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Effects of nonequilibrium fluctuations on ultrafast
short-range electron transfer dynamics
Yangyi Lu1, Mainak Kundu1 & Dongping Zhong1,2✉

A variety of electron transfer (ET) reactions in biological systems occurs at short distances

and is ultrafast. Many of them show behaviors that deviate from the predictions of the classic

Marcus theory. Here, we show that these ultrafast ET dynamics highly depend on the cou-

pling between environmental fluctuations and ET reactions. We introduce a dynamic factor, γ

(0≤ γ≤ 1), to describe such coupling, with 0 referring to the system without coupling to a

“frozen” environment, and 1 referring to the system’s complete coupling with the environ-

ment. Significantly, this system’s coupling with the environment modifies the reaction free

energy, ΔGγ, and the reorganization energy, λγ, both of which become smaller. This new

model explains the recent ultrafast dynamics in flavodoxin and elucidates the fundamental

mechanism of nonequilibrium ET dynamics, which is critical to uncovering the molecular

nature of many biological functions.
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The electron transfer reaction is one of the fundamental
steps in biological processes1,2. Biological electron transfer
(ET) reactions show a great variety of dynamics with

respect to a wide span of reaction timescales, from femtoseconds
(fs) to milliseconds (ms), and a large variation of donor-acceptor
distances3. These ET dynamics often display behaviors of non-
exponential decays4–6.

It is widely known that, when environmental fluctuations are
much faster than the ET reaction, the ET dynamics can be
described by a single exponential decay,

Q tð Þ ¼ e�t=τET ; ð1Þ
where Q(t) is understood as the survival probability of reactants.
This class of ET reactions has been successfully elucidated by the
classic Marcus theory7, with the reaction rate given by

kET ¼ 1=τET ¼ A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4πkBTλ

s
e�

ΔGoþλð Þ2
4kBTλ ; ð2Þ

in which ΔGo is the free energy of the ET reaction, and λ is the
reorganization energy. In the nonadiabatic limit, the prefactor A
is determined by the Franck–Condon principle8,

A ¼ 2π
�h
J2; ð3Þ

where J is the electronic coupling constant between the two states.
However, in some biological ET reactions, such as charge

separations in reaction center proteins, the ET dynamics is
observed to have the same timescale as those of local fluctuations.
There exist a large class of reaction center proteins, known as
flavoproteins, which contain the flavin cofactor, in the form of
flavin adenine dinucleotide (FAD) or flavin mononucleotide
(FMN)9. Flavin molecules have three redox states: oxidized,
semiquinone (one-electron reduced), and hydroquinone (two-
electron reduced). Hence, the flavin molecules can participate in
one-electron and two-electron transfer processes, as well as
proton-coupled-electron-transfer (PCET) processes10. Because of
the chemical versatility of flavin molecules, flavoproteins are
ubiquitous in biological systems and participate in enzyme-
mediated oxido-reduction reactions that are part of many crucial
biological functions11. The microscopic mechanisms behind these
enzyme activities involve a series of short-range ET reactions, of
which the donor and acceptor are within a few Å. These ET
reactions happen in the ultrafast timescales along with fluctua-
tions of their local environments12. Recent work has suggested
that the nonequilibrium environment has a major impact on the
ultrafast dynamics of short-range ET reactions, which are not
clearly understood within the classical framework13,14.

For example, the flavodoxin, being a flavoprotein, is an electron
carrier, which is non-covalently bonded to a flavin molecule
(FMN)15. Upon excitation, the flavin cofactor, originally at the
state of semiquinone (FMNH•), accepts an electron from an
aromatic tryptophan or tyrosine residue (W or Y), and is reduced
to the hydroquinone state (Fig. 1a). These reactions happen in the
timescale of a few picoseconds and cannot be described by a
single-exponential decay. They often show a stretched-
exponential behavior

Q tð Þ ¼ e� t=τETð Þβ ; ð4Þ
in which β is <1.016,17. The solvation dynamics of the flavodoxin,
which characterizes local motions of the protein and trapped
water, was resolved and described by two components with time
constants of a few picoseconds (ps) and tens of picoseconds,
respectively18.

Interestingly, a different type of ET dynamics arises when the
ET reaction is faster than local motions of protein and water19.

This phenomenon was observed in flavodoxin with the flavin
cofactor being prepared at the oxidized state (FMN). In this case,
the ET reaction between the residual (W or Y) and the oxidized
flavin (FMN) happens within a few hundred femtoseconds upon
excitation, which is ahead of the fastest local relaxation measured
in the solvation experiment18. Surprisingly, these ET dynamics
are very well described by single-exponential decays. Similar
dynamics has been reported in other flavoproteins20,21 and pos-
sibly in other classes of proteins22–24.

It has been well established that the free energy landscape of a
protein in solution is characterized by a large number of local
minima, which occupy a hierarchy of energy scales25–27. Starting
from a random part of the energy landscape, accessing different
local minima requires relaxation motions with different time-
scales, from local orientational motions in fs to protein con-
formational transitions in ms or even longer28,29. If the time
window is limited (for example, by the ET reaction time), the
complete phase space is not fully sampled. In other words,
ergodicity is broken for this type of systems and the traditional
approach of thermodynamics is not applicable30.

It is reasonable to expect that the “degree of ergodicity
breaking” of a ET system is determined by the ET reaction
timescale. Depending on the relative timescales of ET reactions
and the corresponding environmental relaxations, these reactions
are categorized into three classes (Fig. 1b):

1. Frozen: the reaction is faster than any local motion of the
environment. The surrounding protein and water do not
have time to respond to the charge transfer between the
donor and acceptor within the reaction time window. That
is, the ET happens in a “frozen” environment19.

2. Active: the ET reaction is actively coupled to environmental
relaxation modes. This class exhibits a variety of dynamics,
which typically displays non-exponential behaviors6.

3. Equilibrium: the ET reaction is much slower than local
environmental fluctuations such that the populations of
reactants and products are always at equilibrium with the
environment. This type of ET is finely explained by the
Marcus theory31.

