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ABSTRACT: There is growing experimental and theoretical
evidence that vibronic couplings, couplings between electronic
and nuclear degrees of freedom, play a fundamental role in
ultrafast excited-state dynamics in organic donor−acceptor
hybrids. Whereas vibronic coupling has been shown to support
charge separation at donor−acceptor interfaces, so far, little is
known about its role in the real-space transport of charges in such
systems. Here we theoretically study charge transport in
thiophene:fullerene stacks using time-dependent density func-
tional tight-binding theory combined with Ehrenfest molecular
dynamics for open systems. Our results reveal coherent
oscillations of the charge density between neighboring donor
sites, persisting for ∼200 fs and promoting charge transport within the polymer stacks. At the donor−acceptor interface,
vibronic wave packets are launched, propagating coherently over distances of more than 3 nm into the acceptor region. This
supports previous experimental observations of long-range ballistic charge-carrier motion in organic photovoltaic systems and
highlights the importance of vibronic coupling engineering as a concept for tailoring the functionality of hybrid organic devices.

KEYWORDS: Organic semiconductors, coherent charge transfer, vibronic coupling, time-dependent density functional tight-binding,
Ehrenfest molecular dynamics

Elementary optical excitations in organic semiconductors
usually are Frenkel-like excitons, strongly coupled to

selected vibrational modes of the molecular constituents.1,2

During the past few years, both experimental and theoretical
evidence has emerged that such vibronic couplings (VCs) can
have a profound impact on the light-to-current conversion in
organic photovoltaic systems and specifically on the charge
separation upon optical excitation.3 This surprising observation
is being discussed intensively4−11 and has induced substantial
experimental and theoretical work aimed at studying such VCs
in more detail. The first indications that electrons delocalize
over several subunits of the acceptor moiety on ultrafast time
scales have been reported by Friend and coworkers.12 They
showed that photogenerated electron−hole pairs separate by 4
nm across a donor−acceptor interface within 40 fs.
Furthermore, recent transient absorption and 2D electronic
spectroscopy (2DES) studies have demonstrated coherent,
wave-like transport of energy13,14 and the persistence of
vibronic6,15−17 or vibrational18,19 wave-packet motion for up to
several hundred femtoseconds in conjugated polymers and
polymer:fullerene heterojunctions. The observed coherence

features are likely to be driven by an interplay between
electronic and vibrational degrees of freedom (in particular,
CC stretching modes), as suggested by a recent study of
some of the present authors on a model photovoltaic system.3,6

Theoretical investigations by Burghardt and coworkers8,20,21

and other groups7,22−25 also support the view that vibrations
are no longer mere spectators but actively participate in the
charge-separation process by transiently bringing donor and
acceptor states into resonance3,6,26−28 and thus facilitate this
process in donor−acceptor blends substantially.15,29,30 Building
upon our previous investigations of simple dimer models,3,6,16

we study here the excited-state dynamics in a more realistic
polymer:fullerene stack configuration by means of mixed
quantum-classical simulations. As a prototypical blend, we
consider a mixture of poly-3-hexylthiophene (P3HT) and
[6,6]-phenyl-C61 butyric acid methyl ester (PCBM). VC has
already been shown to affect charge separation at interfaces,6
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but it remains unclear how it influences the way charges move
over longer distances. In this Letter, we provide evidence of
VC in stacks of thiophene donors and fullerene acceptors,
persisting for hundreds of femtoseconds and driving long-
distance coherent real-space charge transport across their
interface. Our findings suggest that VC can be tailored to
control charge-carrier motion in organic materials.
All of our dynamics simulations are performed using the

time-dependent density functional tight-binding (TD-DFTB)
implementation in Lodestar.31 To study charge-transfer
processes at the atomic level, the TD-DFTB method for
open systems is used,32−34 in which the Hamiltonian is
partitioned into blocks corresponding to the respective
electrode−simulation−electrode regions in real-space (Figure
1A). Such open-system simulations provide a realistic
description of the transport of charge and energy within the
system of interest and to its environment.35 To investigate the
contribution of nuclear motion to the charge-transfer process,
Ehrenfest molecular dynamics (MD) is adopted,36,37 using
random initial velocities for the nuclei according to a Maxwell
distribution at room temperature. Because it is known that
such Ehrenfest simulations tend to overestimate vibronic
coherence phenomena and underestimate dephasing,38 careful
comparison to higher level quantum dynamics simulations,
using, for example, multiconfiguration time-dependent Hartree
(MCTDH) methods, is warranted.39

