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The influence of static and dynamic torsional disorder on the kinetics of charge transfer (CT) in donorbridge-acceptor (D-B-A) systems has been investigated theoretically using a simple tight-binding model. In
such systems, variations of the torsion angle often give rise either to static changes in the magnitude of
electronic coupling along the bridge length or to dynamic fluctuations of this quantity on the certain
characteristic time scale τrot. These lead to the functional breakdown of the Condon approximation. Modeling
of CT beyond the Condon approximation reveals two types of non-Condon (NC) effects. If τrot is much less
than the characteristic time, τCT, of CT in the absence of disorder, the NC effects was shown to be static. Due
to self-averaging of electronic coupling in this fast fluctuation limit, the breakdown of the Condon approximation
manifests itself as a static correction to the time-independent rate coefficient calculated for the ordered bridge
with the same time-averaged electronic coupling for all pairs of adjacent subunits. As a consequence, the CT
process exponentially evolves with time and therefore can be characterized by a time-independent rate
coefficient wa for the charge arrival on the acceptor (also termed the rate constant). For larger τrot, however,
the NC effects become purely kinetic. In this case, the process of CT in the tunneling regime exhibits time
scale invariance, the corresponding decay curves become dispersive, and the rate coefficient wa turns out to
be time dependent. In the limit of very slow dynamic fluctuations, where τrot . τCT, the NC effects in kinetics
of CT are found (as anticipated) to be very similar to the effects revealed for bridges with the static torsional
disorder. Both analytical and numerical results obtained within this limit allow the conclusion that for very
slow fluctuations and/or for static disorder, the nonexponential time evolution of the CT process is due to the
configuration averaging of electronic coupling. Several consequences of our theoretical findings for the interpretation of experimentally observed transients are briefly discussed. In particular, we argue that the minimal
value of the falloff parameter describing the distance dependence of the time-independent rate coefficient in
tunneling regime can not be less than 0.2-0.3 Å-1 and that the smaller experimental value of this parameter
reported in the literature for several D-B-A systems must be attributed to the multistep hopping mechanism
of charge motion rather than to the mechanism of single-step tunneling.
I. Introduction
Charge transfer (CT) has long been recognized as the key
process in many fields of chemistry, physics, and biology (see,
e.g., reviews,1–7 monographs,8–10 and references therein). Current
interest in characterization of this process on the nanoscale
(1-100 nm) has been driven by further progress in such areas
of practical interest as artificial solar-energy conversion,11
nonlinear optics,12 molecular electronics,13,14 and oxidative
damage of DNA.15
A convenient model system often used to probe the mechanism of CT in molecular objects with nanoscale dimensions
comprises a donor (D) and an acceptor (A) of electrons or holes
connected by molecular bridge (B); for details see, e.g., refs
11, and 16- 23. The number and variety of such donor-bridgeacceptor (D-B-A) systems have grown explosively in recent
years. Currently they involve bridges ranging from chains of
covalently linked structural subunits (such as the fluorene-based
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bridge shown in Figure 1a) to stacks of disklike aromatic
molecules or Watson-Crick base pairs. A representative
example of bridges formed by stacked molecular subunits is
provided by capped DNA hairpins (see Figure 1b), in which
the stack of adenine/thymine pairs serves as an intervening linker
between donor and acceptor sites of the system.
Extensive experimental and theoretical studies of intramolecular CT through bridges with a variety of chemical structures
have shown that electrons or holes can be transferred from D
to A through various mechanisms, in particular via single-step
tunneling.3,9 This mechanism is operative if the “bridging states”
are very high in energy compared with D and A, so that thermal
population of the bridge is unlikely.24 In most cases, the latter
condition is fulfilled for relatively short bridges with 3-4
building blocks.25–29
On the basis of conventional kinetic arguments, it is generally
believed that intramolecular CT in the tunneling regime evolves
exponentially with time and therefore can be characterized by
simple first-order decay kinetics with a time-independent rate
constant kCT also called a rate coefficient.30 Investigations using
single-molecule spectroscopy have shown clearly that in many
cases ensemble averaging is one way to provide simple first-
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order decay with a single rate coefficient;31–34 the same behavior
is observed in radioactive decay. Early works in collision theory
and gas-phase kinetics modeling also show that a single rate
coefficient can be seen when a single eigenvalue totally
dominates the relaxation spectrum.35 In general, then, there are
many, quite different situations in which a single rate coefficient
describes the observed kinetics reasonably well, although the
relation of this kinetic parameter with macroscopic and microscopic variables is always an important issue in theoretical and
experimental studies of different systems, processes and reaction
mechanisms.
Theoretical investigations of the above-mentioned problem
for intramolecular CT often rely on the extension of the Condon
approximation (originally used for optical spectroscopy36) to
the description of the CT process. The most common formulation of this approximation for CT states that electronic coupling,
V, between D and A does not vary with nuclear coordinates Q.
As a result, the squared transition matrix element can be factored
into an electronic part and a nuclear part (Franck-Condon
factor).1–3,37,38a,39 More recent theoretical analysis,39–51 however,
demonstrates the intuitively reasonable result that electronic
coupling is independent of Q only for rigid spacers, but does
depend on nuclear coordinates if bridges are flexible and their
structural subunits can undergo different types of motion. If the
dependence of V on Q is parametric (for examples, see e.g. ref
9), the Condon-like factoring of the matrix element is still
possible, although, according to the above-mentioned formulation, the Condon approximation is not valid. In this case the
expression for the nonadiabatic thermal rate coefficient for CT
can be written in the familiar form as the product of the effective
electronic coupling squared |Veff|2 and the density of states FFC
weighted by the Franck-Condon factor and thermally averaged,
that is
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kCT )

2π
|V |2F
p eff FC

(1)

Note that the value of Veff in eq 1 is different from the
magnitude of electronic coupling estimated within the framework of the Condon approximation, since Veff should be
calculated at a certain coordinate Q ) Q* that makes the main
contribution in the overlap of nuclear wave functions. This and
other non-Condon effects was established for systems with
increasing complexity, varying from relatively small43 and
medium-sized molecular objects50 up to polymers51–53 and
biological macromolecules.54,55
The above theoretical works, together with experimental
investigations of non-Condon effects associated with bridge
dynamics,56–59 have triggered numerous efforts to calculate kCT
beyond the Condon approximation.41,49,60–71 In most of these
calculations it is implicitly assumed that for a given D-B-A
system kCT remains constant even if the Condon approximation
does not hold. Consequently, static corrections to wellestablished formulas of electron transfer theory are supposed
to be sufficient to quantify the influence of fluctuating electron
coupling on kCT as long as the non-Condon effects are relatively
small.70
Another approach to the problem of non-Condon effects in
CT is used in the present work. Within the framework of this
approach the kinetic characteristics of a CT process can be
deduced directly from the decay curves calculated numerically
without invoking a priori assumptions mentioned above. This
makes the approach particularly useful for theoretical analysis
of the tunneling regime of CT in D-B-A triads with dynamic
fluctuations of the electronic coupling along the bridge induced
by the torsional motion of bridge subunits.
To avoid the assumption about the existence of a timeindependent rate coefficient, we performed numerical studies

