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To elucidate the “reversed proton relay” mechanism in mediating water oxidation under neutral conditions,
we designed two Ru(i) complexes: [Ru"(tda-k-N*0)(isoq),] (Rul), featuring a coordination-oversaturated
pendant carboxylate, and [Ru"(tpc-k-N30)(isoq),lIPFs] (Rul’), lacking this structural motif. In Rul,
coordination oversaturation renders the carboxylate dynamically accessible, enabling it to function as
a proton switch that extracts protons from the metal center. Density functional theory (DFT) calculations,
along with comparative experimental data, confirm that the carboxylate facilitates catalytic switching: in

its deprotonated state, it stabilizes key intermediates and promotes O, evolution via reversed proton
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Accepted 29th October 2025 transfer. Online high-resolution mass spectrometry (HRMS) further identifies key intermediates, providing
direct experimental evidence for this unconventional proton relay pathway. Collectively, these findings

DOI: 10.1035/d55c07030a uncover a previously unrecognized mode of proton transfer and offer valuable mechanistic insights for
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Introduction

The increasing global demand for sustainable energy has made
the development of new energy storage forms a crucial research
topic, with the conversion of solar energy into chemical energy
being a central focus of sustainable energy projects. Solar fuel
conversions produce a wide variety of products, from simple
molecules like hydrogen (H,) and ammonia (NH;) to complex
substances such as hydrocarbons, alcohols, and acids.*” The
design of such conversion processes—particularly those for
producing chemical fuels using solar energy—often draws
inspiration from the principles of natural photosynthesis, with
the core mechanism being the 4e /4H" water oxidation half-
reaction driven by Photosystem II (PSII): this reaction effi-
ciently facilitates energy transfer and electron transfer
processes, providing a key energy foundation for subsequent
carbon fixation. In nature, this reaction is catalyzed by the
Mn,CaOs cluster in PSII, with an overpotential of approximately
160 mV and a reaction rate of 100-400 s~ '.*'* However, its
catalytic performance deteriorates significantly when removed
from the natural environment, highlighting the urgent need for
efficient artificial photosynthetic catalysts.

“Dalian University of Technology, State Key Laboratory of Fine Chemicals, Dalian
116024, China. E-mail: dr.gaoyan@dlut.edu.cn

*Zhengzhou Normal University, School of Chemistry and Chemical Engineering,
Zhengzhou 450044, China. E-mail: liyingying@zznu.edu.cn

‘Qingdao University, College of Chemistry and Chemical Engineering, Qingdao
266071, China. E-mail: dingxin@qdu.edu.cn

© 2025 The Author(s). Published by the Royal Society of Chemistry

the rational design of efficient water oxidation catalysts under neutral conditions.

The proton-electron coupled transfer mechanism observed
in natural photosynthesis offers valuable guidance for the
design of artificial catalysts. In the hydrogen evolution reaction
(HER), the “proton relay” effect improves hydrogen production
efficiency by regulating the local proton concentration near the
metal center. Functional groups such as amino and carboxylic
acids facilitate proton delivery, thereby promoting H-H bond
formation.”™” In the case of the oxygen evolution reaction
(OER), pendant groups are often introduced to enhance cata-
Iytic performance. However, most studies have focused on
empirical correlations between pendant group structures and
catalytic activity, while overlooking the fact that these modifi-
cations represent a proton relay mechanism in reverse: a direc-
tional shift from proton donation (as in HER) to proton
extraction, tailored to meet the kinetic requirements of water
oxidation."?” This oversight highlights a fundamental design
dilemma in early research: excessive reliance on saturated
coordination environments to stabilize the metal center, while
improving catalyst stability, can impede the approach of H,O to
the metal site. On the other hand, it also affects the rate of
directional transfer of protons (H") from the metal center to the
solvent, which is a key factor limiting the efficiency of many
catalytic systems. The metal center's coordination environment
regulates proton-transfer capability (by providing open sites or
hindering migration), thereby determining catalytic efficiency
(Scheme 1a). For example, pendant ligands create additional
proton migration channels (L*IM + H,0 — LPYOH)-MH —
L"(OH)-M + H"; L*(OH)-M — L"9(0)-MH — L"9(0)-M + H";
LP4 = equatorial ligand), similar to their role in H,-splitting
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Scheme 1 (a) Direct proton transfer in the absence of reversed proton

relay and efficient proton transfer via reversed proton relay mecha-
nism.? (b) Synthetic routes of complexes. ?Schematic illustration.
Actual conditions may vary. Axial ligands are omitted for clarity.

(LM + H, — L"(H)-MH), where both pathways optimize the
transport efficiency of reaction intermediates by modulating the
coordination environment.