In this work, in order to understand the novel dynamics
observed in ultrafast short-range ET reactions, we propose a
generalized reaction-diffusion model, which incorporates the
effect of ergodicity breaking in the model developed by Sumi and
Marcus32. In the next section, the Sumi-Marcus model and the
approach to address ergodicity breaking are reviewed. The ana-
lytical formulation of our model is then presented. Key para-
meters used in the model are related to experimentally
measurable quantities. Especially, a working model of photo-
excited ET reactions is derived. Next, we discuss the predictions
of the model in different classes of ET reactions and compare its
results with those of the Sumi–Marcus model. We then apply the
model to analyze the ET reactions in flavodoxin, which are
representatives of ET reactions in the frozen and active regions.
Built upon these theoretical and experimental results, the cou-
pling mechanisms of ET reactions and environmental fluctua-
tions in both equilibrium and nonequilibrium scenarios are
comprehensively discussed. Limitations of current work and
future directions are presented at the end.

Results
The Sumi–Marcus model. By treating the environmental fluc-
tuations as a diffusive process33, Sumi and Marcus proposed a
two-dimensional theory to model ET reactions32. A “fast”
coordinate, denoted by q, was introduced to take into account
the contributions from intramolecular vibrations, while a
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“slow” coordinate, denoted by x, was used to represent the local
motions involved in a ET reaction. Mathematically, the ET
dynamics is modeled as the time evolution of the distribution of
reactants, P(x, t),

∂P x; tð Þ
∂t

¼ LP x; tð Þ � k xð ÞP x; tð Þ; ð5Þ
where L is the Liouville operator that governs diffusion, and k
(x) is the probability of reaction along the solvent coordinate, x.
The reaction kernel k(x) is determined by the reaction barrier,
being the intersection of free energy surfaces of the reactant and
product states. As an immediate outcome of the theory, the
reorganization energy λ is separated into two terms, the “inner”
reorganization energy, λi, coming from contributions of intra-
molecular vibrations, and the “outer” reorganization energy, λo,
from contributions of environmental fluctuations, i.e.,

λ ¼ λi þ λo: ð6Þ
The ET dynamics, measured as the survival probability of

reactants, is obtained by integrating the reactants’ distribution,
P(x, t),

QðtÞ ¼
Z þ1

�1
P x; tð Þdx: ð7Þ

The Sumi–Marcus model can produce ET dynamics with non-
exponential behaviors and has been extensively applied to
studying different kinds of ET reactions4,14,15,34–36. However,
when the ET reaction is much faster than environmental
relaxations (discussed as the “non-diffusing limit” in the work
of Sumi and Marcus32), the model predicts a multi-exponential
dynamics, in contrast to the single-exponential dynamics
observed in a “frozen” environment19. On the other hand, the

model assumed a fixed curvature of the free energy surface for the
solvent coordinate. However, the curvature is proportional to
thermal fluctuations, which is likely to be dependent on the ET
reaction timescale because of ergodicity breaking of the system.

The method of restricted ensembles. The broken of ergodicity
for the system means that under certain constraints the complete
phase space of the system is not accessible. In this work, it is the
ET reaction that forbids parts of the phase space from being
connected by slower relaxations as compared to the reaction. This
phenomenon is known as the dynamical ergodicity breaking,
because the breaking of ergodicity is not permanent and ergo-
dicity can be recovered in longer timescales37. The physical
properties of a nonergodic system have to be calculated by
averages over restricted ensembles38.

One of the first applications of restricted ensembles in
addressing ET reactions was made by Matyushov39,40. Assume
that ET reaction rate is kET ¼ 1= τETh i, in which τETh i is the
average ET time constant, and the reaction coordinate X= X(q1,
q2, …, qN) is a function of N independent coordinates {qi} of the
system. The free energy of the system F(X), at the R or P state, is
defined as

e�F Xð Þ=kBT/
Z

δ X � X q1; ¼ ; qNð Þð Þe�H q1;¼ ;qNð Þ=kBT

´
Y

i; ωj j<kET
δ qi ωð Þ � Qið Þ

Y
i;ω

dqi ωð Þ; ð8Þ

in which H(q1, …qN) is the Hamiltonian of the system, and
{qi(ω)} are the Fourier transformed coordinates. In contrast to the
free energy defined in equilibrium, in which the density of state,
exp(−H/kBT), is integrated over all possible values of qi, i=1, …,
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Fig. 1 Schematic representations of the ultrafast electron transfer model. a Cartoon illustration of a photo-excited electron transfer reaction inside a
protein. b Three categories of ET reactions characterized by the value of dynamic factor γ (Eq. 16). c Free energy curves of three categories of ET reactions
along the solvent coordinate x. Two curves with the same color, corresponding to the colored ET category in b, are related to the reactant (left curve) and
product (right curve) states of a ET reaction, respectively (Eqs. 10a and 10b). d Free energy surfaces of three categories of ET reactions. Golden
wavepackets represent the initial distributions, P(x, t= 0) (Eq. 30).
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N, the above definition assumes motions that are slower than the
ET reaction (|ω|<kET) to be frozen and fixes the coordinate qi(ω)
to be a constant Qi. As a result, F(X) is also dependent on the ET
rate, F(X)= F(X, kET). Although the restricted free energy
function is not well defined in thermodynamics, in the later
development, the free energy function can be used to quantify the
magnitude of nonequilibrium local fluctuations within a finite
time window.