Figure 1. Examples of D-B-A systems with bridges formed by covalently linked (a) or by π-stacked (b) structural subunits and 1D chain used for
theoretical modeling of these systems (c).
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of the CT kinetics in D-B-A systems with disorder in the
magnitude of electronic coupling that arises due to dynamic
and static fluctuations of the torsion angle between adjacent
structural subunits of the bridge. Since mass of these subunits
is typically large, the torsion motion can be treated classically,
while CT process in relatively short bridges can be treated
quantum mechanically. This enables one to use the hybrid
numerical quantum-classical methodologies to study the effect
of static and/or dynamic fluctuations of the torsion angle on
kinetics of CT. The application of these methodologies to the
solutions of various problems has been considered in a number
of publications.72 In the present work, we use the most simple
to the mixed quantum-classical description of the charge
propagation in D-B-A systems based on the tight-binding
approximation. In addition to a number of well-known restrictions (see, e.g., ref 73), this approximation at least in its standard
form does not allow the description of the intraunit vibrational
relaxation and therefore our analysis can not be extended to
the incoherent CT proceeding via multistep sequential hopping.
The results obtained for coherent CT mechanism show the
breakdown of the Condon approximation caused by dynamic
and static fluctuations of the torsion angle between adjacent
structural subunits has important consequences for intramolecular CT proceeding in the tunneling regime. In particular,
two different types of the non-Condon effects can be distinguished based on the analysis of our computer simulation data.
The non-Condon effects are shown to be purely kinetic if the
characteristic time, τrot, of dynamic fluctuations associated with
changes in the torsion angle (and hence in electronic coupling)
is comparable with or less than the characteristic time, τCT, of
CT in the absence of disorder (τrot j τCT). In this case the rate
process under investigation exhibits time scale invariance74,75
due to the breakdown of the Condon approximation. When
applied to intramolecular CT in D-B-A systems, the term “time
scale invariance” signifies that electrons or holes are transferred
from D to A on many different and coexisting time scales rather
than on a single temporal scale defined by the reciprocal of the
time-independent rate coefficient. For that reason, the calculated
decay transients become nonexponential and the time evolution
of the CT process should be described in terms of the timedependent rate coefficient. Following terminology widely accepted in the literature,75 such kinetic behavior herein is referred
to as dispersive.
These features were not found in our simulations of CT
through ordered flat bridges with the same equilibrium value
of the torsion angle for all pairs of neighboring subunits.
Furthermore, any indications of dispersive kinetics completely
disappear as torsionally induced fluctuations of electronic
coupling V(t) become much faster than a charge motion along
the analogous rigid bridge without disorder (τrot, τCT). Due to
the self-averaging of V(t) in this fast fluctuation limit, nonCondon effects become static now and manifest themselves as
static corrections. The time-independent rate coefficient is now
calculated for a bridge with the same time-averaged electronic
coupling for all pairs of adjacent subunits. Consequently, the
process of CT can be quantified in terms of a constant rate
coefficient determined by the root-mean-square electronic
coupling,〈V2(t)〉. The latter finding is consistent with the
Büttiker-Landauer theory of tunneling transition through a timedependent barrier.76 As follows from their analysis, at high
modulation frequencies, the particle will see a barrier with the
time-averaged height that determines the value of the timeindependent transmission coefficient for tunneling.
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We also investigated the other limit, in which dynamic
fluctuations of the torsion angle are much slower than charge
motion, i.e., τrot . τCT. In this case the dispersive behavior of
the process is retained, but the shape of the kinetic curve almost
coincides with that calculated for bridges with static torsional
disorder. The analytical and numerical results obtained within
this limit show that for very slow fluctuations and/or for static
disorder, the nonexponential time evolution of the CT process
is due to the configuration averaging of electronic coupling.
The results of our numerical studies as a whole demonstrate
that kinetic non-Condon effects in the time evolution of the CT
process can be discussed in terms of a time-dependent rate
coefficient. The temporal behavior of this kinetic parameter
indicates that intramolecular CT in D-B-A systems can be
considered as the first example of time scale invariance in a
chemical reaction governed by quantum mechanical tunneling.
To our knowledge, time scale invariance was previously reported
only for classical rate processes74,75 with one exception being
the relaxation of the wave function induced by a slowly varying
perturbation inside the potential barrier.77 In addition, our results
show that even a single first-order process can exhibit nonexponential decay with time. Therefore observations of nonexponential transients in time-resolved experiments designed to
study different rate processes, in particular intramolecular
CT,22,78–81 should not be necessarily considered as a signature
of a complex reaction mechanism that involves several elementary steps with different constant rate coefficients.
II. Qualitative Consideration of Torsional Non-Condon
Effects
A convenient starting point for qualitative analysis of the nonCondon effects caused by dynamic fluctuations of torsion angle
between bridge molecular subunits n D-B-A systems is the
Fermi’s golden rule expression for the nonadiabatic CT rate
coefficient kCT. Using the Fourier representation of the δ-function

δ(ω) )

1
2π

∫-∞+∞ exp(iωt) dt

(2a)

the Fermi golden rule can be written as the Fourier transform
for the product of the time-dependent Franck-Condon factor,CFC(t), and the electronic coupling correlation functionCV(t)

kCT )

1
p2

∫-∞+∞ dt exp(iωDAt)CV(t)CFC(t)

(2)

where ωDA is the Bohr frequency corresponding to the CT
energy gap.67a–c
It should be mentioned that the derivation of eq 2 rests on
the time-dependent perturbation theory. This theory is valid
when the perturbation causes system evolution within the time
period much larger than the duration of the perturbation itself.38b
This implies that for the applicability of eq 2 to the problem
under consideration, the time scale of CT along a rigid and
perfectly ordered bridge, τCT, should be much longer than the
characteristic time of torsional motion τrot. The latter quantity
is a measure of how rapidly dynamic fluctuations of torsion
angle randomize the value of electronic coupling in the given
D-B-A system, while τCT can be defined as the reciprocal of
the rate coefficient, k*CT, for CT in the absence of fluctuations.
The correlation function CV(t) in eq 2 describes the influence
of dynamic fluctuations of torsion angle between neighboring
bridge units on the magnitude of electronic coupling. According
to the results of molecular dynamics simulations and quantum
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chemical calculations,67d the time dependence of this correlation
function can be approximated by

CV(t) ) σV exp(-

t
) + 〈V(t)〉2
τrot

(3)

with the finite time-averaged value 〈V(t)〉 ) V0 and the meansquare deviation of electronic coupling σV.
Let us introduce now the time scale τFC for the decay of the
Franck-Condon factor CFC(t). Usually τFC is defined (see, e.g.,
ref 67c) by the time it takes to lose overlap between an initial
nuclear wave packet propagated with the electron in the donor
state and the same wave packet propagated with the electron in
the acceptor state. If τrot . τFC, the integral in eq 2 can be
simplified since in this case the relevant time scales can be
separated. As a result, one gets

kCTR

∫-∞+∞ dt exp(iωDAt)CV(t)CFC(t) ≈
+∞
CV(0)∫-∞ dt exp(iωDAt)CFC(t) = CV(0)FFC (4)

Furthermore, two limits become evident from eqs 4 and 3. If
fluctuations of electronic coupling are so small that σV . 〈V(t)〉2
) V20, the expression for CT rate coefficient collapses to the
familiar equilibrium form of the Marcus-Hush-Jortner
equation1–3

kCT )

2π 2
|V | F
p 0 FC

(5)

In the opposite case of large fluctuations where σV . 〈V(t)〉2,
the initial value of the electronic coupling correlation function
CV(0) is equal to 〈V(0)2〉 ) 〈V2〉 since σV in eq 3 is given by
〈V(0)2〉 - 〈V(t)〉2 ) 〈V2〉 - V20. Hence

kCT )