Herein, we propose a “reversed proton relay” mechanism,
wherein modulation of ligand field electron density enables
efficient proton abstraction without disrupting a fully coordi-
nated metal center. To verify this, two Ru(u) complexes were
designed: Ru(tda)(isoq), (Rul), with a pendant carboxylate
group formed via coordination oversaturation, and
Ru(tpc)(isoq),PFs (Rul’), with saturated coordination (Scheme
1b). Experimental and computational results showed that the
carboxylate in Rul functions as a bifunctional switch, facili-
tating proton transfer and modulating catalytic activity. Under
neutral/alkaline conditions, this group mediates reversed
proton transfer through hydrogen-bonded water networks,
establishing an optimal reaction microenvironment to drive Ru
oxidation state evolution. This process enables efficient water
oxidation with significantly enhanced catalytic performance
compared to the saturated-coordination Rul’. More critically,
online intermediate capture experiments (Fig. 4) visually eluci-
date the directional proton transfer pathway from the carbox-
ylate group to the Ru center. This experimental visualization not
only directly validates the theoretical predictions of the
“reversed proton relay” mechanism but also provides a foun-
dational basis for understanding the catalytic performance
data. This study revises the traditional catalyst design that
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excessively pursues saturated coordination, and establishes
a new design strategy for neutral water oxidation catalysts
through the “reversed proton relay” mechanism of over-
saturated coordination.

Experimental
Materials

All solvents were purified and dried by standard methods prior
to use. Commercial reagents (Shanghai Aladdin) were used
without further purification, except for trimethylsilyl cyanide
(Anhui Energy Chemical). All organometallic reactions were
performed using a Schlenk line under strictly oxygen-free
conditions, with a continuous argon flow maintained
throughout the process and a gas outlet sealed by a glycerol trap
to prevent air ingress. Key reagents including Ru(dmso),Cl,,
2,2':6',2"-terpyridine-6,6"-dicarboxylic ~acid (H,tda), and
2,2":6/,2"-terpyridine-6-carboxylic acid (Htpc), were synthesized
and purified according to literature procedures.'®***° High-
purity deionized water was prepared via Milli-Q nanopure
filtration. 'H-NMR and '*C-NMR spectra were acquired on
Bruker Avance II 400 or III 500 spectrometers. MS analysis was
performed at Dalian University of Technology using a Micro-
mass Q-TOF Micro and Bruker MALDI-TOF spectrometer. More
details are available in the SI.

Preparation of catalysts

[Ru"(tda-k-N*0)(isoq),], Rul. Ru(dmso),Cl, (76 mg,
0.156 mmol; 1 equiv.), Hytda (47 mg, 0.146 mmol) and Et;N
(0.15 mL) were suspended in anhydrous MeOH (5 mL) and
degassed. The mixture was degassed, refluxed for 6 h, and then
cooled to room temperature. The resulting brown precipitate
was collected by filtration, washed with MeOH and ether, and
dried. The solid was redispersed in water (4 mL), and an EtOH
solution of isoquinoline (404 mg/3 mL) was added. The mixture
was refluxed overnight. The mixture was refluxed overnight,
concentrated in vacuo, and the residue was dissolved in MeOH.
The product was precipitated by adding ether, collected by
filtration washed with petroleum ether, and dried. The reaction
operations were carried out under an argon atmosphere. The
final product was obtained as a red solid (82 mg, 0.12 mmol,
82.7% yield). "H-NMR (500 MHz, CD;0D) é: 9.35 (s, 2H), 8.67 (d,
J = 8.0 Hz, 2H), 8.47 (dd, J = 8.0 Hz, / = 1.5 Hz, 2H), 8.12 (t,/ =
8.0 Hz, 1H), 7.97 (dd, J = 7.5 Hz, J = 1.5 Hz, 3H), 7.94 (m, J =
7.5 Hz, 3H), 7.74 (d, 8.0 Hz, 2H), 7.69 (td, J = 7.5 Hz, ] = 1.0 Hz,
2H), 7.63 (d, 6.5 Hz, 2H), 7.60 (dd, J = 7.0 Hz, ] = 1.0 Hz, 2H),
7.42 (d, 7.0 Hz, 2H). *C-NMR (125 MHz, CD;0D) §: 172.89,
163.68, 159.56, 158.85, 143.60, 137.91, 136.09, 133.78, 133.36,
129.80, 129.60, 128.77, 127.86, 127.25, 125.21, 125.14, 123.03.
UV-ViS [Amax, NM (5, M~ " ecm™")]: 280 (40 727), 326 (37 455), 377
(15 727) and 530 (5591).

