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Using a tight-binding model of charge transport in systems with static and dynamic disorder, we present a
theoretical study of the positive charge transfer in molecular assemblies that involve a hole donor and an
acceptor connected by fluorene and phenyl bridges. Two parameters that determine the rate of charge transfer
within the proposed model are the charge transfer integral between neighboring units and the site energies.
Fluctuations in the values of the charge transfer integral and the energy landscape for hole transport were
calculated by taking into account variations of the dihedral angle between neighboring units and electrostatic
interaction of positive charge moving along the bridge and the negative charge that remains on the hole
donor. Analysis of the dynamics of hole transfer and the distribution of the positive charge during this process
allows the conclusion that the rapid fall of the hole transfer rate coefficient observed in experiments with
short bridges (three and four structural units for systems with fluorene and phenyl bridges, respectively) can
be attributed to the electrostatic interaction. This interaction is responsible for the formation of the effective
barrier between donor and acceptor with the height that increases as the number of structural bridge units
remains less than 3 (fluorene bridge) or 4 (phenyl bridge). For longer bridges, however, the effective barrier
changes only weakly and now the charge transport is mostly dominated by the fluctuation-assisted incoherent
hole migration along the bridge. The latter mechanism exhibits much weaker dependence of the rate coefficient
on the bridge length in agreement with the available experimental results.
I. Introduction
There is currently an extensive interest in the study of
mechanisms governing the process of photoinduced intramolecular charge transfer (CT) in molecular assemblies consisting
of an electron (or hole) donor (D) and an acceptor (A) connected
by a bridge (B). The number and variety of such donor-bridgeacceptor (D-B-A) systems have grown explosively in recent
years. They can be divided roughly into those with π-bond
conjugated bridges and those with σ-bonded bridges, although
hybrid combinations are also known.1 The increasing interest
in various D-B-A molecules is much due to their potential
use in molecular electronics,2-5 solar cells,6-10 and in artificial
photosynthesis.11-17 In addition, these molecules are widely used
as convenient model systems for probing intramolecular charge
transfer by different experimental techniques (for details, see
refs 18-27).
Theoretical analysis of experiments on ET between donor
and acceptor sites through bridges of different chemical
structures reveals several basic mechanisms for the intramolecular nonresonant charge transfer process.28 The existence of
such mechanisms becomes most evident for bridges without
static and/or dynamic disorder. In such simple D-B-A systems
all the bridge sites are the same (that is, the site energies are all
equal), and the electronic coupling between nearest neighbors
†
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is a single time-independent value, V. If the energy splitting of
bridge states due to their electronic coupling does not reduce
the energy gap ∆ε between the donor and the bridge states
significantly, so that the inequality ∆ε/V . 1 holds, a charge
can be transferred from D to A via the single-step coherent
tunneling without physical occupation of the bridge.29 For this
superexchange mechanism of coherent tunneling, one generally
expects that the probability of transferring an electron/hole from
D to A decreases exponentially with the length of the bridge
RDA, giving rise to an exponential distance dependence of the
charge transfer rate coefficient kCT (see, e.g., refs 29a-c and
29f)

kCT ) k0e-βRDA

(1)

where k0 and β are the scaling factor and the falloff parameter,
respectively.
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
the motion in a tight-binding band.30 According to the
Ioffe-Frohlich-Sewell criterion,31 this mechanism of CT
dominates if a particle with charge e and mass m has the
intramolecular drift mobility µim > µ* ) ep/(4mV). In the
opposite situation of slow mobility (µim e µ*) the 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. Based on theoretical results32 obtained for bridges with
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identical equienergetic hopping sites, the dependence kCT vs RDA
in the hopping regime is usually approximated by the algebraic
function, while the band-like charge transport in the weak
scattering limit suggests that

kCT ∼ 1/RDA

(2)