2π 2
〈V 〉FFC
p

(6)

in accordance with the results derived earlier (see, e.g., ref 69).
Comparison of eqs 5 and 6 show that for τrot . τFC large
fluctuations cause the breakdown of the Condon approximation.
The resultant effect is static and manifests itself as a replacement
of the absolute square of the electronic coupling calculated
within the Condon approximation by its time average. This can
be expected since in spite of the breakdown of this approximation due to the dependence of electronic coupling on torsion
angle (and hence on nuclear coordinates), the time scales
associated with the decays of the Franck-Condon factor and
the electronic coupling correlations function can be separated.
As a result, in this case the non-Condon effect remains static
and can be described in terms of time-independent corrections
to eq 6. Several perturbative schemes have been proposed (see,
e.g. 67c, 70 and references therein) to extend this separability
to the case where τCT . τrot J τFC.
Thus, a time-dependent perturbation theory and a separation
of time scales for electronic and nuclear motions enable us to
justify the validity of the assumption about the existence of the
time-independent rate coefficient for intramolecular CT beyond
the Condon approximation in the limit of fast torsion motion
τtor , τCT ) 1/k*CT. However the situation becomes different if
τrot j τCT )1/k*CT. Now a time-dependent perturbation theory
fails (see above) and a separation of time scales is not possible
(as can be shown by applying the method of adiabatic
elimination of the continuum to the solution of the timedependent Schrödinger equation82). Under these conditions the
time evolution of the CT process can be described by a theory
of irreversible random transitions.83 According to this theory,
dynamic fluctuations of the torsion angle θ can be described as

a stochastic process coupled to the charge transition between
donor to acceptor sites due to the dependence of the transition
rate coefficient k(θ) on the angular coordinate. This stochastic
process is characterized by the probability density P(θ,t; θ0) to
find the two adjacent molecular subunits in the conformation
with the torsion angle between θ and θ + d θ at time t, if at t
) 0 the angular coordinate θ is equal to θ0. Following the
analysis performed in ref 83, one can show that in the limit τrot
j τCT ) 1/k*CT the time behavior of the CT process is
nonexponential and that the probability S(t) to find a charge at
the donor site varies with t as

S(t) )

∫θ F(θ0)∫θ P(θ, t;θ0)exp(- ∫0t k(τ)dτ)dθ dθ0
0

(7)

Here the first integral corresponds to configuration averaging
over the distribution of initial torsion angles F(θ0), while k(τ)
stands for the time-dependent transition rate coefficient given
by

k(τ) )

∫θ P(θ, τ, θ0)k(θ)dθ

(8)

As can be seen from eqs 7 and 8, in contrast to the fast
fluctuation limit the non-Condon effect becomes kinetic as
fluctuations slow down, manifesting itself as the nonexponential
time behavior of the CT process if τrot j τCT ) 1/k*CT. Equations
7 and 8 also suggest that kinetics of CT remains nonexponential
when τrot . τCT and torsion motion is “frozen”. Now the
function P(θ,t; θ0) slowly evolves with time and can be replaced
by the initial distribution P(θ,t ) 0;θ0) ) δ(θ - θ0). As a result,
eqs 7 and 8 yields

S(t) )

∫θ F(θ0)exp(-k(θ0)t)dθ0
0

(9)

The obtained expression reveals that for τrot . τCT, the CT
process is indeed nonexponential in time, although the equation
describing the decay curve for “frozen” fluctuations turns out
to be distinct from the equation derived in the case τrot j τCT
) 1/k*CT (cf. eq 7).
To get the explicit form of the time-resolved decay, we
investigated the effect of static and dynamic torsional disorder
on the kinetics of CT using theoretical methodology described
in the next section.
III. Theoretical Methodology
III.1 A Model for Disorder. In the proposed simple model,
we consider the ensemble of many isolated D-B-A systems and
approximate each member of this ensemble by a onedimensional (1D) chain of chemically connected sites corresponding to the relatively rigid molecular subunits. For the
D-B-A systems shown in Figure 1a,b as representative examples,
the sites correspond to the donor, the acceptor and to the building
blocks of the bridge. The system in Figure 1a contains fluorene
groups as the building blocks of the bridge, while for the DNA
hairpin conjugates schematically depicted inFigure 1b such
blocks are comprised of adenine (A):thymine (T) base pairs.
For the sake of simplicity, the energy of the charge localized
on a single molecular subunit of the bridge, i.e., the so-called
site energy, is assumed to be the same for all sites except the
donor and the acceptor.
The intramolecular motion of charge carriers along the 1D
chain modeling the D-B-A system (see Figure 1c) is made
possible by the electronic coupling between neighboring sites i
and i + 1 (i ) 1, 2,..., N - 1) characterized by the value of the
charge transfer integral Vi,i+1. The value of the latter parameter
depends both on the internal geometry of structural subunits of
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the system and on the coordinate ξ associated with the intersite
degrees of freedom. In what follows we assume that ξ
corresponds to the torsion angle θ between two neighboring
bridge subunits. Then, using the “adiabatic elimination”
procedure84,85 analogous to the Born-Oppenheimer-like approximation in quantum mechanics, the probability, P(θ, t), that
the angle between two adjacent sites is equal to a certain value
θ at time t can be deduced from the solution of the rotational
diffusion equation

[

(

∂Urot(θ)
∂ P(θ, t)
∂P(θ, t)
1 ∂
+
P(θ, t)
) Drot
2
∂t
k
T
∂θ
∂θ
∂θ
B
2

)]

(10)
where Drot is the rotational diffusion coefficient, kB is the
Boltzmann constant, T is the temperature, and Urot(θ) is the
torsion potential.
Since Vi,i+1 depends on the torsion angle, while the torsion
angle, in turn, is distributed according to eq 10, the charge
transfer integral for a particular chain modeling the D-B-A
system should be considered within the framework of our model
as a random parameter. This suggests that even for bridges
involving only equienergetic structural subunits, the migration
of charge from D to A proceeds along a pathway with the
disorder associated with variations of the Vi,i+1 value and, hence,
with changes of the electronic coupling between neighboring
sites along the chain. Note that this torsional disorder should
be dynamic if the charge motion is slower than the diffusion
process along the θ-coordinate. Otherwise, it becomes effectively static. Indeed, if the torsion dynamics is “frozen” on
the time scale of charge migration, the left-hand side of eq 10
equals zero, and the solution of the diffusion equation coincides
with the Boltzmann distribution

(
(

)
)

Utor(θ)
exp kBT
P(θ) )
U
2π
tor(θ)
exp
dθ
0
kBT

∫

(11)

III.2 Tight-Binding Model for Charge Transfer. Following
the tight-binding approximation (see, e.g., 29 and 51 and
references therein), the wave function of the charge, Ψ, is
written as a linear combination of orbitals φi localized on each
site, namely
N

Ψ(t) )

∑ ci(t)φi

(12)

i)1

where ci(t) is the expansion coefficient satisfying the initial
condition ci(t ) 0) ) δ1,i and δ1,i is the Kronecker symbol. These
coefficients can be obtained by solving the set of the first-order
differential equations resulting from the substitution of eq 12
into the Schrödinger equation

ip

∂Ψ(t)
) HΨ(t)
∂t

(13)

The diagonal matrix elements of the tight-binding Hamiltonian H in eq 13 correspond to the site energies εii and for the
model discussed in Section III.1 can be specified as follows