Within this framework, the orbital energies (ϵμ), occupations
(nDi

), and conducting electron coherences (γDi,Dj,i≠j) are
obtained by projecting the reduced single-electron density
matrix (RSDM) of the simulation region (σD) onto the local
molecular orbitals (LMOs)40,41

σ σ= [ ] [ ]†t S t C t t S t C t( ) ( ) ( ) ( ) ( ) ( )LMO LMO
D

LMO
(1)

where S is the overlap matrix and CLMO are the LMO
coefficients.32 The LMOs are defined as a combination of
ground-state molecular orbitals of molecular units (Di) in the
simulation region (Supporting Information). Such projection
provides us the information on the change of occupation
numbers on different energy levels within a certain spatial
region. By further partitioning the LMOs with respect to the
Fermi level, the hole and excited electron populations on each
molecular unit can be defined as the sum of the hole and
electron occupation numbers, nDi

hole and nDi

elec, of LMOs with
orbital energies below and above the Fermi level in this unit,

respectively. Averaged absolute values of the above-Fermi-level
sub-blocks of the RSDM projected onto the local molecular
basis are given by

∑γ σ= | |
μ ν

μν
∈ ∈

ϵ ϵ >ϵμ ν

N
1

D ,D
D ,D D , D

,

LMO
i j

i j i j

F (2)

Here the summation goes over the absolute values of the off-
diagonal elements σμν

LMO for orbitals μ, ν with energies ϵμ, ϵν
that are above the Fermi level ϵF and belong to the molecular
units Di and Dj. By dividing by the number of corresponding
elements NDi,Dj

, γDi,Dj
becomes independent of the number of

molecular orbitals in the donor and the acceptor region. The
calculated values γDi,Dj

represent a measure for the coherence
within one molecular unit (i = j) or between two molecular
units (i ≠ j). More detailed information is provided in the
Supporting Information and is shown in Figure S1.
To model a polymer:fullerene blend thin film, we replace

each P3HT polymer chain with a six-ring oligothiophene (T6)
and each PCBM unit with a C60 molecule to reduce the
numerical complexity. Experimental and theoretical work has
shown that a six-ring oligothiophene can reasonably well
describe the optical and electronic properties of polythiophene
chains.42−45 We further verify that removing the side chains
has no significant effect on the optical properties (Figure
S2).6,46,47 Our polymer−fullerene blend model system is
shown in Figure 1A. The simulation region (D) consists of
three T6 and three C60 units and is sandwiched between two
semi-infinite structures composed of repeating molecular units
of T6 and C60, respectively. An exchange of energy and charge
is allowed across the interfaces between the simulation regions
and the rest of the system, including the electrodes and the
remaining electron and hole transport regions, depicted by the
surfaces SL and SR (Figure 1A). The structures within the
moving region (shaded area in Figure 1A) are optimized,
whereas the other units are kept fixed (Figure S3). For
simulations that take into account vibrational couplings, the
nuclear motion of the two T6 and two C60 molecular units
inside the moving region is calculated using Ehrenfest MD,
whereas the remaining units near the left and right interface are
kept fixed to calculate self-energy for electrodes.34

Figure 1B shows the local density of states (LDOS) in the
steady state as a function of position within the simulation
region. The Fermi level is shifted to zero, and we denote the