There is no dichotomy between coherent and incoherent
mechanisms of charge transport. On the contrary, theoretical
treatments have shown that each can contribute to the mechanism of the process. In the absence of disorder this leads to a
characteristic form of the calculated dependence kCT vs RDA for
hole transport; the rate coefficient of hole transfer rapidly falls
as the number of bridge sites n is less than or equal to 3 and
then decreases much slower for further elongation of the
bridge.33 This form of the distance dependence was indeed
observed experimentally for a number of D-B-A molecular
assemblies (see, e.g., refs 34-37). Furthermore, it has been
found that the described behavior of kCT as a function of RDA is
not restricted to the special case of bridges with equienergetic
bridge sites.
To elucidate the main physical factors responsible for changes
of kCT with the bridge length in the more general case of
D-B-A systems with static and dynamic disorder, we have
theoretically studied hole migration in the molecular assemblies
containing fluorene and phenyl bridges with the special emphasize on the effects of the electrostatic interaction and dynamic
fluctuations on the rate of the hole transfer process. The analysis
of computational results obtained shows that the rapid fall of
the hole transfer rate coefficient for relatively short bridges (3
and 4 structural units for systems with fluorene and phenyl
bridges, respectively) can be attributed to the electrostatic
interaction between positive charge injected in the bridge and
the negative charge that stays behind on the hole donor. As
follows from the simulation data, this interaction leads to the
formation an effective barrier between D and A with a height
that increases as the number of structural bridge units in the
system remains less than 3 (fluorene bridge) or 4 (phenyl
bridge). For longer bridges, however, this effective barrier height
changes only weakly and charge transport is mostly dominated
by the fluctuation-assisted incoherent charge migration along
the bridge. The latter mechanism of hole transfer exhibits much
weaker dependence kCT vs RDA in agreement with experimental
observations.
II. Computational Methods
We have studied charge transport in D-B-A systems
theoretically by representing the molecules as a one-dimensional
chain of planar conjugated units. Usually charge transfer in such
systems is discussed in terms of a single step process through
an intervening bridge. In this work we explicitly consider the
energetic structure and disorder in the bridge during charge
transfer. To do this, a whole sequence of charge transfer
reactions along several bridge units has to be considered. The
rate of each of these charge transfer reactions is characterized
by a specific charge transfer integral and energy difference
between the energies of the sites involved. To study the transfer
of charges in a D-B-A system, we use a tight-binding model,
which can take the variations in the energy difference and charge
transfer integral along the sequence of bridge sites into
account.28,38,39 The wave function of the charge, Ψ(t), at time t
is taken to be a linear combination of basis functions, φn, that
are localized on each subunit

Ψ(t) )

∑ cn(t)|φn〉

(3)

n)1

where cn(t) are expansion coefficients. In the case of hole
migration through the D-B-A system the wave function of
the positive charge can, to a good approximation, be expressed
as a linear combination of the highest occupied molecular
orbitals (HOMO) of the individual units. In typical experiments
on D-B-A systems, a hole is usually created on the hole donor,
e.g., by photoexcitation, and can be considered localized initially.
This initial condition is satisfied in our simulations by setting
the expansion coefficient on the donor site (c1) equal to one at
t ) 0, while all others are taken to be zero. The motion of the
charge carriers along the conjugated bridge, toward the acceptor,
is simulated by propagating the wave function in time according
to the time-dependent Schrödinger equation.

ip

∂Ψ(t)
) ĤΨ(t)
∂t

(4)

The exact way in which the wave function evolves with time is
determined by the Hamiltonian matrix (eq 5). The diagonal
matrix elements of this matrix correspond to the site energies,
εii ) 〈φi|Ĥ|φi〉, that is, the energy of a charge carrier when it is
localized on a single nucleobase (or the donor and acceptor).
In the simplest approximation the site energies correspond to
the ionization potential of a single isolated bridge unit (as well
as the donor and the acceptor) if the transfer of positive charges
is considered. In reality, this site energy will also depend for
instance on the surrounding solvent.
When only nearest neighbor interactions are taken into
account, the off-diagonal matrix elements of the Hamiltonian
are equal to the charge transfer integral, Vij ) 〈φi|Ĥ|φj〉,
characterizing the electronic coupling between the HOMO
orbitals on adjacent units, while all other off-diagonal matrix
elements are zero. The Hamiltonian matrix is then given by

(

ε11 V12
V21 ε22

H)

0
l
0

0
·

...