[Ru"(tpc-k-N>0)(isoq),][PFs], Rul’. Ru(dmso),Cl, (88 mg,
0.18 mmol, 1 equiv.), Htpe (50 mg, 0.18 mmol), and Et;N (0.15
mL) were suspended in anhydrous EtOH (5 mL) and degassed.
The mixture was degassed, refluxed for 6 h, and then cooled to
room temperature. The resulting brown precipitate was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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collected by filtration, washed with EtOH and ether, and dried.
The solid was redispersed in an EtOH solution of isoquinoline
(233 mg/7 mL). After refluxing overnight, the brown-red solu-
tion was concentrated in vacuo. The residue was dissolved in
minimal EtOH, precipitated with excess NH,PFs/H,0, and
collected by filtration. The solid was washed with cold water,
dried, and purified by column chromatography (CH,Cl,/MeOH:
30/1) to afford the product. The final product was obtained as
ared solid (81 mg, 0.10 mmol, 57.7% yield). "H-NMR (500 MHz,
CD;0D) 6: 9.80 (sd, J = 5.0 Hz, 1H), 8.83 (d, ] = 8.5 Hz, 1H), 8.77
(d,J = 8.5 Hz, 1H), 8.71 (s, 1H), 8.55 (d, J = 8.5 Hz, 1H), 8.34 (d,J
=7.5 Hz, 1H), 8.15 (t,] = 8.0 Hz, 1H), 8.04 (m, 3H), 7.84 (m, 7H),
7.74 (t,J = 7.0 Hz, 2H), 7.64 (t, ] = 8.0 Hz, 2H), 7.57 (d, ] = 6.5 Hz,
2H). “C-NMR (150 MHz, CD;0D) é: 173.27, 161.44, 160.48,
158.49, 158.12, 155.05, 153.36, 152.95, 147.62, 141.94, 138.88,
136.13, 134.85, 132.96, 132.30, 130.52, 129.90, 128.65, 126.90,
126.05, 125.72, 124.82, 124.36, 123.24, 122.10. UV-ViS [Ana0 NM
(e, M~ em™)]: 273 (41 136), 311 (36 182), 381 (15 818).

Characterization and analysis methods

Mass spectrometry (MS) analyses were conducted using
electrospray ionization (ESI) on three instruments: a Micromass
UK Limited Q-TOF Micro, a Thermo Scientific LTQ Orbitrap XL,
and a Bruker MALDI-TOF spectrometer. UV-vis absorption
spectra were recorded on a Shimadzu UV-1900 spectropho-
tometer (Japan) with 1 cm quartz cuvettes. NMR spectra were
acquired using Bruker Avance II 400 or Avance III 500 spec-
trometers. Solution pH values were measured by a calibrated
Shanghai Leici PHS-3C pH meter, using standard solutions at
pH 4.00, 6.86, and 9.18 for calibration prior to analysis. More
details are available in the SI.

Single crystals of Rul and Rul’ were obtained by dissolving
the complexes in ethanol-based solvent systems (with tri-
fluoroethanol or water), placing the solutions in sealed flasks
containing diethyl ether for vapor diffusion crystallization, and
isolating dark red crystals after slow evaporation. Crystal
structures were determined by mounting the crystals on
a Bruker D8 Venture single-crystal diffractometer, collecting
diffraction data with Cu or Mo target, solving the structures
using Olex2, and refining with SHELXL.**

Electrochemical experiments were performed on a CHI 630E
workstation (Shanghai Chenhua) using a three-electrode
system. Glassy carbon disk electrodes (¢ = 2 mm) served as
the working electrode, platinum wires (¢ = 1 mm) as the
counter electrode, and pH-dependent reference electrodes were
employed: Hg/Hg,SO, (saturated K,SO,) for acidic, Ag/AgCl
(saturated KCl) for neutral, Hg/HgO (0.1 M KOH) for basic
conditions, and all referenced to NHE. Reference electrodes
were calibrated with Ru(bpy);*>" (Ru™/Ru™ = 1.26 V vs. NHE).
Cyclic voltammetry (CV), differential pulse voltammetry (DPV),
and coulometry were applied to analyze redox behaviors across
pH ranges.

The oxygen evolution was monitored by a NEOFOX-KIT-
PATCH oxygen sensor kit (Ocean Optics, USA), and the cata-
lytic water oxidation reaction was driven by ceric ammonium
nitrate (CAN, Ce") as the oxidant.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Mass spectrometry measurements to capture water oxidation
intermediates were performed using Q-TOF, LTQ Orbitrap XL,
and MALDI-TOF spectrometers. The reaction solution, prepared
by dissolving the catalyst in water containing 27% CF;CH,OH
(1.1 mM), was mixed with a certain amount of Ce"™ aqueous
solution under stirring. After thorough mixing, the reaction
solution was immediately transferred to a HRMS for analysis.
The pH meter indicated that the pH of the reaction is 5.7
approximately after mixing with 4 eq Ce".

DFT calculations

DFT calculations were performed with the Gaussian 16 program
to elucidate the mechanism of the Ru-catalyzed water oxida-
tion.** All calculations were carried out using the B3LYP-D3
functional.*?* The 6-31G(d,p) basis set was employed for non-
metal atoms, and the Stuttgart-Dresden effective core poten-
tial (SDD) was used for the Ru atom.** Analytical frequency
calculations were performed at the same level as the geometry
optimization to verify the local minima nature of various
stationary points (no imaginary frequency) and saddle-point
property of the transition state (only one imaginary
frequency). The final energies were from single-point calcula-
tions employing the SMD implicit solvation model.*® All non-
metal elements were depicted by 6-311 + G(2df,2p). The value
of —6.3 kcal mol™" of solvation energy of water in aqueous
solution from the experiment was used.*” All species were cor-
rected with a concentration-dependent energy term (1.9 kcal-
mol™"), with an additional 4.3 kcal mol " adjustment
specifically for water. Protonation states were determined via
PK, calculations for all plausible intermediates. The solvation
energy of a proton was taken from the experiment
(—264.0 keal mol™"). Redox potentials were referenced to the
standard hydrogen electrode (SHE, 4.281 V).

