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Abstract
A combination of experimental data and theoretical analysis provides evidence of a bellshaped kinetics of electron transfer in the Arrhenius coordinates ln k vs 1/T . This kinetic
law is a temperature analog of the familiar Marcus bell-shaped dependence based on ln k vs
the reaction free energy. These results were obtained for reactions of intramolecular charge
shift between the donor and acceptor separated by a rigid spacer studied experimentally by
Miller and co-workers. The non-Arrhenius kinetic law is a direct consequence of the solvent
reorganization energy and reaction driving force changing approximately as hyperbolic functions with temperature. The reorganization energy decreases and the driving force increases
when temperature is increased. The point of equality between them marks the maximum of
the activationless reaction rate. Reaching the consistency between the kinetic and thermodynamic experimental data requires the non-Gaussian statistics of the donor-acceptor energy
gap described by the Q-model of electron transfer. The theoretical formalism combines the
vibrational envelope of quantum vibronic transitions with the Q-model describing the classical component of the Franck-Condon factor and a microscopic solvation model of the solvent
reorganization energy and the reaction free energy.
Keywords: Electron transfer, bell-shaped kinetic law, Arrhenius coordinates, polar solvation

Introduction

limitations, this approach has been widely adopted
as a way of “measuring” the reorganization energy
by fitting the kinetic parameters to the Marcus energy gap law and locating the top of the “inverted
parabola” at which the reorganization energy λ is
equal to the driving force −∆G0 .
Additional experimental data, temperaturedependent kinetics 8,9 among them, have been accumulated to test the overall consistency of the
theory. Changing the thermodynamic state of
the system has oﬀered a potentially cleaner approach to sampling the bell-shaped energy gap law
since neither chemical modification of the donoracceptor complex nor the change of the solvent 10
are involved. Pressure 11 or temperature 12,13 can
be used to reach the top activationless rate and
turn into the inverted region. While the assumption of molecule-independent rate parameters can
be avoided in this approach, one still needs to know
how the solvent reorganization energy and the driving force change when pressure and temperature
are varied. Eﬀective modeling of the dependence
of the activation free energy on thermodynamic
variables becomes a significant component of this
research agenda.
Fitting kinetics to the energy gap law is not
the only approach to access the reorganization energy experimentally. An alternative route is oﬀered
by spectroscopy of charge-transfer optical transitions, 14,15 either through direct measurement of
the Stokes shift between the absorption and emission lines 16–18 or by performing the band-shape

The Marcus theory of electron transfer 1 has predicted the existence of the inverted region, i.e., a
drop of the rate for exoergic reactions, which occurs after reaching the maximum rate with zero
activation barrier. This prediction was experimentally verified by Miller, Calcaterra, and Closs for a
series of donor-spacer-acceptor molecules in which
an increasingly negative reaction free energy drove
the reaction from the normal region, through the
maximum activationless rate, and into the inverted
region. 2 Eight diﬀerent acceptors were used in that
study to map the entire bell-shaped Marcus energy
gap law.
This pioneering work was followed by a large
body of experimental evidence supporting the Marcus prediction. 3–5 Most of these studies followed
the protocol set up by Miller and co-workers, 2,6,7 in
which the reaction free energy, or the driving force
(the negative of the reaction free energy, −∆G0 ),
was altered in a set of chemically modified donoracceptor complexes. A potential drawback of this
strategy is that it assumes that the rest of the parameters aﬀecting the reaction rate (the solvent
reorganization energy, electronic coupling, internal reorganization energy, and the frequency of intramolecular vibrations) remain unchanged when
chemical modification is introduced. It is not easy
to establish the limits of this approximation since
most of these parameters are not directly accessible
to experimental measurements. Despite potential
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analysis. 19–21 Measurements of the Stokes shift of
charge-transfer transitions at diﬀerent temperatures 17,22 have shown that the reorganization energy depends on temperature much stronger than
anticipated from dielectric continuum models typically adopted in evaluating λ by the Marcus equation. 23 This general result is a consequence of the
liquid state of a polar molecular solvent, producing more structural fluctuations and distinct modes
of thermal agitation 12,24,25 than allowed by continuum models better suited for modeling solids.
This observation, now well supported by both experiment 17,22,26,27 and numerical simulations, 25,28
calls for a critical re-examination of the early
temperature-dependent kinetic data. 8,9 Those were
mostly viewed as fully consistent with the Marcus picture, 8 although some inconsistencies have
been identified. In particular, the reorganization
energy found from fitting the kinetics to the energy gap law for Miller’s set of donor-acceptor complexes fell significantly below the continuum Marcus equation. 29 Such observations, even though
scarce, add to the obvious concern that if the
temperature slope of the reorganization energy is
significantly underestimated by continuum models, 12,24,25 a measurable deviation from the continuum prediction should be achieved in experiments
performed in a suﬃciently broad range of temperatures. 2-methyltetrahydrofuran (MTHF) as a solvent provides exactly this opportunity. We have
taken an advantage of it here by looking at both
the general problem of how temperature aﬀects the
electron transfer rate and how the individual parameters entering the rate are aﬀected by temperature.
The standard framework to understand the effect of temperature on the reaction rate is provided
by the Arrhenius law, which predicts a straight
line for the rate plotted in the Arrhenius coordinates ln k(T ) vs 1/T . Although many of such
data have been analyzed in the literature, the
functional simplicity of the law does not allow to
clearly discriminate between diﬀerent theories addressing the eﬀect of the thermodynamic state of
the thermal bath on the activation barrier. The
situation changes near the top of the Marcus “inverted parabola”, where entropic eﬀects become
suﬃciently strong to cause curved forms of ln k(T )
vs 1/T . 12 Although the experimental resolution
is often insuﬃcient, the donor-acceptor complexes
from Miller’s set near the top of the bell-shaped
energy gap law are good candidates for observ-

ing non-trivial temperature eﬀects. We therefore
have chosen three such ASB complexes studied in
the past. 9 In these molecules, a 4-biphenylyl (B)
donor is connected through 5α-androstane spacer
(S) to the acceptor (A). Three acceptors from
Miller’s set were studied here: 2-naphthyl (N), 2benzoquinonyl (Q), and 5-chloro-2-benzoquinonyl
(ClQ) (Figure 1). We have applied the microscopic
solvation model 24,30 to analyze the temperaturedependent kinetics of the rate and have reached
a good agreement between the theory and experiment. Based on our calculations, we have extended
the range of temperatures reported in the literatures (from 179 to 373 K in MTHF 9 ) and found
that the rate constant, plotted in the Arrhenius
coordinates, shows a bell-shaped form. This novel
phenomenology is a direct consequence of a strong,
nearly hyperbolic, variation of the solvation free
energies entering the activation barrier with temperature. 12 To ascertain whether the experimental
kinetics displays this form would require data for
somewhat lower temperatures.