0

·.
·

·.
εNN -

ip
τ

)

(5)

To ensure that the charge is irreversibly trapped when it
arrives on the acceptor, a complex part is added to the diagonal
matrix element of the acceptor site (N), HNN ) εNN - ip/τ. A
decay time τ of 1 fs was used in the simulations described here.
The value of τ was chosen small enough that the charge
disappears from the last site instantaneously but not so small
to cause reflections of the wave function on the last site. This
ensures that the charge transfer rate that is obtained from the
simulations is only determined by the propagation through the
bridge and not by the value of τ. Variation of τ by a factor of
2 was not found to influence the results. The irreversible decay
of the hole at the acceptor site leads to a decay of the total
charge density on the D-B-A system.
The decay of the charge on the acceptor site leads to an
overall decay of the amount of charge present, the so-called
survival probability, P(t). Experimentally, the rate of charge
arrival at the acceptor defines the charge transfer rate, and
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therefore, the decay of P(t) corresponds to the formation of the
charge-separated state. In the framework of the tight-binding
description, the survival probability is defined as
N

P(t) )

∑ |cn(t)|2

(6)

n

The rate of arrival of the charge at the acceptor site, ka, can
be obtained from the decay of the survival probability in time
since the charge decays very rapidly at the last site. This
arrival rate is equivalent to the charge transfer rate, kCT,
defined in eqs 1 and 2. It should be noted that kCT is
sometimes used in experimental work to indicate the rate at
which the hole leaves the hole donor, assuming single step
charge transfer. Since the charge transfer does not necessarily
occur in a single step, kCT is not always the same as the rate
at which the charge leaves the donor.37
The charge transfer integrals in eq 5 are very sensitive to the
geometry of the D-B-A system. In the systems considered in
this work the values of V strongly depend on the dihedral angle
between neighboring units. In the work discussed here we
initially sample these dihedral angles θi from a Boltzmann
distribution based on the potential energy (Utor) for rotation
around θ,

P(θ) )

(
(

)
)

Utor(θ)
exp kBT
Utor(θ)
2π
exp dθ
0
kBT

∫

(7)

where T is the temperature and kB is Boltzmann’s constant. The
dihedral angles are generally not static during charge transfer,
and therefore, the values of the torsion angles were propagated
in time by assuming that the subunits in the bridge undergo
rotational diffusion on the rotational potential energy profile
discussed above. During a small time step, ∆t, the change in
the angles is given by40

∆θi ) -

Drot ∂Utor(θi)
∆t + ∆θdif
kBT ∂θi

(8)

The first term in eq 8 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 ∆θdiff )
(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 ∆θdiff is given by

〈∆θdiff2〉 ) 2Drot∆t

(9)

with Drot ) 1/(2τrot) and τrot being 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. Apart from
the rotational degrees of freedom, there are many more
internal degrees of freedom in the D-B-A systems considered. To achieve a perfect quantitative agreement with