Figure 1.Model system and local density of states. (A) Illustration of the system setup, where the donor T6 and the acceptor C60 molecular units in
the simulation region (D) are named T6-1 to C60-3. For dynamic calculations, the external field is applied in the Y direction to T6-2 (circled by a
red dashed line). (B) Local density of states of the molecular units in the simulation region in the steady state. The donor−acceptor interface
ranges from 10.2 to 13.4 Å. The simulation region extends over 40 Å in the transport (X) direction.
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highest occupied and lowest unoccupied states as HOS and
LUS, respectively. The higher unoccupied states are denoted as
LUS+n, where n = 1, 2, ..., N. When an electron−hole pair is
formed and transferred to the interface (process 1), the
electron can predominantly move from LUS of the donor to
LUS+1 of the acceptor, mediated by nuclear vibrations
(process 2). On the contrary, the transfer of holes is
suppressed due to a large energy gap between the HOSs of
the donor and the acceptor (process 3).
To visualize the charge-transfer process, real-time electronic

dynamics with and without nuclear motion are simulated and
are shown in Figure 2A. Here we plot the occupations for each
molecular unit in the orbitals with energies above the Fermi
level. The corresponding results for states below the Fermi
level are given in Figure S5 of the Supporting Information.
In these simulations, we impulsively excite a single donor

unit, T6−2, with a short Gaussian-shaped optical pulseÄ

Ç
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2 fwhm

2.3458

2
wi th

E0 = 0.06 eV·Bohr−1, ω = 2.1 eV matching the highest
absorption peak of the donor T6, tc = 10 fs, and fwhm = 4 fs.
(See the Supporting Information for details.) Localized
excitation establishes the analyses of single-molecule dynamics
as well as the overall properties. In the case of moving ions, this
excitation is followed by periodic oscillations of the charge
density between neighboring donor units with a period of
roughly 15 fs, which persist for >100 fs (Figure 2A, left).

Similar oscillations, yet with a reduced amplitude and a
distinctly longer period, are also seen on the acceptor side.
Here, in addition to this coherent charge transport between
neighboring C60 molecules, we observe a gradual buildup of
charge on the acceptor side on a 100 fs time scale. This reflects
the overall time scale for charge transfer from the donor to the
acceptor region, consistent with recent experimental results.6

When clamping the ions, similar coherent charge oscillations
are seen on the donor side, but now with a clear beating
pattern reflecting at least two dominant oscillation periods
(Figure 2A, right). Also, the amount of charge density on the
acceptor side is substantially reduced. The coherent nature of
the charge transport is directly visualized by plotting the
coherences γDi,Dj

deduced from the off-diagonal elements of the
RSDM for different time delays after impulsive optical
excitation (Figure 2B). Initially, the coherences are localized
to neighboring units, and, with time, they build up between
more distant units. This is a consequence of the coherent
charge transport.
Fourier transforms (FTs) of the dynamics of Δnelec within

the first 200 fs are shown in Figure 2C. The charge density on
T6-2 displays periodic oscillations at ∼2500 cm−1 for both
clamped and moving ion cases (Figure 2C, T6-2). With
clamped ions, an additional lower frequency component at
1800 cm−1 is observed. Because these oscillations are present
in the absence of vibrations (clamped ions) and also do not
match the vibrational frequency spectrum of T6 (cf. Figure

Figure 2. Light-induced charge-carrier dynamics in the donor−acceptor blend during the first 200 fs. (A) Spatiotemporal dynamics of the change in
occupation above the Fermi level (Δnelec) calculated with moving ions (left panel) and clamped ions (right panel), respectively. The vertical axis
denotes the molecular units along the transport direction. The optical field impulsively excites the T6-2 thiophene unit (red arrow). The shaded
area highlights the molecular units with moving ions. The changes in occupation of the acceptor molecules are all multiplied by 2. (B) Averaged
absolute values of the above-Fermi-level blocks of the single-electron density matrix projected onto the local molecular basis (ΔγDi,Dj