Results and discussion

Catalyst synthesis and structural characterization

We designed two catalysts—[Ru"(tda-k-N>0)(isoq),] (Ru1) and
[Ru"(tpc-k-N>0)(isoq),] (Rul’)—to systematically investigate the
dual role of the reversed relay group (Scheme 1b): (1) as
a molecular switch regulating catalytic activity, and (2) as
a dynamic reversed proton relay modulating the catalytic
microenvironment.*®** The ligands Htda and Htpc were
synthesized from 2,2':6/,2"-terpyridine (trpy) via three steps
(Fig. S1-S6).2**° Ru(dmso),Cl, first reacted with Htda, followed
by isoquinoline (isoq), to yield the red-wine complex Rul in
82.7% yield. Rul' was synthesized similarly in 52.7% yield
(Fig. S7-S14). Xray crystallography confirmed both of
complexes are low-spin d® Ru(u) distorted octahedral structure
(Fig. 1a, b, S15, S16, and Table S1).2%?>%°

This structural feature of Rul shows consistency with the
previously reported Ru(tda)(py), catalyst in terms of crystal
structure: the carbon skeletons of the tda®" ligands in the
equatorial planes of both catalysts exhibit similar bond angles
and bond lengths."® However, notable differences are observed
in the ligand - related carboxylate groups (COO™). The C-O
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Fig. 1 (a) X-ray ORTEP plots of [Ru'"(tda-k-N30)(isoq),], Rul. (b) X-ray
ORTEP plots of [Ru'"(tpc-k-N30)(isoq),]*, Rul’. Ellipsoids are plotted at
50% probability. Color codes: Ru, purple; N, blue; O, red; C, gray. H are
not shown. (c) Variable temperature *H-NMR spectra of Ru(tda)(isoq),
in CDOD.

bond length of the carboxylate group shortens from 1.284 A in
the pyridine-containing system to 1.132 A in the isoquinoline-
containing system, accompanied by an elongation of the Ru-
0 bond length at the metal center (from 2.198 A (py) to 2.208 A
(isoq)). In the axial direction, the introduction of isoq leads to
a significant increase in the Ru-N bond length (from 2.083 A
(py) to 2.093 A (isoq)). This phenomenon suggests that when the
axial ligand is switched from pyridine to isoquinoline, the
resulting electronic effects may alter the state of the relay ligand
of the catalyst in the solution microenvironment. Subsequent
proton-coupled electron transfer (PCET) steps in the Pourbaix
diagram and relative energies for Rul species in SI have
repeatedly demonstrated that the relay ligand undergoes
protonation in acidic solutions.

Furthermore, the intrinsic fast dynamic
exchange process of the pendant relay ligand in Rul enables it
to stably function as a molecular switch. Specifically, the crystal

low-barrier
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structure of Rul reveals a significantly asymmetric feature: the
O-Ru bond length is only 2.208 A, while the adjacent non-
coordinated O atom is 3.689 A away from the Ru center
(Fig. 1a and b). For an asymmetric complex like Rul’, such
structural disparities would typically manifest as asymmetric
peak distributions in the "H-NMR spectrum. However, Rul
exhibits highly symmetric characteristic peaks in "H-NMR. This
proves that it is a highly stable, “resonance-like” structure.
Variable temperature 'H-NMR experiments on Rul (198 K,
CD;OD, Fig. 1c) further confirm its structural stability. Even at
low temperatures, this complex maintains highly symmetric 'H-
NMR features without any resonance peak splitting caused by
slowed proton transfer kinetics in the side chains. For example,
the overlapping hydrogen signals (7.5-8.0 ppm) at room
temperature resolve into well-defined peaks upon cooling: the
7.95 ppm multiplet is assigned to hydrogens on the tda®~ ligand
(C4/C,) and the isoquinoline (C;,), while the 7.70 ppm and
7.60 ppm multiplets dissociate into triplets and doublets at low
temperatures, corresponding to hydrogens on the isoquinoline
(Co/C; and Cg/Cyp), respectively. These findings conclusively
establish that the two COO-Ru groups on the transverse ligands
of Rul in solution maintain identical chemical states due to
a rapid dynamic exchange process with an extremely low energy
barrier, which is the fundamental mechanism underlying the
observed symmetric "H NMR spectrum.20,22 While this
dynamic behavior inhibits stable water coordination in solu-
tion, it preserves robust metal-ligand integrity and ensures
reversible switching essential for catalytic modulation.