NSB

QSB

ClQSB

Figure 1: Structures of ASB complexes, where the
anion 4-biphenylyl (B, colored green) is the donor
of the electron in the electron shift through the
spacer 5α-androstane (S, colored blue) to the acceptor (A, colored grey). Complexes with three
acceptors from Miller’s set 2 were studied here: 2naphthyl (N), 2-benzoquinonyl (Q), and 5-chloro2-benzoquinonyl (ClQ).
The main agenda of this study is illustrated
in Figure 2. It shows fits of the experimental

3

rates (points) for two out of three ASB complexes displayed in Figure 1 to theoretical calculations (solid lines). Curved form of the temperature law requires taking a full account of the temperature dependence of the activation free energy
and cannot be produced by assuming temperatureindependent enthalpy and entropy of activation,
as is commonly done in applying the Arrhenius
law. Further, the dielectric continuum theories neither describe the experimental reaction free energies (see below) nor produce curved temperature
laws.
The third complex, NSB does not show a curved
temperature law. The experimental activation enthalpy is positive, 9 in contrast to negative (ClQSB)
or rather small (QSB, but with uncertain sign
and magnitude due to the error bars) activation
enthalpies observed experimentally for two other
complexes (Figure 2). This complex, however,
presents us with an opportunity to test the consistency of the widely used combination of the Gaussian Marcus model with the Bixon-Jortner equation modeling the eﬀect of intramolecular quantum vibrations on the reaction rate. 31 The additional source of information is provided by the
temperature dependence of the reaction free energy ∆G0 (T ) measured in an independent experiment. 7,8 We have found that two levels of the
theory improvement are required. First, the use
of the dielectric models for the solvation components of that activation barrier is inconsistent with
the experimental results. One has to replace the
dielectric continuum with microscopic models of
solvation. Such improved theory still preserves
the Gaussian statistics of the donor-acceptor energy gap and will be labeled as “Marcus theory”
here. However, this improvement is not suﬃcient
since its application to the experimental data produced parameters incompatible with experimental
∆G0 (T ). At the second level of the theory improvement, we have found that replacing the Gaussian
statistics of the donor-acceptor energy gap with the
non-Gaussian statistics described by the Q-model
of electron transfer 32,33 has eliminated the diﬃculty and produced consistent sets of model parameters.
The Q-model was designed to describe electron
transfer reactions characterized by non-Gaussian
statistics of the donor-acceptor energy gap. 32 Several physical scenarios can be identified which require this extension of the Gaussian Marcus theory.
Among them are polarizable donor-acceptor com-
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Figure 2: Rate constants in the Arrhenius coordinates (k(T ) vs 1/T ) for ClQSB (top) and QSB
(bottom) in MTHF. The points represent experimental data 9 and the solid lines refer to the theoretical calculations combining the Franck-Condon
analysis with the SolvMol 30,34 calculations of the
solvent reorganization energy λ(T ) and the solvent
component of the reaction Gibbs energy ∆Gs (T ).
The Marcus model (solid black lines) and the
Q-model (solid red lines), both combined with
the microscopic solvation calculations, were used
to model the classical component of the FranckCondon factor entering the rate of nonadiabatic
electron transfer (eq 5). The gas-phase component
of the energy gap ∆Eg (eq 13) and the electrontransfer coupling V are the fitting parameters listed
in Table 1. The combination of the Gaussian statistics of the donor-acceptor energy gap with microscopic solvation models is labeled as “Marcus
model” here.
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plexes, in which electron transfer causes not only
the change in the charge distribution, but also a
change in the polarizability of the complex. 20,33,35
Other scenarios include nonlinear solvation and a
coupling between classical intramolecular modes,
such as torsional rotations, with the solvent polarization. 32 Both eﬀects, polarizability and torsional rotations, potentially aﬀect electron transfer in the ASB complexes studied here. The application of the Q-model to all three complexes
(red lines in Figure 2) produce consistently superior
results compared to the Gaussian Marcus model
(black lines in Figure 2).

Both views are indeed helpful, particularly when
microscopic models of electron transfer are developed. 12,39 Fluctuations tell the mechanistic story of
what are the molecular motions involved in the activation events, while equilibrium thermodynamics
addresses the question of how the rates are aﬀected
by changing the thermodynamic state of the system. We will follow this traditional dual view of
the problem when addressing the questions of how
temperature and the statistics of fluctuations aﬀect
the rate of electron transfer.
The departure point is the definition of the reaction coordinate of electron transfer. Modern theories, following Warshel, 40 use the energy gap between the acceptor and donor electronic states of
the transferred electron as the reaction coordinate
X. 32,41,42 The probability to find a given value of
the gap, due to a spontaneous fluctuation in the
medium, is a Gaussian function,

Conceptual framework
Reaction rate. The conceptual basis of the Marcus theory of electron transfer reactions goes back
to Onsager’s principle of microscopic reversibility. 36,37 It states that the average regression of
spontaneous fluctuations obeys the same laws as
the corresponding irreversible process. What this
practically means is that one can calculate the reversible work 38 (free energy) required to drive the
system from equilibrium to a given non-equilibrium
state and that free energy will quantify the probability of the system to reach the same state by a
spontaneous fluctuation driven by thermal agitation. The two properties, the probability P and
the free energy F , are connected by the Gibbs distribution, P ∝ exp[−βF ], β = 1/(kB T ). Note that
the Gibbs distribution is defined in terms of the
Helmholtz free energy F , which gives the maximum reversible work gained at constant volume.
In contrast, the Gibbs energy G = F + pV quantifies the work done at constant pressure p. The
pV term can be neglected for most problems dealing with condensed materials. We therefore use G
throughout the paper, with the provision that F
in fact follows from theoretical derivations using
statistical mechanics.
The Marcus theory makes full use of microscopic
reversibility by calculating the probability of spontaneously reaching the top of the activation barrier
∆G† , required for kinetics, as the reversible free energy invested to drive the system to the corresponding non-equilibrium state. 1 The reasoning of microscopic reversibility also largely determines the language used by practitioners in the field, who draw
their ideas from either the statistics of stochastic fluctuations or from reversible thermodynamics.

