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nt coordinates accelerate multi-
donor proton-coupled electron transfer

Gerald F. Manbeck, * Brian N. DiMarco, Laura Rotundo, Dmitry E. Polyansky
and Mehmed Z. Ertem

The rate of charge transfer within a discrete donor–acceptor (D/A) pair is well-described by semi-classical

electron transfer theory, but the effects ofmultiple equivalent redox sites remain less understood.We report

a series of ground-state intramolecular proton-coupled electron transfer (PCET) complexes designed to

isolate the effects of donor number, N, while holding geometry, coupling, and driving forces constant.

The [Ru(L)3−N(OH)N]
2+ complexes incorporate one, two, or three identical phenolic electron donors

linked to Ru through rigid phenanthroline bridges (OH = 2,4-di-tert-butyl-6-(1-methyl-1H-imidazo[4,5-

f][1,10]phenanthrolin-2-yl)phenol). Upon flash photolysis and oxidative quenching with methyl viologen

(MV2+), the transient Ru(III) oxidizes an appended phenol by PCET with the hydrogen-bonded imidazole

nitrogen atom functioning as the base. The rate increased by 3.4-fold and 5.7-fold (1.7-fold and 1.9-fold

after statistical correction) for two- and three-donor complexes compared to the single-donor system.

The supra-statistical acceleration is attributed to a reduced effective outer sphere reorganization energy

(lm) modeled by a partially shared solvent reaction coordinate, in which a subset of solvent dipoles is

already oriented to stabilize charge from any donor. The final phenoxyl radical state is localized due to

the transfer of a proton, and the recombination reaction with the viologen radical is not accelerated.

These results demonstrate the effects of solvent dynamics on intramolecular PCET rates, offering a new

strategy for the design of synthetic charge transfer systems.
Introduction

Electron transfer (ET) and proton-coupled electron transfer
(PCET) reactions are central to biological and synthetic energy
conversion.1–5 The efficiency of energy conversion technologies
may be partially connected to the rates of competitive processes,
such as charge separation, charge recombination, and catalysis
on a slower timescale, and for these reasons ET in synthetic
structures has been analyzed in detail for several decades.5–11

These studies have revealed a variety of interesting
phenomena,12–26 including long-distance electron transfer in
proteins27,28 or across saturated hydrocarbon bridges,24,29,30

tunneling in molecular wires,31–35 incoherent hopping over long
distances,36,37 and long-lived charge-separated states in molec-
ular triads.38

Most of these examples involve discrete donor and acceptor
pairs analyzable in the context of the familiar semi-classical
expression for nonadiabatic electron transfer (kNAD) (eqn
(1)).39,40 In eqn (1), three intrinsic properties control the rate: (i)
the free energy change (DG°), (ii) the total reorganization energy
(l) due to changes in bond lengths and outer sphere solvent
reorientations, and (iii) the electronic coupling matrix element
boratory, Upton, New York, 11973-5000,

y the Royal Society of Chemistry
(HDA).41,42 HDA describes the overlap of the donor and acceptor
electronic wave functions at the nuclear conguration of the
transition state and decreases exponentially with distance. It is
also sensitive to the nature of the interceding medium.28,43 The
relative magnitudes of DG° and l control the free energy barrier,
DG‡ = (DG° + l)2/4l.

kNAD ¼ nel exp

 
��DG� þ l

�2
4lkBT

!

¼ 2pjHDAj2
ћ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4plkBT

p exp

 
��DG� þ l

�2
4lkBT

!
(1)

Reactions with multiple equivalent redox sites are less
understood, but are apparent inmany contexts, such as blended
donor–acceptor structures in organic photovoltaics,44–48 mixed
valence species,49–55 or symmetry-breaking charge transfer
chromophores.56–58 Various effects, such as quantum coher-
ence,59 or aggregation,60 may affect ET rates. In early examples
of charge transfer with multiple donors or acceptors, ET rates
were not adequately compared to lower multiplicity models.61–64

Some of these models were designed to study sequential charge
accumulation65–67 or charge transfer in polymer-hosted donors,
acceptors, and chromophores.68,69 In other cases, the second
donor or acceptor may have been present as a synthetic
Chem. Sci.

http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc06787a&domain=pdf&date_stamp=2025-12-01
http://orcid.org/0000-0002-6632-3895
http://orcid.org/0000-0002-4032-1875
http://orcid.org/0000-0002-0824-2296
http://orcid.org/0000-0003-1994-9024
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc06787a
https://pubs.rsc.org/en/journals/journal/SC


Fig. 1 (A) Structures of the donor–acceptor complexes with N = 1, 2, or 3 OH ligands and control complexes with OMe ligands (N = 0). (B)
Photochemical reaction pathway. Complexes without OH PCET donors proceed through steps 1, 2, and 5. Abbreviations: OH = 2,4-di-tert-
butyl-6-(1-methyl-1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phenol; OMe = 2-(3,5-di-tert-butyl-2-methoxyphenyl)-1-methyl-1H-imidazo
[4,5-f][1,10]phenanthroline; RuII* = the 3MLCT excited state; ImN = the imidazole bridge with N as a hydrogen bonded internal base.
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necessity. For example, Gray and coworkers explicitly adjusted
the measured ET rates by a factor of two for Ir(I) dimers with two
covalently bound pyridinium acceptors, but did not provide
comparison to a single-donor model.64 The Ir dimers have many
degrees of conformational freedom, and the effects of delocal-
ization or coherence are unknown.

Recent reports have compared electron transfer rates in
multi-donor or multi-acceptor pairs designed with precise
geometries to their single-donor, single-acceptor analogues,70–75

and theoretical methods are being developed to address such
cases.76–79 A variety of mechanisms can modify ET rates. For
example, at cryogenic temperatures, where system–bath inter-
actions are weakened, quantum coherence enables rate
enhancements greater than the statistical sum.70,71 In other
studies, delocalization between two acceptors results in
amodest rate increase due to enhanced coupling with the donor
excited state.72 These contrast with incoherent localized charge
transfer where the rate only varies due to small differences in
reaction free energy and electronic couplings.73 When these
parameters can be xed, localized charge transfer with four
acceptors results in a statistical 4-fold rate increase.74 While
continued advances are being made, a priori prediction of rate
effects remains elusive, especially regarding PCET chemistry.
What remains unclear is how the number of equivalent donors
alters the fundamental balance of coupling and reorganization
in PCET when all other variables are xed. This gap in under-
standing prevents dened predictions of multi-donor effects,
limiting rational design of molecular systems that exploit
parallel electron–transfer pathways.