experimental data, these should be accounted for. However,
as will be shown below, with the description of the rotations,
the qualitative trends in the experimental data can be
accounted for.
Different geometrical conformations will naturally also have
their effect on the value of the site energies and introduce some
disorder here too. In the cases considered here, the intramolecular charge transfer integrals are of the same order of
magnitude or larger than the expected disorder in the site
energies (<0.2 eV). Therefore, the effect of adding additional
disorder is limited.
The combination of a quantum mechanical description of the
charge with a classical propagation is in principle not in
agreement with the detailed balance principle, especially when
longer time scales are considered. In the systems treated in this
work, the time scales are sufficiently short that this should not
cause problems.
The charge transfer integrals were computed for different
angles between two subunits using DFT with the fragment
orbital approach as implemented in ADF. In this approach the
orbitals of the π-π stacked dimer are expressed as a linear
combination of the molecular orbitals of the individual X-mer
molecules. This procedure provides a direct and exact calculation
of the charge transfer integrals and site energies.
III. Results and Discussion
As discussed in the preceding section, the main parameters
that determine the rate of charge transfer in donor-bridgeacceptor systems are the charge transfer integrals and the site
energies along the D-B-A system. We have studied the charge
transfer in the two D-B-A systems shown in Figure 1. For
these systems, experimental data from Wasielewski and coworkers are available.34,35
III.1. Torsion Potentials. To describe the disorder in the
dihedral angles in the systems accurately, the dihedral potential,
Utor, has to be known. We have calculated the torsion potentials
for the three angles in the D-B-A by ab initio calculations
using Møller-Plesset perturbation theory and a cc-pVDZ basis
set. The full geometry of a dimer consisting of the two subunits
of interest was optimized while keeping only the dihedral angle
fixed. The dihedral potentials obtained in this way are shown
in Figure 2. In this figure only the data for D-B-A system A
(fluorene) in Figure 1 are considered; however, the results for
system B were found to be nearly identical. This can be
understood since the local environments around the bond for
which the dihedral potential is calculated are identical for the
fluorene and phenyl units.
For the torsion potential of two fluorenes (see Figure 2a),
the most stable configuration occurs at a dihedral angle close
to 40°. At an angle of 0° a maximum is encountered with an
energy that is 0.14 eV higher than the lowest energy conformation at a dihedral angle of about 45° where the potential energy
is -0.14 eV relative to the potential energy for the planar dimer.
For the torsion potential between a fluorene and the hole donor
PDI shown in Figure 2b, a broad minimum is found around a
dihedral angle of 90°. This suggests that angles between 60°
and 120° are most likely. A similar picture is obtained for the
torsion potential between a fluorene and the hole acceptor PTZ,
as shown in Figure 2c. In this case the potential energy curve
is rather shallow around 90°. Therefore, even though the
equilibrium angle between the fluorene and the donor and
acceptor are close to perpendicular, a range of dihedral angles
will occur.
III.2. Charge Transfer Integrals. The charge transfer
integrals in fluorene and phenyl dimers calculated as a function
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Figure 1. Molecular structure for D-B-A systems containing a fluorene (A) and a phenyl (B) bridge. In (C) the parameters for charge transfer
are schematically indicated.

of the dihedral angle are shown in Figure 3. In both cases the
charge transfer integral closely follows a cosine dependence,
Vij ) A cos(φ), with an amplitude A defining the maximum value
of V. For biphenyl, the amplitude (0.75 eV) is considerably
larger than for bifluorene (0.42 eV). This is due to the more
delocalized nature of the HOMO orbital in fluorene. In a simple
two-state model the orbitals on fluorene, which consists of two
phenyl rings, would be bonding and antibonding combinations
of the HOMO orbitals on both phenyls with a normalization
constant of 1/2. This means that the charge transfer integral
between two fluorenes would be lower than the charge transfer
integral between two phenyls by a factor of 2 (1/2)2. For the
charge transfer integral between the donor and the bridge sites
and between the bridge sites and the acceptor the charge transfer
integral was also found to follow the cosine dependence.
According to our calculations, the amplitude of this dependence
is 0.34 and 0.45 eV for the charge transfer integral between
fluorene and the hole donor and fluorene and acceptor,
respectively. Both the coupling between the donor and phenyl
and the coupling between the phenyl and acceptor were found
to be roughly a factor 2 larger than for the coupling of the
donor and acceptor to fluorene.
III.3. Site Energies. In most discussions of charge transfer
in D-B-A systems the bridge is considered to be a rectangular
barrier without any energetic structure (that is, all site energies
are the same), or the bridge is described as a single unit.35 In
reality, both these approaches are not very accurate. An
important problem lies in the fact that in many experiments,
including the ones considered here, the injection of a positive
charge in the bridge is accompanied by the formation of a
negatively charge hole donor (in this case PDI-). Therefore,
the electrostatic interaction between the positive charge moving
on, or tunneling through, the bridge and the negative charge
that remains on PDI has to be taken into account. The value of
εii for a particular bridge site relative to the energy of the donor