!
"
2
2 −1/2 −(X−X0 )2 /2σX
PG (X) = 2πσX
e

(1)

The average energy gap X0 = λ + ∆G0 is given in
the Marcus theory in terms of the reorganization
energy λ and the reaction free energy ∆G0 . The
reorganization energy also enters the variance of
the energy gap
2
σX
= ⟨(X − X0 )2 ⟩ = 2kB T λ

(2)

The probability distribution follows one of the
dual views on the problem of electron transfer mentioned above, the fluctuation approach. The probability PG (0) of reaching the transition state X = 0
when electron tunneling becomes possible defines
the free energy of activation
∆G† =

X02
(λ + ∆G0 )2
=
2
4λ
2βσX

(3)

This probability is a factor in the Golden Rule, or
non-adiabatic, rate of electron transfer 43,44
kET ∝ V 2 PG (0)

(4)

where V is the electron transfer coupling. Quantum vibrations modify the picture, particularly in
the inverted region of electron transfer (X0 < 0).
Vibrations of the donor-acceptor complex add a
separate vibronic channel to each vibrational excitation with the energy m!ωv . This energy is added
to X0 as X0 → X0 + m!ωv . In the inverted region with X0 < 0, adding positive m!ωv leads to
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a lower barrier in eq 3. The amplitude of each vibronic channel is determined by the corresponding
Franck-Condon factor and the final result for the
rate constant is given by the Bixon-Jortner expression 31
kET =

2π 2 −S # S m
V e
PG (−m!ωv )
!
m!

states (see the supporting Information (SI)). A noticeable reorganization energy of λφ ≃ 0.13 eV was
previously assigned to the torsional rotation of the
benzene rings in 4-biphenyl upon electron transfer. 46 Our calculations produce a close number of
λφ ≃ 0.12 eV (see SI). This rotation does not, however, correspond to a normal mode of the donoracceptor complex and cannot be separated from
the overall reorganization energy without accounting for cross coupling to all normal modes of the
molecule and the solvent.
Q-Model. The cross coupling to the solvent
might potentially be the most significant qualitative eﬀect of torsional flexibility, coupled to charge
transfer, in the molecules considered here and potentially other charge-transfer complexes. 47,48 Intramolecular torsional motions alter the electric
field of the solute charges, thus providing a coupling mechanism between the torsional mobility
and the solvent polarization. 49 When such coupling is introduced into the model of electron transfer, it results in a linear-quadratic dependence of
the donor-acceptor energy gap on the solvent polarization. 32 Only a linear dependence of the energy gap on the solvent polarization is considered
in the Marcus model; the extension to the linearquadratic dependence is covered by the Q-model of
electron transfer. 32
The linear Marcus model results in a Gaussian
distribution for the energy gap X (eq 1). This
statistics is well satisfied when the solute-solvent
coupling is established through the Coulomb interaction of the solute charges with the solvent
dipoles. 50 The wave function of the solute is fixed
in each state in this approximation and is not deformed by the fluctuations of the thermal bath.
This is generally not correct since the wave function is obviously deformable and any molecular system is electronically polarizable. The first-order
perturbation correction to the zeroth-order nondeformable wave function, accounting for the solute polarizability, leads to a self-polarization term
in the energy gap changing quadratically with the
electrostatic field of the solvent. Combined with
the standard linear coupling between fixed charges
and the solvent polarization, it leads, like in the
case of torsional mobility, to a linear-quadratic dependence of the energy gap on the solvent polarization.
Both solvent-coupled torsional mobility and
varying polarizability result in the linear-quadratic
dependence of the energy gap on the solvent coor-

(5)

m≥0

Here, S = λv /!ωv is the Huang-Rhys factor and λv
is the reorganization energy of quantum vibrations
with the characteristic frequency ωv . Equation 3
for the activation barrier sets the position of the
activationless transition, ∆G† = 0, at −∆Gmax
=
0
λ. This condition is modified by intramolecular
vibrations and the maximum of the rate shifts to
−∆Gmax
≃ λ + λv
0

(6)

The reorganization energy λ in eq 2 incorporates
all classical modes aﬀecting the donor-acceptor energy gap, which typically include the solvent modes
and classical intramolecular vibrations. For organic complexes studied here, quantum intramolecular vibrations with frequencies !ωvj > 2kB T dominate in the reorganization
energy of intramolecular
$
vibrations λv = j λjv (see below). The latter is

a sum of contributions λjv from all normal modes
of vibration with the frequencies ωvj . In the approach adopted here, we replace the manifold of
intramolecular quantum vibrations $
with an eﬀecj j
24
tive vibrational frequency ωv =
j ωv (λv /λv ).
The definition of individual normal-mode components λjv require resonance Raman spectroscopy. 45
In the absence of such data for the donor-acceptor
molecules studied here, a generic frequency of ωv =
1500 cm−1 is used, as is typically assigned to organic charge-transfer complexes. 31
In the present calculations, λ in eq 2 is assigned
to the solvent reorganization energy λs and the former symbol is used throughout below. An alternative approach would involve identifying classical
normal modes within the donor-acceptor complex
and combining them with λs in the total classical
reorganization energy λ. This approach causes significant diﬃculties, both computational and fundamental. The calculation of the reorganization
energy components of separate normal modes is
computationally challenging compared to the calculation of the overall vibrational reorganization
energy achieved in terms of average gas-phase vertical energies of the complex in two charge-transfer
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gies out of three, λSt , λ1 , λ2 , provides the value of
α. The three parameters of the model specify the
activation barrier along the reaction coordinate X,
which replaces eq 3 of the Marcus model with the
relation
&
√
∆G† = α( |λα2 /(1 + α) − ∆G0 | − αλ)2 (8)

dinates and the corresponding non-Gaussian statistics of the energy gap. 20,32,33 It is likely that both
of these factors are influencing the statistics of
the energy gap in the complexes considered here.
The Q-model provides a closed-form solution for
all such problems in terms of the standard parameters of the Marcus theory and an additional
parameter α quantifying the deviation from the
Gaussian statistics
%
λα3
∗
2
e−β(α|X−X |+α λ)
PQ (X) = βA
∗
|X − X |
&
I1 (2β α3 λ|X − X ∗ |)
(7)