Nonergodic free energy surfaces. It is assumed that environ-
mental fluctuations of a ET reaction can be approximately
modeled as a polarization field which follows the Gaussian sta-
tistics39. The corresponding reaction coordinate, denoted by x, is
defined as follows

x ¼ �
Z

d~r~P ~rð Þ � Δ~E0 ~rð Þ; Δ~E0 ¼~E1 �~E2; ð9Þ

which is the polarization energy induced by the difference of two
electric fields generated by the R (with the subscript 1) and P
(with the subscript 2) states of the donor-acceptor pair and~P ~rð Þ is
the polarization field of the solvent. According to restricted
ensembles, the complete phase space is separated into a collection
of isolated components. Within each component, the free energy
curves along the coordinate x can be derived,

F1 x; kETð Þ ¼ x2

4λo kETð Þ ; ð10aÞ

F2 x; kETð Þ ¼ x � 2λo kETð Þð Þ2
4λo kETð Þ þ ΔGsol kETð Þ; ð10bÞ

in which all parameters are dependent on the reaction rate, kET39.
In these expressions, the minimum of the R state’s free energy,
F1(x, kET), is shifted to the origin. ΔGsol(kET) is the nonergodic
reaction free energy, contributed by active relaxation modes of
the environment. λo(kET) is the nonergodic outer reorganization
energy, defined by39,

λo kETð Þ ¼ λeqo

Z þ1

�1
dωS ωð Þθ ωj j � kETð Þ; ð11Þ

where θ(x) is the Heaviside step function and

λeqo ¼ lim
kET!0

λo kETð Þ; ð12Þ
which is the reorganization energy when all environmental
relaxation modes are fully relaxed. Here S(ω)41,

S ωð Þ ¼ 1
π

Z 1

0
dt S tð Þcosωt; ð13Þ

is the Fourier transform of the time auto-correlation function
(TCF) of the polarization energy x, S(t),

S tð Þ ¼ δx tð Þδx 0ð Þh i
δ2x 0ð Þ� � ; ð14Þ

where δx tð Þ ¼ x tð Þ � xh it!1. The stabilization energy, which is
measurable in the solvation experiment16, is defined as

ΔEsol ¼ xh it¼0� xh it!1: ð15Þ
As a result, a dynamic factor, denoted by γ, can be defined to

quantify the interplay between the ET reaction and environ-
mental fluctuations,

γ ¼
Z þ1

�1
dωS ωð Þθ ωj j � kETð Þ: ð16Þ

Therefore, γ is a function of kET. By definition, λo(kET) and
ΔGsol(kET) are related to their equilibrium values through (see

Supplementary Eq. 10)

λγo ¼ λo kETð Þ ¼ γλeqo ; ð17Þ

ΔGγ
sol ¼ ΔGsol kETð Þ ¼ ΔGeq

sol þ 1� γð Þλeqo : ð18Þ
It turns out that all the correction of nonergodicity can be

included into γ. To simplify the notations in the following
discussion, a superscript of γ is labeled onto a parameter if it is
dependent on the ET rate, kET, such as λγo and ΔGγ

sol.
The γ values vary between 0 and 1 (see Fig. 1b). When the ET

reaction is fast relative to motions of the environment, γ→0, few
environmental motions are able to couple with the reaction. The
local fluctuations are limited within a fraction of the complete
phase space, which results in a steep free energy surface along the
solvent coordinate x, hence a small λo(kET) (see the blue curve in
Fig. 1c). When the ET is slow, γ→1, the system is able to sample a
majority of the environment’s phase space, leading to a flat free
energy surface and a large λγo (see the red curve in Fig. 1c).

In the above discussion, the donor-acceptor pair is simplified
to be a structure-less dipole. However, in general, the degrees of
freedom inside the donor and acceptor are also relevant to the ET
reaction. Following the argument of Sumi and Marcus32, it is
assumed that these intramolecular degrees of freedom, governed
by the Gaussian statistics, respond to any change of the system
instantly. Another coordinate, denoted by q, is used to represent
these degrees of freedom. Hence, the free energy surfaces, as a
function of x and q, are expressed as

Fγ
1 x; qð Þ ¼ x2

4λγo
þ q2

4λi
; ð19aÞ

Fγ
2 x; qð Þ ¼ x � 2λγo

� �2
4λγo

þ q� 2λið Þ2
4λi

þ ΔGγ; ð19bÞ

where λi is the inner reorganization energy contributed by
intramolecular vibrations. ΔGγ is the free energy of the ET
reaction, including contributions from both the intramolecular
degrees of freedom and active environmental relaxation modes. It
is related to its equilibrium value through

ΔGγ ¼ ΔGo þ 1� γð Þλeqo : ð20Þ
In Fig. 1d, the energy surface on top of the figure corresponds

to a fast ET reaction relative to environmental motions, whose
intersection along x is the blue curve in Fig. 1c. The flattest energy
surface corresponds to a slow ET, whose intersection along x is
the red curve in Fig. 1c. The gradual change of ΔGγ with respect
to the relative rates between ET and environmental fluctuations
can be seen in both figures.

The equation of motion for the system. The reaction kernel k(x)
is determined by the intersection of the two free energy surfaces,

k xð Þ / exp � 1
kBT

Fγ
1 x; qy xð Þ� �� Fγ

1 x; 0ð Þ� �	 

; ð21Þ

where the transition state q†(x) at each point of x is determined
by the following equation,

Fγ
1 x; qy xð Þ� � ¼ Fγ

2 x; qy xð Þ� �
: ð22Þ

In the nonadiabatic limit, k(x) is given by the following
equation32,

k xð Þ ¼ J2

�h

ffiffiffiffiffiffiffiffiffiffiffiffi
π

λikBT

r
e�

x� ΔGγþλγð Þð Þ2
4kBTλi ; ð23Þ

where λγ is the total reorganization energy, subject to the
nonergodic correction, and λγ ¼ λi þ λγo. The electronic coupling
J is assumed to be independent of the configurations of the
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environment, given that the donor and acceptor are close in
distance.

