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Abstract

implications for organic electronic applications.
Furthermore, the counterbalancing effects of
greater orientational order and faster exciton
transport in nanofiber aggregates than in extended chains is found to explain the puzzling
observation of similar fluorescence anisotropy
decay rates in nanofibers and free chains.

The morphology dependence of exciton transport in the widely used conjugated polymer
poly(3-hexylthiophene) (P3HT) is elucidated
by combining an accurate mesoscale coarsegrained molecular dynamics simulation model
of P3HT structure with a Frenkel–Holstein exciton model. This model provides a more realistic
representation than previously achieved of the
molecular-level details of exciton transport on
large length scales relevant to electronic applications. One hundred 300-monomer regioregular P3HT chains are simulated at room temperature for microseconds in two implicit solvents
of differing solvent quality in which the polymer chains adopt contrasting morphologies:
nanofiber-like aggregates or well-separated extended conformations. The model gives reasonable quantitative agreement with steady-state
absorption and fluorescence and time-resolved
fluorescence experiments, and provides valuable
insight into the mechanism of exciton transport
in conjugated polymers. In particular, exciton transfer in nanofiber aggregates is shown
to occur mainly through interchain hops from
chromophores on the aggregate surface towards
the aggregate core, a behavior with important
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Introduction

tinuum or lattice models, in which the polymer structure and exciton or charge transport
are described by a reduced set of variables on a
grid. 18–23 Although simulations on experimental length and time scales are readily accessible using such models, molecular-level structure
and chain topology are neglected.
Between these two extremes are mesoscale
coarse-grained models in which groups of atoms
are represented by a smaller number of interaction sites, allowing multiple chains of thousands of monomers to be feasibly simulated
while retaining details about chain connectivity that are crucial to energy and chargetransport mechanisms. 24–29 However, previous
calculations of this nature have used rather approximate models of polymer structure, with
conformations usually generated from a random
distribution and solvent effects neglected, which
is unlikely to provide a accurate representation
of the complexity of a real system.
In this work, we address this issue by starting with realistic structures of the polymer
poly(3-hexylthiophene) (P3HT), obtained using an accurate, coarse-grained molecular dynamics model parametrized to reproduce the
local structure and dynamics of an atomistic
P3HT model. 30 Large multi-chain systems are
simulated in two different solvents in which the
P3HT chains adopt two conformationally distinct morphologies. P3HT was one of the first
conjugated polymers used in the manufacture
of organic solar cells 31 and is one of the most
widely studied conjugated polymers, with over
1,400 scientific publications on this polymer in
2014 alone, according to Web of Science. P3HT
readily exists in a variety of morphologies including amorphous bulk phases, nanoparticles,
and semicrystalline nanofibers, which has significant effects on its physical, optical, and electronic properties. 32–35 We then use a Frenkel–
Holstein exciton model 27,28,36,37 to determine
the locations and energies of chromophores —
a method that scales reasonably up to hundreds of polymer chains — in polymer conformations extracted from the coarse-grained
molecular dynamics simulations. Finally, we
perform kinetic Monte Carlo simulations of
inter-chromophore exciton transfer using trans-

The study of conjugated polymers is motivated by their use as electron donor or acceptor materials in the active layers of organic electronic devices such as solar cells 1 and
light-emitting diodes. 2 Despite efficiencies of organic solar cells lagging behind those of conventional silicon devices, organic devices remain
appealing because of their low-temperature and
solution-based fabrication, which allows flexible and transparent solar cells to be made using low-cost high-throughput production methods. 3,4 Nevertheless, efficiency improvements
would help to encourage the more widespread
adoption of organic photovoltaics. 5
The microstructure of the bulk heterojunction — the bicontinuous network of donor and
acceptor materials in the active layer — has
been shown to play a crucial role in charge generation, separation, and transport in organic
solar cells, and hence in the overall device efficiency. 6–9 Developing a comprehensive understanding of the effects of bulk heterojunction
morphology on device performance is challenging, given the crucial role that polymer structure on a wide range of length scales — from
the molecular level up to the device scale —
has on electronic properties. 10
Theory and computation can provide valuable insight into the role of bulk heterojunction
morphology in controlling device performance
and could eventually lead to the rational design
of organic solar cells. Most computational approaches to addressing the morphology dependence of the electronic properties of conjugated
polymers and polymer-based devices fall into
one of two classes, neither of which has been
entirely satisfactory in treating the range of
length scales that are important in conjugatedpolymer devices. On the one hand are models
in which the polymer structure is represented
in full atomistic detail and electronic properties
are computed using quantum chemical methods. 11–17 While such models are generally accurate, the high computational expense limits
their use to systems of up to hundreds of atoms,
and so polymer conformations cannot be effectively simulated. On the other hand are con2

fer rate coefficients derived from the Fermi
Golden Rule, assuming a point-dipole approximation for inter-monomer interactions. We verify that the simulations reproduce experimental measurements and use them to provide new
molecular-level insight into the mechanism of
exciton migration through self-assembled P3HT
nanostructures.