The Marcus theory and the Gaussian distribution
in eq 1 are restored at α → ∞, when λSt = λ1 = λ2 .
One arrives at eq 3 from eq 8 in that limit, as can
be shown trough a Taylor expansion performed in
terms of 1/α in eq 8.
The parameter X ∗ in eq 7 specifies the lowest magnitude of the energy gap, the “fluctuation
boundary”, allowed in the Q-model. The probability of reaching X < X ∗ (when α > 0 as assumed
in eq 7) is identically zero, PQ (X) = 0. The fluctuation boundary is given in terms of λ and ∆G0
as X ∗ = ∆G0 − α2 λ/(1 + α). Note that the only
restriction on the magnitude of α is to fall outside
the range −1 < α < 0 of mechanical instability. 32
For negative values of α, one has to take its absolute magnitude, α → |α| in eqs 7 and 8. The
condition X > X ∗ at α > 0 changes to X < X ∗ at
α < 0.
The extension of the Q-model to transitions involving intramolecular vibrational excitations is
straightforward. One needs to replace the Gaussian distribution PG (−m!ωv ) with PQ (−m!ωv ) in
eq 5. One of significant consequences of changing
the statistics of the energy gap fluctuations is the
shift of the position of the maximum of the rate
from the one given by eq 6 to

The parameter α can be either positive or negative.
In order to simplify the equations, we assume α >
0 for most of the discussion below. Further, the
normalization constant A = (1 − exp[−βα2 λ])−1 in
eq 7 can be omitted in most cases and I1 (x) is the
modified Bessel function of the first order. 51
The distribution of the energy gap in the Qmodel is based on three parameters, instead of two
parameters in the Gaussian distribution in eq 1.
In addition to λ and ∆G0 , the Q-model introduces
the non-Gaussian parameter α. It can be determined by combining λ, as defined by the variance
of the energy gap in eq 2, with the reorganization
energy λSt = |X01 − X02 |/2 obtained from the average energy gaps in the initial, X01 , and final,
X02 , states. This reorganization energy is equal to
half of the Stokes shift 16,20 associated with charge
transfer (see also eq 22 below). In the Gaussian
Marcus model either definition gives the same result, λSt = λ, but this equality breaks down for a
non-Gaussian statistics of the energy gap. The deviation between λ and λSt allows one to determine
α (eq 22).
The non-Gaussian statistics of the energy gap
also leads to the asymmetry of the solvent reorganization energies between the forward and backward reactions. If λ = λ1 as defined by eq 2 specifies the reorganization energy of the forward reaction, then the reorganization energy of the backward reaction is given by an analogous relation,
λ2 = (β/2)⟨(δX)2 ⟩2 , δX = X − X02 , in which the
average is now taken over the statistics of the thermal bath in the final state of the donor-acceptor
complex. The reorganization energies λ2 and λ can
be related in terms of the parameter α as follows:
λ2 = λα3 /(1 + α)3 .
To summarize, any pair of reorganization ener-

−∆Gmax
≃ (λ + λv )
0

α
−→ 0
1 + α α→0

(9)

The significance of this result is that the maximum
rate at the top of the Marcus bell-shaped energy
gap law can be achieved at a substantially lower
driving force when α becomes small (see below).
Temperature eﬀect. As is clear from eq 2,
the reorganization energy entering both the Marcus theory and the Q-model is determined by the
variance of the donor-acceptor energy gap, i.e.,
by the breadth of thermal fluctuations modulating the gap. The fact that the thermal noise is
enhanced with increasing temperature is known as
the Nyquist theorem 52 and is reflected in the temperature factor in front of λ in eq 2. The question
we consider next is whether λ should be treated as
a temperature-independent coeﬃcient or as carry-
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ing its own dependence on temperature.
This question can be addressed by first noting
that the solvent reorganization energy is identified
in the Marcus theory with the free energy of polarizing the continuum dielectric representing the
solvent. The notion of free energy already requires one to pay attention to possible eﬀects of
changing temperature. However, those are usually
small in the continuum model and can often be
neglected (see below). They arise from the Pekar
factor c0 (T ), which is a combination of the refractive index n(T ) and the dielectric constant ϵs (T ),
c0 (T ) = n(T )−2 − ϵs (T )−1 . As λ is proportional
to c0 in the Marcus theory, λ(T ) ∝ c0 (T ), all effects of temperature on λ come from two dielectric
constants, ϵ∞ = n2 and ϵs .
This physical picture changes substantially when
the continuum dielectric is replaced with a liquid of
molecules carrying dipoles. 12,39 Thermal agitation
now translates into fluctuations of dipolar orientations and dipolar positions (density). The difference between these two modes can be appreciated by turning again to Onsager’s microscopic reversibility. A spontaneous rise of a fluctuation of
orientations of molecular dipoles can be viewed as
a reversible work invested in rotating the dipoles
against the field of the donor-acceptor complex.
This work will mostly require an input of energy.
If one instead considers a fluctuation of molecular
density, it will require rearranging the molecules
against their repulsive cores, i.e., a local re-packing
of the liquid. In contrast to the work invested in
changing orientations, the corresponding free energy of re-packing is mostly entropic. One therefore concludes that the orientational and density
fluctuations carry diﬀerent thermodynamic signatures, energetic (enthalpic) for the former and entropic for the latter.
This physics displays itself directly in the liquidstate theory of electron-transfer reorganization. 12
The overall reorganization energy becomes a sum
of the orientational λp and density components
λ = λp + σd2 /(2kB T ),

