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Abstract

The solvent contribution to the reorganization free energy for electron self-exchange in aqueous Ru(II)-
Ru(III) is computed for two recently developed polarizable water models, AMOEBA [Ren, P.; Ponder, J. W.
J. Phys. Chem. B, 2003, 107, 5933] and SWM4-NDP [Lamoureux, G.; Harder, E.; Vorobyov, I. V.; Roux, B.;
MacKerell Jr, A. D. Chem. Phys. Lett., 2005, 418, 241], and for the earlier POL3 model [Caldwell, J. W.; Koll-
man, P. A. J. Phys. Chem., 1995, 99, 6208], and compared to the reorganization free energy of nonpolarizable
water models. The “solute”, defined as the two ions and their first hydration shells, is treated as nonpolarizable.
We find that the solvent (“outer sphere”) reorganization free energy is reduced by 22% for SWM4-NDP and by
11% for POL3 relative to the nonpolarizable TIP3P water, but increased by 5% for AMOEBA water. This is less
than the ≈ 38% reduction suggested by standard continuum theory and confirms the view that continuum theory
predicts a stronger dependence of solvent reorganization on the optical dielectric constant than what is obtained
from atomistic simulation. The varying degree of reduction in reorganization free energy for polarizable water
models is the consequence of two opposing effects: (i) reduction in reorganization free energy due to decreased
electronic response, and (ii) increase in reorganization free energy due to increased nuclear response. The first
effect gives a consistent decrease of about 30% while the second effect strongly depends on the polarizable water
model used and is largest for AMOEBA water. Rate enhancements due to quantum corrections are computed
in the harmonic bath approximation and range between 3.8−10.9 in good agreement with the estimate obtained
from experimental dispersion data of liquid water, 7.7. The rigid nonpolarizable water models overestimate the
quantum correction in the libration modes which effectively compensates for the neglect of quantum corrections
in the absent stretching modes. About 85% of the solvent reorganization is due to the second and third solvation
shell of the ion pair. Size effects caused by the finite number of solvent molecules are minor and much smaller
than for oxidation of a single ion.
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1 Introduction

In Marcus theory of electron transfer (ET),1–5 the activation free energy is determined by two essential quantities:
the driving force and the reorganization free energy. Formally, the reorganization free energy is equal to the free
energy required to change (“reorganize”) the solute and solvent from the equilibrium configuration of the reactant
to the equilibrium configuration of the product while staying on the same diabatic surface. Describing the solvent
as a continuum, Marcus has provided a formula for the solvent contribution to reorganization. It is predicted to
be proportional to the charge transferred, ∆q, to the difference of the inverse radii r1, r2 of the spherical solute
cavities and the ion-ion separation R, and to the Pekar factor of the solvent, ǫ−1

op − ǫ−1
s , where ǫop and ǫs are the

optical and static dielectric constants.1

λcl
o = (∆q)2

(

1

ǫop

−
1

ǫs

)(

1

2r1

+
1

2r2

−
1

R

)

(1)

Equation 1 is one of the cornerstones of Marcus theory, allowing to estimate reorganization just from the
dielectric properties of the solvent and the size of the ions. (The superscript “cl” refers to the classical bath limit.)
A drawback of this model and of most continuum models in general is the strong dependence of the energetics on
the choice of the cavity radii. There is no unique definition of the radii and it is often difficult to find a single
set of radii that adequately describe all available data such as ionic solvation free energies and reorganization free
energies.6,7 By construction Eq. 1 seems less appropriate for estimation of reorganization of highly heterogeneous
systems such as proteins. In such a case λo has to be estimated with other methods and then used as an input
in Eq. 1 to calculate an effective dielectric constant of the medium. Despite the many successful applications of
Eq. 1 its predictive power is somewhat limited, begging the question: Can solvent (“outer sphere”) reorganization
be calculated with more refined methods that take into account all or most of the microscopic detail?

Indeed, since the pioneering work of Warshel8 much effort has been invested to estimate reorganization free
energies on a microscopic level using molecular simulation.6,7, 9–30 Model systems typically comprised of a donor-
acceptor pair surrounded by a few hundred rigid and nonpolarizable solvent molecules. For this setup the reor-
ganization free energy was found to be systematically overestimated9,10, 12, 14, 20, 29 when compared to estimates
based on experimental data. A possible reason for this is easily found when one considers Marcus’ continuum
expression Eq. 1. The standard solvent models lack electronic polarization (ǫop = 1) and if ǫs >> 1 the reor-
ganization is overestimated by a factor equal to the experimental optical dielectric constant, ǫop = 1.5 − 2.5 for
most polar media and 1.78 for water. This explains very well the large solvent reorganization of 2.34 eV for
ferrous-ferric self-exchange9 (in nonpolarizable SPC water) when compared to the value taken to fit experimental
data, 1.20 eV.31 Since then the problem of missing electron polarizability has often been circumvented by scaling
(“renormalizing”) the reorganization free energies obtained with nonpolarizable solvent models by the ratio of
Pekar factors of experimental and simulated water.12,14

A more rigorous approach to this problem is the inclusion of explicit electronic polarization in the molecular
dynamics simulation. The results of such electron transfer (ET) simulations have been controversial so far.
Polarizable models based on fluctuating atomic charges6,13, 15, 32 give a decrease in solvent reorganization of only
10% relative to the corresponding nonpolarizable models. This is much less than the ≈ 45% reduction implied
by the ratio of Pekar factors. A more significant reduction of reorganization was reported when polarization was
included through polarizable atomic dipoles. Warshel and co-workers, for instance, reported a decrease of about
34% for a model ET reaction between Na+ and Cl−.10 Marchi and co-workers reported an even larger decrease
of 36-50% for ET in the bacterial reaction center.20

Another controversial issue is the importance of nuclear quantum effects of the solvent. Chandler and cowork-
ers11 reported a tunneling enhancement of 65 for ferrous-ferric self-exchange from path integral Monte Carlo
simulation. Under a harmonic approximation the rate enhancement was a factor of 36, which is still substantially
larger than the estimate based on experimental dispersion data, a factor of 9.6.33 Marcus and co-workers suspected
the neglect of electronic polarization and intramolecular vibrations in the SPC water model34 to be responsible for
an overestimation of quantum corrections.33 The SPC model was found to overestimate quantum corrections in
the libration region possibly because of the too large permanent dipole moment that compensates for the missing
electronic polarization.