Computational Methods
Coarse-grained Molecular Dynamics
The solution-phase structure of P3HT was simulated using molecular dynamics of a coarsegrained polymer model, which has been described in detail in a previous publication. 30
Briefly, each hexylthiophene monomer was represented by a set of three spherical beads
corresponding to the centers-of-mass of the
thiophene ring and the first three methyl
groups and last three methyl groups of the
hexyl sidechain, respectively. This atomisticto-coarse-grained mapping is shown diagrammatically in Figure 1a. Simulations of the
polymers were carried out in implicit solvent
using Langevin dynamics at constant volume
and temperature, with the interactions between coarse-grained sites parametrized so as
to match the local structure and dynamics
measured in constant-pressure simulations of
an atomistic model of P3HT in an explicit
solvent, anisole. This coarse-grained P3HT
model was found to agree with the experimental phase behavior of P3HT in anisole, showing a transition between a non-aggregated and
aggregated state as the temperature dropped
below around 35 ◦C. 30 The size of the simulated aggregates also matched the widths of
P3HT nanofiber aggregates measured experimentally. To model P3HT in a better solvent
than anisole (e.g. tetrahydrofuran (THF)) in
which the polymer chains are fully solvated and
form extended structures at room temperature,
the non-bonded polymer–polymer pair interactions were reduced by 10% of their value in the
coarse-grained P3HT model in implicit anisole.

Figure 1: (a) Mapping of P3HT atomistic to
coarse-grained sites and example structures of
(b) a free chain and (c) a nanofiber aggregate.
The polythiophene backbone is indicated in yellow, with the alkyl sidechain units shown in
gray. The view of the nanofiber is looking down
through the π-stacking direction, showing the
alkyl sidechain interactions.
For convenience, we will refer to the simulations at room temperature of P3HT in implicit
anisole and of P3HT in the better solvent as
“nanofiber” and “free chain” simulations, respectively, to describe the polymer morphologies formed in these simulations. Note that the
nanofiber aggregates simulated are not entire
nanofibers as would be produced experimentally, but instead constitute several π-stacked
layers in a section of a nanofiber. 30 Examples of
the coarse-grained structures that result from
these two solvent models are shown in Figures 1b and c. Both the nanofiber and free chain
systems consisted of one hundred 300-monomer
P3HT chains in a cubic simulation box with
periodic boundary conditions enforced. Simulations were carried out at constant volume and
temperature using Langevin dynamics, starting
from an initial configuration of randomly placed
and oriented chains with inter-monomer dihedral angles selected from a Boltzmann distribution of the inter-monomer torsional potential.
The temperature was set to 293 K.
3

Figure 2: Snapshots from molecular dynamics simulations of 100 P3HT (a) free chains in good
solvent and (b) nanofiber aggregates formed in a marginal solvent (anisole) at 0.13 and 1.0 wt%
P3HT concentration respectively. For clarity, alkyl sidechains are not shown.
Nanofiber simulations were carried out at
three different P3HT concentrations with total system volumes of 6.7 × 106 , 9.8 × 105 , and
4.3 × 105 nm3 for 2480, 1040, and 240 ns, respectively, to model 0.13, 1.0, and 2.0 wt% systems in anisole. P3HT has been shown experimentally to form nanofibers in anisole at concentrations between 0.005 and 1.0 wt%. 38 The
1.0 and 2.0 wt% simulations were started from
configurations obtained by rapidly compressing
the configuration of the 0.13 wt% simulation
after 1.76 µs in a constant pressure simulation
over a period of 0.5 ns. A single free chain simulation was carried out for 544 ns with the same
system volume as the 0.13 wt% nanofiber system. It was verified that any measured quantities discussed below ceased to display systematic variations with time within the time scale
of the simulations. Figure 2 shows examples of
the resulting configurations for the free chain
(Figure 2a) and nanofiber (Figure 2b) systems.
The friction coefficient for the Langevin dynamics in the nanofiber simulations was reduced by a factor of 10 from the value in Ref. 30
to accelerate nanofiber formation. While such
a change would affect the dynamics of chain
aggregation, it should not impact the thermodynamic stability of the polymer structures