) at selected
times for the simulation with moving ions. The diagonal blocks are all scaled down by a factor of 10. The diagonal blocks show the electron
population, and the off-diagonal blocks illustrate the coherence between different molecular units. (C) Fourier transform (FT) of Δnelec for T6-2,
donor region (all three T6 molecular units), C60-2, and acceptor region (all three C60 molecular units) with moving (blue) and clamped ions
(orange), respectively.
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S7), we deduce that they reflect electronic couplings between
neighboring T6 units. To visualize the coherent vibrational
motion, we perform an FT of the time-dependent charge
integrated over the entire donor region (Figure 2C, donor
region). This washes out the electronic coherences and
highlights dominant vibrational oscillations at ∼1600 cm−1,
the frequency of the CC stretching mode (Figure 2C, donor
region, blue line and Supporting Information). Distinctly
different oscillatory components are present in the population
dynamics of C60-2, showing electronic coherences with a
reduced frequency of ∼1000 cm−1 (Figure 2C, C60-2 orange
line). With moving ions, the amplitude of the oscillations is
largely enhanced, reflecting the increased probability for charge
transfer across the interface (Figure 2C, C60-2, blue line). In
addition, a distinct peak at ∼1600 cm−1, reflecting the coherent
vibrational motion in the donor and acceptor regions, is the
signature of vibronically enhanced charge transfer. This peak is
also seen after integrating over the C60 units in the acceptor
region (Figure 2C, acceptor region, blue line).
In Figure 3A, we plot the dynamics of the occupations Δnelec

of the molecular units T6-2 and C60-2, simulated with moving
ions, on a longer time scale of up to 1 ps. It is evident that the
electronic coherence on the donor side decays on a 100 fs time
scale (blue). On the acceptor side, charge transfer is essentially
complete within ∼200 fs (orange). Here electronic couplings
with a longer oscillation period persist for hundreds of
femtoseconds. Even after almost 1 ps, clear charge density
oscillations, due to electronic couplings between neighboring
units, are seen on both the donor and acceptor sides (inset).

FTs of the charge-density dynamics on the donor side reveal
electronic couplings with frequencies of 1050, 1800, and 2500
cm−1 but show little evidence of the excitation of vibrational
modes (Figure 3B). On the acceptor, the electronic
frequencies are mostly centered around 1000 cm−1. The
weaker peak at 1600 cm−1 reflects the excitation of coherent
vibrational motion of the CC stretching mode (Figure 3B,
shaded area). Plots of the RSDM dynamics allow us to follow
the build up and gradual decay of vibronic coherences over the
course of 1 ps (Figure 3C). The large amplitudes and the
almost homogeneous distribution of the coherences across all
off-diagonal elements reflect the delocalization of coherent
vibronic wave packets across the entire simulation region. In
particular, we emphasize that approaching 1 ps, there is a clear
∼20 fs oscillation of the conducting electron population at the
acceptor away from the interface (see the inset in Figure 3A),
whereas the corresponding ∼1600 cm−1 vibration is from the
donor. The fact that the VC at the interface leads to the
acceptor’s persistent electronic coherent oscillation with the
same period as that of the vibration at the donor side
convincingly shows the importance of the CC stretching
mode and its coherent VC to the electron transport. This is in
very good agreement with experimental work by some of
us,15,16 reporting the long-lived vibronic coherence of the C
C stretching mode concurrent with ultrafast charge transfer in
P3HT:PCBM blends.
To further study the electron−hole pair transport in the

donor region and analyze how VCs influence such transport in
a highly ordered system, a well-ordered thiophene stack

Figure 3. Charge transport in a donor−acceptor blend for 1 ps. (A) Evolution of the occupation above the Fermi level of the moving molecular
units T6-2 and C60-2, which are located at the edges of the moving region. The inset shows a zoom into the time range from 920 to 1000 fs. (B)
Fourier transforms (FTs) of 1 ps dynamics of the occupations shown in panel A. (C) Averaged absolute values of the above-Fermi-level sub-blocks
of the single-electron density matrix projected onto the local molecular basis (ΔγDi,Dj