In contrast, Rul’ lacks this pendant group entirely. This key
structural difference dictates their catalytic behavior: the free
carboxylate in Rul forms hydrogen bonds with water, stabi-
lizing protons and enhancing oxygen evolution. This structural
difference underpins the distinct catalytic mechanisms of
reversed proton relay: Rul can modulate Ru-Aqua species
formation by regulating the carboxylate's electron density.
Specifically, the deactivation of reversed proton relay (proton-
ating COO™) not only disrupts hydrogen-bond network forma-
tion but also disables the mechanism entirely. This precise
control over proton transfer pathways highlights the unique
advantage when other pathways must compete with water
oxidation. The ability to toggle the carboxylate's protonation
state thus provides a powerful tool for optimizing catalytic
efficiency in complex reaction environments.

Reversed proton relay effects control active species generation

A spectrophotometric redox titration experiment was designed
to investigate the effect of protonation on the ligand's electronic
density in the catalyst. Protonation of the carboxylate group was
hypothesized to reduce Ru-Aqua formation (i.e., “switching off”
the catalytic activity) and experimentally validated. During the
redox titration under acidic conditions, incremental additions
of the corresponding oxidant equivalents were performed, and
UV-vis spectral changes were monitored (Fig. 2a and b). The
stabilized solution spectra show strong alignment with the Ru2/
Ru3 reference spectra independently prepared by introducing
an equivalent CAN in Rul ethanol solution and isolating the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) UV-vis spectra of complexes Rul (blue), Rul’ (red). (b) UV-vis
spectra of Rul (22 puM) (blue) in 0.1 M triflic acid, and successive
additions of 0.152 equiv. of Ce!V (1 mM) (grey) up to 2 equiv. Inset: to 4
equiv. (c) Stability test of Ru3, (37.5 uM) in pH 7. Inset: plot of absor-
bance vs. time for A = 270 and 318 nm at pH 1.0 (black) and pH 7.0
(red). (d) RCV (v = 30 mV s of 1.1 mM of Rul in pH 7 (27% CFs-
CH,OH). (e) Pourbaix diagram for the Ru species derived from Rul.
The detailed species states are simplified and represented solely by the
oxidation state of Ru, the charge number, and the ligand status. (f) Plot
of the icqt — [cat] at 1.80 Vin pH 7 (27% CF3CH,OH). (g) Comparison of
long-term oxygen production capabilities for Rul and Rul’. (h) Oxygen
evolution curve at various concentrations of Rul’. (i) Oxygen evolution
curve of electrolysis (background-free). Inset point: theoretical O,
value calculated from the total charge quantity at this time.

products via saturated KPF, precipitation (Scheme 1b and
Fig. S17). Absorption peaks at 250-350 nm were attributed to 7t—
T* transitions of the catalyst ligands, while the weaker visible-
region absorption were identified as metal-to-ligand charge
transfer (MLCT), Ru-d — bda-tt*. Notably, under one catalytic
cycle, no spectral evidence of oxidation states higher than Ru"
(Ru3) was observed. At a Ce(v) equivalent of 1.06, absorption
peaks at 377 nm and 530 nm disappeared, with low absorbance
remaining stable in subsequent titrations. The absorbance at
326 nm slowly decreased with modest change, while a sharp
270 nm peak appeared. Compared to UV-vis spectra of Ru3,
when 2 eq. of CAN was added, the 326 nm oxidation absorption
of Ru2 was not clearly distinguishable, likely due to insufficient
oxidation time. This variation exhibits a significant difference
compared to the previously reported Ru(tda)(py), system: after
the Ru™ — Ru" oxidation occurs, Ru"(isoq) does not show
a prominent peak-valley at 318 nm as observed in Ru" (py), but
instead presents an observable concave feature. As the titration
progressed, the 270 nm absorbance increased while absorbance
beyond 300 nm decreased and stabilized. After adding oxidants
for one catalytic cycle, the catalyst solution's UV-vis character-
istics were monitored for 50 minutes and remained stable,
showing no decay toward Ru2 and Ru3 trends. Under neutral
conditions, Ru3 solution (Ru'") exhibited significant attenua-
tion, which is attributed to the catalyst's redox potential
exceeding the theoretical water oxidation potential leading to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a disproportionation reaction in this chemical environment
(Fig. 2c). However, its dissolution rate is slower than that of
Ru"(tda)(py), catalyst, indicating that the introduction of the
isoquinoline ligand modifies the aqueous microenvironment,
thereby slowing the attack rate of water molecules on the relay-
type catalyst and consequently delaying the formation of the Ru-
Aqua active species during water oxidation.*® This characteristic
effectively accounts for the absence of distinct new peaks
attributable to the Ru-Aqua active species in subsequent
repetitive cyclic voltammetry (RCV) scans (Fig. 2d), but
concurrently enhancing the feasibility of online detection for
reaction intermediates at various stages.