On the other hand, assuming that environmental fluctuations
can be modeled by a diffusive process, in the overdamped limit, a
Liouville operator similar to the Sumi–Marcus theory, is
derived42 (see Supplementary Eq. 29)

LP ¼ D tð Þ 2λγokBT
∂2

∂x2
P þ x

∂

∂x
P þ P

� �
; ð24Þ

where D(t) is the diffusion coefficient that satisfies

D tð Þ ¼ � 1
S tð Þ

dS tð Þ
dt

; ð25Þ

in which S(t) is the normalized TCF of the solvation dynamics
defined in Eq. 14. Thus, the time evolution of the reactant’s
distribution is determined by

∂

∂t
P ¼ D tð Þ 2λγokBT

∂2

∂x2
P þ x

∂

∂x
P þ P

� �
� k xð ÞP: ð26Þ

Photo-excited ET reactions. In the case of a photo-excited ET
reaction, upon excitation, the local environment of the donor and
acceptor is close to the global minimum of the ground state,
deviating slightly from that of the excited state, which is the R
state of the ET reaction43. This deviation along the coordinate x is
denoted by Δxγ, which has the relation with its equilibrium value,
Δxγ= Δxeq × γ. Since Δxeq is approximately equal to ΔEsol,
the stabilization energy (see Eq. 15), we have (see Supplementary
Eq. 32),

Δxγ ¼ γΔEsol: ð27Þ
On the other hand, the reaction free energy ΔGγ also differs

slightly from Eq. 20 (see Supplementary Eq. 34), i.e.,

ΔGγ ¼ ΔGo þ 1� γð Þλeqo þ 1� γð ÞΔEsol: ð28Þ
To conclude this section, in a photo-excited ET reaction, the

time evolution of the reactants’ population, P (x, t), is governed
by the equation

∂

∂t
P ¼ D tð Þ 2λγokBT

∂2

∂x2
P þ x � γΔEsolð Þ ∂

∂x
P þ P

� �
� k xð ÞP;

ð29Þ
where k(x) and the initial condition of P(x, t) are given by (see
Supplementary Eq. 35)

k xð Þ ¼ J2

�h

ffiffiffiffiffiffiffiffiffiffiffiffi
π

λikBT

r
exp � x � γΔEsol � ΔGγ þ λγð Þð Þ2

4kBTλi

 �
;

P x; t ¼ 0ð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
4πλγokBT

s
exp � x2

4λγokBT

 �
: ð30Þ

In the above expressions, for convenience, the center of the
initial distribution, P (x, t= 0), is shifted to x= 0.

Finally, if the solvation TCF can be expressed as a multi-
exponential decay, which is S tð Þ ¼ P

i cie
�t=τi , the dynamic factor

can be evaluated by (see Supplementary Eq. 38)

γ ¼ 1� 2
π

X
i
ciarctan τi= τETh i½ �: ð31Þ

Effects of environmental relaxations on ET dynamics. As it is
seen in Eq. 29, the coupling between the ET reaction and
environmental fluctuations is reflected in the Liouville operator L
(Eq. 24) and the modified parameters, such as λγo and ΔGγ, which
are revised by the dynamic factor, γ (Eq. 16). In this section, this

coupling mechanism is elucidated. Furthermore, although it has
been well known that the solvation dynamics in biological sys-
tems usually shows non-Debye behaviors, its effects on the ET
dynamics are not clearly understood. The following discussion
will try to shed some light on this problem by examining the
influence of solvation dynamics with single-exponential and
double-exponential decays. In this discussion, the ET dynamics,
Q(t) (Eq. 7), is fitted with stretched-exponential decays (Eq. 4), in
which the average ET time constant is given by

τETh i ¼ τET
Γ 1=βð Þ

β
; ð32Þ

where Γ(z) is the standard Gamma function.

Debye relaxations. With the Debye relaxation, the TCF of the
solvent coordinate x is a single-exponential decay,

S tð Þ ¼ e�t=τD ; ð33Þ
which leads to a constant diffusion coefficient D(t)= 1/τD. To
find out how τD affects the ET dynamics, it is helpful to compare
the solutions of Eq. 29 with different values of τD while fixing all
other parameters in the equation, as shown in Fig. 2. It is clear
that with the increase of τD, β decreases from 1.0 and then
increases toward 1.0 after reaching a minimum (Fig. 2a). In
comparison, the ET dynamics modeled by the Sumi–Marcus
model displays very different behaviors (Fig. 2b). The stretched
factor β monotonically decreases with the increase of τD. To
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Fig. 2 Simulations of photo-excited ET dynamics. The simulations are
performed with different solvation timescales, τD, while fixing other parameters
at J=0.020 eV, ΔGo=−0.60 eV, λi=0.80 eV, and λo=0.40 eV. It is assu-
med that excited-state (ES) global minimum is aligned with the ground
state (GS) global minimum along the x coordinate. a Simulations using the
nonergodic model. b Simulations using the Sumi-Marcus model. Note the
difference in the variation of β between two models.
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understand these different dynamics, it is worthwhile examining
the time evolution of the reactants’ distribution, P(x, t) (Fig. 3). In
the region where τD � τETh i, local motions quickly bring P(x, t)
back to equilibrium (Fig. 3a). The ET dynamics fits an expo-
nential decay with its reaction rate well predicted by the Marcus
theory (Eq. 2). This result is also consistent with the simulation of
the Sumi–Marcus model (see Supplementary Fig. 1a). The ET
reaction belongs to the equilibrium class with λγo and ΔGγ

sol equal
to their equilibrium values, i.e., γ→ 1 (Fig. 1 Class III). As τD
becomes larger, the ET reaction gets into the active region, where
τD � τETh i (Fig. 1 Class II), and γ→ 1. λγo and ΔGγ

sol deviate from
their equilibrium values. The ET dynamics is stretched because P
(x, t) is driven away from its equilibrium distribution by the
asymmetric distribution of the reaction kernel, k(x), with respect
to x= 0 (Fig. 3b). In the other limit, where τD≫ τET, the envir-
onment is frozen (Fig. 1 Class I). The ET dynamics simulated by
the Sumi-Marcus model is very stretched, which is the result of
the static heterogeneity of the environment (see Supplementary
Fig. 1c). However, on the other hand, the ET dynamics simulated

by current model is exponential. In this limit, the ET reaction
happens with negligible impacts from local fluctuations, γ→ 0.
Mathematically, the static heterogeneity has the same effects on
λγo as well as ΔG

γ, which cancel out and result in the exponential
dynamics. The reaction rate is mostly determined by the value of
k(x) at x= 0 (Fig. 3c). In this case, λγo ! 0, and ΔGγ !
ΔGo þ λeqo . Additionally, the introduction of a non-zero stabili-
zation energy (Eq. 15) modifies the ET dynamics slightly (see
Supplementary Fig. 2 and 3).