) at selected times. The diagonal blocks are scaled down by a
factor of 10. The finite values of the off-diagonal elements highlight the persistence of vibronic coherence up to 1 ps.
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consisting of six T6 units in the simulation region is also
investigated (Figure S8). In the simulations with moving ions,
the nuclear configuration of the inner four units is allowed to
dynamically evolve in time, whereas the remaining two units
near the left and right interfaces are kept fixed.34 Again, after
applying the same external electric field localized only at the
T6-2 unit, we observe pronounced periodic oscillations of the
charge density between neighboring units, extending over the
entire polymer stack (Figure 4A). These oscillations persist
throughout the entire simulation time of 150 fs and are even
somewhat more pronounced in the case of clamped ions.
Whereas initially the dynamics appear to be exactly the same
for both moving and clamped ions, the oscillations wash out
more quickly when the ions are allowed to move, as also
emphasized in Figure 4C. The time evolution of the RSDM
coherences in Figure 4B, for moving ions, reveals the initial
localization of the electronic wave packet in the left region of
the stack, its gradual delocalization with time, and the almost
homogeneous distribution of coherences across the entire
stack after ∼100 fs. Most interestingly, the charge densities on
T6-3, calculated with moving and clamped ions, are very
similar during the first ∼20 fs (Figure 4C). After that,
vibrational motion sets in and partially washes out the
pronounced charge-density oscillations compared with the
clamped ion case. The FT of the charge-density dynamics
reveals again the two dominant electronic couplings when
clamping the ions. With moving ions, we observe a clear
reduction in FT amplitude and a shift of the dominant
frequency to ∼2000 cm−1.
In summary, we have simulated the charge-carrier dynamics

in polymer−fullerene blends using TD-DFTB theory. Its
combination with an open-system approach allows for realistic
simulations of the charge motion with up to six parallel-stacked
molecular units. Couplings between electronic and vibrational
degrees of freedom are described using mixed quantum-
classical Ehrenfest dynamics of the dynamically evolving nuclei.

Our results predict a fully coherent transport regime of
photoexcited charge carriers in such blends persisting for >200
fs. This is approximately an order of magnitude larger than the
typical optical coherence times, probing the electronic
coherence between the electronic ground and excited states
of the system.
The localized optical excitation, obtained by the interaction

of an external electric field with the local electric dipole
moment, is applied on a single molecular unit (T6-2). Initially,
we thus create an electron−hole pair localized on a single
thiophene unit, and this allows us to trace both electronic and
vibrational coherences and to probe their role for the charge
transfer. Our results reveal persistent charge-density oscil-
lations between neighboring molecular units with frequencies
ranging between ∼1000 cm−1 for C60 and 1800−2500 cm−1 for
the oligothiophene donor. These values are in reasonable
agreement with previous quantum-mechanical calcula-
tions8,27,48 and first experimental observations in 2DES
studies3,15,16 and reflect the electronic couplings between the
lowest unoccupied electronic states of neighboring units.
Experimental signatures of distinctly different electronic
couplings within the donor and between donor and acceptor
excited-state manifolds in P3HT:PCBM thin films have been
recently observed in the femtosecond 2DES spectra by some of
the authors.15 The simulations present here nicely show that
these couplings result in periodic population oscillations that
quickly spread the excitation across the entire simulation
region. Similar quantum-transport patterns have been reported
for quantum boson sampling in integrated photonics
circuits49,50 and for ultrafast free-electron wave packets passing
through coherent optical near fields.51,52 In our blend system,
we find that these electronic couplings induce oscillations with
periods between 15 (in the polymer) and 33 fs (in C60), faster
than the dephasing of electronic coherence. This suggests that
charges can coherently delocalize over at least 10 molecular
units, pointing to an electronic interchain coherence length of

Figure 4. Light-induced charge-carrier dynamics in well-ordered thiophene stacks. (A) Evolution of the occupation above the Fermi level (Δnelec)
for the simulations with moving (upper panel) and clamped ions (lower panel), respectively. The vertical axis denotes the molecular sites along the
transport direction. The optical field impulsively excites the T6-2 thiophene unit (red arrow). The shaded area highlights the molecules with
moving ions. (B) Averaged absolute values of the above-Fermi-level sub-blocks of the single-electron density matrix projected onto the local
molecular basis (ΔγDi,Dj

) at selected times for the simulation with moving ions. The diagonal blocks are all scaled down by a factor of 10. (C)
Change of the occupation above the Fermi level in T6-3 (ΔnT6−3elec ), along with the corresponding Fourier transform (FT) with moving (orange) and
clamped (blue) ions, respectively.
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4 nm or even more. The results of our simulations therefore
support recent experimental studies of charge transfer across
polymer/C60 interfaces, reporting coherent transport in the
acceptor over distances of ∼4 nm within 40 fs.12