Reversed proton relay effects improve electrochemical
performance

Redox titration indicates that Ru3 (oxidized from Rul)
undergoes neutral disproportionation in the absence of external
oxidation, yet this does not imply a loss of catalytic activity.
When the driving force is sufficient (RCV and electrolysis), Rul
exhibits both greater stability and higher activity compared to
Rul’ (Fig. 2d and S20). Compared to Rul with an additional
reverse proton transfer group, Rul’ lacking this group exhibits
catalytic center deactivation during cyclic water oxidation,
accompanied by substantial electron loss. These findings
confirm that the introduction of a pendant reversed proton
relay enhances the stability of the catalyst during usage and
extends its lifespan. Similarly, the stabilizing effect on the
catalytic microenvironment through such characteristics has
been reported in studies of analogous catalysts.>****"** CVs at
different scan rates reveals that the surface redox processes of
the Rul and Rul’ electrodes are diffusion-controlled according
to the Randles-Sevcik equation (Fig. S18 and S19). The shift of
Rul redox peak in CV from stable 0.51 V under neutral and
alkaline conditions to 0.60 V under acidic conditions is because
the carboxyl reversed proton transfer group on the equatorial
ligand in the 0.1 M triflic acid solution undergoes protonation
as previously discussed. The increase in current between 1.4
and 1.7 V in high pH is attributed to the catalytic oxidation of
water by the active Ru-Aqua species produced by carboxylate
reversed proton transport. Obviously, electrochemical tests
confirm Rul exhibits higher OER performance in neutral
conditions (Fig. S20) than Rul’ (no regulation) or in acidic
conditions (suppressed carboxylate). After repetitive cyclic vol-
tammetry (RCV), Rul showed a significant increase in catalytic
current under neutral Na,SO, conditions, while the currents in
acid solutions decreased (Fig. 2d). Combined with DPV and
spectrophotometric redox titration results, these potential
transitions are associated with the redox processes of Ru" —
Ru™+ e~ and Ru™ — Ru" + e". The Pourbaix diagram analysis
also confirms that the redox behavior of Rul is pH-independent
across most pH ranges (Fig. 2e). Notably, when the pH
decreases, the single-electron transfer process (Ru"VRu") tran-
sitions to a distinctly different PCET process (Ru"-H — Ru™ +
H" + e7). The pH-independent Ru™/Ru"™ step in Rul
(Ru(tda)(isoq),) exhibits a significantly lowered potential,
decreasing from 1.10 V (Ru(tda)(py),) to 1.04 V vs. NHE. This
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indicates that the Rul exhibits enhanced reducibility in its Ru™
state. However, this characteristic renders the key reaction
pathway, which relies on Ru" undergoing nucleophilic attack to
form the Ru'Y-OH active species, thermodynamically unfavor-
able. This disadvantage consequently impedes the formation of
active Ru-hydrate species. Specifically, under neutral condi-
tions, the decay rate of the corresponding UV characteristic
peak during the oxygen evolution process via high-valent
disproportionation in Ru(tda)(py), is significantly faster than
that in the corresponding process of Ru(tda)(isoq),."* Based on
the DFT calculation data regarding the relative energies for Rul
species from the SI, the protonation process of this catalyst
exhibits a low energy barrier under acidic conditions (Fig. S31).
Specifically, the pK, value of 6.14 for Ru'-H effectively
substantiates that isoquinoline (isoq) as an axial ligand induces
a spatial effect distinctly different from that of pyridine. This
spatial effect difference further modulates the microenviron-
ment of the equatorial active site, thereby facilitating the
formation of optimized PCET steps within the pH range of 1-4.
Rul is highly stable in acidic aqueous solutions, making the
formation of hydrated Ru-Aqua species difficult. On the other
hand, Rul’ without COO~ shows greater stability in acidic
environments, consistent with the preferences of the vast
majority of catalysts. Consecutive detection of various oxidation
states of Ru", such as Ru™ — Ru™ and Ru"-H,0 — Ru'V=0,
was also observed in different pH (Fig. S21).*

Electrochemical analysis also confirms the oxygen evolution
for two catalysts originated from a water nucleophilic attack
(WNA): the i.,c of 1.8 V (NHE) in different pH linearly related to
[cat] of two complexes and independent of scan rate (Fig. 2f,
S22-S24 and Table S2).** The corresponding experimental
conditions and electrochemical methods are also suppled in SI.
Rul exhibits higher TOF (0.0263 s~ ') under acidic conditions
than Rul’ (0.0092 s ') in electrochemical evaluations. Given the
activation energy demand associated with the relay-type proton
relay mechanism, this characteristic makes it essential to
provide activation time for the catalysts and conduct synchro-
nous online oxygen evolution monitoring. The macroscopic
water oxidation performance evaluation results obtained in this
way have more reliable reference value compared with the
electrochemical activity data calculated from a single cyclic
voltammetry test.