Non-Debye relaxations. The picture gets more intricate when
moving beyond the Debye relaxation. To explain the influence of
a solvation dynamics with multiple components on ET reactions,
a solvation TCF with a double-exponential decay is used in Fig. 4,

S tð Þ ¼ c1e
�t=2:6 þ 1� c1ð Þe�t=40: ð34Þ

The time constants in picoseconds are chosen from the
measured solvation dynamics of flavodoxin18, but the overall
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picture is applicable to biological ET systems in general. The
solvation dynamics with a time component of a few picoseconds
and another of tens of picoseconds have been observed in a
variety of protein-water systems16,44–47. Different types of ET
dynamics are produced by varying the coefficient c1 in S(t) in
different sets of other parameters, in order to simulate ET
dynamics in equilibrium, active and frozen environments
(Fig. 1b). At any given time t > 0, the diffusion coefficient D(t)
monotonically decreases with decreasing c1, suggesting a slow-
down of local fluctuations (Fig. 4a). Similarly, at any given τET,
the dynamic factor γ decreases with decreasing c1 (Fig. 4b). Since
D(t) decays to the slower relaxation rate and γ gets close to 1
when τET→∞, it is reasonable to infer that the variation of D(t) is
only relevant to the ET dynamics with τET comparable to either of
the relaxation timescales. As it is expected, in the frozen
environment (Fig. 1b I), varying S(t) does not have a significant
impact on the resulting ET dynamics (Fig. 4c). This also applies
to the equilibrium class (Fig. 1b III). As long as the ET reaction is
much slower than any local motion of the environment, the ET
dynamics stays close to the prediction of the Marcus theory
(Fig. 4f). However, inside the active region (Fig. 1b II), the ET
dynamics is very sensitive to the coefficient of each solvation
component, especially that of the slow component (Fig. 4d, e).

In summary, the determining factor of ET dynamics is the
relative ratio between the solvation timescale and the ET
timescale, which is quantified by a dynamic factor, γ (Eq. 16).
The coupling mechanism between ET and the solvation is
realized through the diffusion process and modification of
thermodynamic properties, ΔGγ and λγ (Eqs. 17 and 20). In the
case where the solvation is much slower than ET, a small number
of local relaxation modes are coupled to the reaction and the
environment is frozen. This results in a single-exponential ET
dynamics in which the complexity of the solvation dynamics is
irrelevant. While the solvation is much faster, all local motions
are coupled to ET and the environment is in equilibrium, which
also leads to a single-exponential decay. It is when the solvation
has a comparable timescale with that of the ET reaction, the
dynamics becomes complicated. All components of the solvation
dynamics should be taken into account to produce a reasonable
picture of the ET reaction. Furthermore, the stabilization energy,
which comes from the misalignment of the ground state and the
excited state of the donor-acceptor pair, is also needed to
reproduce an accurate ET dynamics.

Analysis of ET reactions in flavodoxin. In this section, the
model (Eq. 29) is applied to analyzing two types of photo-excited
ET reactions in flavodoxin15,19. As discussed, to get an accurate
picture of the ET reaction, detailed information of the solvation
dynamics is required. The ET reactions to be analyzed are
between a photo-excited flavin cofactor (FMN* or FMNH•*) and
a nearby tryptophan residue in flavodoxin. The TCF of their
solvation dynamics is in the form of

S tð Þ ¼ c1e
�t=τ1 þ c2e

�t=τ2 þ c3e
�t=τ3 ; ð35Þ

with τ1 being a few ps, τ2 being tens of ps, and τ3 being hundreds
of ps16,18. The solvation dynamics does not have sub-picosecond
components, which are attributed to ballistic motions of bulk
water, because the functional site, in which the solvation is
measured, is buried deeply inside the binding pocket and is dis-
tant from the bulk water. The experimental solvation dynamics of
flavodoxin with FMNH• does not have a third component due to
the shorter lifetime of FMNH•*18. Within each system, mutants
are chosen such that each mutant is mutated at the same site and
does not drastically change the protein’s conformation, and the
structures of the donor and acceptor, it is therefore assumed that

the solvation TCF, S(t), and the inner reorganization energy, λi,
stay invariant under mutation. Given that the equilibrium value
of each mutant’s reaction free energy, ΔGo, is available, the
reorganization energies, λγo and λi, can be obtained by fitting the
experimental ET dynamics with Eq. 29.

The ET reaction of FMN is in the frozen region (Fig. 1b I) and
displays a single-exponential dynamics with the reaction rate
being in the hundreds of fs. As expected, the outer reorganization
energy for each mutant is close to 0, a characteristic of ET
reactions in the frozen region (Table 1 and Fig. 5a). The large
reaction rate is a result of low activation energy, being determined
by the large driving force, |ΔGγ|, as well as a fairly large inner
reorganization energy, λi. It has been suggested that the unusual
value of λi comes from the significant structural change between
FMN and the negatively charged, FMN−48. On the other hand,
the ET dynamics with FMNH•, being in the active region (Fig. 1b
II), is stretched with its reaction timescale comparable to the
shortest solvation timescale, τ1. The model gives a small but
nontrivial λγo (Table 1 and Fig. 5b). From Table 1, it is obvious
that the calculated reaction free energy ΔGγ deviates significantly
from its equilibrium value for each mutant.