Here, we address multi-donor PCET using a series of
complexes, [Ru(L)3−N(OH)N]

2+ (L = ancillary ligand), comprised
of a transiently generated Ru(III) oxidant and 1, 2, or 3 (N)
phenolic electron donors (OH = 2,4-di-tert-butyl-6-(1-methyl-
1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phenol, Fig. 1A). One
of the two N = 1 systems was reported by us previously.80 The
design incorporates several constraints: the donors are cova-
lently bound to the Ru acceptor through rigid bridges at xed
donor–donor separations, the structurally analogous
Chem. Sci.
methylated OMe ancillary ligand minimizes geometric varia-
tions, the charge transfer chemistry takes place in the ground
state, avoiding complications of directional MLCT excitations,
and the donor redox potentials vary negligibly ensuring DG°
remains nearly constant. These features isolate N as the only
independent variable. The PCET reaction occurs with internal
proton transfer from the phenol to the imidazole nitrogen
(ImN) upon oxidation. This charge relay is analogous to the
function of natural photosystem (II), where TyrZ is oxidized by
P680

+ and oxidizes the oxygen evolving complex.81–86 Synthetic
analogues of this relay have been proposed as key components
for articial photosynthesis.87

The photochemical reaction sequence is shown in Fig. 1B
and is comprised of excitation of Ru(II), oxidative quenching
with methyl viologen, the ground state intramolecular PCET
reaction of interest, and recombination with the viologen
radical to restore Ru(II).80 The electron-transfer rates k2/k1 and
k3/k1, where the subscript denotes the number of donors, are
enhanced 1.7-fold and 1.9-fold aer correction for the statistical
sum for N = 2, and N = 3, respectively, indicating additional
rate acceleration over the temperature range of −20 to + 30 °C.
Temperature-dependent kinetic measurements enabled extrac-
tion of HDA and the outer sphere reorganization energy, lm.
With increasing N and a constant HDA, the lm decreases,
consistent with a proposed correlated reaction coordinate
model in which the acceptor solvation shell acts as a common
uctuating polarization coordinate partially shared among N
pathways and manifests as a reduction of the negative activa-
tion entropy associated with nuclear reorganization in the
transition state. This work directly tests how donor multiplicity
and solvent dynamics can govern PCET kinetics under rigor-
ously controlled conditions.
Results
Synthesis and characterization

The Ru(II) complexes shown in Fig. 1 incorporate combinations
of the phenolic donor ligand (OH) and either 2,20-bipyridine
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Experimental absorption spectra of select complexes with
0–3 phenol donors. (B) Computed spectra of the same set. (C) Prin-
cipal donor molecular orbitals contributing to the 350 nm band of
Ru(OH)3: MO 281 (left) and MO 283 (right). A complete list of transi-
tions and MO diagrams is provided in the SI (Fig. S35).
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(bpy) or the methyl ether of the phenol (OMe) ancillary ligands.
Homoleptic species were prepared by the reaction of
Ru(DMSO)4Cl2 or RuCl3$3H2O with three equivalents of ligand,
while heteroleptic species were obtained from the reaction of
[Ru(bpy)(h6-C6H6)Cl]Cl with two equivalents of ligand, or by the
reaction of Ru(L)2Cl2 with one equivalent of the unique ligand,
as detailed in the SI. Molecular identities were conrmed using
high resolution mass spectrometry (Fig. S1–S6) and 1H NMR
spectroscopy (Fig. S7–S12). All complexes were isolated as
(PF6

−)2 salts, and both (M–1PF6)
+ and (M–2PF6)

2+ ions were
detected by HRMS. In the 1H NMR spectra, the phenolic OH
proton, which is hydrogen-bonded to the imidazole N atom,
appeared as a broad singlet at 11.3 ppm. Chemical shis of the
–OH protons varied by less than 0.04 ppm across the series,
indicating uniform pKa values and H-bonding strength, which
maintains consistent phenol/phenoxyl oxidation potentials and
nearly constant DG° for electron transfer.

The OH proton was exchanged for deuterium through three
cycles of dissolution in CH3CN/CH3OD followed by solvent
evaporation. Complete exchange was conrmed by the disap-
pearance of the OH resonance in the 1H NMR spectrum and
further veried by HRMS analysis in CH3CN containing 1%
methanol-OD.

The absorption spectra of all complexes (Fig. 2 and S13)
exhibit intense ligand-centered p / p* transitions in the UV
and broadmetal-to-ligand charge transfer (1MLCT) bands in the
visible, which are typical of Ru(II) polypyridyl complexes.88 A
broad band centered around 335 nm appears in complexes with
multiple phenol donors: Ru(bpy)(OH)2, Ru(OMe)(OH)2, and
Ru(OH)3. This band is absent in the single-donor complexes
Ru(bpy)2(OH) and Ru(OMe)2(OH) and in the control Ru(OMe)3.
The non-linear scaling of the extinction coefficient with N
indicates that the feature does not arise from a simple additive
effect. Because ligands are rigidly separated and no concentra-
tion dependence is observed, interactions are likely weak, and
intermolecular aggregation is excluded.89 To investigate the
origin of the 335 nm transition, time-dependent density func-
tional theory (TD-DFT) calculations were performed at the M06
level of theory90 in conjunction with SMD continuum solvation
model91 for acetonitrile.

The computed UV-vis spectra for the 100 lowest energy
transitions of Ru(OMe)3, Ru(OMe)2(OH), Ru(OMe)(OH)2, and
Ru(OH)3 are shown in Fig. 2B. Several transitions in the 280–
330 nm region with intense oscillator strengths are predicted
for all complexes in good agreement with experimental data.
Complexes with phenol ligands additionally exhibited bands
near the 350 nm region, which are absent in spectra of
complexes with only bpy and/or OMe ligands. These transitions
are primarily interligand p / p* excitations with minor metal
d-orbital contributions. In some cases, the donor orbitals
extend across multiple phenol moieties, consistent with the
energetic equivalence of these chemically identical ligands
(Fig. 2C; SI, Section IX).

The uorescence quantum yields and lifetimes were
measured for each donor–acceptor complex to assess possible
excited state quenching. Prior work showed no excited state
quenching of the 3MLCT state of Ru(bpy)2(OH) by the appended
© 2025 The Author(s). Published by the Royal Society of Chemistry
phenol. Normalized steady-state emission spectra for the
Ru(bpy)(OMe/H/D)2 series (Fig. S14–S17) are superimposable
with emission maxima at 611 nm. Likewise, all spectra of
complexes containing OMe, OH, and OD ligands are superim-
posable with maxima at 606 nm (Table S1). Excitation spectra
(Fig. S17) show that excitation into the 335 nm band efficiently
populates the 3MLCT emissive state, conrming efficient
relaxation and intersystem crossing.