Since these early studies a number of polarizable water models have been developed based on polarizable atomic
dipoles,35–39 Drude oscillator or shell models,40–43 dynamically fluctuating charges39 and multistate empirical va-
lence bond.44 The purpose of the present work is to calculate solvent reorganization and quantum corrections
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for two of these recent models, AMOEBA35 and SWM4-NDP,43 and to compare the results to earlier polarizable
(POL345) and nonpolarizable (TIP3P,46 TIP4P,46 SPC/E47) water models and to the recently developed flexible
SPC/Fw48 model. The AMOEBA model uses a polarizable atomic multipole description of electrostatic interac-
tions while SWM4-NDP includes polarization via classical Drude oscillators. The reaction under investigation is
a prototype electron self-exchange reaction between Ru ions:

Ru2+ + Ru3+∗ −→ Ru3+ + Ru2+∗ (2)

The solute, defined by the two Ru ions and the 12 first shell water molecules, is treated in all simulations with a
uniform nonpolarizable representation. We have chosen to study this reaction because in previous work we have
carried out ab-initio molecular dynamics simulations of solutions of the isolated ions.22,27 The parameters for
the classical model used herein are chosen to reproduce the structure and dynamics of the ab-initio simulations.
Estimates for outer sphere reorganization that reproduce experimental data are available31,49 and found to be
similar to estimates for the isoelectronic ferrous-ferric self-exchange reaction31 (see table 1).

This paper is organized as follows: We start with the definition of the reorganization free energy and the
quantum correction in terms of the spectral density function. Then the molecular model and the simulation
protocol is described. After presenting radial distribution functions for all solvent models, we discuss the computed
solvent reorganization free energies and quantum corrections in the context of previous simulation results. Finally
we show that finite size effects for the self-exchange reaction Eq. 2 are small in contrast to what was found for ion
oxidation.7

2 Theory

Quantum and classical nonadiabatic expressions for the rate constant of electron transfer reactions have been
reviewed in Ref. 33. Describing the electron transfer by two electronic states coupled to a harmonic bath (Spin-
Boson Hamiltonian) and adopting the saddle point approximation, one obtains the following expression for the
nonadiabatic quantum reaction rate of an electron self-exchange reaction:11,33

k =
2π

~

∣

∣

∣

∣

HAB

2

∣

∣

∣

∣

2

(4πλp/β)−1/2 exp

(

−
βλ

4

)

(3)

where HAB is the electronic coupling matrix element, β = (kBT )−1 is the inverse temperature, and λ and λp are
reorganization free energies expressed in terms of the spectral density function J(ω).

λ = λq =
8

β~π

∫ ∞

0

dω
J(ω)

ω2
tanh

(

β~ω

4

)

(4)

λp = λq′ =
β~

π

∫ ∞

0

dωJ(ω) sinh−1

(

β~ω

2

)

(5)

Note that in the quantum expression the reorganization free energy in the prefactor, λp, does not equal the one
in the exponential. In the classical limit for bath modes, β~ω << 1, the reorganization free energies of Eqs. 4 and
5 reduce to the usual classical expression

λ = λcl =
2

π

∫ ∞

0

dω
J(ω)

ω
(6)

and λp =λ. The spectral density function J(ω) can be obtained from molecular simulation as the cosine transform
of the autocorrelation function c(t) of the vertical energy gap ∆E sampled in the reactant state A,11,14, 27

J(ω)

ω
=

β

2

∫ ∞

0

dtc(t) cos(ωt) (7)

c(t) = 〈δ∆E(0)δ∆E(t)〉A (8)

∆E(RN ) = EB(RN ) − EA(RN ) (9)

where δ∆E(t)=∆E(t) − 〈∆E〉A and 〈. . . 〉 denotes the usual canonical average. The energy gap ∆E is equal to
the vertical potential energy difference between the two diabatic states A (product) and B (reactant).
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The classical reorganization free energy can be calculated more directly without the explicit knowledge of the
spectral density function. Taking the t = 0 limit of the inverse transform of Eq. 7 one obtains Eq. 6 and by
comparison with Eq. 8

λcl =
β

2
〈(δ∆E)2〉A (10)

Finally, due to the assumption of linear response the right-hand side of Eq 10 equals the mean gap energy.

λcl = 〈∆E〉A (11)

A proof of the equivalence of Eqs. 10 and 11 is given in Ref. 21.

3 Computational Methods

3.1 Definition of calculated quantities

Here we define the quantities that are computed and discussed in the subsequent sections. In the following we skip
the superscript “cl” for classical quantities and denote quantum corrected quantities with the superscript “q”. In
practice it is useful to break down the classical total gap energy Eq. 9, the reorganization free energy Eq. 11 and
the spectral density Eq. 7 into the contribution of the ions and the first coordination shell (“inner sphere”) and
the contribution of the remaining solvent (“outer sphere”).

∆E = ∆Ei + ∆Eo (12)

λ = λi + λo (13)

J(ω) = Ji(ω) + Jo(ω) + Jcross(ω) (14)

Note that the energy gap autocorrelation function Eq. 8 couples inner and outer sphere contributions. Therefore
a cross correlation term appears for quantities that are defined via c(t) such as the spectral density or the
reorganization free energy Eq. 10.

The outer sphere contribution to the gap energy, ∆Eo, is calculated for a given atomic configuration R
N as

follows,

∆Eo(R
N ) = EB(RN ) − EA(RN ) − (IE1(R

N ) − IE2(R
N )) (15)

IEI(R
N ) =

∑

j 6=k∈I

qj,Oqk,O − qj,Rqk,R

Rjk
(16)

where EA and EB are the total electrostatic potential energy of the solvated ion pair in state A, Ru2+Ru3+∗,
and state B, Ru3+Ru2+∗, respectively. The gap energies are calculated in periodic boundary conditions, unless
stated otherwise. The outer sphere contribution is obtained by subtracting the self-contribution of the ionizable
atoms of the two hexa-hydrates, IE1(R

N ) − IE2(R
N ), from the total gap energy EB − EA. IE1(R

N ) is the
difference in electrostatic potential energy of Ru(H2O)6 in the oxidized (O) and reduced state (R), and IE2 is the
corresponding energy difference for Ru∗(H2O)6 at the configuration sampled in aqueous solution. These self-terms
which correspond to the inner sphere contribution are replaced by quantum mechanical energies, see Eq. 21 below.
In Eq. 16 qj,O, qk,R denote atomic charges in oxidized and reduced state and Rjk is the interatomic distance.

The outer sphere gap energies are sampled in state A at room temperature using molecular dynamics simula-
tion. The reorganization free energy is then obtained from the average energy gap,

λo = 〈∆Eo〉A (17)

λf
o = 〈∆Ef

o〉A (18)

λi
o = 〈∆Ei

o〉A (19)

where ∆Eo =∆Ef
o+∆Ei

o. ∆Ef
o is the fixed charge (or fixed multipole) contribution to ∆Eo, that is the contribution

of the permanent charges or multipoles of the outer sphere medium. ∆Ei
o is the induced dipole contribution to

∆Eo arising from all interactions involving induced dipoles. It is equal to zero if a nonpolarizable solvent model
is used.
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Phenomenologically, the outer sphere contribution can be obtained from the spectral density function of the
solvent expressed in terms of the frequency dependent dielectric constant.

Jo = (∆e)2
(

1

2a1

+
1

2a2

−
1

R

)

Im ǫ(ω)

|ǫ(ω)|2
(20)

Insertion into Eq. 6 gives λo. In Eq. 20 a1,a2 are the cavity radii of the two ions separated by the distance R,
Im ǫ(ω) denotes the imaginary part of the frequency dependent dielectric constant ǫ(ω), and ∆e is the difference
of charge of the two ions in product and reactant state, ∆e= 1. An outline of a derivation of Eq. 20 is given in
Ref. 33.