size to zero, λp turns into the continuum expression
and σd2 vanishes. There is no density reorganization in a continuum medium and only orientations
of dipoles determine λ.
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Figure 3: Schematic representation of the donorspacer-acceptor complex. The positive hole on the
donor and the negative electron on the acceptor
show the “electron transfer dipole” corresponding
to the diﬀerence electric field ∆E0 obtained by subtracting the electric fields of the complex in the
final and initial states.
The Marcus notion of the reorganization energy
as the free energy of solvation might seem to have
been lost in this discussion focused primarily on
fluctuations. This is not correct, one just needs to
turn again from the fluctuation view to the equivalent (within Onsager’s paradigm) thermodynamic
view. In the thermodynamic view, one considers the free energy of solvation of the “electrontransfer dipole”, i.e., the diﬀerence electric field
∆E0 = E02 − E01 produced by the donor-acceptor
complex in the acceptor, E02 , and the donor, E01 ,
states. Since the electric field of all other charges
cancels out in the diﬀerence, it is eﬀectively given
by the sum of the fields of the negative electron at
the acceptor and a positive hole at the donor (a
dipole), as is schematically depicted in Figure 3.
In solvation theories, one can perform the perturbation expansion in terms of the interaction potential v∆ of the electron-transfer dipole with the surrounding solvent. This is a long-ranged Coulomb
interaction, while the reference system in the perturbation expansion is the repulsive core of the solute excluding the solvent from its volume through
the repulsive solute-solvent interaction potential. 53
The result of the perturbation expansion is the
chemical potential of solvation 54 (eq (32.3) in ref
38)
µ∆ = ⟨v∆ ⟩0 − (β/2)⟨(δv∆ )2 ⟩0
(11)

(10)

where σd2 is the variance of the energy gap produced by the density fluctuations. The reason λ is
given in this form is that λp and σd2 depend on temperature through density and are essentially constant parameters at the constant volume. When
the continuum limit is taken for the solvent, which
is achieved in the theory by shrinking the molecular

where δv∆ = v∆ − ⟨v∆ ⟩0 and the higher order expansion terms disappear for a Gaussian medium. 54
The average ⟨. . . ⟩0 here is over the statistics of the
medium fluctuations around the donor-acceptor
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⟨(δv∆ )2 δH0 ⟩, where δH0 is the fluctuation of the total energy of the reference system unperturbed by
the Coulomb interaction of the medium with the
“electron transfer dipole” (Figure 3). The term Φ
is responsible for what is known in solvation theories as the “solvation reorganization energy” 58,59
(not to be confused with the electron transfer reorganization energy λ). It describes restructuring of
the solvent caused by the field of the solute. Obviously, there is no restructuring in continuum models, which therefore fail to describe the solvation
entropy. What is worth stressing here is a conceptual, even though not a direct mathematical, connection between “restructuring” and “density reorganization”, both leading to substantial changes of
λ and ∆Gs with temperature.
Rate in the Arrhenius coordinates. Equation 4 gives the reaction rate in a form formally
consistent with the Arrhenius law

complex with v∆ turned oﬀ, i.e., the positive and
negative charges in Figure 3 removed. For most
polar liquids, a repulsive molecular core of the solute carrying no charges creates no polarization in
the liquid and one has ⟨v∆ ⟩0 = 0. One arrives at
the equation
µ∆ = −λ
(12)
implying that λ defined through the variance of the
energy gap does carry the meaning of the solvation
free energy according to the standard prescription
of the Marcus theory. Where this prescription fails
is in assigning dielectric continuum to a molecular
solvent, which, being a model for a solid material,
eliminates the entropic character of some of the
molecular motions. 55,56
The derivation performed above also implies that
the distinct eﬀects of the orientational and density
motions of the solvent reflected in the reorganization energy should be shared by the solvent part
of the reaction free energy ∆Gs . This component
adds to the gas-phase energy diﬀerence ∆Eg in the
overall reaction free energy ∆G0
∆G0 = ∆Eg + ∆Gs

kET ∝ e−β∆G

(15)

There is, however, an important distinction from
the classical Arrhenius law,

(13)

k = Ae−βEa

Here, ∆Eg is the energy separation between the
minima of the Born-Oppenheimer surfaces in the
gas phase. It can be associated with the energy of
0-0 transition in spectroscopy.
We show below that the temperature dependence
of ∆Gs essentially traces that of λ. The diﬀerences
are mostly mechanistic: ∆Gs includes solvation by
induced dipoles excluded from λ, and it is given
by the diﬀerence in solvation chemical potentials
of the final and initial states of the donor-acceptor
complex, ∆Gs = µ2 − µ1 , instead of the chemical potential µ∆ of the electron-transfer dipole.
This observation also implies that deficiencies of
the continuum dielectric in describing the temperature dependence of λ should be equally exposed in
the corresponding diﬃculties of continuum models
to describe the entropy of solvation, as is now well
established. 17,55–57
In order to connect the thermodynamic picture
to the fluctuation arguments presented above, one
can define the entropy of solvation
S∆ = − (∂µ∆ /∂T )V = −λ/T − Φ/T

† (T )

(16)

which assumes that the activation energy (enthalpy) Ea is constant and is given by the slope
of the linear plot in the Arrhenius coordinates ln k
vs 1/T . The entropy in this simplified description
enters the rate preexponent A. Since the activation
energy Ea in the Arrhenius equation is associated
with the height of the activation barrier in the transition state theory, 60,61 Ea has to be non-negative.
In contrast to this common view, ∆G† (T ) in eqs
3 and 8 involves a fairly complex dependence on
temperature arising from the solvation component
of the reaction free energy ∆Gs (T ) and the reorganization energy λ(T ). Both the enthalpy and entropy of activation are functions of temperature,
instead of the commonly assumed constant parameters. The entropy of activation follows from
∆G† (T ) as
'
(
∆S † (T ) = − ∂∆G† (T )/∂T
(17)
p

where the constant pressure conditions are applied.
Correspondingly, the enthalpy of activation is
'
(
∆H † (T ) = ∂β∆G† (T )/∂β
(18)