In contrast to the predictions made by the Sumi–Marcus model
(Fig. 2b and Supplementary Fig. 1), the lack of strong dependencies
on the static heterogeneity of the environment in experimental
results suggests that, for ultrafast short-range ET reactions, the
electronic and vibrational structures of the donor and acceptor are
insensitive to the fluctuations of the local environment.
The influences of environmental fluctuations on the ET dynamics
are reflected in their contributions to the outer reorganization
energy as well as the driving force of the reaction. Conversely, if the
ET dynamics in the frozen region displays non-exponential decay, it
might suggest that the donor and acceptor are strongly coupled
with the environment such that the configurations of the
surrounding molecules have an impact on the electronic and
vibrational structures of the donor and acceptor49.

Discussion
To conclude, in this work, a model of ultrafast short-range elec-
tron transfer reactions is proposed to address the nonequilibrium
interactions between ET reactions and environmental fluctuations.
When dealing with ET reactions in equilibrium (Fig. 1b III), it is
shown that the new model is consistent with the classic Marcus
theory (Eq. 2). In the case of non-equilibrium ET reactions
(Fig. 1b I and II), this model predicts a nonergodic ET dynamics
by freezing relaxation modes that are slower than ET reactions.
This model successfully explained the single-exponential behavior
of extremely fast ET between FMN and the tryptophan (tyrosine)
residue in flavodoxin (Fig. 1b I), which does not fit into the classic
physical picture. Because of the existence of frozen relaxation
modes, the reaction free energy and the reorganization energy of
nonequilibrium ET reactions can deviate significantly from their
values at equilibrium. Particularly, the ET reaction in the frozen
region is characterized by λγo � 0. This model improves our cur-
rent understanding of ultrafast (short-range) ET reactions, which
is instrumental to our comprehension of physical mechanisms
behind many biological functions.

It should be noted that there still exist a few limitations in
current work. Firstly, when applying the model to analyze
experimental results, the relevant parameters, such as the inner
and outer reorganization energy, are obtained by fitting the
simulated results with experimental data. This approach certainly
has its limitation, especially when more parameters like ΔG and
the solvation correlation function S(t) are not available experi-
mentally. Therefore, the applicability of the model can be
enhanced if it is integrated with ab initio methods, which can help
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to compute these model parameters. Secondly, this approach of
addressing photo-excited ET assumes that vibrational distribu-
tions of the reactant and product states of the reaction follow the
Boltzmann distribution. However, it has been argued that photo-
excited ET reactions involve vibrationally excited states, whose
relaxation is in the range of a few picoseconds15. Therefore, the
phenomenon of nonequilibrium also exists inside the donor-
acceptor pair. In this case, instead of a two-state model for the
donor and acceptor, a fine model with electronic and vibrational

structures is required for a reasonable description49. This further
complicates the picture and more efforts are on the way.

We also want to emphasize that, due to the lack of theoretical
tools, it is very likely that many reactions that have been dis-
covered in the past could belong to ET reactions in the frozen
region while stay unnoticed. Furthermore, given the universal
existence of ergodicity breaking in complex environments37,50,
this new model can be applied to any ultrafast electron-transfer
reactions with the coupling between ET systems and their
environments, although it was initially developed for treatment of
photo-excited ET dynamics in biology. It should find wide
applications in chemistry, materials, and biology, to gain a deep
understanding of the fundamental ultrafast ET processes in those
fields.

Methods
Computational routine for solving the differential equation (Eq. (29)). In this
work, we used the software called Mathematica to solve the differential equations.
The software provides numerical methods for solving ordinary or partial differ-
ential equations, such as NDSolve, which are simple to use. The solution of
NDSolve is then numerically integrated using methods, such as NIntegrate, to give
Q(t) (Eq. (4)). Q(t) can be fitted by a stretched-exponential function using the
method, NonlinearModelFit.

Data availability
The data that support the findings of this study are available from the corresponding
author (D.Z.) upon reasonable request.

Code availability
The Mathematica notebook for solving the differential equations is uploaded as
the Supplementary File, et_code.nb.

Received: 12 August 2019; Accepted: 16 March 2020;

References
1. Marcus, R. A. & Sutin, N. Electron transfers in chemistry and biology.

Biochim. Biophys. Acta 811, 265–322 (1985).
2. Page, C. C., Moser, C. C., Chen, X. & Dutton, P. L. Natural engineering

principles of electron tunnelling in biological oxidation-reduction. Nature 402,
47–52 (1999).

3. Migliore, A., Polizzi, N. F., Therien, M. J. & Beratan, D. N. Biochemistry and
theory of protein-coupled electron transfer. Chem. Rev. 114, 3381–3465
(2014).

4. Wang, H. et al. Protein dynamics control the kinetics of initial electron
transfer in photosynthesis. Science 316, 747–750 (2007).

5. Liu, Z. et al. Dynamics and mechanism of cyclobutane pyrimidine dimer repair
by DNA photolyase. Proc. Natl Acad. Sci. USA 108, 14831–14836 (2011).

Table 1 Energetics of forward electron transfer reactions in flavodoxina.

Mutants τET
� �

/ps β γ λi λγo λγ ΔGγ ΔGo

Flavodoxin (FMN)b Y98R 0.19 1.0 0.07 0.90 0.01 0.91 −0.75 −0.97
Y98H 0.20 1.0 0.07 0.90 0.01 0.91 −0.73 −0.96
Y98A 0.25 1.0 0.08 0.90 0.02 0.92 −0.70 −0.95
Y98F 0.26 1.0 0.09 0.90 0.03 0.93 −0.69 −0.99

Flavodoxin (FMNH•)c Y98R 1.4 0.83 0.24 0.57 0.07 0.64 −0.34 −0.59
Y98H 1.8 0.76 0.30 0.57 0.10 0.67 −0.35 −0.59
Y98A 2.2 0.79 0.35 0.57 0.10 0.67 −0.34 −0.55
Y98F 3.4 0.83 0.45 0.57 0.10 0.67 −0.30 −0.44

aAll energies are in the unit of eV. τET
� �

and β are obtained by directly fitting experimental data with the stretched-exponential function; The ET dynamics of the oxidized state is represented by the
fluorescence transients of FMN* in different mutants gated at 538 nm and that of the semiquinone state is represented by the absorption transients of FMNH•* in different mutants probed at 800 nm; γ is
computed using Eq. 31; λi, assumed to be invariant under mutation, and λγo are obtained by fitting experimental data with Eq. 29; λγ is the sum of λi and λγo ; ΔGγ are computed using Eq. 28; ΔGo for different
mutants are obtained from literature15,19.
bFor Flavodoxin/FMN, J= 20meV19.
cFor Flavodoxin/FMNH•, J= 14meV15.