The inner sphere contribution, λi in Eq. 13, is obtained from density functional calculations at the BLYP/
LANL2DZ level of theory using the Gaussian program package.50

λi =E∗
R − ER + E∗

O − EO (21)

where ER and EO are the potential energies at the minimum energy configuration of the isolated Ru(II)(H2O)6
and Ru(III)(H2O)6 complexes in vacuum, respectively, and E∗

R and E∗
O are the potential energies of the two

hexa-hydrates at the minimum energy configuration of oxidized and reduced states, respectively. Alternatively,
assuming that inner sphere reorganization is only due to the breathing modes of the two hexa-hydrates, ν̃R and
ν̃O, inner sphere reorganization can be estimated by33

λi =6mω2
0∆d2

0 (22)

where m is the reduced mass, ω0 = (8)1/2πc ν̃Oν̃R/(ν̃2
O + ν̃2

R)1/2, and ∆d0 the difference in bond length in the
oxidized and reduced state.

The outer sphere contribution to the quantum correction of the exponential part, ∆λq
o, is obtained from the

difference of the integrals Eq. 6 and Eq. 4 using the outer sphere contribution of the spectral density function,

Jo, instead of J . The corresponding contribution for the prefactor, ∆λq′

o , is obtained from the difference of the
integrals Eq. 6 and Eq. 5.

∆λq
o = λo − λq

o, ∆λq′

o = λo − λq′

o (23)

Jo is obtained according to Eq. 7 using molecular dynamics simulation (with the correlation function Eq. 8
calculated for the outer sphere gap energy Eq. 15), or according to Eq. 20 using experimental dielectric dispersion
data. The inner sphere contribution to quantum correction is not taken from the simulations because the classical
solute model was not fitted to reproduce vibrational frequencies. It is approximated by the quantum correction
of the reorganization energy Eq. 22, with the effective breathing mode ω0 taken from experiment.

∆λq
i = λi[1 − 4/(β~ω0) tanh(β~ω0/4)]

∆λq′

i = λi[1 − β~ω0/(2 sinh(β~ω0/2))] (24)

Neglecting the small correction to the cross correlation in Eq. 14, the total quantum correction is the sum of the
inner and outer sphere corrections.

∆λq =∆λq
i + ∆λq

o, ∆λq′ =∆λq′

i + ∆λq′

o (25)

The total quantum corrected reorganization free energy of the exponential part, λq, and the corresponding outer
sphere contribution, λq

o, are then given by

λq = λi + λo − ∆λq + ∆λfs (26)

λq
o = λo − ∆λq

o + ∆λfs (27)

where ∆λfs is a finite size correction, which is added when the outer sphere reorganization free energy is estimated
by molecular dynamics simulation.
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3.2 Molecular Model

Molecular dynamics simulations of the solvated ion pair Ru(II)(H2O)6-Ru(III)(H2O)6 were carried out with the
AMBER951 simulation package for all water models. Ru-water interactions were modeled with harmonic bond
and bending terms. Equilibrium bond lengths and force constants were chosen to reproduce the first shell coordi-
nation structure of the isolated Ru(II) and Ru(III) aqua-ions as obtained from Car-Parrinello molecular dynamics
simulation.27 The intramolecular geometry and Lennard-Jones parameters of the first shell ligands were taken
from the TIP3P water model. Atomic charges for Ru and first shell water molecules were obtained from DFT
calculations of the isolated Ru(II) and Ru(III) hexahydrates in the gas phase. The electrostatic potential was
calculated at the PBE/LANL2DZ level of theory and used to generate atomic RESP charges, which are sum-
marized in table 2. The DFT calculation was carried out with Gaussian,50 the charge parametrization with the
antechamber program included in the AMBER9 package. In the molecular simulations non-bonded 1-2 and 1-3
interactions were excluded, and 1-4 interactions were scaled by a factor 1/1.2.

The two hexa-hydrates were placed in a cubic unit cell at a Ru-Ru distance of 5.5Å and solvated with 499 water
molecules (total number of water molecules = 511). A value of 5.32 Å was obtained for ferrous-ferric self-exchange
by fitting experimental and calculated reorganization free energy of first row transition metal aquo-complexes.52

We have taken this latter value and added 0.18 Å to account for the larger metal-oxygen distance of the Ru-ions. A
number of water models are investigated: popular nonpolarizable and rigid models such as TIP3P,46 TIP4P46 and
SPC/E,47 the flexible and nonpolarizable SPC/Fw model,48 the rigid and polarizable POL345 and SWM4-NDP43

models, and the flexible and polarizable AMOEBA water model.35

There exist two slightly different versions of the original “SWM4” model: the SWM4-NDP model, that rep-
resents induced dipoles as the displacement of a negative charge,43 and the SWM4-DP model, that represents
induced dipoles as the displacement of a positive charge.42 To account for the fact that the AMBER9 software
uses point dipoles, we generate the trajectories using a “point-dipole” parametrization for which each parameter
is the average of the equivalent parameters for the “negative” SWM4-NDP parametrization and the “positive”
SWM4-DP parametrization. This interpolated model yields the correct liquid density and radial distribution
functions that lie precisely between those of SWM4-NDP and SWM4-DP models. The energy gap calculations
are then carried out with the SWM4-NDP model for configurations taken from this trajectory.

In all simulations the same nonpolarizable solute model described above is employed. In case of polarizable
solvent the polarizabilities of solute atoms (ions and first-shell water molecules) were set equal to zero. The
Lennard-Jones interactions between solute and solvent atoms were obtained according to the Lorentz-Berthelot
mixing rules except for the AMOEBA solvent model. For the latter the original buffered 14-7 potential had to be
used for solute and solvent atoms in order to obtain stable solvation of the solute (R0 =2.316 Å, ǫ=0.05 kcal/mol
for Ru, default values for water atoms). The change of the van der Waals parameters of the solute atoms did
not affect the solute structure significantly because of the bonded description of Ru-O interactions. Solute O-H
bonds kept rigid in all other solvent models were treated as flexible when the AMOEBA water model was used.
The recent implementation of the AMOEBA model in the AMBER9 package was tested by simulating pure liquid
water and comparing the radial distribution functions to the ones reported in the original paper of Ren and
Ponder.35 Peak positions and heights as well as the equilibrium density were almost exactly reproduced. Models
containing 37, 63, 127, 257, 1022 and 10005 TIP3P water molecules were prepared in addition to the 511 TIP3P
water molecule system to study finite size effects.