εii )

{

ε11
εb
εNN -

for
i)1
for 1 < i e N - 1
ip
for
τ

(14)

i)N

Here a complex part is incorporated into the diagonal matrix
element associated with the acceptor site i ) N to take into

account that a charge reaching this site will undergo trapping
with the characteristic timeτ.
The off-diagonal matrix elements of the Hamiltonian for the
tight-binding scheme taking into account only the nearest
neighbor interactions are equal to the charge transfer integrals
Vi,i+1 ) Vi+1,i, while all other off-diagonal matrix elements are
zero. Thus, the H matrix in eq 13 can be written as

(

ε11 V12
V21 εb

H)

0

0
·

···

0

··
·

l

··
εNN -

0

ip
τ

)

(15)

Note that in the case of disorder solely caused by variations
of the torsion angle between neighboring structural subunits of
the D-B-A system, the off-diagonal elements in eq 15 depend
on θ, and therefore are random.
The probability P(t) that a charge will survive in the system
up to time t (the so-call survival probability) can be expressed
in terms of occupation probabilities |ci(t)|2 as
N

P(t) )

∑ |ci(t)|2

(16)

i

This enables one to calculate the rate coefficientwa for the
charge arrival on the acceptor. The latter quantity is often used
in experiments for characterization of CT kinetics78,79,86 and is
defined as

wa ) -

d ln P(t)
dt

(17)

Experimentally the wa values for holes (or electrons) generated in D-B-A systems are deduced from the rise of the A+ (or
A-) spectral band obtained from transient absorption measurements.86 A computational procedure which allows us to find
P(t) and wa theoretically is described in the next section.
III.3 Computational Method. To study intramolecular CT
numerically, the wave function of the charge was propagated
in time with a step of one atomic unit (2.42 × 10-17 s) using
eqs 13 and 15 until a preset value of the total time t had been
reached. For systems without disorder, all off-diagonal matrix
elements in eq 15 were taken to be equal and the expansion
coefficients ci(t) were obtained for different time instants from
the numerical solution of the set of the first-order differential
equations arising from the substitution of eq 12 into eq 13 as
discussed in Section III.2. Subsequently, the survival probability
and the CT rate were calculated from eqs16 and 17, respectively.
A similar computational procedure can be used for theoretical
studies of CT in D-B-A systems with torsional disorder.
However this requires information about the potential Utor(θ)
describing the rotation of two adjacent structural subunits
relative to each other. In the present work, we exploit the data
on Utor(θ) obtained earlier for fluorene bridges from electronic
structure calculations at the MP2 level.52 In the case where
torsional disorder is static, this enables one to sample the θ
values from the distribution given by eq 11 and to set up the
tight-binding Hamiltonian using the dependence of the charge
transfer integral on the torsion angle calculated previously for
bifluorene (V ≈ V0 cos θ with V0 ) 0.43 eV).
In the cases where the disorder is taken to be dynamic, the
values of the torsion angles were propagated in time by
assuming that the subunits in the bridge undergo rotational
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Figure 2. Survival probability as a function of time for D-B-A systems
containing 3 (solid line), 4 (dotted line), and 5 (dashed line) subunits.
All curves were calculated for the D-B-A system with the energy gap
∆ε between the donor and the equienergetic bridge equal to 1.2 eV.
The value of the charge transfer integral V was taken to be equal to
0.3 eV.

diffusion on the rotational potential energy profile discussed
above. During a small time step ∆t, the change in the angles is
given by84

∆θi ) -

Drot ∂Utor(θi)
∆t + ∆θdif
kBT ∂θi

(18)

The first term in eq 18 describes the rotational drift due to
the torsion potential resulting from interaction of a given subunit
with right and left neighbors, while the second term accounts
for the random diffusive rotation. The value of the latter term
is calculated according the relation ∆θdif ) (24Drot∆t)1/2χ with
χ being a uniformly distributed random number in the interval
[-1/2,1/2), so that the mean squared value of ∆θdif is given by
2
〈∆θdiff
〉 ) 2Drot∆t

(19)

with Drot ) 1/(2τrot) and τrot the diffusional rotation time of the
molecular subunits. The values of τrot for different molecules
can be obtained from results of molecular simulations or can
be measured by variety of techniques.87
For the migration-controlled CT, which is the process of our
primary interest here, the characteristic time τ in eqs 14 and 15
should be much less than τCT and hence will have no influence
on the time evolution of the survival probability. However, the
value of this parameter is important from the computational point
of view. In all calculations the value of τ was chosen within
the femtosecond time range. This choice is dictated by a
compromise between the need for a reasonable duration of
computer simulations and the necessity to satisfy the condition
τ , τCT that allows the process of CT to be considered as
migration-controlled. As has been shown in a series of additional
calculations, variations of τ within the range mentioned above
do not affect the obtained numerical results in accordance with
our expectations. This verifies that the time evolution of the
CT process is indeed governed by the motion of charge carriers
from D to A rather than by their trapping on the acceptor site.
The data presented below were obtained by averaging eq 16
over 300 realizations with different initial torsion angles. To
study the effect of dynamic fluctuations associated with changes
in electronic coupling between neighboring sites of the D-B-A
system, the rotation time τrot was varied from 0.1 up to 500 ps.
The values of other parameters involved in calculations are given
in the text.
IV. Results and Discussion
We first consider reference results obtained for static ordered
systems and then compare these results with the time evolution

Figure 3. Distance dependencies for the rate coefficient for charge
transfer in D-B-A systems. The distance dependence in panel (a) was
calculated from data presented in Figure 2 taking the value of the
intersite distance equal to 3.5 Å. The dependence in panel (b) was
obtained for zero energy gap taking the same value of the charge transfer
integral V as in Figure 2.

of the same process for systems with static disorder or dynamic
fluctuation. The comparison enables us to establish the specific
disorder effects on the CT kinetics as discussed in Sections IV.2
and IV.3.
IV.1 One D-B-A Systems without Disorder. In the absence
of disorder, the bridge connecting the donor and the acceptor
includes only equienergetic sites with electronic coupling
between nearest neighbors uniquely determined by a single timeindependent value, V, of the charge transfer integral. As can be
seen from the data presented in Figure 2, in this case the survival
probability P(t) obtained from eq 16 decreases with time
following the exponential law with the well-defined timeindependent rate coefficient wa.
The numerical results plotted in Figure 2 also demonstrate
that the process slows down as the distance, RDA, between D
and A becomes larger. One generally expects that for a
mechanism of coherent tunneling,2–4,8–10

wa ) w0 exp(-βRDA)