Reversed proton relay enables superior oxygen evolution

Electrochemical studies and spectroscopic evidence show that
the reversed proton relay (the COO™) can enhance catalytic
activity and stability under neutral conditions by optimizing the
metal microenvironment during water oxidation. To validate
this capacity of facilitating PCET through intermediate stabili-
zation via hydrogen bonding, real time O, concentration
monitoring was performed in neutral via electrolysis tests. Rul
achieved 18.16 umol oxygen within the first 30 minutes, deliv-
ering an oxygen production 1.5 times that of Rul’ (12.27 pmol),
thereby confirming the critical role of the reversed proton relay
mechanism in neutral water oxidation. On the other hand, as
expected, the carboxyl group's protonation under acidic
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conditions disables its reversed proton transfer capacity,
resulting in negligible oxygen evolution of Rul over 4 hours in
triflic acid. In contrast, Rul’, which exhibited favorable perfor-
mance in acid solution tests, demonstrated a linear relationship
between oxygen evolution rate and catalyst concentration,
eventually reaching saturation over time. These macroscopic
oxygen evolution experiments corroborate that the carboxylate
molecular switch significantly enhances water oxidation reac-
tion activity in low [H'] concentration.

A four-hour study using cerium ammonium nitrate (Ce(iv))
as the oxidant in acidic homogeneous aqueous solutions and
calculating the Turnover Number (TON, 7¢,/7.,¢) Was conduct-
ed. Rul’ achieved a TON of 934.3 after four hours, while Rul
showed negligible activity (TON = 10.4, Fig. 2g). This stark
contrast highlights the strong pH-dependence of reversed
proton relay. Under strong acid conditions, despite Ce(wv)'s high
oxidative capability, Rul fails to drive the water oxidation
reaction effectively. The oxygen production level of Rul remains
around the origin regardless of the catalyst content. In contrast,
Rul’ exhibits a strong response with oxygen production rates far
outperforming Rul. The linear relationship between oxygen
production rate and catalyst concentration yields a high TOF =
0.39 s~ for Rul’, confirming its superior catalytic performance
in acidic conditions (Fig. 2h, S25 and S26). The poor catalytic
activity of reversed proton relay catalyat Rul in acidic solutions
due to failure to form effective Ru-Aqua intermediates, while
Rul’ is highly active in acidic solutions. In contrast, the catalytic
behavior reverses in neutral 0.1 M sodium sulfate solutions.
When electrolyzing the catalysts on composite electrodes (CP) at
1.7 Vvs. NHE for one hour, Rul’ initially shows a higher current,
but after subtracting the oxygen evolution from the blank
carbon paper, Rul produces more oxygen overall in the initial
stage (Fig. 2i, S27A and B). After 1.5 hours, Rul reaches 34.6
umol oxygen, while Rul’ peaks at 39.7 pmol. But Rul achieves
a Faradaic efficiency of 90.53%, compared to 69.27% for Rul’.
This once again demonstrates the catalytic behavior of
“reversed proton relay” varies with pH inseparably (Fig. 3a).
Notably, Rul’s stability under neutral conditions was further
investigated by immersing a used composite electrode in CF;-
CH,OH for two weeks. UV-vis spectra confirmed the formation
of divalent Rul, indicating its stable state after catalysis termi-
nation is Ru" state (Fig. S27C and D).

Calculation of catalytic pathways and capture of
intermediates

The properties and experimental results indicate that that the
reversed proton relay operate through distinct mechanistic
pathways depending on pH conditions. Further research from
the perspective of energy using online experiments and
computational modeling is needed to fully understand its
mechanisms when reversed proton relay activated. DFT calcu-
lations reveal that Rul follows a WNA mechanism, where elec-
tron loss occurs on the peroxide's outer oxygen while Ru
remains in the Ru™ state (in Fig. 3b).>* It plays a crucial role
uncovering the catalytic mechanism of Rul with free carbox-
ylate group during water oxidation. Online high-resolution

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc07030a

Open Access Article. Published on 30 October 2025. Downloaded on 12/10/2025 10:43:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

b kcal/mol
Reference potentail: 1.72 V

Catalyst
stagnation

Relay off

Adaptive
catalysis ||

\ X /Ay‘f‘

Fig. 3
ligands are omitted for clarity.

mass spectrometry (HRMS) validates mechanism by detecting
key intermediates in different oxidation states.