3.3 Simulation protocol

The aqueous solutions were simulated using periodic boundary conditions and particle mesh Ewald summation
of all electrostatic interactions including charge-charge, charge-dipole and dipole-dipole interactions. In all simu-
lations of polarizable systems, the induced dipoles are calculated self-consistently using an iterative procedure.53

Lennard-Jones interactions are truncated at 10 Å. For the 37 and 63 water molecule systems a small cutoff of 4.8
and 5.5 Å had to be chosen as the program does not allow for cutoffs larger than half of the smallest box dimen-
sion. Possible artifacts due to the small cutoff are discussed in section 4.4. The net charge of +5 is neutralized
by a homogeneous background charge of opposite sign. The Ru-Ru distance was constrained to 5.5 Å. No other
constraints were imposed, i.e., the ion pair was free to translate and rotate. The O-H and H-H distances were
constrained for rigid water models using SHAKE.54

The aqueous solutions were equilibrated at a temperature of 300 K and pressure of 1 bar using the default
temperature and pressure coupling schemes55 implemented in AMBER9. After equilibration of 500 ps, production
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runs in the NVT ensemble were carried out for 1 ns. Radial distribution functions and mean gap energies
defined in Eqs. 17-19 were computed from 1000 equally spaced snapshots taken from this trajectory. Spectral
density functions and outer sphere quantum corrections were computed from 25000 snapshots taken from a 100
ps trajectory.

4 Results and Discussion

4.1 Solvation Structure

The solvation structure of the Ru(II)-Ru(III) ion pair is illustrated in Fig. 1 in terms of Ru(II)-O and Ru(III)-O
radial distribution functions. For all solvent models, the peak corresponding to the first solvation shell agrees
very well with the CPMD results.27 The force field parameter for the hexahydrates were indeed chosen to obtain
this good agreement. Interestingly, the position of the second peak is very similar for all nonpolarizable solvent
models (4.06-4.17Å for Ru(II) and 4.04-4.13Å for Ru(III)), POL3 water (4.10 and 4.09Å) and SWM4-NDP water
(4.06 and 4.06Å), but not for AMOEBA water (4.40Å for Ru(II), 4.16Å for Ru(III)). The second solvation shell
is at larger distances for AMOEBA water and the distribution is significantly broader than for the other models.
Interestingly, the position, height and width of the second shell radial distribution for Ru(II) is very similar to
the one obtained for aqueous Ca2+ in Ref. 56. The authors noted that the Halgren function representing the
van der Waals interactions in AMOEBA water slightly underestimates the interaction strength between first and
second coordination shell. This is probably also the case in our simulations and the reason for the rather broad
distributions observed.

Most importantly with regard to solvent reorganization, all nonpolarizable models as well as the POL3 and
SWM4-NDP models respond only moderately to a change in charge mainly by narrowing the distribution of the
second solvation shell. The position of the second peak is shifted to smaller distances for Ru(III) with respect to
Ru(II) by no more than 0.05 Å except in case of the SPC/E model (0.13 Å). This is in contrast to the AMOEBA
water model. The change in peak position is large, 0.24 Å, and for Ru(III) the onset of the second peak occurs at
significantly shorter distances. The explicit treatment of polarization in the AMOEBA model therefore leads to
an increase in reorganization of the second solvation shell and to a significant broadening of the distributions in
both oxidation states.

4.2 Solvent reorganization free energy

The solvent (or outer sphere) reorganization free energies, obtained from molecular dynamics simulation according
to Eqs. 17-19, are summarized in table 3 for polarizable and nonpolarizable solvents. Very consistent values for
λo are obtained for rigid and nonpolarizable solvent models ranging from 0.88 eV for the TIP4P model to 1.01 eV
for the SPC/E model. The reorganization free energy increases to 1.16 eV for the SPC/Fw model, which includes
intramolecular solvent vibrations. We find that the solvent reorganization free energy does not depend on the
distribution of the net charge over the solute atoms. For instance, computing the solvent gap energy once with the
RESP charge model where the net charge is smeared over all solute atoms, and once for a model where the total
charge is entirely localized on the Ru ions, we obtain virtually identical values of 0.98 eV for TIP3P water. The
potential difference at the site of the Ru ions is therefore a very good approximation to the potential difference
averaged over all solute atoms.

The explicit treatment of electronic polarizability reduces solvent reorganization free energy by 22% for SWM4-
NDP water and by 11% for POL3 water relative to the TIP3P water model. An increase of 5% is obtained for
AMOEBA water. The relatively small changes are in contrast to the prediction of continuum theory (Eq. 1)
stating that reorganization free energy is inversely proportional to the optical dielectric constant for polar media
(ǫs >> 1). Assuming ǫop = 1.6 and ǫs = 80 for the polarizable water models investigated (ǫop = 1.63 for SWM4-
NDP), and ǫs =92 for TIP3P water, the reorganization free energy is predicted to decrease by a factor (1/1.6 −
1/80)/(1 − 1/92)=0.62 (38%) according to the continuum formula.

Our results are in line with recent work of Matyushov and co-workers, who carried out Monte Carlo simulations
for intramolecular charge separation and recombination.19 The authors reported a decrease in the total solvent
reorganization free energy of 22% and 18% (=λ1 and λ2 in Ref. 19, respectively) when ǫop (ǫ∞ in Ref. 19) was
varied from 1 to 1.755 at constant permanent dipole moment of the solvent. The reduction in reorganization free
energy was in good agreement with an analytic model, but smaller than predicted by standard continuum models,
33 % according to the Lippert-Mataga equation in the limit ǫs >> 1 (see Ref. 19 for an expression), and 43 %
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according to the Marcus expression Eq. 1. Note, however, that the latter is not appropriate for the intramolecular
electron transfer studied in Ref. 19. Thus, the Monte Carlo simulation of Ref. 19 and our molecular dynamics
simulation suggest that the dependence of solvent reorganization free energy on the optical dielectric constant is
weaker than predicted by standard continuum models.

The Marcus formula Eq. 1 can be interpreted as the difference of two equilibrium solvation free energies
calculated for solvation in two dielectric media with dielectric constants ǫs and ǫop. According to Matyushov and
co-workers the failure of the dielectric models is caused by the incorrect calculation of both the total solvent free
energy and its electronic component.19 The combination of the two errors leads to a much stronger dependence
of solvent reorganization on ǫop than obtained from simulation and analytic theories of solvent reorganization.

The significant deviation in reorganization free energy for the polarizable water models requires some explana-
tion. We note that the inclusion of explicit electronic polarizability changes both electronic response and nuclear
response. In order to distinguish the two we consider the following transformations

TIP3P//TIP3P → X//TIP3P (28)

X//TIP3P → X//X (29)

where X denotes a polarizable water model (AMOEBA,SWM4-NDP or POL3). X//Y stands for the mean energy
gap (=λo, Eq. 17) calculated with the potential energy function of water model X for solvent configurations
sampled with the potential energy function of water model Y. We have chosen the commonly used TIP3P model
as the reference nonpolarizable water model Y. The first transformation Eq. 28 is the change in λo due to the
different parametrization of the electrostatic energy terms of water model X wrt TIP3P water (permanent charges
of X are smaller than for TIP3P and inducible dipoles are included). Note that the solvent configurations for which
the gap energies of X are calculated remain unchanged and are the ones from the TIP3P equilibrium trajectory. In
the second transformation Eq. 29 the change in λo is due to nuclear reorganization from the equilibrium solvation
structure of TIP3P water to the equilibrium solvation structure of water model X (see radial distributions in
Figure 1 for the different solvation structures).