In well-ordered oligothiophene stacks, the dominant CC
stretching vibrational mode modulates the electronic couplings
between the donor units by dynamically detuning the
electronic states. Indeed, long-lived coherent CC stretch
motion, persisting for many hundred femtoseconds, has now
been seen in several time-resolved studies.16,18,19 Such a
dynamical disorder leads to faster damping of charge-density
oscillations between adjacent sites and hence, tends to hinder
long-range coherent transport, at least in the well-ordered stack
assumed in our simulations. In the presence of sizable static
disorder, typical for conjugated polymer thin films, however,
the dynamic detuning induced by vibrational motion may
actually reduce charge localization and facilitate transport over
longer distances.
At the donor−acceptor interface, the detuning between the

relevant unoccupied states of the donor and acceptor may
easily surpass the electronic coupling between the two
moieties. In such a case, coherent vibrational motion helps
in transiently bringing the excited states into resonance. Such a
dynamic resonance can significantly increase the amount of
charge transferred across the donor−acceptor interface by
transiently lowering the barrier for charge flow.6,27 Such a
vibronically enhanced charge-transfer scenario is supported by
several recent theoretical studies.6,23,27 This suggests that even
in disordered systems the coupling of electrons to selected
vibrational modes may promote coherent charge transport,
which is in line with recent experimental reports.6,16

In essence, our first-principles simulation, presenting
dynamics results in real space on a realistic molecular system
with atomistic details, strongly supports the notion that
coherent couplings between electrons and nuclei are having a
much stronger effect on the transport and separation of
photoexcited charge carriers in organic functional materials
than previously anticipated. In the present work, these results
have been obtained on the basis of open-system TD-DFTB
simulations using a mean-field approach, Ehrenfest dynamics,
to simulate the coherent motion of the nuclei. Ehrenfest
dynamics is known, for a long simulation time, to result in
mean vibrational energies that exceed the thermodynamical
limit.53,54 As such, the time-dependent density functional
theory (TDDFT) simulations are expected to overestimate
vibronic coherence phenomena and underestimate dephas-
ing.38 This raises the question to what extent Ehrenfest
dynamics can quantitatively account for coherent charge-
transfer processes at nanoscale interfaces.39 It certainly calls for
a critical and detailed comparison of the present results to the
experiment and for their benchmarking against higher level
quantum simulations. For the present system, P3HT/PCBM
blends, both pump−probe and 2DES, indeed show distinct
signatures of persistent vibronic coherence.6,15,16 Previous
TDDFT/Ehrenfest simulations on a model dimer system
support vibronically enhanced coherent charge-transfer
dynamics in P3HT/PCBM dimer arrays.6 Both polaron-pair
formation in P3HT thin films8 and light-induced charge-
transfer dynamics in P3HT/PCBM blends29,30 have been
carefully studied using MCTDH methods. These studies
highlight the role of lasting vibronic coherences for charge-
transfer exciton (polaron pair) formation in P3HT,8 in
excellent agreement with the experiment, and of VCs for the

light-induced charge separation in P3HT/PCBM blends.29,30

In the blends, vibronic quantum coherences in MCTDH
simulations appear somewhat less pronounced than predicted
by the present results and recent experimental studies. This
suggests that a direct comparison of time-resolved experiments,
specifically using advanced 2DES, open-system TDDFT/
Ehrenfest, and MCTDH simulations, could provide important
benchmark tests for the role of vibronic quantum coherences
for charge-transfer processes in nanosystems. Given the
substantial structural complexity of such P3HT/PCBM blends,
investigations of simpler model systems may be particularly
insightful. Apart from gaining basic knowledge, it appears
attractive to attempt a coherent control of both electronic and
nuclear motion by employing tailor-designed light fields and to
search for strategies to enhance the long-range directional
transport of charge carriers in organic or hybrid nanomaterials,
either by designing the electronic and nuclear structures of the
material or by applying transient ultrafast control fields. A
rational design of organic semiconductors with optimized
coherent charge-transport properties may be an important step
toward a new class of organic materials for applications in
flexible, light-weight, and cost-efficient functional devices.
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