The Ru(bpy)(OMe/H/D)2 series exhibits an average emission
quantum yield of 0.13, which is slightly higher than the ∼0.10
values observed for the Ru(bpy)2(OMe/H/D)1 set. All complexes
containing at least one bpy ligand exhibit lifetimes of ∼1.5 ms
independent of the number of OH or OMe ligands (Fig. 3).
Chem. Sci.
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Fig. 3 Correlation between the 3MLCT excited state emission lifetimes
and the number of Ph–OH/D ligands.
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Complexes incorporating the bridge-donor or bridge-control
(OH and OMe) ligands show particularly high quantum yields
ranging from 0.16 to 0.24 with no apparent correlation between
the number of OH/D vs. OMe ligands. These efficiencies exceed
those of most Ru(II) polypyridyl complexes (generally <0.1) and
approach the efficiencies measured for tris-complexes of 4,7-
diaryl-phenanthrolines.92 A linear decrease in lifetime is
observed from 2.35 ms in Ru(OMe)3 to 1.53 ms in Ru(OD)3 as
OMe ligands are progressively replaced by OH/D ligands (Fig. 3).

The emission energies, quantum yields, and lifetimes
conrm that excited state quenching by intramolecular electron
transfer is not operative in these complexes. Complexes with
bpy ancillary ligands have Ru(dp) / bpy(p*) 3MLCT excited
states with emission energies slightly red-shied relative to
Fig. 4 (A) Cyclic voltammograms of Ru(bpy)(OH)2 at 500 mV s−1 with v
trolyte and ferrocene (Fc) as an internal standard. (B and C) Square wave
Ru(OMe)3 with DG° indicated.

Chem. Sci.
those containing extended phenanthroline ligands. This trend
aligns with the established emission properties of Ru(bpy)3

2+

and Ru(phen)3
2+,93,94 and it is further supported by the weak

correlation between lifetimes and the number of OH donors
suggesting that distant OH and OD vibrational decay channels
have minimal effect on the nonradiative decay rates. In
contrast, complexes with Ru(dp) / phen(p*) 3MLCT excited
states display increasing nonradiative decay rates from 3.2 to
5.5 × 105 s−1 as the number of OH and OD ligands rises from
zero to three (Table S1), implicating vibrational contributions
from OH and OD groups. This correlation may reect electron
hopping between OMe OH/D ligands with degenerate phen(p*)
energies in the 3MLCT state.
Electrochemistry

The intramolecular electron transfer from a phenol donor to the
Ru(III) acceptor, which is formed by oxidative quenching of the
3MLCT state by methyl viologen, occurs in the ground state. The
driving force, DG°, can be extracted from electrochemical
potentials. Cyclic voltammetry (CV) and square wave voltam-
metry (SWV) at a Pt electrode (Fig. 4 and S18–S23) reveal three
sequential, reversible, ligand-based reduction events for each
complex (Table 1). Oxidative processes are less straightforward
due to overlapping waves near 1.0 V vs. (Fc+/0). Among all
complexes, Ru(bpy)(OH)2 showed the best-resolved features and
was used as the model for detailed analyses. The rst oxidation
is quasireversible with E1/2 = 0.85 V, but if the anodic sweep
extends into the second redox process, the return wave for the
rst oxidation disappears and a new, broad cathodic feature
appears at Ep = −0.61 V. The SWV data (Fig. 4B, blue traces)
conrm this behavior: two peaks are observed on the forward
oxidative sweep, whereas a single peak corresponding to the
second molecular oxidation appears on the reductive sweep. In
Ru(OMe)2(OH), the overlapping oxidation peaks lead to an
aried switching potentials in dry acetonitrile with 0.1 M Bu4NPF6 elec-
voltammograms of Ru(bpy)(OH)2, Ru(bpy)(OMe)2, Ru(OMe)2(OH), and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of redox potentials in volts vs. Fc+/0. Phenol redox
couples are shown in bold

Complex

Potential (V vs. Fc+/0)

Oxidations Reductions

[Ru(bpy)(OMe)2]
2+ 0.87 −1.74, −1.92, −2.16

[Ru(OMe)3]
2+ 0.89 −1.74, −1.90, −2.13

[Ru(bpy)(OH)2]
2+ 0.85, 1.04 −0.61,a −1.72, −1.90,

−2.17
[Ru(OMe)2(OH)]2+ 0.85, 0.96 −0.54,a −1.75, −1.93,

−2.19
[Ru(OMe)(OH)2]

2+ 0.85, 0.97 −0.47,a −1.71, −1.88,
−2.11

[Ru(OH)3]
2+ 0.85, 0.96 −0.49,a −1.71, −1.88,

−2.27

a Peak potential for an irreversible wave. Potentials are reported vs. Fc+/0

and an uncertainty of 0.07 V is assumed.

Table 2 Summary of electron transfer parameters

N kET
a DG°b HDA

c lm
d kA

e

Ru(bpy)2(OH)f 1 0.70 � 0.02 −0.01 125g 1.18 1.19
Ru(OMe)2(OH) 1 1.08 � 0.07 −0.04 118h 1.19 1.06
Ru(bpy)(OH)2 2 1.26 � 0.02 −0.02 125 1.14 1.24
Ru(OMe)(OH)2 2 1.65 � 0.10 −0.04 118 1.15 1.10
Ru(OH)3 3 2.1 � 0.3 −0.04 118 1.13 1.11

a Electron transfer rate× 10−7 s−1 at 0 °C adjusted for the number of OH
donors N (kET = kobs/N).

b Free energy change in eV calculated from
electrochemical potentials; estimated uncertainty ± 0.01 eV.
c Electronic coupling in cm−1 from tting to eqn (3). For N = 2 or N =
3 HDA was xed. d Reorganization energy in eV; uncertainties from the
t of eqn (3) were less than 2% and are rounded to the nearest 10
meV. e kA = (8p2/h)(HDA

2sL/lm).
f Data from ref. 80 were re-analyzed to

include the approach to equilibrium (see SI). g ± 18. h ± 7.
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anomalous separation of the anodic and cathodic potentials of
for the second process (Fig. 4C). Similar behaviors were
observed previously for Ru(bpy)2(OH), although reversibility of
the rst process was not detected.80

At a slow scan rate of 5 mV s−1, which approximates
diffusion-controlled steady-state conditions, the oxidative and
reductive currents of the rst redox process are nearly identical
(Fig. S21). In contrast, at a faster scan of 500 mV s−1, multi-
sweep experiments show that the species oxidized at E1/2 =

0.85 V is not restored by reduction unless the sweep extends to
the −0.6 V process (Fig. S22). In the presence of Cs2CO3, the
phenol is deprotonated, and the phenoxyl/phenolate couple is
observed as a quasireversible process at −0.28 V (Fig. S22).