The results of our analysis are summarized in table 4. We find that the mean gap energies X//TIP3P are
indeed reduced by 34% (X=AMOEBA), 29% (X=SWM4-NDP), and 26% (X=POL3) compared to TIP3P//TIP3P
(Eq. 28). Interestingly, for AMOEBA water this decrease in reorganization free energy is close to the 38% reduction
suggested by the ratio of Pekar factors [(1/1.6-1/81)/(1-1/92)=0.62, assuming ǫop = 1.6 for AMOEBA water].
For POL3 water the decresase is smaller, which is not unexpected as POL3 water seems to have the tendency
to underestimate electronic polarization effects.35 Breaking down the solvent reorganization free energy in the
contributions of the fixed water dipoles, λf

o, and the induced dipoles, λi
o, we find that both contribute to reduction

in reorganization free energy. The decrease in fixed dipole contribution correlates well with the reduction of the
permanent dipole moment of the polarizable models: the permanent dipole moment of AMOEBA, SWM4-NDP
and POL3 is scaled by a factor of 0.75, 0.79, and 0.86 relative to TIP3P giving a decrease in the fixed dipole
contribution to reorganization free energy by a factor of 0.81, 0.83 and 0.86 (14-19%). The factor 0.81 for AMOEBA
includes the fixed quadrupolar contribution. The induced dipole contribution does not compensate for the loss in
fixed dipole contribution but reduces reorganization free energy even further. Remarkably consistent values are
obtained for the three water models, λi

o =−0.11 to −0.14 eV, corresponding to a decrease in reorganization free
energy of 11-14%.

“Relaxing” the solvation structure by going from the ensemble of equilibrium configurations of the TIP3P model
to the ensemble of equilibrium configurations of the polarizable water model (Eq. 29), we obtain an increase in
reorganization free energy that strongly depends on the polarizable water model used: 39% for AMOEBA, 15%
for POL3 and 7% for SWM4-NDP. This increase can not be explained by continuum theory because the static
dielectric constant is similar for all polarizable models and TIP3P water and the nuclear response should therefore
also be similar. Rather, it is a feature of the particular atomistic model used to describe solute-solvent interactions.
The large increase in reorganization for AMOEBA water is a consequence of the much stronger ionic response in the
second solvation shell of the ions, when compared to TIP3P water (compare radial distributions of Ru2+ and Ru3+

in Fig. 1 and discussion in section 4.1). The corresponding increase in reorganization free energy compensates for
the reduction in reorganization free energy observed for transformation Eq. 28, thereby shifting the final solvent
reorganization free energy of AMOEBA water 5% beyond the original value of the TIP3P model. The smaller
increase in reorganization free energy for POL3 and SWM4-NDP water is consistent with the smaller deviations
in radial distribution functions relative to the TIP3P model. Consequently, a net reduction in reorganization free
energy of 11 and 22% remains for these two water models.

8

Page 8 of 25

URL: http://mc.manuscriptcentral.com/tandf/tmph

Molecular Physics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

Correcting for the finite size of our model solutions (+0.07 eV, see table 6 and section 4.4), our final estimates
for λo range from 0.83 to 1.23 eV for polarizable and nonpolarizable solvents, and from 0.76 to 1.06 eV if quantum
corrections are included (see section 4.3). Estimates from continuum models that reproduce experimental rate
constants, 1.1157 and 1.20 eV,31 lie in the former range of values, while the estimate based on kinetic measurements
of activation enthalpy is slightly larger, 1.33 eV.49 Our models tend to underestimate reorganization free energy, in
particular the polarizable water models that are corrected for quantum effects. A possible reason could be that the
actual Ru-Ru distance where ET occurs is larger than 5.5 Å and closer to 6.5 Å adopted in previous studies.31,57

Another reason could be that explicit electronic solute polarizability was not included in our simulations. It was
shown to increase solvent reorganization free energy for charge recombination reactions.19 Finally we note that
similar outer sphere reorganization free energies have been reported for Fe(II)-Fe(III) self-exchange, 1.2 eV24 from
ab-initio molecular dynamics simulation (after subtracting an estimate for the inner sphere contribution) and
1.2031-1.50 eV52 (see table 1).

In light of the present investigation it is rather surprising that in two previous MD simulation studies of
ferrous-ferric self-exchange the solvent reorganization free energy was substantially overestimated, 2.349 and 2.12-
2.55 eV.14 The solvent models used in these studies (SPC in Ref. 9 and flexible TIP3P in Ref. 14) are probably not
the source for the discrepancy as their properties are similar to some of the water models used in this study. We
also do not expect that the smaller metal-oxygen bond lengths and the different net charge distribution (entirely
located on the metal ions in Refs.9 and 14) can have such a large effect. Moreover, our analysis of finite size
effects (see section 4.4) suggests that the finite cut off used in Refs. 14 and 9 for electrostatic interactions would
lead to a small underestimation, but not to an overestimation of gap energies. What might be partly responsible
for the deviation with our results are differences in solvation structure of second and higher coordination shells.
For instance, the position of the second peak shifts to smaller distances in response to oxidation by about 0.2-
0.3 Å (estimated from Figs. 2 and 3 of Refs. 14 and 9, respectively) but by less than 0.05 Å in this work. This
might be a consequence of different simulation protocols or of the finite cutoff used in the earlier studies for
truncation of electrostatic interactions.9

4.3 Quantum corrections

The quantum corrections obtained from simulation are summarized in table 5 and compared to the estimate
based on experimental dielectric dispersion data for pure liquid water (using Eq. 20). The outer sphere quantum
correction of the exponential part is about 0.1 eV for all solvent models investigated except for the flexible
SPC/Fw model for which we obtain a larger value of 0.17 eV. The estimates obtained from simulation compare
very well with the estimate based on experimental data, 0.13 eV. Adding 0.07 eV for the inner sphere quantum
correction (effective breathing mode, only, independent on the solvent model), and accounting for the small
quantum correction of the prefactor, we obtain a total ratio of kq/kcl =4−11 for the solvent models investigated,
and a factor 7.7 from experimental dispersion data.

The frequency-resolved outer sphere quantum correction of the exponential part is illustrated in Fig. 2 (in
panel A for nonpolarizable models and in panel B for polarizable models). As one can see in panel A the quantum
corrections for the rigid nonpolarizable models are overestimated in the libration region 500-1000 cm−1 relative
to the estimate based on experimental dielectric dispersion data. Interestingly, the overestimation of ∆λq

o at 1000
cm−1 (panel C) compensates to a good approximation the neglect of intramolecular contributions (bending mode
at 1640 cm−1, stretching modes at 3000-3600 cm−1) explaining the apparent good agreement with experimental
data. Note that the quantum correction for the flexible nonpolarizable SPC/Fw model overshoots in the bending
region causing the largest quantum correction of all solvent models investigated, kq/kcl = 10.9. Best agreement
with experiment is achieved with the AMOEBA water model, panel B. The corrections in both the libration
and bending region is well reproduced. However, the contributions from the stretching regions are severely
underestimated explaining the rather small total quantum correction kq/kcl =4.2 obtained with this model.