(ε11) can be estimated using the following equation that is
analogous to the Weller relation:41,42

εii ) Eion(B) - Eel aff(PDI) - Eexc(PDI) Eelst(B+PDI-) - ∆Esolv

(10)

In this equation Eion(B) denotes the ionization potential of the
individual bridge units, while Eel aff(PDI) and Eexc(PDI) are the
electron affinity and excitation energy of the hole donor,
respectively. Eelst denotes the electrostatic interaction between
the positive and negative charge, and ∆Esolv is the change in
solvation energy upon charge separation. The latter two terms
are discussed in more detail below. The sum of electron affinity
Eel aff(PDI) and excitation energy, Eexc(PDI), of the hole donor
corresponds to the electron affinity of the excited state of PDI.
The sum of the first three terms in eq 10 gives the energy needed
to make a transition from the excited state of PDI to the pair of
oppositely charged ions PDI-B+ at infinite separation in vacuum.
In reality, these charges are not at infinite distance in the
D-B-A systems. Therefore, the (attractive) electrostatic interaction Eelst(B+PDI-) at their actual distance should be
subtracted. Finally, the stabilization of a charge-separated pair
by the solvent is likely to be more than for the neutral system,
especially in a polar solvent. This difference in solvation energy,
∆Esolv, should therefore, in principle, be taken into account in
the values of εii. The values for the ionization potential of the
bridge unit, fluorene (benzene), are experimentally known and
equal to 7.91 eV (9.24 eV). The electron affinity of the PDI
unit containing two alkoxy groups as indicated in Figure 1 was
calculated by density functional theory calculations and found
to be equal to 2.48 eV. The first absorption band of the PDI is
experimentally found at ∼550 nm, which is equal to 2.25 eV.
The electrostatic interaction between PDI- and B+ was obtained
by calculating the electrostatic interaction between two distributions of point charges, one for the PDI- and one for a fluorene
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Figure 4. Site energy along the D-B-A system calculated using eq
10 for fluorene (A) and phenyl (B) bridges.

Figure 2. Torsion potential as a function of the dihedral angle for (A)
two fluorenes, (B) a fluorene and the PDI hole-donor, and (C) a fluorene
and the hole acceptor PTZ.

Figure 3. Charge transfer integral between two fluorene units (squares)
and two phenyl units (circles) as a function of the dihedral angle.

(phenyl) at different positions along the D-B-A system. These
point charges were obtained from a density functional theory
calculation by fitting them to the electrostatic potential.43 The
solvent stabilization of the charge-separated pair was neglected
in this case since the experiments on the D-B-A system
considered were performed in apolar solvents. This is of course
an approximation since even the surrounding polarizabilities due

to the solvent molecules will screen the electrostatic interaction
to some extent. The site energies that were obtained in this way
are summarized in Figure 4 for the two D-B-A systems
considered in this work. The site energies are shown for the
longest systems considered, five fluorene units or 10 phenyl
units. In the simulations, the site energy of the acceptor site
was assumed to be the same as that of the hole. The site energies
clearly reflect the electrostatic interaction between the positive
charge on the bridge and the negative charge on the hole donor.
The energy of the site next to the donor is in both cases
considerably lower than the site energies further along the bridge
since the electrostatic interaction is strongest here.
This way of assigning energies to individual bridge sites is
rather different from the characterization of the entire bridge
by a single energy value as sometimes assumed in theoretical
analysis of the experimental results.35 The bridge energies
obtained in these two approaches differ significantly; the energy
for a charge that is delocalized over the entire bridge is
considerably lower than that for the individual bridge sites. It
should be noted, however, that the actual energy of a delocalized
charge on the bridge in the description with individual sites is
much lower than that of the sites themselves because of the
considerable charge transfer integral between the sites. Similarly,
when the bridge is described as a single unit, the charge transfer
integral between the donor and the bridge becomes smaller due
to the more delocalized nature of the wave function of the charge
on the bridge. This leads to a smaller amplitude of the wave
function on the site next to the donor and hence a smaller charge
transfer integral. Therefore, the higher site energies in the
description with individual sites are compensated by the much
larger charge transfer integrals. The advantage of a model with
individual units is that it is possible to explicitly study systems
in which not all site energies are the same. This can arise when
there is disorder or when there is some systematic variation in
the bridge energy due to different chemical structure of bridge
units or, in this work, electrostatic interactions play a role.
III.4. Dynamics of Charge Transfer: Fluorene Bridge. The
charge transfer between the donor and acceptor was simulated
using the parameters discussed above. The rotation time for
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Figure 5. Survival probability as a function of time for D-B-A
systems containing fluorene bridges of different lengths.