(14)

where the second part of this equation follows
from eq 11. The term Φ in the second summand is a third-order statistical correlator, 25 Φ ∝

p

9

− β∆

One therefore generally anticipates that the measured rates will be given by a curved function in the
Arrhenius coordinates and the local slope ∆H † (T )
will change in a suﬃciently wide range of temperatures (Figure 4b).
This general phenomenology finds its dramatic
confirmation in the bell-shaped form of the rate
constant plotted in the Arrhenius coordinates
as predicted theoretically 12 and observed experimentally for a number of charge-transfer systems. 13,48,62–64 While the standard, Arrhenius-type
reaction kinetics is typically found for electron
transfer, anti-Arrhenius portions of this overall
bell-shaped temperature law have been observed in
the past and discussed in terms of a negative activation enthalpy. 65–67 This feature was also reported
for two out of three Miller’s complexes (ClQSB and
QSB in Figure 1), as is shown in Figure 2 and discussed in more detail below.
The basic phenomenology of the bell-shaped rate
law is sketched in Figure 4a. This curved form of
the rate law is the projection of the Marcus energy
gap law on the 1/T coordinate. 12,68 It arises as
the consequence of crossing the point X0 (T ∗ ) = 0
at the temperature T ∗ when activationless electron
transfer is reached by changing the temperature.
The reorganization energy is equal to the driving
force at T ∗

∆

∆
∆

∆

Figure 4: (a)

−β∆G† (T )

∆H †

−∆G0 (T ∗ ) = λ(T ∗ )

T ∆S †

and (b)
and
vs 1/T . Calculations are performed for the classical
Marcus activation free energy in eq 3 with λ(T ) and
∆Gs (T ) calculated for ClQSB complex in MTHF
(Figure 1). T ∆S † (T ) and ∆H † (T ) are given by eqs
17 and 18, respectively. The arrows in (a) and (b)
show the points of activationless electron transfer
at T = T ∗ (eqs 19 and 20) when ∆G† = ∆H † =
∆S † = 0. The results of using the Marcus model
for ∆G† (T ) (eq 3) are shown in black, red marks
the results of applying the Q-model (eq 8).

(19)

in the Marcus theory. The Q-model predicts an
alternative result
−∆G0 (T ∗ ) = αλ(T ∗ )/(1 + α)

(20)

where, as above, α > 0 is assumed. The activation
barrier is positive on both sides of T ∗ , but both
the activation enthalpy and the activation entropy
change from negative values at T > T ∗ to positive
values below T ∗ (Figure 4b).

Results
Here we apply the general ideas discussed above
to the calculation of the rates of three complexes
shown in Figure 1. All calculations have been done
by using eqs 1, 5, and 7 in which the solvent reorganization energy λ(T ) and the solvent part of the
reaction free energy ∆Gs (T ) are calculated theoretically with the software package SolvMol. 34 This
approach leaves two parameters in the rate equa-
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tion unspecified, the electron-transfer coupling V
and the gas-phase energy gap ∆Eg , when the Marcus model is used to describe the classical distribution of energy gaps entering the Franck-Condon
factor. The use of the Q-model adds one additional
parameter, α, quantifying the deviation from the
Gaussian statistics. These parameters have been
varied to produce best fits to experimental kET (T )
and the results are listed in Table 1. The quality of the fits is shown in Figures 2 and 5. The
vacuum energy gaps ∆Eg for all complexes have
also been calculated with CDFT. 69 The accuracy
of such calculations is insuﬃcient for kinetic modeling (see SI) and fits to experimental rates are more
reliable. The vibrational reorganization energies λv
were calculated from DFT and CDFT (see SI) and
are also listed in Table 1.

higher mathematical flexibility of the equations due
to an additional fitting parameter α. A consistency
test is required and it is provided by experimental
data for the temperature dependent reaction free
energy ∆G0 (T ) available for the NSB complex. 7,8
Experimental data for ∆G0 (T ) of NSB were obtained from the equilibrium constant for the reaction of charge shift from biphenylyl− (B− ) to
2-naphthyl (N) group in the NSB complex in
MTHF. 7,8 The measurements were a combination
of BC/NC and BS/NS equilibria, where cyclohexane (C) spacer was used at low temperatures.
Nevertheless the two sets of data were consistent,
with nearly temperature independent free energies
∆G0 (T ) (Figure 6, points), as one would anticipate
if the free energy of solvation of B− and N− were
close in the magnitude.
The main distinction between the results of fits to
the Marcus theory and the Q-model comes as the
magnitude of the gas-phase energy gap ∆Eg calculated from the fit of the kinetic data. The fit to the
standard Marcus theory used in eq 5 leads to ∆G0
significantly more negative than experiment (black
line in Figure 6). In contrast, the fit of the kinetic data to the Q-model produces a nearly perfect
agreement with the experimental ∆G0 (T ) without
additional fitting parameters (red line in Figure 6).

16

Ln[k× s]

14
12

Exp.
Q-model
Marcus

10
8

3.0

4.0

-1

5.0

1000/T (K )

0.2
0.1
0.0
-0.1
-0.2
-0.70

Figure 5: Rate constants in the Arrhenius co-

∆G0(eV)

ordinates (k(T ) vs 1/T ) for NSB in MTHF. The
points represent experimental data 8 and the solid
lines refer to the theoretical calculations. The black
line indicates the Marcus model (eq 1) used in the
Bixon-Jortner equation (eq 5), the red line refers to
the Q-model (eq 7) used in eq 5. SolvMol 30,34 was
used to calculate the solvent reorganization energy
λ(T ) and the solvent component of the reaction
Gibbs energy ∆Gs (T ). The gas-phase component
of the energy gap ∆Eg and the electron-transfer
coupling V are the fitting parameters listed in Table 1. The parameter α = 1.14, quantifying the
non-Gaussian character of the energy gap statistics, was determined from the fit; α → ∞ leads to
the Marcus limit with the Gaussian statistics of X.

Exp.
Q-model
Marcus

200 240 280 320 360
T(K)
Figure 6: Temperature dependence of the reaction
free energy for the NSB complex. The points are
experimental data 7,8 and the solid line is the theoretical calculation combining ∆Eg from the fit of
the experimental rates with ∆Gs from SolMol 30,34
(eq 13). The black solid line is obtained with ∆Eg
from the fit of the experimental rates to the Marcus model (eqs 1 and 5). The red solid line refers to
∆G0 with its gas-phase component ∆Eg obtained
from fitting experimental rates with the Q-model
(eqs 5 and 7).