The rst oxidative redox process at 0.85 V vs. Fc+/0 is assigned
as the oxidation of the phenol to the phenoxyl radical with proton
transfer to the hydrogen-bonded base. This assignment is sup-
ported by theoretical data, which conrm that the rst oxidation
occurs on a phenol donor. Initial calculations were performed on
simplied models with t-Bu replaced by CH3, and the computed
potentials ranged from 0.54 to 0.56 V vs. Fc+/0, which are equiv-
alent within computational error. Since the radical can be
sensitive to the electron density of the phenol ring, calculations
were repeated on the exact experimental complexes, with t-Bu
groups, and each redox potential was computed as 0.57 V vs.
Fc+/0, showing that substitution has a minimal impact on the
computed potentials. While these values differ from the experi-
mental data by∼0.3 V, the difference is within the expected range
of error for redox calculations of highly charged species using
DFT and implicit solvation methods.95 More important than the
exact modeling of experimental potentials, the theoretical data
conrm that the potentials are invariant with the number of
phenol groups per molecule.

The PCET oxidation of phenols with pre-associated hydrogen-
bonded bases is oen,96,97 though not exclusively,98,99 quasi-
reversible, with dimerization suggested as a possible cause of
irreversibility when sterically feasible. A broad reduction wave at
−0.6 V of Ru(bpy)2(OH) was previously attributed to PCET reduc-
tion of the phenoxyl radical slowed by the weak NH+–cOPh
hydrogen bond in a modest out-of-plane twist induced by the
© 2025 The Author(s). Published by the Royal Society of Chemistry
imidazole methyl group.80 In the present work, the CV data of
Ru(bpy)(OH)2 provide further support for the assignments shown
in Fig. 4A. When the switching potential avoids oxidation of Ru(II)
to Ru(III), the hydrogen-bonded NH+–cOPh radical is reduced
reversibly. At slow scan rates, reversibility is preserved due to
conformational equilibration on the measurement timescale. The
−0.6 V return wave is assigned to the reduction of non-hydrogen-
bonded conformations of the radical, and its broadening is due to
the PCET mechanism of phenoxyl radical reduction and slower
associated kinetics due to the disrupted H-bond.

Infrared spectroelectrochemical oxidation of Ru(bpy)(OH)2 was
used to conrm that the rst oxidation is the phenoxyl/phenol
process, rather than a RuIII/II couple. Electrolysis at 0.9 V vs. Fc+/0

produced new bands at 1630 cm−1 and 1550 cm−1 (Fig. S24)
closely resembling those reported for related complexes
(1626 cm−1 and 1556 cm−1) attributed to the protonated N atom of
the benzimidazolium cation.100 Losses of bands at 1490 cm−1 and
1375 cm−1 are likewise consistent with literature observations. The
spectral changes are not characteristic of a Ru-based oxidation and
support assignment of the rst redox event to phenol oxidation.
This conclusion is critical for interpreting the electron transfer
kinetics.

The PCET chemistry of interest occurs aer oxidative
quenching of the 3MLCT excited state, while the phenol
remains neutral; however, the electrochemical data discussed
above reect the RuIII/II potential aer oxidation of the phenol
and therefore do not directly provide the PCET driving force. To
estimate the relevant RuIII/II potential, the analogous OMe
complexes lacking phenolic donors were examined with RuIII/
II(bpy)(OMe)2 = 0.87 V vs. Fc+/0 and RuIII/II(OMe)3 = 0.89 V vs.
Fc+/0 (Fig. S23 and Table 2). The DG° for PCET in the photo-
initiated reaction is approximated as the difference between
the N = 0 OMe RuIII/II potentials and the phenol oxidation
potential. Using the 0.85 V phenol potential of Ru(bpy)(OH)2,
the calculated DG° values are −20 meV for Ru(bpy)(OH)2 and
−40 meV for Ru(OMe)2(OH), Ru(OMe)(OH)2, and Ru(OH)3.

Kinetics of electron transfer

The photo-induced reactivity was investigated by transient
absorption spectroscopy in the presence of 0.4 M MV2+. Fig. 5
shows data for Ru(bpy)(OH)2 and Ru(bpy)(OMe)2 as
Chem. Sci.
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Fig. 5 (A and B) Transient absorption spectra of Ru(bpy)(OH)2 and Ru(bpy)(OMe)2 at 30 ns and 1000 ns after pulsed laser excitation in the
presence of 0.4 MMV2+. (C) Kinetic traces at 470 nm showing the recovery of the Ru(II) ground-state bleach for the series of complexes 1, 2, and 3
phenoxyl donors at 0 °C. Single exponential fits yield intramolecular electron transfer rates (step 3 of Fig. 1B). See SI Section VIII for fitting
procedures and corrections for statistical factors and the reverse reaction. (D) Second order kinetic plots of the MV+c decay, corresponding to
recombination between the phenoxyl radical and MVc+ (step 4 in Fig. 1B).

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

/1
4/

20
26

 9
:2

5:
58

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
representative examples. Spectra recorded 30 ns aer laser
excitation show features characteristic of quenching: strong
absorption bands at 390 nm and 600 nm due to the methyl
viologen radical cation (MV+c)101 and ground state bleach of the
Ru(II) metal-to-ligand charge transfer (1MLCT) absorption from
400–500 nm.88 The spectral features of the Ru(III)(bpy)(OMe)2
experiment persist for >5 ms, whereas the 1MLCT bleach of
Ru(III)(bpy)(OH)2 recovers fully within 150 ns as Ru(III) is
reduced by the PCET from the phenol donor. Simultaneously,
a UV absorption centered at ca. 370 nm, which is attributable to
the phenoxyl radical, appears.102 This signal is weak relative to
the overlapping MV+c absorptions due to the relative extinction
coefficients of a phenoxyl radical (∼3000 M−1 cm−1) and MV+c

(41 800 M−1 cm−1).101 The N-fold adjusted rate of Ru(II) recovery
increases markedly with the number of phenol donors (Fig. 5C;
SI Section VIII)). At 0 °C, for example, ET rates increased from
(1.08 ± 0.07) × 107 s−1 for Ru(OMe)2(OH) to (1.65 ± 0.10) × 107

s−1 for Ru(OMe)(OH)2, and (2.10 ± 0.10) × 107 s−1 for Ru(OH)3.
The reaction sequence in Fig. 1B concludes with recombi-

nation between the phenoxyl radical and MV+c. This process
occurs on the order of 109 M−1 s−1 with second order, equal
Chem. Sci.
concentration kinetics, as indicated by linear plots of 1/[MV+c]
over approximately two half-lives (Fig. 5D). Importantly, the
recombination rates were equivalent within the tting uncer-
tainty for all phenoxyl radicals, independent of the donor
number. This consistency demonstrates that the intramolecular
rate enhancement from multiple donors does not inuence the
intermolecular recombination step, enabling differential
control over charge separation and recombination rates. The
overall process is reversible, and the molecules remain stable
through repeated photoexcitation cycles as conrmed by the
absence of changes in their UV-vis spectra aer ash photolysis.
Discussion

The intramolecular phenol oxidation is coupled to proton transfer
(PT), and there is fundamental interest in determining whether
this process proceeds by a stepwise or concertedmechanism.103–106