(20)

where w0 is the pre-exponential factor and β is the so-called
falloff parameter. This distance dependence is consistent with
our numerical results, but only if the ratio of the energy gap,
∆ε, between the donor and the equienergetic bridge to the value
of the charge transfer integral, V, is substantially larger than 1;
see Figure 3a. In the opposite situation, when ∆ε/V , 1, the
rate of the charge arrival turns out to be proportional to 1/RDA
as is evident from Figure 3b (and expected on the basis of a
time scale argument88).
Two distinct functional forms found numerically for the
dependence of wa on RDA at large and small values of the ratio
∆ε/V suggest that two extremes for the mechanism of CT should
be considered within the simple tight-binding model formulated
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TABLE 1: Examples of Molecular Bridges with Known
Values of Intramolecular Drift Mobility µim of Charge
Carriers, Charge Transfer Integral V, and Minimal Mobility
µ* ) ep/(4mV) of Charges for Band Transport Estimated
from the Ioffe-Frohlich-Sewell Criterion90
bridge subunit
fluorene
phenylene vinylene
dialkoxyphenyl
ladder phenyl
adenine:thymine base
pair in DNA A-tracts
a

b

µim, cm2
V-1 s-1

V, eV

>0.7a
68b
<0.01c
600d
9 × 10-4e

0.39a
0.43b
0.37c
0.79d
4 × 10-3f

µ*, cm2
V-1 s-1
0.7
0.7
0.8
0.4
72

4 × 10-5g
c

Data of ref 53. Data of ref 52. Grozema, F. C.; Siebbeles,
L. D. A., unpublished. d Prins, P.; Grozema, F. C.; Schins, J. M.;
Patil, S.; Scherf, U.; Siebbeles, L. D. A. Phys. ReV. Lett. 2006, 96,
146601. e Takada, T.; Kawai, K.; Cai, X.; Sugimoto, A.; Fujitsuka,
M.; Majima, T. J. Am. Chem. Soc. 2004, 126, 1125-1129; f Data of
ref 55. g Data of ref 86.

in the previous section. One extreme is the single-step tunneling
of a charge from D to A without physical occupation of the
bridge (see, e.g., refs 2–4, 6, 9, 10). This mechanism is operative
if the energy splitting of bridge states due to their electronic
coupling does not reduce the gap ∆ε significantly, so that the
inequality ∆ε/V.1 holds.
However, if ∆ε/V , 1, other regimes of CT are feasible.
Since now the gap ∆ε effectively vanishes, electrons or holes
can be transferred from D to A through long bridges undergoing
motion in a tight-binding band.89 On the basis of the
Ioffe-Frohlich-Sewell criterion,90 one can expect that this
mechanism prevails when the width of tight-binding band, 4V,
exceeds the scattering width p/τscatt with τscatt standing for the
characteristic time of charge relaxation induced by the scattering
on intramolecular vibrations and by the presence of diagonal
or off-diagonal disorder in the system. Note that the relaxation
time for particles with charge e and mass m can be expressed
in terms of the intramolecular drift mobility of charge carriers
µim as τscatt ) (m/e)µim. Therefore the Ioffe-Frohlich-Sewell
criterion implies that band transport along the bridge will
dominate if µim > µ* ) ep/(4mV). The values of µim, V, and
µ* available for several bridges with molecular subunits are
listed in Table 1. As follows from the data presented in this
table, µim is large than µ* for fluorine, phenylene vinylene, and
ladder phenyl bridges. Thus, based on the Ioffe-Frohlich-Sewell
criterion we conclude that CT through these bridges can proceed
via a mechanism involving bandlike charge transport in the weak
scattering limit. In this limit the time spent on the bridge by a
moving charge should be proportional to the distance between
D and A and hence

wa ∼ 1 ⁄ RDA

(21)

in qualitative agreement with the computational results shown
in Figure 3b.
By contrast, µim < µ* for dialkoxyphenyl bridge and a stack
of adenine:thymine in the DNA hairpin conjugates. For these
and other bridges with relatively slow intramolecular drift
mobility, effects of polaronic on-site coupling become so
significant that a charge will be temporarily localized on a bridge
subunit and will move toward the acceptor in the incoherent
regime of sequential hopping. This regime as well as the
crossover between tunneling and hopping received much
attention,28,40,91 particularly in the context of CT in DNA,4,29,92a–g
and is not considered here.

Figure 4. The dependence of the falloff parameter β on the ratio of
the energy gap between the donor and the equienergetic bridge, ∆ε, to
the value of the charge transfer integral, V, for static uniform bridge
without disorder. The curve shown by a solid line was obtained from
eq 22. Points correspond to the results of numerical calculations.

The ratio ∆ε/V not only indicates whether coherent tunneling
or other mechanisms of CT considered above prevails in a given
D-B-A system, but also determines the falloff parameter β in
eq 20 that describes the rate coefficient for the charge arrival
on the acceptor site in the tunneling regime. For the latter
mechanism, earlier theoretical studies4,29 provide the following
relation between β and ∆ε/V

β)

[ (

∆ε
2
∆ε2
ln
+ 1+
a
2V
(2V)2

)]
1⁄2

(22)

where a is the distance between neighboring structural subunits.
This relation reduces to the expression for β which has been
derived earlier by Onuchic and Beratan93 and by Evenson
and Karplus94 within the tight-binding scheme in the case
∆ε/V . 1.
According to the results in Figure 4, the dependencies of β
versus ∆ε/V obtained from eq 22 and calculated numerically
within the framework of the tight-binding approximation are
close to each other and, as expected, become the same as ∆ε/V
becomes large. On the basis of these results, we conclude that
β monotonically increases with ∆ε/V for all values for which
the coherent tunneling mechanism of CT is expected to occur.
Furthermore, the data in Figure 4 enable us to specify the lower
limit, βmin, for the values of the falloff parameter imposed by
the crossover between tunneling and other mechanisms at ∆ε/V
≈ 1. To find this limit, either ∆ε in eq 22 should be set equal
to V or the β value should be calculated numerically for ∆ε/V
) 1. The analytical estimation based on eq 22 for the regular
1D chain with a ) 3.5 Å gives βmin ) 0.27 Å-1, while the
numerical procedure yields βmin ) 0.19 Å-1. The higher βmin
value obtained from eq 22 as compared with the result of
numerical calculations is not surprising since the analytical
expression for the falloff parameter can be derived only in the
limit of infinitely long chains.4,29 As has been shown earlier,29
eq 22 overestimates β for finite chains, thus providing less
accurate result for βmin as compared to the result of numerical
calculations.
The above estimate can be used as a guideline in distinguishing between tunneling and other mechanisms of intramolecular
CT in D-B-A systems on the basis of experimentally determined
β values. The experimental data on the distance dependence of
intramolecular charge transfer rates that are available for
different bridges yield β values ranging from 0.06 Å-1 for
polyene-bridged binuclear complexes95 up to 1.47 Å-1 for a
stack of adenine (A):thymine (T) connecting acridinium and
guanine (G) in DNA.96 For D-DNA-A systems, the experimental
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β values were found to vary from 0.0297 to 1.47 Å-1 (see ref
96) depending on the nucleobase sequence in the interior of
the DNA duplex. Our estimation of the lower limit βmin of the
falloff parameter in eq 20 suggests that these seemingly
controversial results can be explained by different mechanisms
of intramolecular CT in systems with large and small β values.92
On the basis of this estimation, a large β (> 0.96/a (Å) ≈
0.2-0.3 Å-1) exceeding βmin can be attributed to the tunneling
regime of the process. By contrast, a smaller experimental value
of the falloff parameter (<0.96/a (Å) ≈ 0.2-0.3 Å-1) can be
evidence in favor of incoherent charge motion along the bridge.
Certainly, this is true only if experimental data ensure that the
measured rate coefficient of CT and the CT efficiency exponentially decrease with the bridge length; otherwise, β is not a
proper parameter for the description of incoherent charge
transfer.92a
It should be noted that both experiment92b,d and theory92d–f
show that for sufficiently long bridges the incoherent hopping
mechanism of CT can exhibit exponential distance dependence,
as does single-step coherent tunneling (see eq 12). The falloff
parameters for these two mechanisms have, however, distinct
physical interpretations. While β in eq 20 is a measure of
electronic coupling between D and A (cf. eq 22), the falloff
parameter, βh, for multistep incoherent hopping mechanism
reflects either an asymmetry in the hopping rates in forward
(toward A) and backward (toward D) directions92h or the
competition of hopping and different channels for the charge
depopulation of the bridge.92d–f For these reasons, parameters
β and βh can also differ in their values. As has been explained
above, β for a single-step tunneling transfer between D and A
must not be less than 0.2-0.3 Å-1. For incoherent hopping,
contrastingly, no lower limit exists, so that βh can have much
smaller value. A typical example of the D-B-A triads in which
the incoherent CT process exhibits a weak exponential distance
dependence with βh < 0.1 Å-1 is the system involving a guanine
radical cation G+ (a hole donor), the hole trap triple GGG (an
acceptor), and a long sequence with m repeating AT pairs
between G bases (m ) 1, 2,...) serving as a bridge.92b,d In such
systems (as well as in many other D-DNA-A assemblies) a hole
hops between neighboring G bases with the rate coefficient kh
and in addition is able to react with surrounding water with the
rate kr at each hopping step.15 Kinetic analysis92d–f of this
situation shows that both the efficiency and the rate coefficient
of hole transfer between G+ and GGG drop exponentially as
the bridge length increases, with the falloff parameter βh given
by