formed. Furthermore, both cases correspond
to “high” friction in the context of aggregation
dynamics, with the time scale of decorrelation
of particle velocities in both cases being much
shorter than the time scale of aggregation; as
such, aggregation in both cases should occur by
a similar mechanism of diffusive motion biased
by inter-particle interactions.

Exciton Transport Simulations
Frenkel–Holstein Exciton Model
Exciton transport was simulated using a
Frenkel–Holstein model developed by Barford
and Tozer, 28,36 which accounts for the effects of
molecular-level polymer structure on excitation
energies and dynamics. Here, it was applied
to chains representing P3HT generated from
the coarse-grained molecular dynamics simulations described above. The main features of
the model as they apply to the present work
are given below.
The Frenkel exciton model treats the
electron–hole pair as a single particle that can
be delocalized in one dimension along the polymer chain. 39,40 The Frenkel–Holstein model extends the Frenkel model by coupling the exciton
to the motion of the nuclei in the polymer. 41–44
4

The nuclei are treated classically, considering
their motion to be described by a single normal
coordinate. In P3HT, the dominant normal coordinate is linked to the C−C stretching mode,
as discussed below. The coupling to the normal
mode simulates the relaxation process from the
vertically excited state with the initial ground
state geometry, to the excited but vibrationally
relaxed state with the corresponding change in
nuclear coordinates.
The Frenkel–Holstein Hamiltonian is
X
H=
(E0 + αi − Ah̄ωQi )â†i âi

define the wavefunctions of the exciton centerof-mass particle, with the corresponding eigenvalue giving the energy for the state.
When there is no coupling to the normal
coordinate (Qi = 0), eq 1 reduces to the
Frenkel Hamiltonian, which is used to determine the vertically excited states. The lowest energy eigenstates of eq 1 define the absorbing chromophores, or local exciton ground
states (LEGSs), and therefore can be identified
as those eigenstates that satisfy the inequality
X

i

+

X
i>j

h̄ω X 2
Qi ,(1)
Jij (â†i âj + âi â†j ) +
2 i

(3)

where ψmi is the value of the wavefunction of
state m on monomer i. 46 This criterion selects states for which 95% of the wavefunction
density is in the main peak of the wavefunction and therefore discriminates against those
states whose wavefunctions change sign and
have both significant positive and negative amplitudes. The remaining higher-energy states
describe local exciton excited states (LEESs),
which have nodes but span the same chain segments as LEGSs, and quasi-extended exciton
states (QEESs), which have nodes and spatially
overlap more than one LEGS. These higher
energy states contribute to the simulated absorption spectrum, but upon excitation are assumed to relax rapidly to the LEGS with maximum wavefunction overlap. 47 Note that for
the monomer basis used to describe the eigenstates of the Hamiltonian in eq 1, a system of
N monomers generates N eigenstates, which
include both LEGSs and higher lying excited
states. As a consequence, the number of LEGSs
is generally significantly smaller than the number of eigenstates. An example of the wavefunctions of the LEGSs found on a P3HT chain is
shown in Figure 3.
Coupling to the normal coordinate (Qi 6= 0)
gives the wavefunctions and energies of electronically excited but vibrationally relaxed
chromophores. This process is greatly simplified by assuming that the wavefunction is
identical to that of the vertically excited state.
This assumption has been validated by density
matrix renormalization group calculations per-

where i and j are numeric labels of the
monomer units in a chain and the operators â†i
and âi respectively create or destroy an exciton
on monomer i. The on-site excitation energy is
given by (E0 + αi ), where αi is a Gaussian random variate with standard deviation σα , representing energetic disorder caused by local structural fluctuations in the polymer system. 36,45
The electronic coupling between monomers i
and j is described by Jij . We only consider
nearest-neighbor interactions (j = i±1) in eq 1,
which are expected to be dominant, 27 for which
this term can be decomposed into two components,
Jij = J DD + J SE cos2 (φij ).