1.0a

0.8

0.6

0.4

0.2

0.0

N
or

m
al

iz
ed

 s
ig

na
l

1.0

0.8

0.6

0.4

0.2

0.0

N
or

m
al

iz
ed

 s
ig

na
l

0 5 10 15

–0.5 0.0 0.5 1.0 1.5

Decay time (ps)

Y98R –0.75, 0.01

Y98H –0.73, 0.01

Y98A –0.70, 0.02

Y98F –0.69, 0.03

Y98R –0.34, 0.07

Mutant ΔG � �o
�(eV)

�i = 0.57 eV

Mutant ΔG � �o
�(eV)

FLD/FMNH·

Y98H –0.34, 0.10

Y98A –0.33, 0.10

Y98F –0.30, 0.10

FLD/FMN

�i = 0.90 eV

b

Fig. 5 Simulations of experimental ET dynamics in flavodoxin. Simulations
(solid lines) for different mutants are compared with experimental results
(symbols). All time constants are in the unit of ps. a The ET reaction in
flavodoxin/FMN (oxidized state) with S(t)= 0.53e−t/1.0+ 0.26e−t/25+
0.21e−t/670. b The ET reaction in flavodoxin/FMNH• (semiquinone) with S
(t)= 0.76e−t/2.6+ 0.24e−t/40.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-15535-y

8 NATURE COMMUNICATIONS |         (2020) 11:2822 | https://doi.org/10.1038/s41467-020-15535-y | www.nature.com/naturecommunications

www.nature.com/naturecommunications


6. Liu, Z. et al. Electron tunneling pathways and role of adenine in repair of
cyclobutane pyrimidine dimer by DNA photolyase. J. Am. Chem. Soc. 134,
1501 (2012).

7. Marcus, R. A. On the theory of shifts and broadening of electronic spectra of
polar solutes in polar media. J. Chem. Phys. 43, 1261–1274 (1965).

8. Gray, H. B. & Winkler, J. R. Long-range electron transfer. Proc. Natl Acad. Sci.
USA 102, 3534–3539 (2005).

9. Zhang, M., Wang, L. & Zhong, D. Photolyase: dynamics and electron-transfer
mechanisms of DNA repair. Arch. Biochem. Biophys. 632, 158–174 (2017).

10. Zhang, M., Wang, L. & Zhong, D. Photolyase: dynamics and mechanisms of
repair of sun-induced DNA damage. Photochem. Photobiol. 93, 78–92 (2017).

11. Zhong, D. Electron transfer mechanisms of DNA repair by photolyase. Ann.
Rev. Phys. Chem. 66, 691–715 (2015).

12. Liu, Z. et al. Determining complete electron flow in the cofactor
photoreduction of oxidized photolyase. Proc. Natl Acad. Sci. USA 110,
12966–12971 (2013).

13. Zhang, M., Wang, L., Shu, S., Sancar, A. & Zhong, D. Bifurcating electron-
transfer pathways in DNA photolyases determine the repair quantum yield.
Science 354, 209–213 (2016).

14. Lu, Y. & Zhong, D. Understanding short-range electron transfer dynamics in
proteins. J. Phys. Chem. Lett. 10, 346–351 (2019).

15. Kundu, M., He, T.-F., Lu, Y., Wang, L. & Zhong, D. Short-range electron
transfer in reduced flavodoxin: ultrafast nonequilibrium dynamics coupled
with protein fluctuations. J. Phys. Chem. Lett. 9, 2782–2790 (2018).

16. Chang, C.-W. et al. Ultrafast solvation dynamics at binding and active sites of
photolyases. Proc. Natl Acad. Sci. USA 107, 2914–2919 (2010).

17. Li, J. et al. Dynamics and mechanism of repair of ultraviolet-induced (6-4)
photoproduct by photolyase. Nature 466, 887–891 (2010).

18. Chang, C.-W. et al. Mapping solvation dynamics at the function site of
flavodoxin in three redox states. J. Am. Chem. Soc. 132, 12741–12747 (2010).

19. He, T.-F. et al. Femtosecond dynamics of short-range protein electron transfer
in flavodoxin. Biochemistry 52, 9120–9128 (2013).

20. Zhong, D. & Zewail, A. H. Femtosecond dynamics of flavoproteins: Charge
separation and recombination in riboflavin (vitamin B2)-binding protein and
glucose oxidase enzyme. Proc. Natl. Acad. Sci. 98, 11867–11872 (2001).

21. Mataga, N. et al. Femtosecond Fluorescence Dynamics of Flavoproteins:
Comparative Studies on Flavodoxin, Its Site-Directed Mutants, and Riboflavin
Binding Protein Regarding Ultrafast Electron Transfer in Protein Nanospaces.
J. Phys. Chem. B 106, 8917–8920 (2002).

22. Delfino, I., Viola, D., Cerullo, G. & Lepore, M. Ultrafast excited-state
chargetransfer dynamics in laccase type I copper site. Biophys. Chem. 200,
41–47 (2015).

23. Bizzarri, A. R., Brida, D., Santini, S., Cerullo, G. & Cannistraro, S. Ultrafast
Pump–Probe Study of the Excited-State Charge-Transfer Dynamics in Blue
Copper Rusticyanin. J. Phys. Chem. B 116, 4192–4198 (2012).

24. Nagasawa, Y. et al. Coherent dynamics and ultrafast excited state relaxation of
blue copper protein; plastocyanin. Phys. Chem. Chem. Phys. 12, 6067–6075
(2010).