Concerted pathways oen exhibit a kinetic isotope effect (KIE)
since the proton motion contributes to the rate-determining step.
However, the absence of a KIE does not necessarily exclude
a concerted mechanism. The KIE can be small when the reactant
© 2025 The Author(s). Published by the Royal Society of Chemistry
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and product states are tightly coupled, e.g. through a strong
hydrogen bond.107 The complete expression for a PCET reaction
includes overlap integrals of reactant and product vibronic states
as a function of donor–acceptor distance,108 and population of
vibrational excited states, particularly for deuterium, may also
diminish the observable KIE.109,110

In this study, no KIEs were observed across the full temperature
range for any complex; however, partial electrochemical revers-
ibility of the phenol/phenoxyl couple suggests that its oxidation
could be a concerted process. To a rst approximation, the semi-
classical treatment of nonadiabatic electron transfer (eqn (1)) can
be applied to PCET reactions,111,112 and the dening parameters,
HDA and l, can be determined using logarithmic plots of kET vs.
−DG° or kET vs. T.12,13,23,64,113,114 In this context, the usual Marcus
theory approaches can be applied to analyze the coupling and
reorganization energies using DG° from voltammetry and the
temperature-dependent electron transfer rates.

The following discussion addresses the fundamental factors
responsible for the enhancement in charge transfer rates. The
adjusted rates of charge transfer increase by factors of 1.7 and 1.9
as the number of OH donors is increased to two and three,
respectively. A purely statistical inuence from multiple indepen-
dent donors would predict equivalent rates upon adjustment,
provided that the DG°, HDA, and l are conserved. Other systems
with multiple ET sites have exhibited enhanced ET rates. For
example, a Zn porphyrin electron donor with multiple
naphthalene-1,8:4,5-bis(dicarboximide) (NDI) acceptors showed
a three-fold rate enhancement at room temperature attributed to
a combination of the acceptor multiplicity factor and a change in
DG° between single- and double-acceptor species.73 A related
system with an N,N-dimethylaniline donor and one or two NDI
acceptors was two-fold accelerated at room temperature, but 2.6-
fold accelerated at cryogenic temperatures due to correlation
between the two acceptors.71 Similarly, an anthracene donor with
two quinone acceptors showed a 5-fold cryogenic rate enhance-
ment.70 The cryogenic rate enhancements in these examples are
due to a change in behavior from incoherent to coherent ET as
decreased temperature reduces thermal uctuations. In contrast,
the [Ru(L)3−N(OH)N]

2+, complexes display rate enhancements that
are invariant from−20 to 20 °C and occur without a change inDG°
within the homologous series with OMe ancillary ligands.

Eqn (1) was applied as an initial model to analyze the electron
transfer rates. Plots of [ln(kET$T

1/2) − ln(N)] vs. 1/T, corrected for
the number of donors, are linear (Fig. S32), allowing l and HDA to
be computed from the slope and intercept, respectively (Table S3).
Across the series of complexes, each HDA falls in the range of 190–
220 cm−1 and all are equivalent within tting uncertainties. The
associated errors in HDA are large (10–20%) due to the signicant
extrapolation of the t beyond the accessible temperature range.
Calculated values of l range from 1.31–1.38 eV.

The HDA values of 190–220 cm−1 calculated using eqn (1) are
quite large and suggest that the nonadiabatic model might not be
appropriate. Electron transfer reactions with HDA > 200 cm−1

approach the regime for which the transfer probability is high, i.e.
the transmission coefficient, kel approaches unity.115 In this limit,
eqn (1), which is independent of the frequencies of nuclearmotion
of the medium (nm), is not valid. As the splitting (2HDA) of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
intersection between donor and acceptor potential energy surfaces
increases, the reaction rate becomes increasingly adiabatic and
less dependent on HDA, and thus also less dependent on the
electron frequency (nel). Moving toward the high coupling regime,
the dynamical properties of the solvent begin to have a stronger
inuence on the rate.116–118

Furthermore, the calculated values of l in Table S3 are notably
higher than the expected sum of reorganizations for the two
separate half reactions:∼0.2 eV for a RuIII/II reduction119 and∼1 eV
for a phenol oxidation.120 Even upon consideration of a hypothet-
ical range of DG° values from 0 to −0.08, the sum continues to be
higher than expected. These discrepancies prompted evaluation of
alternative models. Under conditions of small inner sphere reor-
ganization (li � lm) and −DG° � lm, the rate expression for
adiabatic ET governed by the dynamics of the uid medium is
given in eqn (2).

kAD ¼ nm exp

 
��DG� þ lm

�2
4lmkBT

!

¼
�
1

sL

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lm

16pkBT

r
exp

 
��DG� þ lm

�2
4lmkBT

!
(2)

Here nm is the effective nuclear relaxation frequency, sL is the
longitudinal relaxation time of the solvent, which is related to the
Debye relaxation time (sD) by sL= sD(3N/3o) where 3N and 3o are the
high-frequency and static dielectric constants, respectively.121 The
relaxation time is temperature-dependent sL ¼ s

�
LexpðEL=kBTÞ,

with an activation energy, EL. A commonly cited value of∼0.2 ps is
used for the ambient temperature sL of acetonitrile;122 however,
there are few precise measurements of s

�
L due to the limited

availability of temperature-dependent dielectric data. To the best
of our knowledge, Stoppa and coworkers' temperature-dependent
dielectric relaxation spectra are the most comprehensive data set
available.123 Based on their data, s

�
L ¼ 34 fs, sL = 0.31 ps at 298 K,

and EL = 5.53 kJ mol−1.
For borderline cases,124 that are neither fully adiabatic nor

nonadiabatic, i.e. neither the nuclear relaxation frequency nm nor
the electronic frequency nel dominates, Rips and Jortner derived an
expression that accounts for weak electronic coupling and slow
solvent dynamics.116 Eqn (3) represents a steady-state treatment of
electron transfer that captures the competition between adiabatic
and nonadiabatic pathways and reduces to the respective limits in
the circumstances when either nel [ nm or nm [ nel. This
expression provides a more complete description of electron
transfer in the intermediate coupling regime where both nuclear
and electronic dynamics inuence the rate.

kET ¼ kNAD
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Fig. 6 shows plots of experimental kET vs. T data for each
complex and ts to eqn (3). The s