The quantum correction obtained for Ru(II)-Ru(III) self-exchange, kq/kcl =4−11, is close to the estimate for
Fe(II)-Fe(III) self-exchange (9.633) but significantly smaller than the values obtained in Ref. 11 from quantum
Monte Carlo simulation (65) and from the harmonic bath approximation (36). Marcus and coworkers suspected
that the neglect of electronic and vibrational polarization in the SPC model of Ref. 11 leads to artifacts in the
spectral density causing an overestimation of quantum corrections. Calculating the spectral density from dielectric
dispersion data of Ref. 58 he showed that the spectra of the MCY and TIP4P models indeed overestimate
the quantum correction in the libration region. This is also what we find in the present study for the rigid
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nonpolarizable models (Fig 2 (A)). However, as explained above, we find that the overestimation in the libration
region is compensated to a large extend by the neglect of quantum corrections in the stretching region bringing
the total quantum correction close to the estimate obtained from experimental dielectric dispersion data.

Analyzing the contributions of the quantum correction we find that the inner and outer sphere contributions
are 0.21 eV and 0.20 eV in Ref. 11 (full quantum Monte Carlo), 0.12 eV and 0.11 eV in Ref. 33 and 0.07 and
0.10-0.12 eV in the present study (rigid nonpolarizable models). The discrepancy for the inner sphere contribution
can be explained by noting that this term was computed from a single experimental frequency (breathing mode,
≈ 400 cm−1) in Ref. 33 and in present work, while it was obtained from simulation in Ref. 11 using Lennard-Jones
type of interactions. The estimate from simulation probably also included higher frequencies (up to ≈ 1000 cm−1)
which led to larger quantum corrections than for the single breathing mode. The discrepancy for the outer sphere
contribution is less obvious. Ultimately it must be attributed to the large spectral density obtained for the SPC
model in the region 800-1000 cm−1 (Figure 1 of Ref. 11).

4.4 Size effects

Size effects on the outer sphere mean vertical gap energies are investigated by computing this quantity for a series
of TIP3P water model systems of increasing system size. The results are summarized in table 6. An increase of
the number of solvent molecules from 37 to 10005 leads to a rather small increase of λo by 1.037−0.957=0.080 eV.
The data obtained for seven system sizes were fitted to inverse powers of the box length L. Best correlation was
obtained for the 1/L fit as shown in Figure 3. The extrapolation to the infinite dilution limit L → ∞ gives a
value of 1.052 eV, just 0.07 eV higher than the 0.98 eV of the 511 water molecule system used in all previous
discussions.

The weak size dependence observed for electron transfer is in strong contrast to the large size dependence of
more than 1 eV reported for the solvent reorganization free energy for oxidation of a single Fe(II)-ion.7 This is
not unexpected because in ET reactions the solvent responds to a change in the solute dipole rather than to a
change in total solute charge. However, one would then also expect that the size dependence for ET decays faster
than for oxidation, i.e. faster than 1/L.7

One might suspect the periodic boundary conditions to be partly responsible for the weak size dependence.
This was in fact the case for the weak size dependence of the free energy for charging a Lennard-Jones particle.59

However, computing the reorganization free energy of the solvent in the central cell only (i.e. using cluster
boundary conditions, column “Cluster” in table 6) we obtain similar albeit slightly smaller values than with
periodic boundary conditions (column “PBC” in table 6). The effect of the periodic images is a small increase in
outer sphere reorganization free energy of not more than 0.15 eV for the 37 and 63 water molecule systems. The
effect is less than 0.02 eV and within the statistical uncertainty for the solutions containing 511 and more water
molecules.

In the 37 water molecule system each of the 12 first shell ligands is hydrogen bonded by 2 water molecules,
and although the second solvation shell is only partly formed, the reorganization free energy is already 83% of the
10005 molecule system (in cluster boundary conditions). This implies that the dominant part of the reorganization
free energy is due to the second solvation shell. Figure 4 shows that this is indeed the case. The graph shows the
radial reorganization density ρλ as a function of the distance d

ρλ = dλqµ/dd (30)

where λqµ is the solvent reorganization free energy obtained from the charge-dipole interactions between the solute
and TIP3P water. Integration over ρλ gives the total outer sphere reorganization free energy λqµ (inset in Figure 4)
which is to a very good approximation equal to λo. The distance d is defined as the shortest of the two distances
between a given water molecule and the two Ru-ions. The density ρλ measures the reorganization free energy in
(non-spherical) shells at a distance d to any of the two ions.

The radial density exhibits a large positive peak at about 4.1 Å and a smaller negative peak at 4.5 Å. The
positive part is due to the first shell oxygen atoms generating a positive gap energy and the negative part is due
to the first shell hydrogen atoms generating a smaller contribution of opposite sign. The former is almost size
independent in strong contrast to the latter, which becomes significantly smaller for smaller system sizes. The
net effect is that after integration over the second solvation shell the reorganization free energy of the 37 water
molecule system is 0.26 eV higher than for the 10005 water molecule system (“2nd shell” in table 6), thereby
partly compensating for the absence of reorganization free energy of higher solvation shells. The apparent large
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reorganization free energy of the small water molecule systems is therefore due to a change in orientation of second
shell water dipoles which effectively leads to an increase in gap energy. This is probably a consequence of both the
artificial interactions at the boundary of these small systems and the small cutoff that had to be used to truncate
Lennard-Jones interactions (required to be smaller than half the box dimension in AMBER). Returning to table 6
we observe that the second and third shell contributions are converged within the statistical uncertainties for the
511 water molecule system. The contributions of higher solvation shells seem to be well converged for the 1022
molecule system at least when compared to the infinite dilution limit obtained from the extrapolation against
1/L.

