be
modulated, which will eventually be useful in designing
efficient catalysts for water oxidation.

■ CONCLUSIONS
The reaction of preformed Ru(III) precursor complex 1 with
AgNO3 and NaBPh4 led us to isolate 2. The structure of 2 was
elucidated by single-crystal X-ray diffraction. The presence of a
negatively charged Schiff base ligand and a strong σ-donating
phosphine ligand around the RuIII center facilitates access to
the higher oxidation states (RuIV and RuV) at considerably
lower potentials. Also, the involvement of the PCET process,
which prevents the high charge accumulation around the metal
center, provides additional stability to the transient species.
The electrochemical and spectroelectrochemical investigations
disclose that [LRuV�O]+ is involved in catalytic water
oxidation. The formation of [LRuV�O]+ was unambiguously
confirmed by the EPR and rR studies. The electronic structure
of the transient [LRuV�O]+ species (generated both chemi-
cally (PhIO) and by bulk electrolysis) is confirmed by the
variable-temperature X-band EPR spectroscopy. The ener-
getics and stretching frequencies computed for the various
intermediates are in line with experimental observations,
further strengthening the involvement of [LRuV�O]+ species
in the water oxidation. All these experimental and theoretical
studies suggest that the I2M mechanism is more favorable than
the WNA mechanism. The transient species [LRuV�O]+ that
was characterized by various analytical techniques provides a
further understanding of the species involved in the catalytic
cycle. Attempts to isolate/characterize the peroxo-bound
ruthenium intermediates are currently in progress, which will
eventually help us to understand the mechanism even better
and to design more efficient WOCs.
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