Figure 7. Survival probability as a function of time for D-B-A
systems containing phenylene bridges of different lengths.

Figure 6. Charge transfer rate coefficient kCT plotted against the
distance between centers of donor and acceptor units in D-B-A
systems with fluorene bridges.

Figure 8. Charge transfer rate coefficient kCT plotted against the
distance between centers of donor and acceptor units in D-B-A
systems with phenylene bridges. The solid line is an exponential fit to
points with n ) 2-4.

rotational diffusion was taken to be 150 ps for all units in the
D-B-A system. This is a typical value for molecules of similar
sizes. Variation of this rotational diffusion time by a factor of
2 does not significantly influence the charge transfer rate
obtained. Only when the rotation time is changed by an order
of magnitude are differences observed. In this respect it is
interesting to note that the time scale of the rotations is much
longer than that of the charge transfer. Therefore, the bridge
conformation is rather static during charge transfer and averaging
of the charge transfer integrals over the angle is not a viable
approach.28 In Figure 5 the survival probability is shown for
bridges consisting of 2-5 fluorenes. The decay curve for a
bridge consisting of a single fluorene is not shown because it
coincides with the vertical axis. It is clear from this figure that
for the D-B-A systems consisting of 1-3 fluorene units the
rate of charge transfer strongly decreases with increasing chain
length. For the longer chains the dependence is much weaker.
The rate of charge transfer was obtained from the curves in
Figure 5 by fitting to an exponential. This resulted in reasonable
fits for all chain lengths. The charge transfer rates are plotted
against the chain length in Figure 6. As observed in the survival
probability, the rate initially decreases rapidly with chain length,
but for longer bridges levels off. For the bridges consisting of
3-5 fluorene units, the charge transfer rate decays exponentially
with distance. The value for β derived from the exponential fit
indicated in Figure 6 is 0.13 Å-1, which is in reasonable
agreement with the experimental value that was found for the
same D-B-A systems (0.093 Å-1). The strong initial decrease
of the charge transfer rate with distance can be explained by
considering the site energies shown in Figure 4. For the shortest
bridge consisting of a single fluorene unit, the barrier height is
relatively small (approximately 0.83 eV) due to the strong
electrostatic interaction between negative and positive charges.

For the longer bridges, the barrier height gradually increases,
leading to lower charge transfer rates. Note, however, that the
effective barrier height changes less for longer bridges. As a
result, the distance dependence of the charge transfer rate
coefficient flattens off.
III.5. Dynamics of Charge Transfer: Phenyl Bridge. When
the bridge consists of phenyl units, similar effects are observed
as for the fluorene bridges above. In this case simulations were
carried out with a rotational diffusion time of 10 ps (the rotation
time of benzene in solution). The survival probability for the
phenyl-based D-B-A systems is plotted as a function of time
for bridges consisting of 1-10 phenyl units in Figure 7. The
length of the longest bridge is similar to that of the longest
fluorene based D-B-A system. Up to a length of four phenyl
units the rate of charge transfer rapidly decreases but after that,
up to 10 units, the rates are more or less constant. This is even
more evident from Figure 8 where the rate is plotted against
the distance between the donor and the acceptor. For the short
bridges a strong exponential decrease with chain length is
observed, as indicated by the fit in Figure 8. The value for β
derived from this fit is 0.65 Å-1, which is larger than the
experimental value of 0.46 Å-1 for these systems.34 After the
fourth phenyl is added in the bridge, the rate of charge transfer
does not decrease anymore with increasing bridge length and
remains almost constant in qualitative agreement with the
experimental data.34 Unfortunately, there are no additional
experimental data for longer D-B-A systems, but similar
changes in the distance dependence of kCT have been observed
for other systems, for instance, for DNA-based systems.42
III.6. Charge Distribution on the D-B-A System during
Charge Transfer. To gain insight into the mechanism of charge
transfer, we have evaluated the charge density on the D-B-A
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IV. Conclusions