Although water coordination to Rul forming Ru"-OH, (1) is
endergonic (AG = +8.7 kcal mol ', Fig. $28), the active cycle
initiates from the Ru™-OH, (2) state, not low-valent Ru'. The UV-
vis spectra collected after the oxygen evolution electrolysis
experiment confirmed that the Ru" state merely represents the
stabilized form of the catalyst in its inactive state. For Ru""-OH,
(2), a proton transfers to the carboxylate group with a single
electron oxidation, with a calculated redox potential of 0.24 V. A
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(a) The water oxidation catalytic pathway of reversed proton relays. (b) Gibbs energy diagram of water oxidation catalyzed by 2. Axial

PCET process (E° = 1.08 V) from 2 forms Ru™-OH (3, Ru-O; =
1.85 A) through a thermodynamically favorable process (AG =
—14.8 kecal mol "), which then forms Ru' = O (4) through
another PCET step (E° = 1.34 V; AG = —8.8 kcal mol ™) in
Fig. $29. Ru¥ = O triggers O-O bond formation via nucleophilic
water attack at a transition state TS1 (Ru-O; = 1.72 A, 0,-0,
distance = 2.28 A, AG* = 15.7 kcal mol ™) that collapses into
hydroperoxide Int1 (Ru"™-OOH) and superoxide Int2 (Ru™-00")
intermediates before final O, release (Fig. S30). Then closing the
catalytic cycle and involving the combination of the second water
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with the Ru center to form Ru™-OH, (2). Compared to Ru-Aqua,
the direct oxidation of Rul to Ru2 has a potential of 0.16 V, the
calculated redox potential from Ru2 to Ru3 is only 0.78 V
(Fig. S31). Previous experiments indicate that Rul oxidation to
Ru3 serves as a prerequisite step for generating the active Ru-
Aqua species prior to catalytic cycle initiation. Thus, catalytic
pathway of reversed proton relay Rul involves single-electron
oxidation of Rul to Ru3, water attack to form 3, and entry into
the Ru-Aqua O, evolution cycle, solely cycling between Ru™""V-
Aqua states. Real-time mass spectrometry reveals sequential
intermediates of Rul in water oxidation (Fig. 4), validating DFT
predictions. Initially, Rul [Ru" + Na]" appears at m/z = 702.32 (Q-
TOF, caled. 702.0691). After the first Ce(iv) addition, Ru2 [Ru™]"
emerges (m/z = 679.33 [Q-TOF], 679.0796 [LTQ XL], caled.
679.0803), confirmed as Ru""PF, (m/z = 824.0434, MALDI, calcd.
824.0417). A second Ce(wv) equivalent produces [Ru™]** (m/z =
339.5412, LTQ, caled. 339.5931). Under reduced acidity, four
Ce(v) additions yield [Ru"Y-OH]" (m/z = 696.0809, LTQ, calcd.
696.0821) via hydroxide attack. And PCET forms [Ru¥ = O]" (m/z
= 695.0772, LTQ, calcd. 695.0743) a high-valence ruthenium
intermediate with a seven-coordination geometry. Water attack
on [Ru¥ = O]" generates Int1 [Ru™-OOH]" (m/z = 713.0891, LTQ,
caled. 713.0843), which evolves into Int2 [Ru™-00'+ H]" (m/z =
712.0853, LTQ, caled. 712.0770) through proton loss. Final
oxidation forms transient Int3, completing the cycle via O=0
bond cleavage.

HRMS/MS data confirm all intermediates, elucidating the
actively regulatory pathway of reversed proton relay mechanism
(COO™ as experimental example) in water oxidation. The experi-
mental verification of key intermediates not only validates the
DFT theoretical model, but also deepens the understanding of
the proton transfer dynamic process during the activation of such
molecular catalytic switches. Moreover, intermediates data and
the theoretical calculation of pK, for each intermediate from DFT
are presented (Fig. S32-S36 and Scheme S1). Furthermore, this
study, referencing the research findings of the Ahlquist group,
analyzed the feasibility of the “the carboxyl peroxide mechanism”
for the catalyst with a microenvironment influenced by spatial
effects when the isoquinoline substitutes the pyridine ligand,
from an energetic perspective in SI.*»** The alternative pathway
TS1' involving direct coupling of the oxyl radical with the
carboxylate oxygen atom exhibits a low activation barrier of
2.1 kecal mol ™" (Fig. S37). This situation may arise when acid
radical salts act as transport groups for reverse proton relay
oxygen production. However, this pathway is thermodynamically
unfavorable due to the subsequent challenges in C-O bond
cleavage and O, release, and is therefore rejected.

Conclusions

In summary, Rul and Rul’, with carboxylate mediated group as
the variable, were designed to validate the “reversed proton relay”
mechanism, the core driver of neutral water oxidation. These
complexes systematically elucidated the dual role of pendant
carboxylate groups, formed via coordination oversaturation, as
both a molecular switch and a reversed proton relay in water
oxidation catalysis. The tda®~ ligand framework forms a six-
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coordinate Ru(n) complex with a dynamic coordination site,
enabling the carboxylate to toggle between protonated, catalyti-
cally inhibitory states under acidic conditions and deprotonated,
proton-transfer-facilitating states under neutral to alkaline
conditions. HRMS and DFT analyses confirmed that this dual
regulation optimizes proton transfer and catalytic activity, effec-
tively resolving the trade-off between coordination saturation and
dynamic proton transport. This work establishes a new design
paradigm that integrates molecular switching and proton relay
functionalities for neutral water oxidation catalysts.
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