�
L and EL were taken from the

discussion above, DG° values were obtained from voltammetry,
and HDA and lm were t for the two complexes with N = 1. The
two examples with the slowest reaction rates provided the most
reliable exponential ts of the raw data and smallest uncer-
tainties in kf, leading to the smallest associated tting uncer-
tainties in HDA and lm. Upon tting the data for Ru(OMe)2(OH),
HDA = 118 ± 7 cm−1 and lm = 1.19 eV with <0.5% uncertainty
(Table 2). The published data for Ru(bpy)2(OH) were re-analyzed
to include consideration of the reverse reaction (see SI, Section
VIII), and HDA = 125 ± 18 cm−1 and lm = 1.18 eV. These values
are considerably smaller than those obtained from the
nonadiabatic approach and are more physically realistic.
Additional support for this model comes from close agreement
with the 1.00 eV calculation of the outer sphere reorganization
energy for Ru(bpy)2OH using dielectric continuum theory (eqn
(4)), where rD and rA are the radii of the donor (3.58 Å) and
acceptor (4.84 Å) and R (9.03 Å) is their center-to-center
distance.39 Finally, as a check of the assumption that li � lm,
the inner-sphere reorganization energy was calculated in the
gas phase using standardmethods (see the SI for details).125,126 A
value of 0.23 eV was calculated, which supports the approxi-
mation and shows that differences in reorganization energies in
the N = 1–3 series are traced to the outer-sphere component, as
discussed in detail below.

lm ¼ e2

4p3o

�
1

2rD
� 1

2rA
þ 1

R

��
1

3op
� 1

3s

�
(4)

The applicability of eqn (3) is further justied by evaluation
of the adiabaticity parameter, kA = (8p2/h)(HDA

2sL/lm), which is
an empirical factor relating the electronic frequency and solvent
Fig. 6 Experimental kf vs. T data used to calculate the reorganization
energy, lm, and the electronic coupling, HDA. When N = 1, solid lines
are fits to eqn (3) with lm andHDA treated as adjustable parameters and
DG° is fixed. When N = 2 or 3, HDA was fixed to 125 or 118 cm−1,
obtained for complexes with N = 1 and lm was determined by fitting.

Chem. Sci.
relaxation time.116,124 For kA � 1, the rate is dependent upon the
frequency of electron motion, and the nonadiabatic eqn (1)
applies; however, for kA [ 1, the reaction is solvent-controlled
(eqn (2)). Computed values of kA= 1.2 and Ru(bpy)2(OH) and 1.1
for Ru(OMe)2(OH) place both complexes in the mildly adiabatic
regime where electronic and nuclear timescales contribute
comparably.

The supra-statistical rate enhancements for samples with N
= 2 or 3 donors could arise from (a) an increase in the donor–
acceptor electronic coupling, (b) an increase in the driving
force, (c) a decrease in the reorganization energy, or (d)
a combination of these factors. Before implementing eqn (3) for
the remaining molecules, it is necessary to rationalize which
parameters can be reasonably xed.

In principle, ET rate enhancements can occur via coherent
superposition effects between multiple donors as discussed
above.75,77 Although the 350 nm UV-vis features in Fig. 2 indicate
possible weak donor–donor interactions in the singlet excited
states, such interactions are irrelevant to PCET, which occurs in
the electronic ground state aer quenching. Moreover,
a 380 nm long-pass lter excluded probe lamp excitation of
those states in the photolysis experiment. The PCET step occurs
on the ns timescale, while donor coherence in a uidmedium is
expected to dissipate on the fs timescale through bath interac-
tions and vibrational dephasing.127 Furthermore, donor–donor
coupling would only be signicant if larger than the individual
donor–acceptor couplings. The donors are separated by ∼15 Å
through rigid spacers such that through–space interactions
should beminimal. In addition, the acceptor lies between them,
and through-bond couplings to the acceptor will be larger. The
through-bond donor–donor coupling in the Ru(III) state can be
approximated as half of the energy difference between the two
highest occupied orbitals using a Koopman-type approach.75,128

As shown in Fig. 7, these orbitals are nearly degenerate, and
although DFT is not strictly applicable to the KT method,129 the
calculations indicate negligible donor–donor coupling.
Accordingly, the electronic coupling between individual donor
sites and the acceptor is expected to remain unchanged in the
multi-donor system, and the kinetic data for N = 2 or 3
complexes were t to eqn (3) using xed HDA values of 118 or
125 cm−1 obtained for the N = 1 complexes.

First, the lm values for complexes with two or three phenol
donors were obtained by tting the data in Fig. 6 to eqn (3) at
xed values of HDA and DG° (Table 2). Each sequential substi-
tution of an OMe ancillary ligand for an OH phenol donor
ligand produced amodest decrease in the reorganization energy
of ∼20–40 meV. The possible temperature-dependence of DG°
and lmmight introduce uncertainty in the parameters since eqn
(3) assumes their temperature independence, but this
assumption is widely used, and has been validated in other
cases,17 and the plots in Fig. S32 might deviate from linearity if
lm and (lm + DG°)2/4lm were temperature dependent.30 Even if
DG° and/or lm varied the experimental temperature range, the
effect would occur consistently across the complexes and
therefore would not account for the observed rate differences.

In a similar fashion, the sensitivity of the ts to variations in
DG° was examined while holding HDA and lm constant. Upon
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (A and C) Calculated doubly- or triply-degenerate orbitals in the Ru(III) state of Ru(III)(OMe)(OH)2 and Ru(III)(OH)3 prior to the intramolecular
PCET reaction. (B) Spin density in [Ru(OMe)(OH)(ImNH+Oc)]3+ after PCET. Spin density plots of all complexes are shown in Fig. S47.
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setting lm = 1.19 eV for Ru(OH)3, then DG° = −0.07 eV is
needed to t the k vs. T data. While this 30 meV increase in
driving force is small, we cannot identify structural or electro-
static rationale for such a shi amongmolecules that differ only
in number of methyl ethers in the OMe/OH series of complexes.
The best estimate of DG° relies on the assumption that the
phenol oxidation potential with Ru in the Ru(II) state, which is
measured by CV, is the same as the phenol oxidation potential
with Ru in the Ru(III) state, since the latter is not experimentally
accessible. Likewise, the RuIII/II potential in the state of
a neutral phenol is also not experimentally accessible. Evidence
against a signicant metal-centered potential shi dependent
upon the number of donors is found in the experimental
similarities of the RuIII/II potentials in the presence of a phe-
noxyl radical, which are equivalent within 10 meV (Table 1). Any
inaccuracy in DG° should therefore be systematic across all
molecules in the series. Variation in DG° is therefore not
favored as the origin of the observed rate enhancements. This
conclusion contrasts a literature report on double- and single-
donor species where a 3-fold rate enhancement of excited
state intramolecular ET was attributed to the combination of
the statistical two-fold incoherent doubling, an increase of
driving force by∼100meV, and a 2.5-fold increase in coupling.73

The decrease in lm, and the corresponding reduction in the
activation energy, DG‡, is our preferred explanation of the non-
statistical rate enhancements and can be rationalized as
follows. Within the intermediate adiabatic/nonadiabatic kinetic
model, the system retains dependence on both the frequency of
© 2025 The Author(s). Published by the Royal Society of Chemistry
electron motion and on the nuclear vibrations, governed
primarily by the solvent longitudinal relaxation time. In order to
explain the systematic decrease in lm, we propose a correlated
solvent reaction coordinate, in which the acceptor's solvation
shell is the common solvent-uctuation polarization coordi-
nate. Each donor couples to that same solvent mode, so the
outer sphere reorganization energy is partially shared rather
than fully independent per donor. This sharing reduces the
effective reorganization energy and can be partitioned into
individual and shared contributions through the correlation
coefficient, r (eqn (5)).