βh )

()

kr
1
a(m + 1) kh

1⁄2

Note that in typical experiments kh must be larger than kr in
order to allow a charge to be transferred from D to A through
long bridges. As a consequence, βh can indeed be much smaller
than the minimal value βmin ≈ 1/a of the falloff parameter β
for the tunneling regime of CT. For example, for sequences of
alternating AT and GC base pairs with m ) 2 and a ) 3.4 Å,
the ratio kh/ kr ) 8.9 (for details, see ref 92f) and therefore βh
turns out to be less than βmin by almost a factor of 10.
Another example of the reaction channel competitive with
sequential hopping is the depopulation of the bridge due to
reverse charge transitions from the first bridge site to D (with
the rate coefficient k1,D) and from the last bridge site to A (with
the rate coefficient kN,A). Analysis of the kinetics of CT along
bridges with equal rate coefficients, khs, of hopping steps
shows92i,j that
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( )

khs exp wa )

∆ε
kBT

khs
khs
+
+N-1
kN,A k1,D

Since usually khs > k1,D, this equation can be rewritten as

( )

kd exp wa )

∆ε
kBT

kd
1+ N
khs

(23)

where kd ) kN,Ak1,D/(kN,A + k1,D) is the effective depopulation
rate coefficient. For kdN/khs , 1, the latter result can be
transformed to the exponential function of N using the Taylor
expansion of eq 23. As a result, the distance dependence of wa
for the hopping mechanism of CT again becomes identical in
form to eq 20 derived for the tunneling regime of the process,
although pre-exponential factors and falloff parameters in these
two cases are, of course, distinct. In particular, for incoherent
sequential hopping the exponential decrease of wa with increasing bridge length is not adequately described by the falloff
parameter β given by eq 22. Instead, this dependence is
characterized by the parameter βh) kd/(akhs) = βminkd/khs which
can be less than βmin as long as kd/khs < 1. This together with
our estimations of βmin implies that small β values (<0.2 - 0.3
Å-1) deduced from experimental dependencies of the CT
efficiency or the rate coefficients on the bridge length can not
be attributed to the tunneling mechanism of charge transfer in
D-B-A systems. On the basis of theoretical results obtained,
we thus conclude that the measured distance dependence of wa
enables one to distinguish between single-step tunneling and
multistep hopping but only if experiments are performed within
a wide range of bridge lengths (up to RDA = a(1 + khs/kd)).
IV.2. Two D-B-A Systems with Static Torsional Disorder.
Theoretical analysis of the effect of static disorder on various
physical and chemical processes goes back to pioneering works
of Mott.98 As has been shown using various methods,99 this
type of disorder can strongly affect different incoherent thermally activated rate processes in polymers, glasses and biological molecules.74,75,100,101 On the basis of the results obtained,
one can expect that static disorder may also cause significant
changes in the kinetics of coherent CT processes. Indeed, our
calculations show that in the particular case of static torsional
disorder associated with variations in the values of the charge
transfer integral V along the chain, the time evolution of the
survival probability becomes essentially nonexponential. Several
examples of such nonexponential behavior are given in Figure
5a, where the dependence P versus t is shown for different
degrees of disorder expressed in terms of the mean-square
deviation, σV, of V from the average.102 As follows from the
data presented in this figure, the survival probability for systems
with static torsional disorder exhibits a fast nonexponential decay
at short times, which gradually slows down as t increases, but
does not approach an exponential asymptote within the entire
time range investigated (see examples in Figure 5b). On the
basis of these results, we conclude that in the presence of static
disorder, the rate coefficient for the charge arrival on the
acceptor (defined by eq 17 as a slope of the decay curve)
becomes time-dependent. Hence, contrary to the completely
ordered system, the kinetics of CT in D-B-A assemblies with
static torsional disorder can not be characterized by a constant
rate coefficient.
The nonexponential time evolution of the survival probability
is a direct consequence of the static torsional disorder present
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Figure 6. Survival probability as a function of time for the four-site
D-B-A system with dynamic torsional disorder. The rotational diffusion
times for adjacent molecular subunits of the bridge were 500 (1), 100
(2), 10 (3), 1 (4), and 0.1 ps (5). The bold solid line corresponds to the
decay calculated for the ordered static chain with a charge transfer
integral equal to the rms value of 0.30 eV, obtained by time averaging.
The dashed line shows the decay for the bridge with static torsional
disorder (curve 1 in Figure 5). For all decay curves, the energy gap
between a donor and the equienergetic fluorene bridge with V0 ) 0.43
eV is equal to 0.6 eV.

Figure 5. Time evolution of the survival probability for the four-site
D-B-A system with a different degree of static torsional disorder. All
decay curves in panel (a) were calculated for the equienergetic fluorene
bridge (V0 ) 0.43 eV) separated from a donor by the energy gap equal
to 0.6 eV. The mean-square deviation σV of the charge transfer integral
with the average value of 0.3 eV is 3.61 · 10-2 eV2 (1), 3.28 · 10-2 eV2
(2), 2.89 · 10-2 eV2 (3), 2.44 · 10-2 eV2 (4). These values were obtained
using the angular dependence of the charge transfer integral and torsion
angles sampled from the Boltzmann distribution (see eq 11) at
temperatures of 298, 250, 200, and 150 K, respectively. The angular
dependence of the charge transfer integral and the torsion potential in
eq 11 were taken from ref 52. The long-time tails of curves 1 and 2
are plotted in panel (b) on the enlarged logarithmic scale to show that
the decay remains nonexponential for times larger than 2 ps.