The fits of experimental rates by using the Gaussian Marcus model in eq 5 are shown by the black
solid lines in Figures 2 and 5; the fits to the Qmodel are shown by the red solid lines. While the
quality of the fits is consistently better in the case
of the Q-model, this success can be attributed to a

The ability to fit the experimental kinetic data
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Table 1: Parameters of electron transfer reactions (eV) at T = 300 K (solvation parameters
refer to MTHF).
Complex
V × 103

a

Gas
λv b

NSB
QSB
ClQSB

0.03
0.22
0.16

0.41
0.50
0.49

NSB
QSB
ClQSB

0.07
0.21
0.16

0.41
0.50
0.49

a

Solvent
∆Eg c
λd ∆Gs d
Marcus
−0.77 0.86 0.04
−1.47g 0.74 0.05
−1.54 0.73 0.06
Q-model
−0.11 0.86 0.04
−1.06g 0.74 0.05
−1.27 0.73 0.06

Total
∆G0 e
−0.73f
−1.42h
−1.48h
−0.07f
−1.01h
−1.21h

Obtained by fitting the kinetic data for all three complexes. The application of the Q-model resulted in
α = 1.14, 1.22 and 1.74 for NSB, QSB and ClQSB, respectively. b The vibrational reorganization
energies were calculated from the gas-phase vertical transition energies as the mean of two values,
λv = (λv1 + λv2 )/2, which can be produced from the gas-phase energy surfaces (DFT/B3LYP/6-31G, see
Tables S1 and S2 in SI). The characteristic vibrational frequency of ωv = 1500 cm−1 was assigned to all
complexes. c ∆Eg values listed in the table were obtained as fitting parameters in the analysis of the
kinetic data for ASB complexes; ∆Eg ≃ 0 (NSB), −2.35 eV (QSB), and −2.74 eV (ClQSB) were
calculated with DFT, see Table S1 in SI. d Calculated by using the microscopic solvation model SolvMol.
e
From eq 13. f Experimental ∆G0 in MTHF 7 is −0.06 eV at T = 300 K. g Redox potentials measured
for Q and B in dimethylformamide 2 were used to estimate the gas-phase energy gap between separate
fragments. SolvMol calculations of the solvation energies of Q− and B− combined with the experimental
∆Gredox
yield ∆Eg (∞) = −1.68 eV at an infinite donor-acceptor separation (see SI for more details).
0
h
The present calculations of ∆G0 cannot be directly compared with those listed by Miller, 2 since they
were based on the redox potentials of the isolated fragments in a diﬀerent solvent (dimethylformamide).
and to obtain the bell-shaped curve in the Arrhenius coordinates (Figure 2) are greatly aﬀected by
the strong dependence of the reorganization energy on temperature predicted by the microscopic
solvation model. The dielectric continuum does
not capture this physics as illustrated in Figure 7,
where we compare the SolvMol calculations with
the dielectric model implemented in the numerical software DelPhi numerically solving the Poisson
equation. 70,71 As expected, the continuum model
grossly underestimates the change of the reorganization energy with temperature 24,25 (the slope
of λ with increasing temperature is nearly zero in
Figure 7). The microscopic and continuum results
are numerically close at T ∼ 300 K, which implies that the continuum models were empirically
parametrized to reproduce solvation free energies
around this temperature. However, the gross underestimate of the solvation entropy by the dielectric models 17,55–57 eventually leads to incorrect free
energies in an extended range of temperatures.
The top of the bell-shaped kinetic law in the

λ (eV)

2.0

NSB
QSB
ClQSB

1.6
1.2
0.8
150

200

250
T (K)

300

350

Figure 7: Solvent reorganization energy λ vs temperature for NSB (black), QSB (red), and ClQSB
(blue) in MTHF. The solid lines refer to the calculations with SolvMol 30,34 (microscopic solvation
model) and the dashed lines show the calculations
using DelPhi 71 (continuum solvation model).
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Energy (eV)

Arrhenius coordinates represents the activationless
regime (∆G† (T ∗ ) = 0), when the average energy
gap is zero, X0 (T ∗ ) = 0. The temperature dependence of the barrier arises from the solvent component of the driving force −∆Gs (T ) and the solvent
reorganization energy λ(T ). The point of the maximum in the Arrhenius coordinates is their crossing point in the Marcus theory (eq 19 and Figure
8). As mentioned above, using continuum dielectric to model the solvent eﬀect on electron transfer
produces the reorganization energy nearly independent of temperature (Figure 7) and no maximum
in the Arrhenius coordinates.

Electron transfer with low activation barriers
brings forward entropic eﬀects usually hidden behind the Arrhenius phenomenology. The appearance of a bell-shaped rate law in the Arrhenius
coordinates (ln(k) vs 1/T ) is a dramatic consequence of such entropic eﬀects (Figure 2). This
new phenomenology provides an alternative experimental approach to sample the statistics of the
donor-acceptor energy gap by varying the temperature. The ability to sample the bell-shaped rate
law by varying temperature relies on a relatively
strong variation of the solvation free energies entering the activation barrier. The microscopic solvation theory 12,30 suggests that the most relevant
functionality for both −∆G0 and λ is hyperbolic,
a + b/T . The top of the bell-shaped dependence
marks the point of activationless electron transfer:
the reaction is in the Marcus inverted region at high
temperatures and crosses to the normal region at
lower temperatures.

1.6
1.2

λ
-∆G0

*

T

0.8
200

250
T (K)

300

0.6

350

Gi (X) (eV)

150

Figure 8: Temperature variation of the solvent
reorganization energy λ(T ) (solid lines) and the
driving force −∆G0 (dashed lines) calculated for
electron transfer in ClQSB (blue) and QSB (red)
in 2-methyltetrahydrofuran (MTFH). The calculations are performed with the microscopic solvation model SolvMol. 30,34 The arrows indicate the
temperature T ∗ at which zero activation barrier is
reached in the Marcus theory of electron transfer
(eq 19). The condition of maximum rate is altered
in the Q-model (eq 20).

0.4

Q-Model
Marcus

0.2
0.0
-2

-1

0
X(eV)

1

2

Figure 9: G1 (X) (red) and G2 (X) (blue) for electron transfer in the NSB complex calculated with
the parameters listed in Table 1. The non-Gaussian
parameter α = 1.14 is used in the Q-model calculations (solid lines) and α → ∞ is set to produce
the Marcus limit (dashed lines). The vertical dotted line indicates X = 0 at which the free energy
surfaces cross and electron tunneling becomes possible. The vertical dashed line indicates the position of the “fluctuation border” X ∗ of the Q-model
below which Gi (X) → ∞. The distance between
the minima of the free energy surfaces is equal to
2λSt , where λSt is the Stokes shift reorganization
energy.