25. Onuchic, J. N., Luthey-Schulten, Z. & Wolynes, P. G. Theory of protein
folding: the energy landscape perspective. Ann. Rev. Phys. Chem. 48, 545–600
(1997).

26. Frauenfelder, H. et al. A unified model of protein dynamics. Proc. Natl. Acad.
Sci. USA 106, 5129–5134 (2009).

27. Lewandowski, J., Halse, M., Blackledge, M. & Emsley, L. Direct observation of
hierarchical protein dynamics. Science 348, 578–581 (2015).

28. Qin, Y., Wang, L. & Zhong, D. Dynamics and mechanism of ultrafast water-
protein interactions. Proc. Natl Acad. Sci. USA 113, 8424–8429 (2016).

29. Wolynes, P. G. Evolution, energy landscapes and the paradoxes of protein
folding. Biochimie 119, 218–230 (2015).

30. Binder, K. & Young, A. P. Spin glasses: experimental facts, theoretical
concepts, and open questions. Rev. Mod. Phys. 58, 801 (1986).

31. Marcus, R. A. Chemical and electrochemical electron-transfer theory. Ann.
Rev. Phys. Chem. 15, 155–196 (1964).

32. Sumi, H. & Marcus, R. A. Dynamical effects in electron transfer reactions. J.
Chem. Phys. 84, 4894–4914 (1986).

33. Calef, D. F. & Wolynes, P. G. Classical solvent dynamics and electron transfer.
II. Molecular aspects. J. Chem. Phys. 78, 470–482 (1983).

34. Basilevsky, M. V. & Chudinov, G. E. Kinetics of outer-sphere electron transfer
in non-Debye solvents with two characteristic relaxation periods. Mol. Phys.
71, 461–476 (1990).

35. Akesson, E., Walker, G. C. & Barbara, P. F. Dynamic solvent effects on
electron transfer rates in the inverted regime: ultrafast studies on the betaines.
J. Chem. Phys. 95, 4188–4194 (1991).

36. Wang, H. et al. Unusual temperature dependence of photosynthetic electron
transfer due to protein dynamics. J. Phys. Chem. B 113, 818–824 (2009).

37. Matyushov, D. V. Fluctuation relations, effective temperature, and ageing of
enzymes: the case of protein electron transfer. J. Mol. Liq. 266, 361–372 (2018).

38. Palmer, R. G. Broken ergodicity. Adv. Phys. 31, 669–735 (1982).
39. Matyushov, D. V. Nonergodic activated kinetics in polar media. J. Chem. Phys.

130, 164522 (2009).
40. LeBard, D. N. & Matyushov, D. V. Protein-water electrostatics and principles

of bioenergetics. Phys. Chem. Chem. Phys. 12, 15335–15348 (2010).
41. Blumberger, J. Recent advances in the theory and molecular simulation of

biological electron transfer reactions. Chem. Rev. 115, 11191–11238 (2015).
42. Adelman, S. A. Fokker-Planck equations for simple non-Markovian systems. J.

Chem. Phys. 64, 124–130 (1976).
43. Zhong, D., Pal, S. K. & Zewail, A. H. Biological water: a critique. Chem. Phys.

Lett. 503, 1–11 (2011).
44. Bagchi, B. Water dynamics in the hydration layer around proteins and

micelles. Chem. Rev. 105, 3197–219 (2005).
45. Jia, M. et al. Determination of protein surface hydration by systematic charge

mutations. J. Phys. Chem. Lett. 6, 5100–5105 (2015).
46. Qin, Y., Zhang, L., Wang, L. & Zhong, D. Observation of the global dynamic

collectivity of a hydration shell around apomyoglobin. J. Phys. Chem. Lett. 8,
1124–1131 (2017).

47. Yang, J., Wang, Y., Wang, L. & Zhong, D. Mapping hydration dynamics
around a beta-barrel protein. J. Am. Chem. Soc. 139, 4399–4408 (2017).

48. Kao, Y.-T. et al. Ultrafast dynamics and anionic active states of the flavin cofactor
in Crytochrome and Photolyase. J. Am. Chem. Soc. 130, 7695–7701 (2008).

49. Cho, M. & Silbey, R. J. Nonequilibrium photoinduced electron transfer. J.
Chem. Phys. 103, 595–606 (1995).

50. Feng, H., Zhang, K. & Wang, J. Exploring the potential energy landscape of
glass-forming systems: from inherent structures via metabasins to
macroscopic transport. J. Phys. Condens. Matter 20, 373101 (2008).

Acknowledgements
This work was supported in part by the National Science Foundation Grant CHE1412033
and the National Institute of Health GM118332. We also acknowledge the support of the
National Natural Science Foundation of China for the collaboration effort with a sab-
batical stay of D.Z. in Shanghai Jiao Tong University to finally finish this work.

Author contributions
D.Z. designed research; Y.L. performed research; Y.L. and M.K. analyzed the data; and
Y.L. and D.Z. wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-15535-y.

Correspondence and requests for materials should be addressed to D.Z.

Peer review information Nature Communications thanks Leonardo Bernasconi, Dmitry
Matyushov and the other anonymous, reviewer(s) for their contribution to the peer
review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,

distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons
license, and indicate if changes were made. The images or other third party material in
this article are included in the article’s Creative Commons license, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative
Commons license and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-15535-y ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:2822 | https://doi.org/10.1038/s41467-020-15535-y | www.nature.com/naturecommunications 9

https://doi.org/10.1038/s41467-020-15535-y
https://doi.org/10.1038/s41467-020-15535-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Effects of nonequilibrium fluctuations on ultrafast short-range electron transfer dynamics
	Results
	The Sumi–nobreakMarcus model
	The method of restricted ensembles
	Nonergodic free energy surfaces
	The equation of motion for the system
	Photo-excited ET reactions
	Effects of environmental relaxations on ET dynamics
	Debye relaxations
	Non-Debye relaxations
	Analysis of ET reactions in flavodoxin

	Discussion
	Methods
	Computational routine for solving the differential equation (Eq. (29))

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