lðNÞ ¼ lN¼1

h
ð1� rÞ þ r

N

i
(5)

The experimental reorganization energies t eqn (5) with r=

0.0687 (Fig. S33). The correlated solvent coordinate analysis also
accounts for the diminishing decrease in lm as the N increases.
Conceptually, the framework resembles the correlated reaction
coordinate motion acceleration of ET for single-donor-multi-
acceptor species described by Beratan and coworkers.79

However, there are important distinctions. In their work, strong
acceptor–acceptor coupling delocalizes the nal state, DG° is
shied by the magnitude of the acceptor–acceptor coupling,
and the donor–acceptor coupling is weak. When acceptor–
acceptor reorganization is large, the contributions from
nonadditive vibronic pathways are amplied, and the effects are
most pronounced at low temperature due to the quantum
Chem. Sci.
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Fig. 8 Structure of Ru(OH)3 containing one hundred twenty explicit
CH3CN solvent molecules.
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nature of the vibronic modes, consistent with the cryogenic 5-
fold kinetic enhancement observed experimentally in the past.70

The theory shows that the 5-fold increase is not an upper limit,
as the magnitude depends on the acceptor positioning.
Fig. 9 Magnitude of charge-dipole interactions between charged atoms
ligands) and CH3CN solvent dipoles.

Chem. Sci.
Interestingly, predicted rate enhancements are more
pronounced for models with three acceptors vs. two acceptors
due to the additional constructively interfering pathways.

In stark contrast, the complexes in Fig. 1 have weak donor–
donor coupling, an invariant DG° with respect to N, and room
temperature rate enhancements with negligible temperature-
dependence. The proposed solvent correlated reaction
pathway reects a dynamic, rather than quantum-coherent,
mechanism governed by solvent uctuations that enable elec-
tron transfer. If each donor acted independently, the solvent
would need to uctuate into the correct polarization congu-
ration separately for each ET pathway, effectively resetting to the
average equilibrium solvent conguration before accessing
another pathway. In contrast, in the correlated solvent scenario,
all donor sites generate overlapping polarization elds, with the
greatest overlap found in the Ru(III) solvent shell. As a result,
a subset of solvent dipoles is already oriented to partially
stabilize charge transfer from any donor. Instead of relaxing
fully to the average equilibrium polarization aer each uctu-
ation, the solvent can undergo small excursions that transiently
((A): Ru2+; (B–D): each N-atomof the imidazole group of three different

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Graphical representation of overlapping charge-dipole inter-
actions involving Ru2+ and one N+ atom (A), Ru2+ and twoN+ atoms (B)
and Ru2+ and three N+ atoms (C). Interaction intensities have been
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favor a different donor. This partial pre-orientation lowers the
effective lm.

Unlike quantum-coherence models, such as those proposed
by Beratan and coworkers, the solvent correlation mechanism
saturates with increasing donor (or acceptor) multiplicity. For
the present system, a maximum reduction in lm of ∼9% is
theoretically possible, although physically unrealizable due to
design constraints.

Below, a simplied charge-dipole representation is used to
illustrate how a common acceptor-centered solvent environ-
ment can simultaneously respond to multiple donor polariza-
tion elds. According to the microscopic theory of solvent
reorganization for polar media,130 the single-molecule contri-
bution to reorganization energy li in either initial (i = 1) or and
nal (i = 2) state of the transferred electron can be expressed as
a sum of pairwise solute–solvent energies y(j) for all solvent
molecules (j):

li ¼ 1

2kBT

X
j

D
ðdDyðjÞÞ2

E
i

(6)

where y(j) is an interaction energy between solvent dipoles
characterized by the dipole moment, mj, with the electric eld,
E0i, produced by a charge, Qi, which is positioned at a distance rj
from the dipole

yi(j) = −mjE0i(rj) (7)

For this analysis, our intent is to illustrate the relative
contributions of multiple acceptor sites on solvent polarization,
and we focus solely on dipole–ion interactions between indi-
vidual solvent dipoles and charged atoms as a major contrib-
utor to the reorganization energy. The energy of the interaction
between charge Q and dipole mj, which is oriented at angle q

relative to the electric eld ~E is given by eqn (8).

yðr; qÞ ¼ �mE cosðqÞ ¼ �Qm cosðqÞ
4p303r2

(8)

For freely rotating solvent dipoles the angle-averaged
potential can be expressed according to eqn (9).131

ðrÞ ¼ �kBTb$

�
cothðbÞ � 1

b

�
(9)

where b ¼ � Qm
4p303r2kBTA theoretical model of the Ru(OH)3 complex was developed

with one hundred twenty explicit CH3CN molecules (Fig. 8) at
the GFN2-xTB level of theory132 using a quantum cluster growth
(QCG) approach133 (see SI for further details). Interactions
between individual solvent dipoles and charged atoms, either
Ru2+ or the N atoms of all three possible imidazolium cations,
were calculated using eqn (9) at 298 K, assuming all charges
behave as point charges. In this approximation, it was also
assumed that the positions of solvent molecules do not change,
and a more accurate computation would require explicit solvent
molecular dynamics simulations. The magnitudes of charge-
dipole interactions between all solvent molecules and indi-
vidual charged atoms are shown in Fig. 9.
© 2025 The Author(s). Published by the Royal Society of Chemistry
It can be assumed that a solvent dipole interacting with
a single charge Qk as for example shown in Fig. 9, some of its
angle-specic components yj(rk, qk) also contribute into inter-
action of the same dipole with another charge Qk+1. The shared
contribution can be estimated as yj(rk, qk) X yj(rk+1, qk+1) or as
scaled 30-fold for visualization.

Chem. Sci.