ψmi |ψmi | ≥ 0.95,

i

(2)

J DD is the through-space dipole–dipole coupling, for which the orientational and distance
dependence between adjacent monomers is considered negligible. J SE is the through-bond superexchange contribution, which is modulated
by cos2 (φij ), where φij is the dihedral angle
between monomers i and j. In this way the
planar arrangement of monomer units equates
to maximum π-conjugation and therefore minimizes the excitation energy. The coupling of the
exciton to the normal coordinate is described
by the exciton–phonon coupling parameter, A,
with Qi being the dimensionless displacement
at site i associated with the normal mode with
angular frequency ω. The eigenstates of eq 1
5
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Figure 3: Computed wavefunction magnitudes
for LEGSs on a 300-monomer polymer chain.
The nine different states in this particular case
are color-coded for clarity.

Exciton transport in the model occurs through
a Förster-type resonance energy transfer process. 12,13,49 With the location and energy of the
absorbing or acceptor and emissive or donor
chromophores determined via the Frenkel–
Holstein model, the nonradiative energy transfer rate between each donor and acceptor can be
calculated. The transfer rate between a donor
and acceptor pair, kDA , depends on the distance
between the chromophores and the alignment of
their transition dipole moments as well as the
spectral overlap of the donor and acceptor, and
is calculated using the Fermi Golden Rule,

formed by Marcus et al. on a Frenkel–Holstein
model of disordered poly(para-phenylene)
and by Barford and Tozer on poly(paraphenylenevinylene). 28,37 These calculations
showed minimal variance between the wavefunctions of the vertically excited and vibrationally relaxed states. In the large-polaron
limit applicable to conjugated polymers, the
dimensionless displacement of monomer i depends on the exciton density in state m according to 27,42
Qmi = A|ψmi |2 .
(4)

kDA =

A2 h̄ω X
|ψmi |4 ,
2
i

2π
JDA 2 XDA .
h̄

(8)

The electronic coupling between the donor
(D) and acceptor (A) chromophores, which
is assumed to comprise point-dipole interactions between monomers on the different chromophores not accounted for in the nearestneighbor Hamiltonian (eq 1), is taken as 28

As ψmi is assumed to be equal to the previously
determined wavefunction of the LEGS m, the
final term in eq 1 can thus be used to directly
compute the vibrational relaxation energy,
Erm =

48

(5)

JDA =

and therefore the energy of the emissive chromophores.

µ0 2
4πr 0

P

Di
Aj
i6=j

r̂i ·r̂j −3(R̂ij ·r̂i )(R̂ij ·r̂j )
ψDi ψAj ,
|Ri −Rj |3

(9)
where µ0 is the magnitude of the transition
dipole moment of a single monomer, r is the
relative permittivity of the polymer, r̂i is a
unit vector in the direction of the transition
dipole moment of monomer i, which is assumed
to be oriented along the line joining the adjacent monomer centers, 50 and R̂ij is a unit vector between monomers i and j. This equation
is equivalent to the line-dipole approximation
for Coulombic coupling between chromophores,
which gives good agreement with exact results
for short chains for inter-chromophore distances

Exciton Localization
The exciton center-of-mass, Rm , for each LEGS
m can be determined from the wavefunctions by
X
Rm =
Ri ψmi 2 ,
(6)
i

where Ri is the spatial position of monomer i.
The root-mean-squared deviation of the wavefunction along the polymer chain is used to find
6

P
mer, µm = µ0 i r̂i ψmi is the total transition
dipole moment of chromophore m, and E is
the relaxed energy of the chromophore, which is
equivalent to the energy of the emitted photon.
Note that only excitation of and energy
transfer between local exciton ground states
(LEGSs) and the corresponding vibrationally
relaxed states is considered in this model. Exciton transfer may not occur exclusively through
LEGSs, but this transport mechanism is expected to dominate for several reasons. Firstly,
as previously mentioned, these higher excited
states are expected to relax rapidly to LEGSs
on time scales (∼10s to 100s of fs 27 ) much
shorter than the time scale of exciton hopping
(10s of ps). Secondly, the transition dipole moments (and hence oscillator strengths) of these
higher excited states, due to the oscillatory
nature of their node-containing wavefunctions,
will be smaller than those of the LEGSs, 37,46
so absorption probabilities and exciton transfer
rates involving these higher excited states will
be correspondingly smaller than those involving LEGSs, particularly for less coiled chains. 37
Finally, following the initial excitation, after
which the exciton rapidly finds itself in a LEGS
for the reasons mentioned above, further exciton transfer will occur to other LEGSs as the
higher lying excited states are energetically inaccessible to the generally energetically downhill exciton transfer process.
The initially excited chromophore is randomly selected with a probability dependent on
the degree of spectral overlap of the acceptor
with the simulated laser excitation wavelength.
At each state, the exciton may either hop to
a new site or recombine radiatively. A set of
time intervals for these events is determined by
∆t = − ln x/k, where k = {kDA , kr } is the set
of all rate constants for that donor and x is
a random uniform deviate in the interval [0, 1]
chosen for each k. The event with the lowest
∆t is then selected as the transition to the new
state. If the transition is a nonradiative hop to
a new chromophore, then the process continues
until radiative decay occurs.
The free chain simulation used 68 configurations taken at 8 ns intervals after an 8 ns equilibration period. The nanofiber system com-