in the 1D chain modeling the D-B-A system. This manifests
itself as variations in the value of charge transfer integrals along
the chain and, more importantly, as differences in the V values
among different chains. A certain number of chains in the
ensemble exist with a sequence of large charge transfer integrals
that is favorable for rapid CT between D and acceptor sites.
This group of chains is responsible for the fast initial decay of
the survival probability in Figure 5a. In other groups with
distinct realizations of disorder, the charge transfer integrals are
smaller on average and therefore the process of intramolecular
CT occurs on a longer time scale. For example, calculations
performed for torsional disorder with σV ) 3.28 10-2 eV2 show
that a fast initial decay of the survival probability is due to the
transfer of charges from the donor to the acceptor on the time
scale 0 e t < 0.1 ps along the chains with the root-mean-square
(rms) value of transfer integral 〈V2〉 ) 0.34 eV. The further
decrease of P(t) can be attributed to CT proceeding within the
time intervals 0.1 ps e t < 0.2 ps, 0.2 ps e t < 0.4 ps, and t
g 0.4 ps along chains with smaller rms values, which were
found to be 0.32, 0.29, and 0.27 eV, respectively. As a result,
we infer that in the presence of static torsional disorder
intramolecular CT in D-B-A systems proceeds on many
coexisting time scales. This gives rise to a distribution of the
CT rates within the ensemble and to strongly nonexponential
kinetics of the process characterized by a time-dependent rate
coefficient. Such features are typical for the dispersive kinetics

known so far only for rate processes described classically (for
review, see, e.g., refs 74 and 75).
IV.3 D-B-A Systems with Dynamic Fluctuations of Torsion
Angles. Strictly speaking, static disorder discussed in the
previous section exists only at temperatures that are sufficiently
low to suppress the rotational diffusive motion of bridge
structural subunits. Typically these temperatures are less than
the freezing point, Tf, of the solvent used in experiment. If,
however, T > Tf, disorder becomes dynamic rather than static
due to significant variations of the torsion angle between the
building blocks of the bridge because of rotational diffusion.
Such dynamic variations can affect the values of the charge
transfer integral and, hence, the electronic coupling between
neighboring sites, thus leading to the breakdown of the Condon
approximation (see Section II).
To investigate the kinetics of CT in D-B-A systems in which
the Condon approximation ceases to be valid, we calculated
the survival probability P(t) as a function of time for four-site
chains (D, A, and two bridge sites) with different degrees of
dynamic torsional disorder characterized by the rotational
diffusion time, τrot. The data in Figure 6 obtained for τrot ranging
from 0.1 up to 1000 ps show that all transients describing the
time evolution of the survival probability in the presence of
dynamic fluctuations lie between two curves. One curve shown
by the bold solid line describes the dependence of P versus t
for the ordered static chain with a charge transfer integral equal
to the rms value of 0.30 eV, obtained by time averaging. The
other depicted by the dashed line corresponds to the analogous
dependence for the chain containing static disorder only. If
fluctuations occur on a time scale exceeding τrot ) 0.1 ps, the
decay curves exhibit a nonexponential time behavior and
asymptotically coincide with the results obtained in the limit
of static disorder as τrot f ∞. The latter finding suggests that in
the case where migration of electrons or holes in the absence
of disorder is much faster than variations of the torsion angle,
the dynamic fluctuations are too slow to affect the charge motion
along the bridge. Hence in the slow fluctuation limit, electrons
or holes will experience only static torsional disorder while
migrating from D to A. This resembles the situation which arises
in optical absorption spectroscopy if the medium surrounding
molecules is slower than relevant molecular processes and can
be regarded frozen on the experimental time scale. In such static
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TABLE 2: Values of Parameters ω0 and r Used to Fit
Equation 24 to the Numerical Values of the Charge Arrival
Rate Coefficient wa Deduced from Decay Curves Shown in
Figure 6
τrot, ps
100
10
1
0.1

Figure 7. Time dependence of the rate coefficient for the charge arrival
on the acceptor in the four-site DBA system with dynamic torsional
disorder. The curve in gray is the result of numerical differentiation of
the decay curve 2 in Figure 6. The dashed line was obtained from eq
16 with ω0 ) 2.6 ps-1 and R ) 0.1.

limit each molecule sees a slightly different local configuration
of the surrounding medium and therefore experiences a slightly
different interaction with the local environment. Then the
absorption line shape can be obtained by summing (integrating)
over the contribution of various configurations.36,99i As a result,
the observed many-molecule spectrum shows the broad absorption profile. The line shape in this case is called inhomogeneous
and the broadening is referred to as inhomogeneous broadening.
As follows from the results obtained, similar inhomogeneous
broadening effect occurs for CT process in the slow fluctuation
limit. In the latter case, however, different bridge configurations
cause the deviation of the survival probability decay from a
simple monoexponential kinetic law rather than the occurrence
of the inhomogeneously broadened line shape in optical spectra
of molecules.
For much faster fluctuations of torsion angle with τrot e 0.1
ps, our simulations show that the shape of the calculated decay
curve P(t) is close to exponential within the time window
studied. Now, fluctuations of torsion angle become so fast that
a charge moves along the bridge with the time-averaged
conformation, for which the V value is determined by the mean
torsion angle and remains the same along the entire bridge length
(see Section II). This self-averaging of electronic coupling gives
rise to the monoexponential kinetics of CT in the case where
fluctuations are relatively fast. The analogy of this effect with
the homogeneous broadening of the spectral line is fairly
close.36,99i Indeed, this broadening arises in the case where
fluctuations in the environment are faster than the molecularphoton processes leading to absorptions. Therefore, as far as
the radiation field is concerned, all molecules on the average
appear identical and the ensemble-averaged line shape is the
same as what would be observed by monitoring a single
molecule.
The data in Figure 6 together with eq 17 enable one to
calculate numerically the time dependence of the rate coefficient
wa for bridges with different degrees of dynamic torsional
disorder. A typical example of this dependence obtained for
the D-B-A system with the energy gap∆ε ) 0.6 eV and the
rotation time τrot ) 100 ps is depicted in Figure 7 by the curve
shown in gray. A dashed line plotted in the same figure
demonstrates that the rate coefficient for the charge arrival
decreases witht following the power law

wa ) ω0RtR-1

0<Re1

(24)

For the example in Figure 7, the values of the fitting
parameters ω0 and R in eq 24 are equal to 2.6 ps-1 and 0.1,
respectively.