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc06787a


Table 3 Summary of activation parameters

DG‡a DH‡b DS‡b kel
c DS‡el

d DS‡m

Ru(bpy)2(OH) 7.4 � 0.2 6.80 � 0.10 −2.0 � 0.4 0.62 −0.95 −1.05
Ru(OMe)2(OH) 7.2 � 0.2 6.52 � 0.13 −2.3 � 0.5 0.58 −1.07 −1.23
Ru(bpy)(OH)2 7.1 � 0.2 7.12 � 0.17 −2.0 � 0.4 0.63 −0.91 −1.09
Ru(OMe)(OH)2 7.0 � 0.2 6.52 � 0.14 −1.5 � 0.5 0.59 −1.04 −0.46
Ru(OH)3 6.8 � 0.3 6.5 � 0.4 −1.1 � 1.3 0.60 −1.02 −0.08

a DG‡ = H‡ − TDS‡ at 298 K in kcal mol−1. b DH‡ in kcal mol−1 and DS‡ in cal mol−1 K−1 calculated from an Eyring analysis of ln(k/T) vs. 1/T. c eqn
(12). d kBln(kel).
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yj(rk) X yj(rk+1) for angle-averaged interactions. The visual
representation of these shared contributions is shown in Fig. 10
for interactions with Ru2+ and one N+ atom (A), Ru2+ and two N+

atoms (B) and Ru2+ and three N+ atoms (C). As expected, the
larger number of shared contributions leads to lower overlap,
which can be numerically estimated as f with the summation
over j for all solvent molecules and over k for all charges atoms:

f ¼
P

jXkgkP
k

P
jyj

(10)

Using eqn (10) to quantify shared dipole contributions for
interaction with Ru2+ and one or more N+ atoms, we obtain
f(RuN) = 1, f(RuNN) = 0.126 and f(RuNNN) = 0.048. In the
context of eqn (5), the overlaps show a nonlinear decrease,
qualitatively mirroring the trend in experimental reorganiza-
tional energies. As mentioned, for this rst-approximation, the
solvation shell was optimized only in the Ru(II) state with
neutral phenol donors to provide a possible snapshot of solvent
congurations. A complete molecular dynamics analysis would
presumably result in a smaller dipole overlap due to reposi-
tioning of solvent molecules.

The reduction in DG‡ with increasing N donors was further
examined by Eyring plots of ln(kET T−1) vs. T−1 to extract the
enthalpies (DH‡) and entropies (DS‡) of activation (Table 3).
Across the OMe/OH series, DH‡ remains ∼6.5 kcal mol−1, while
the DS‡ term becomes increasingly positive with additional
phenol donors. The activation entropy can be separated into
nuclear (solvent) and electronic components according to eqn
(11).41,134 This partition is reasonable when HDA is weakly
dependent on nuclear coordinates governing crossing
dynamics, as is expected for the rigid bridges and xed donor–
acceptor geometries in our systems. Furthermore, the nuclear
factor, nm, is assumed to be dominated by the solvent relaxation
time, sL. The transmission coefficient is given by eqn (12).135

DS‡ = DS‡
m + DS‡

el = DS‡
m − kBln(kel) (11)

kel ¼
2
�
1� exp�ðnel=2nmÞ

�
2� exp�ðnel=2nmÞ (12)

As discussed above, nel/nm z 1 shows the reaction is in the
mildly adiabatic regime. Values of kel < 1 conrm the modest
transmission probability. Increasing the number of donors
does not affect DS‡el signicantly. On the other hand, the
Chem. Sci.
correlated solvent reaction-coordinate model predicts that
multiple donors couple to the same acceptor polarization
coordinate, reducing the extent of independent solvent reorga-
nization as N increases. This effect manifests as a smaller
nuclear entropy loss, DS‡m, in the transition state. In the struc-
turally homologous OMe/OH series, DS‡m increases from −1.23
to −0.46 to −0.08 cal mol−1 K−1 as OMe is substituted by OH.
While the calculated trend supports the correlated solvent
coordinate hypothesis, it should be noted that the propagated
uncertainties DS‡ are large, particularly for N = 3.

The nal step of the reaction sequence (Fig. 1B) is the
recombination reaction between a phenoxyl radical and the
methyl viologen radical cation. This reaction followed second
order kinetics with rates independent of the number of donors
(Fig. 5D) because the phenoxyl radical is localized on a single
site (Fig. 7 and S47). The PCET nature of the reaction, combined
with the weak through-bond coupling prevents delocalization of
the radical state, and the recombination rates are therefore not
enhanced.

Geometric effects, such as the linear donor–acceptor separa-
tion, on l are an intriguing problem and challenging to probe
independently because HDA is also distance-dependent.136,137

Recent interesting examples revealed that when l exhibits
a stronger distance-dependence than HDA for intramolecular
electron transfer, it is possible to observe normal, activationless,
and inverted behavior at a constant driving force.26,138 A similar
scenario was observed for the radiative charge transfer emission
over distances of 10–19 Å.139 In the context of articial photo-
synthesis, the ability to differentially tune charge migration rates
in one direction throughmultiple sites and reorganization effects
offers opportunities to prolong charge-separated states.

To the best of our knowledge, the effects of solvent reorgani-
zation in systems with multiple rigid, equivalent donors have not
been addressed previously. Extracting such effects requires
precise constraints. In this study, the distance, geometry, andDG°
have been constrained, and the short, conjugated bridge enforces
strong donor–acceptor coupling such that the PCET reaction
approaches the adiabatic limit. While the effect of adiabaticity on
the reorganization could, in principle, be probed using slower
solvents such as butyronitrile with sL = 0.53 ps,118,140 insufficient
viologen solubility precluded collection of meaningful data.
Future work will explore alternate donor geometries, redox
potentials, and D–A coupling strengths, as well as compatibility
with various solvents, to test the conclusions of this study.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In summary, this study demonstrated that ground state intra-
molecular PCET in Ru(III)-phenol complexes with multiple
equivalent phenol donors exhibits supra-statistical rate
enhancements (1.7- and 1.9- fold) that cannot be explained
simply by changes in D–A coupling or driving force. These
complexes provide a rare opportunity for kinetic analysis with
variable donor numbers with rigorously constrained donor–
acceptor distance, driving force, and geometry. Temperature-
dependent kinetic data revealed that the PCET reactions occur
in the mildly adiabatic regime, where both electronic and
solvent relaxation dynamics contribute. The kinetic enhance-
ments are rationalized by a proposed correlated solvent reaction
coordinate model, in which the acceptor solvation shell
provides a shared polarizationmode. Partial sharing, quantied
by a correlation coefficient of r = 0.0687 lowers the effective
outer sphere reorganization energy and accelerates the rate.

In contrast to prior reports of excited state ET kinetic
enhancements attributed to quantum coherence across
multiple sites, the ground-state charge transfer reaction in this
work maintains kinetic enhancements at room temperature.
When cryogenic ultrafast charge transfer is accelerated by
multiple sites, quantum coherence likely plays a role, especially
when donor–acceptor coupling is weaker than the acceptor–
acceptor or donor–donor coupling. The correlated solvent
coordinate proposed in this study is a dynamic, rather than
a quantum, effect, which saturates with increasing donor
number. An outstanding feature of the overall system is that
while the initial charge transfer is enhanced beyond statistical
expectations, recombination rates are not accelerated because
the PCET nature of the donor localizes the radical state. This
provides an interesting strategy for differential control of charge
separation and charge recombination, complementing estab-
lished methods of varying ET rates, such as through changes in
free energy, coupling, and distance. More broadly, this work
highlights the importance of solvent dynamics in shaping
intramolecular PCET kinetics in rigid systems. Future studies
varying donor geometry, coupling strength, and solvent relaxa-
tion times will be valuable in testing the generality of solvent
coordinate effects in kinetic enhancements.
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