Figure 9. Charge distribution for a D-B-A system with a bridge
consisting of 7 phenyl units.

system during charge transfer. In Figure 9 the total charge
density on each of the bridge sites is shown for a D-B-A
system in which the bridge consists of seven phenyl units. The
charge density is highest on the hole donor (PDI, unit 1). This
is not surprising since this unit has the lowest site energy. The
density on the first bridge site is also considerable. On this site
the positive charge is relatively close to the PDI- and the
electrostatic interaction is still quite strong here, resulting in
the lower site energy (see Figure 4). For other bridge units, the
site energy turns out to be considerably higher. This leads to a
much lower average charge density on these sites during charge
transfer. On the hole acceptor the charge decays irreversibly,
as discussed above, and hence the charge density is negligible
here. From the computational data on charge densities and on
the distance dependence of charge transfer shown in Figures 6
and 8 we conclude that the electrostatic interaction between the
hole on the bridge and the negative charge on the hole donor
plays a significant role in the strong distance dependence of
kCT for short bridges. This dependence of the average bridge
energy on the length of the bridge strengthens the distance
dependence of the charge transfer coefficient that is already
observed for rectangular bridges of increasing length. For these
short bridges, holes can be transferred from D to A mainly via
a single step tunneling mechanism, although some positive
charge may build up on the bridge. For longer bridges, this
tunneling process becomes so slow that it becomes dominated
by a mechanism in which the bridge is populated. This
population is always very small and the charge slowly leaks
through the bridge toward the acceptor. Therefore, the latter
mechanism is not a familiar hopping that suggests the charge
localization on the bridge. Instead, sequential incoherent hopping
is induced by dynamic fluctuations associated with torsion
motion of bridge subunits. In separate calculations, in which
the rotational diffusion is switched off and hence dynamic
fluctuations are “frozen”, the charge transfer rate was found to
decrease strongly for the longer D-B-A systems also. This
corresponds to previous results that we have obtained for charge
transfer in donor-DNA-acceptor systems.42 In this case the
limiting rate of charge transfer is not determined by the mobility
of charges along the bridge but by the rate of population of the
bridge. This population rate is very small because of the large
“injection barrier”. If the limiting process would be the motion
of the charge once it is on the bridge, the rate would be much
faster. The mobility of charge along conjugated chains has been
shown to be very high. For instance, a value of ∼60 cm2 V-1
s-1 has been reported for polyfluorene.44 This means that, once
the charge is on the bridge, it migrates almost infinitely fast
over the bridge (or back to the donor).

We have theoretically studied the charge transfer in donorbridge acceptor systems using a tight-binding model. In these
calculations the effects of electrostatic interactions between the
positive charge that is injected in the bridge and the negative
charge that stays behind on the hole donor is accounted for.
Moreover, we have explicitly included dynamic fluctuations by
accounting for the rotational diffusion of the individual units.
It is shown that the electrostatic interactions cause the strong
distance dependence for short chains. For longer chains the
charge transfer rate becomes weakly dependent on the distance
between the donor and acceptor. In this regime the rate of charge
transfer is determined by rate at which the charge moves from
the donor to the bridge. The charge does not become fully
localized on the bridge, illustrating that the mechanism is not a
familiar hopping of temporary localized charges. However, it
has also been found that dynamic fluctuations play a large role.
In the absence of such fluctuations, the charge transfer rate
continues to decrease rapidly for longer bridges.
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