5 Conclusion

In the present study we have computed the solvent reorganization free energy for electron self-exchange of a
nonpolarizable solute in nonpolarizable and polarizable solvents. We find that inclusion of explicit electronic
solvent polarizability introduces two opposing effects. Firstly, a decrease in reorganization free energy due to a
decrease in electronic response. This is a consequence of the decrease of the large effective dipole moment of
nonpolarizable water models to the smaller gas-phase like fixed dipole/multipole moment in polarizable models.
The induced dipole contribution does not compensate for this loss, but tends to reduce reorganization free energy
even further. Secondly, we observe an increase in reorganization free energy due to an increased nuclear response.
This is due to the stronger change in solvation structure upon electron transfer in polarizable water models.
The sum of these opposing effects give a decrease in reorganization free energy that is smaller than predicted by
continuum theory. Thus our simulations confirm the view that standard continuum models predict a too strong
dependence of solvent reorganization free energy on the optical dielectric constant.19

The varying degree of reduction in reorganization free energy for polarizable models was explained by the
different increase of structural response relative to TIP3P. The difference of the radial distribution function for
second shell water molecules of Ru2+ and Ru3+ is much stronger for AMOEBA water than for TIP3P water. This
leads to a strong increase in reorganization free energy for AMOEBA water that effectively cancels the reduction
in reorganization free energy caused by the smaller permanent dipole moment. For SWM4-NDP and POL3
the solvation structure of the two ions is similar to TIP3P water, and a significant reduction in reorganization
free energy due to the reduced electronic response remains. Differences in solvation structure might explain
why for certain polarizable water models the total reorganization is significantly reduced10,20 or remains almost
unchanged.6,13, 15

Using the harmonic bath model we find that the solvent nuclear quantum effects are not overestimated in
standard rigid nonpolarizable water models as suggested in Ref. 33. The quantum corrections in the libration
modes are indeed overestimated but the overestimation compensates to a good approximation for the neglect of
corrections in the stretching modes. The polarizable models reproduce the quantum corrections of the libration
modes very well but significantly underestimate the contributions in the stretching region. The total quantum
corrections for the nonpolarizable models are therefore slightly larger than for the polarizable models and in better
agreement with estimates based on dielectric dispersion data. The discrepancy of inner sphere nuclear quantum
corrections in Ref. 11 and Ref. 33 (and present work) is in part caused by the different treatment of inner sphere
vibrational modes. The deviation in outer sphere quantum correction is less obvious since all rigid nonpolarizable
water models investigated give quantum corrections that are smaller than in Ref. 11 and in better agreement with
estimates based on experimental data.

Finally we find that the reorganization free energy for self-exchange between two Fe-like ions is only weakly
dependent on system size. The dependence is tentatively proportional to 1/L attenuated by a small prefactor.
Ab-initio molecular dynamics simulation of electron transfer reactions24 should therefore suffer considerably less
from finite size effects than ab-initio simulations of oxidation reactions.7,27 Yet a formulation of an analytic
size correction similar to the one for oxidation7 would be desirable in order to confirm and understand the size
dependence observed in present simulation.
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Table 1: Experimental and computed estimates for outer sphere reorganization free energies λo of Ru(II)-Ru(III)
electron self-exchange in aqueous solution (or for Fe(II)-Fe(III) self-exchange where indicated). The columns
“pol” and “qc” indicate whether explicit solvent electronic polarization and quantum corrections, respectively, are
included in estimates obtained from molecular simulations.

λo (eV) pol qc
Bernhard85a 1.33
Brunschwig82b 1.20
Rosso00c 1.50
Rotzinger02d 1.11
Kuharski88e 2.34 no no
Bader90f 2.17 no yes
Ando01g 2.12 no no
Ando01h 2.55 no no
Sit06i 1.2 yes no
this workj 0.95−1.23 no no

0.85−1.06 no yes
0.83−1.10 yes no
0.76−1.02 yes yes

a Ref. 49. Obtained from kinetic measurements of ∆H‡. Outer sphere activation entropy is assumed to be zero,
inner sphere contribution is estimated from harmonic force constants and change of bond lengths. b Ref. 31. Eq. 1
for ion-ion distance R=6.5 Å. c Ref. 52. Eq. 1 for Fe(II)-Fe(III) self-exchange at R=5.25Å. d Ref. 57. Combined
quantum mechanical/continuum calculation. Value corresponds to λ − λin at R = 6Å, where λ was taken from
table 8 and λin from table 3 of Ref. 57. e Ref. 9. MD simulation of Fe(II)-Fe(III) self-exchange using the SPC
water model, R=5.5Å. Value corresponds to contribution of second shell and remaining solvent. f Ref. 11. Path-
integral simulation of Fe(II)-Fe(III) self-exchange using the SPC water model, R = 5.5 Å. Value corresponds to
contribution of region 2 and 3. g Ref. 14. MD simulation of Fe(II)-Fe(III) self-exchange using the flexible TIP3P
water model, R = 5 Å. h Same as footnote g but R = 6 Å. i Ref. 24. Ab-initio molecular dynamics simulation of
Fe(II)-Fe(III) self-exchange. The total reorganization free energy obtained, 2.0 eV, is reduced by the inner sphere
contribution of 0.849 eV taken from Ref. 57. j Eq. 17, obtained from molecular dynamics simulation of 511 water
molecule systems in periodic boundary conditions. Value taken from table 3 and a finite size correction λfs=0.07
eV is added. Quantum corrected values (qc): Eq. 27 with ∆λq

o taken from table 5.
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Table 2: Point charges used for Ru and first shell water molecules in molecular dynamics simulation of aqueous
Ru(II)-Ru(III). All values are given in units of e.

(II) (III)
Ru 0.844124 0.822468
O -0.813500 -0.683200
H 0.503073 0.523061

Table 3: Reorganization free energies obtained from molecular dynamics simulation of the Ru(II)-Ru(III) self-
exchange reaction for different solvent models. The solute, (Ru(II)(H2O)6-(Ru(III)(H2O)6, is treated as nonpo-
larizable in all simulations. All energies are in eV.

TIP3P TIP4P SPC/E SPC/Fw POL3 AMOEBA SWM4-NDP Marcus
µ(D) 2.35 2.18 2.35 2.39 2.02 1.77 1.85
ǫ a
s 92 53 71 79.63 81.4 79

ǫop 1 1 1 1 1.63 a

λ b
o 0.98 ± 0.01 0.88 ± 0.02 1.01 ± 0.02 1.16 ± 0.04 0.87 ± 0.03 1.03 ± 0.03 0.76 ± 0.03 1.42f

λf c
o 0.98 0.88 1.01 1.16 0.94 1.00 0.67

λi d
o 0 0 0 0 -0.07 0.03 0.09

λq e 1.65 1.57 1.67 1.77 1.59 1.74 1.47 1.93g

a TIP3P: Ref. 42, TIP4P and SPC/E: Ref. 60, SPC/Fw: Ref. 48, AMOEBA: Ref. 35, SWM4-NDP: Ref. 43.
b Eq. 17. Statistical error = (s/N)1/2〈∆Eo〉

1/2, where s is the statistical inefficiency and N the number of data
points.61 c Eq. 18. This contribution includes the fixed quadrupole term for AMOEBA water. d Eq. 19. e Eq. 26
with λi =0.766 eV calculated according to Eq. 21, ∆λq taken from table 5, and ∆λfs=0.07 eV, obtained from the
1/L extrapolation to infinite dilution, table 6. f Eq. 1. ǫs =78.3, ǫop =1.8, r1 =2.71 Å, r2 =2.80 Å, and R=5.5 Å.
g Eq. 26 with λi = 0.710 eV calculated according to Eq. 22 (m = 3 × 10−26 kg, ω0 = 469 cm−1, ν̃O = 532 cm−1,62

ν̃R =424 cm−1,62 and ∆d0 =0.09 Å31), ∆λq taken from table 5 and ∆λfs=0.