Discussion
The extraordinary predictive power of the Marcus theory 23 is based on the fundamental Gaussian
statistics of the medium fluctuations projected on
the one-dimensional reaction coordinate. The bellshaped energy gap law provides the means of experimental sampling of the energy gap statistics by
varying the reaction free energy. 2 When this fundamental view of thermal fluctuations in polar media
is supplemented with microscopic liquid state models, the theory becomes capable of very detailed
predictions of the eﬀect of thermodynamic parameters on the reaction rate.

Gaussian statistics is not required to obtain the
bell-shaped energy gap law. Already the involvement of quantum intramolecular vibrations of the
donor-acceptor complex (eq 5) brings about the de-
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viation of the energy gap shape from the inverted
parabola of the Marcus theory. 31 Further deviations from the inverted parabola are allowed by the
Q-model producing non-Gaussian statistics of the
donor-acceptor energy gap. 32 However, the maximum rate at the top of the bell-shaped curve is still
reached at the point of zero average energy gap,
X0 = 0, producing activationless electron transfer.
The Q-model brings a number of new features
to the general phenomenology of electron transfer in donor-bridge-acceptor systems. First, since
the fluctuations of the energy gap are not Gaussian, the free energy surfaces of electron transfer are non-parabolic. The extent of deviation
from the parabolic shape is very substantial for
α = 1.14 − 1.74 following from the fits of the kinetic data (from NSB to ClQSB in Table 1). The
free energy surfaces follow directly from the corresponding probabilities Pi (X) as
Gi (X) = G0i − β −1 ln [Pi (X)]

λ (eV)

1.0

Figure 11:

2.0

Ln[k× s]

4

6

0.0

-0.5

-1.0

7
8

-1.5

Solvent reorganization energies of
electron transfer in Miller’s set of donor-acceptor
complexes. 2 The molecular charge distribution
in the donor-acceptor complexes was calculated
from CDFT (see SI) and was used in SolvMol 30
to calculate λ. The calculated values are plotted
against ∆G0 + ⟨λ⟩, where ⟨λ⟩ is the average
reorganization energy in the set and ∆G0 is the
experimental reaction free energy from redox
potentials. 2 The complexes included in the set are
of the general ASB form (Figure 1) with the following acceptors A: 2-naphthyl (1), 9-phenanthryl
(2), pyrenyl (3), hexahydronaphthoquinon-2-yl
(4), 2-naphthoquinonyl (5), 2-benzoquinonyl
(6),
5-chlorobenzoquinon-5-yl
(7),
5,6dichlorobenzoquinon-2-yl (8). The ASB complexes
shown in Figure 1 are marked red in the plot.

Q-model
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∆G0 + 〈λ〉 (eV)
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1.0

2

0.5

λ + λv

0.5

0.8

(21)
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( λ + λv) α/(1+α)

1

0.7

18

12

Inverted

5

where i = 1 and i = 2 refer to the forward and
backward reactions, respectively. Here, G0i is the
free energy at the minimum such that the reaction
free energy is ∆G0 = G02 − G01 .

14

0.9

Normal

2.5

-∆G0(eV)

Figure 10: Energy gap law based on the Marcus
model (black line) and the Q-model (red line). The
parameters are for the NSB complex at T = 300 K
as listed in Table 1.
The free energy surface resulting from the Marcus theory and the Q-model are compared in Figure 9 in the case of the NSB complex. As is clearly
seen, the Q-model predicts a significant decrease of
the activation barrier at a given value of the driving force −∆G0 . The rate of electron transfer can
therefore be substantially increased without sacrificing the reaction free energy, a feature significant
for applications to solar energy conversion. 72 Apart
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from the nonlinear shape of Gi (X), the reduction
of the barrier is achieved by reducing the distance
between the minima of the free energy curves from
2λ in the Marcus theory to the value
2λSt = λ

α(1 + 2α)
(1 + α)2

bell-shaped law in Miller’s set of donor-acceptor
complexes, turns out to be equal to 0.75 eV. 2 While
this value is close to the corresponding results for
QSB and ClQSB from our calculations (Table 1),
this does not mean that the assumption of a constant reorganization energy within the set is well
justified. The results of our calculations of λ for
all eight complexes from Miller’s set is shown in
Figure 11 (see Table S6 in SI). It is clear that the
values of λ are spread over a significant range and
the assumption of a constant reorganization energy
throughout the set is an approximation.

(22)

The reorganization energy λSt refers to half of
the Stokes shift between the absorption and emission maxima of charge-transfer bands. 16,20 In the
Gaussian model, one has λSt = λ, as is seen from
eq 22 at α → ∞. However, the distance between
the absorption and emission maxima shrinks as α
decreases. 20 In terms of thermally activated electron transfer, one has 2λSt = |X01 − X02 | and the
same phenomenology is reflected in closer minima
of the free energy surfaces and a lower activation
barrier (Figure 9).
This general result is also clearly seen in the reaction energy gap law shown in Figure 10, where the
fitting parameters for the NSB complex are used to
compare the Marcus theory to the Q-model. Since
α ≃ 1 from our fitting, the top of the bell-shaped
energy gap law, that is the maximum rate, shifts
from ≃ λ + λv , per eq 6, to about half of this value
(≃ (λ + λv )/2, eq 9). Therefore, donor-acceptor
complexes satisfying the rules of the Q-model (either through varying polarizability or the coupling
of dihedral rotations to the solvent) achieve the
maximum rate of electron transfer at the driving
force significantly reduced compared to the Gaussian (Marcus) model. This observation might help
in designing charge-transfer complexes for eﬃcient
solar energy conversion since fast charge separation, followed by a long-living charge separated
state, is highly sought in those applications. 73–75
The broadly accepted line of thought for achieving such conditions is to perform reactions in lowpolarity solvents 76–78 with a low value of λ. An
alternative approach, suggested by the Q-model,
would be to seek conditions for a low magnitude of
the non-Gaussian parameter α.
All these mechanistic details, which are potentially important for both the fundamental understanding of electron transfer and for applications
to solar energy conversion, are washed out in the
standard construction of the energy gap law when
ln(kET ) is plotted vs the driving force −∆G0 under the assumption that all other parameters of
the reaction remain unchanged. The reorganization energy, which defines the top of the Marcus
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