ω0, ps-1

R

2.60
4.90
5.39
12.04

0.10
0.33
0.75
0.96

The same equation also describes the time behavior of the
rate coefficient when the rotation time is smaller than 100 ps.
However the values of ω0 and R in eq 24 should be distinct
from those mentioned above to get a reasonable fit for each τrot
(see Table 2). The data presented in this table show that both
ω0 and R decrease with τrot and that R f 1 in the fast fluctuation
limit. As a consequence, if fluctuations are fast, wa becomes
independent of time and approaches the constant value wa )
ω0 dictated by time self-averaging of the charge transfer integral.
A very similar result has been obtained by Büttiker and
Landauer76 for tunneling transmission through a barrier evolving
with time. According to their theoretical findings, at high
modulation frequencies a particle tunnels through an effective
time-independent barrier with the time-averaged height.
As has been shown in Section II in the presence of dynamic
torsional disorder the Condon approximation does not hold
because of changes in the magnitude of electronic coupling with
the torsion angle. In the limit where τrot is much larger than the
characteristic time of CT in the absence of static or dynamic
disorder, τCT, variations of torsion angle are too slow to cause
dynamic fluctuations of electronic coupling during the CT
process. However the configuration averaging of the survival
probability leads to nonexponential time evolution of the CT
process (see Section II). For faster fluctuations, the breakdown
of the Condon approximation also gives rise to the complex
kinetic behavior of CT process. According to our theoretical
results, in both cases non-Condon effects are kinetic and include
the occurrence of time scale invariance and nonexponential
decay transients. Consequently, the concept of constant rate
coefficient is no longer valid. Instead, intramolecular CT in
the tunneling regime is characterized by a time-dependent rate
coefficient (see eq 24) and the kinetics of the process become
dispersive.
In the opposite limit where τrot , τCT, kinetics of intramolecular CT becomes monoexponential due to the self-averaging
of electronic coupling. Accordingly, a moving charge sees a
bridge with the same time-averaged electronic coupling 〈V2(t)〉
for all pairs of adjacent subunits and the rate coefficientwa turns
out to be time-independent. In the case where fluctuations are
so fast that τrot , τCT, additional simulations, however, show
that the decay rate of the monoexponential transients is slightly
different from the wa value calculated for the above-mentioned
ordered bridge with the time averaged electronic coupling. This
suggests that in contrast to the situations of “frozen” (τrot ,
τCT) and slow (τrot j τCT) fluctuations, the breakdown of the
Condon approximation in the fast fluctuation limit manifests
itself only as static corrections to the rate coefficient calculated
for the ordered bridge mentioned above. The magnitude of this
correction is proportional to the ratio σV /〈V2(t)〉 in accord with
earlier analytical results.70,103
Thus, as follows from the above analysis, the transition from
dispersive to monoexponential kinetic behavior of the CT
process occurs as τrot becomes much less than τCT. By virtue of
eq 20, the characteristic time τCT for the tunneling regime of
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charge motion exponentially increases with the length of the
bridge and, hence, with the number of bridge subunits, nbr.
Therefore it might be expected that for nbr . 4, the decay curves
would always be monoexponential, even if these curves are
dispersive for shorter bridges. However for such long bridges,
coherent tunneling ceases to be a dominant mechanism of CT
and charge carriers move from D to A via incoherent sequential
hopping.29 For this reason, our results can not be extended to
the D-B-A systems with more than 4 or 5 bridges subunits.
It is worth noting that nonmonoexponential transients attributed to the process of intramolecular CT were reported for
a variety of D-B-A systems studied by different time-resolved
spectroscopy techniques. In particularly, decay curves that do
not follow a single exponential kinetic law were reported for
“harpooning” semiflexibly bridged donor-acceptor systems,104σbridged triads comprising a vinylnaphthalene donor and a
dicyanovinyl acceptor105 as well as for a porphyrin-base
molecular wire bridging ferrocene (a hole acceptor) and fullerene
(a hole donor).80 In addition, similar decay profiles were
observed for a number of D-DNA-A assembles78,79,81,106,107 and
for a series of helical peptides connecting an electron donor
(an indole group) and an acceptor moiety (pyrene attached to
N-terminus).108 Experimental decay curves for these systems
are often fitted with the sum of several exponentials with
different time constants or with a single exponential as long as
the fitting procedure is restricted only to one particular narrow
time window. For example, Kurzawa et al.105 found that the
fluorescent transients used to obtain information about the
formation and decay of the CT state in vinylnaphthalene donorσ-bridge-dicyanovinyl acceptor compounds can be described
with the sum of three exponentials with different time decay
constants. Fiebig, Barton, Zewail and their co-workers107
reported that femtosecond transient absorption of DNA assemblies also exhibits three components. According to the
interpretation proposed,100 two of these components with the
decay time constants 5 and 75 ps can be ascribed to the charge
motion from the electron donor (7-deazaguanine) to the acceptor
(tethered ethidium) along two types of trajectories, one being
favorable and the other unfavorable for CT. The third component
with a decay time constant 100 ps was attributed to the slow
molecular rotations including that of the whole DNA duplex.
In connection with the interpretation of the experimental
results mentioned above, it should be emphasized that nonmonoexponential kinetics of CT alone can not be considered as a
convincing evidence of multistep mechanism of the process.
This becomes evident from the results of our theoretical analysis
which clearly shows the possibility of nonmonoexponential
kinetic patterns even in the case of a single step intramolecular
CT. For the same reasons, a successful fit of experimental
transients with the sum of a few exponentials distinct in their
time decay constants does not necessarily imply that there is
one-to-one correspondence between values of these constants
and time scales of the assumed elementary steps of the CT
process. As follows from our results, CT in D-B-A systems can
exhibit time scale invariance due to static or dynamic torsional
disorder, thus proceeding in one single step, but on many
coexisting time scales.
V. Summary and Conclusions
A simple tight-binding model for studying effects of static
and dynamic torsional disorder on the kinetics of charge transfer
in donor-bridge-acceptor systems is proposed. Using this model,
the process of intramolecular charge transfer from donor to
acceptor was simulated without postulating a priori the existence
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of a constant rate coefficient. The systems studied can be
distinguished by the type of the bridge involved. They contain
(i) flat rigid linkers with electronic coupling that does not vary
along their length, (ii) inflexible bridges with disorder resulted
from static variations of the torsion angle (and, hence, electronic
coupling) along their length, and (iii) dynamic bridges in which
electronic coupling can fluctuate in time due to the torsional
motion of adjacent structural subunits relative to each other. In
all three cases the investigated bridges were short enough to
allow an electron or a hole to be irreversibly transferred from
donor to acceptor site via quantum mechanical tunneling.
For perfectly ordered bridges (i), the survival probability
exponentially decreases with time, so that the kinetics of charge
transfer over a given distance can be characterized by a timeindependent rate coefficient. In the tunneling regime this rate
coefficient drops with the bridge length following the familiar
exponential length dependence. We show that the values of the
falloff parameter characterizing the length dependence of the
rate coefficient should not exceed the reciprocal of the mean
intersite distance. This implies that typically the lower limit for
this parameter is 0.2-0.3 Å-1.
By contrast, the numerical results obtained for bridges (ii)
enable us to conclude that static torsional disorder gives rise to
the time scale invariance of the charge transfer process.
Accordingly, the survival probability exhibits nonexponential
decay with time. On the basis of these results we infer that
generally kinetics of intramolecular charge transfer through
bridges with static torsional disorder should not be characterized
by a certain value of the rate constant, but must be actually
described in terms of the time-dependent rate coefficient.
The latter conclusion equally pertains to bridges (iii). In these
bridges torsional disorder causes dynamic fluctuations of
electronic coupling between two neighboring molecular subunits.
From the performed analysis of the computer simulation data,
two types of the resultant non-Condon effects were distinguished. When torsion motion and CT in the absence of disorder
occur on comparable time scales the non-Condon effect can be
considered as kinetic. In this case, the intramolecular charge
transfer proceeding via quantum tunneling exhibits time scale
invariance and nonmonoexponential (dispersive) temporal behavior. As a consequence, the rate coefficient for charge arrival
on the acceptor is not constant for a given donor-bridge-acceptor
system, but decreases with time following the power law with
a negative exponent.
For much faster torsion motion, the above-mentioned features
typical for dispersive kinetics vanish due to self-averaging of
electronic coupling and the decay curves become monoexponential. In this fast fluctuation limit the non-Condon effect is
static because now the breakdown of the Condon approximation
manifests itself as a static correction to the time-independent
rate coefficient for the ordered bridge with the same timeaveraged electronic coupling for all pairs of adjacent subunits.
Thus the applicability of the concept of constant rate coefficient
to the kinetic description of the tunneling regime of charge
transfer through short bridges with torsionally induced fluctuations of electron coupling is restricted to the special case where
such fluctuations are much faster than charge motion between
donor and acceptor in the absence of static or dynamic disorder.
On the basis of theoretical results obtained, we conclude that
even a single-step rate process can show nonmonoexponential
kinetic patterns. Therefore experimental observations of nonexponential transients do not necessarily signify that the
mechanism of charge transfer involves a sequence of elementary
processes with different constant rate coefficients.
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