Table 4: Solvent reorganization free energies for polarizable water models at the TIP3P reference solvation struc-
ture. In model X//Y the solvent (or outer sphere) reorganization free energy is calculated with the potential
energy function of water model X for configurations sampled with the potential energy function of water model
Y. The reorganization free energies are calculated according to Eqs. 17-19, A=Y. The solute is nonpolarizable in
all calculations. The value for TIP3P//TIP3P is taken from table 3. All energies are in eV, and all statistical
uncertainties are less than ±0.02 eV.

λo λf
o λi

o

TIP3P//TIP3P 0.98 0.98 0
AMOEBA//TIP3P 0.65 0.79 −0.14

SWM4-NDP//TIP3P 0.70 0.81 −0.11
POL3//TIP3P 0.73 0.84 −0.12

TIP3P//AMOEBA 1.25 1.25 0
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Table 5: Quantum corrections for the exponential part and for the prefactor of the nonadiabatic rate equation 3.

TIP3P TIP4P SPC/E SPC/Fw POL3 AMOEBA SWM4-NDP Marcus
exponential

∆λq a
o 0.11 0.10 0.12 0.17 0.07 0.08 0.07 0.13

kq
o/ kcl

o 3.0 2.5 3.2 5.3 1.9 2.1 1.9 3.5
∆λq b 0.18 0.16 0.19 0.24 0.13 0.14 0.13 0.20
kq/kcl 5.7 4.8 6.1 10.1 3.6 4.1 3.6 6.7

prefactor

∆λq′ a
o 0.22 0.18 0.23 0.31 0.13 0.14 0.13 0.22

∆λq′ b 0.35 0.31 0.36 0.44 0.26 0.27 0.26 0.35
kq/kcl 1.1 1.1 1.1 1.1 1.0 1.0 1.1 1.1
total
kq/kcl 6.0 5.2 6.6 10.9 3.8 4.2 3.8 7.7

a Eq. 23. Columns TIP3P to SWM4-NDP: Jo obtained from molecular dynamics simulation according to Eqs. 7-
9. Numerical integration from 0 to 4170 cm−1, grid spacing = 1.67 cm−1. Column “Marcus”: Jo calculated
from experimental dielectric dispersion data63–65 according to Eq. 20. Numerical integration from 5.86 to 4167

cm−1 over all data points. b Eq. 25 with ∆λq
i = 0.066 eV, ∆λq′

i = 0.130 eV calculated according to Eq. 24 with
ω0 =469 cm−1 and λi =0.710 eV.

Table 6: Outer sphere reorganization free energy λo (Eq. 17) obtained from molecular dynamics simulation of
the Ru(II)-Ru(III) ion pair for different numbers of TIP3P water molecules per unit cell. All simulations are
carried out under periodic boundary conditions. “PBC” and “Cluster” refer to the calculation of the gap energies
under periodic boundary conditions and cluster conditions, respectively, carried out for the ensemble of structures
obtained under periodic boundary conditions. The “Cluster” outer sphere reorganization is broken down in
contributions from the 2nd and 3rd solvation shell and the remaining solvent. They are obtained by integration
of ρλ (Fig. 4) up to the distance indicated in parenthesis.

# water/cell PBC Clustera 2nd shell 3rd shell remaining solvent
37 0.957 ± 0.026 0.860 ± 0.030 0.86
63 0.965 ± 0.023 0.822 ± 0.040 0.76(5.10) 0.06
127 0.966 ± 0.020 0.919 ± 0.040 0.67(4.90) 0.25
257 0.970 ± 0.022 1.002 ± 0.056 0.67(4.91) 0.27(7.22) 0.06
511 0.979 ± 0.014 0.964 ± 0.032 0.62(4.88) 0.26 (7.25) 0.08
1022 1.058 ± 0.033 1.089 ± 0.039 0.61(4.87) 0.32(6.96) 0.16
10005 1.037 ± 0.024 1.036 ± 0.038 0.60(4.84) 0.29(6.99) 0.15
∞b 1.052 ± 0.023 1.120 ± 0.042
∞c 1.023 ± 0.018 1.052 ± 0.029

a Center of mass of the two Ru ions was translated to the center of the box and all of the water molecules wrapped
into the central box. b 1/L extrapolation, Figure 3 A. c 1/L2 extrapolation, Figure 3 B.
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Figure 1: Radial distribution function between Ru ions and oxygen atoms of solvent water molecules obtained
from molecular dynamics simulation of a solution of the Ru(II)-Ru(III) ion pair and 511 water molecules. The
Ru(II)-Ru(III) distance is fixed at 5.5 Å. Data were sampled over 1 ns and collected in bins of with 0.01 Å. The
distributions were smoothed by convolution with a Gaussian of width 0.03 Å.

Figure 2: Outer sphere quantum correction of the exponential part of the nonadiabatic rate equation 3 for the
Ru(II)-Ru(III) electron self-exchange reaction. The outer sphere spectral density function Jo is obtained from
molecular dynamics simulation and calculated according to Eqs. 7-9 for the following water models: Panel A:
TIP3P (· · · · ·), TIP4P (−−−), SPC/E (−−−−), SPC/Fw (− ·−·); Panel B: POL3 (−− ·−−), AMOEBA (− · ·−),
SWM4-NDP (· − −·); y=β~ω/4. The spectra were smoothed by convolution with a Gaussian of width 30 cm−1.
The estimate based on experimental dispersion data (Eq. 20) is drawn in solid lines (−−−−) in panel A and B. The
frequency-resolved quantum correction of the outer sphere reorganization free energy, ∆λq

o(ω), is shown in panel
C. It was obained according to Eq. 23 by numerical evaluation of the integrals Eqs. 4 and 6 between 0 and ω.

Figure 3: Outer sphere reorganization free energy as a function of box length, 1/L (panel A) and 1/L2 (panel B).
L=V 1/3, where V is the volume of the simulation box. The seven systems contain 37, 63, 127, 257, 511, 1022, and
10005 water molecules, respectively. The gap energies Eq. 17 are calculated under periodic boundary conditions
(PBC) and under cluster conditions. Best linear fits of the data are shown in dashed lines. See section 4.4 and
table 6 for further details.

Figure 4: Outer sphere radial reorganization free energy density ρλ, Eq. 30, for the Ru(II)-Ru(III) self-exchange
reaction. The systems contain a variable number of TIP3P water molecules: 37 (· · · · ·), 63 (− · −·), 511 (− · ·−),
1022 (− − −), 10005 (−−−−). The distance d is defined as the shortest of the two distances between a water
molecule and the two Ru-ions. The data are collected in bins of width 0.01Å , and smoothed by convolution with
a Gaussian of width 0.03 Å. The reorganization density integrated up to a distance d is shown in the inset. The
distance between the center of mass of the solute and the closest box edge is indicated by a vertical dash for the
three largest simulation systems. See section 4.4 and table 6 for further details.
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