more than twice the inter-monomer distance
and is essentially exact for all chain lengths
when the inter-chromophore distance exceeds
three times the inter-monomer distance. 51 Most
of the chromophores in our simulations satisfy
the latter condition. This approximation may
not be so accurate for adjacent π-stacked chromophores in polymer aggregates. We have compared the excitonic coupling between two ordered π-stacked P3HT decamers separated by
3.9 Å in the π-stacking direction from our model
with the value from accurate transition density
cube (TDC) calculations, 52 and found that our
model overestimates the coupling by 50%. On
the other hand, our coarse-grained molecular
dynamics model overestimates the π-stacking
distance in P3HT slightly compared with experiment, 30 resulting in an underestimate of the
coupling of around 15% for typical π-stacking
distances compared with the TDC calculations.
Thus, we expect the excitonic couplings to reproduce reasonably well those in the real system.
Spectral overlap of the donor with the acceptor, XDA , is calculated by treating the
donor emission and acceptor absorption spectra
as two-level Franck–Condon progressions, with
lines replaced by Lorentzian distributions with
FWHM of 0.1 eV. 53–55 The effective Franck–
Condon factor, Fm , for transitions to the vth vibrational level of chromophore m is determined
by
v
e−Sm Sm
,
(10)
Fm =
v!
where Sm is the Huang–Rhys parameter for
chromophore m, related to the chromophore
length by
Sm =

A2 X
|ψmi |4 .
2 i

(11)

Competing with exciton hopping is radiative
decay from the donor chromophores. The radiative rate is determined by
kr =

n|µm |2 E 2
,
3π0 h̄4 c3

(12)

where n is the refractive index of the pure poly-
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bined 63, 130, and 30 configurations of the 0.13,
1.0, and 2.0 wt% systems, respectively, taken
at 8 ns intervals after an 1.98 µs period of fiber
formation. Each timestep from the free chains
and nanofibers was processed 14 and 4 times,
respectively, to give ∼1000 configurations for
each system. Note that a single configuration
will give slightly different chromophore boundaries and energies on each run due to the diagonal disorder α present in the Frenkel–Holstein
Hamiltonian. No significant differences in the
results were observed when the different concentration nanofiber systems were processed individually. For each configuration, 105 excitations were performed.

for longer oligomers the calculations and experiments for thiophene oligomers agree within error. Thus, the parameters obtained from the
ZINDO/S calculations for the on-site excitation
and nearest-neighbor coupling energies are expected to be reasonably accurate.
The value of J SE was found by the difference in transition energies of methylthiophene
dimers with dihedral angles of 180◦ (planar)
and 90◦ (orthogonal) (see Supporting Information). To determine E0 and J DD , the transition energies of oligomers of length 5 to 30
were plotted against the inverse of the number of thiophene units. The equivalent planar coarse-grained structures were built and the
transition (LEGS) energies determined using
the Frenkel exciton model with the values of
(J DD + J SE ) and E0 selected to match, respectively, the slope and intercept from the quantum calculations (see Supporting Information).
The transition dipole moment of a single
monomer, µ0 , was determined by plotting the
square of the transition dipole moment for
methylthiophene oliomers of length 10 to 30
against the number of thiophene units. The linear fit was then extrapolated back to give the
magnitude of the transition dipole moment of a
single unit.
The refractive index of the pure polymer, n,
was obtained from spectroscopic ellipsometry
measurements of P3HT films. 60 For simplicity we have ignored the wavelength dependence
of the refractive index of P3HT. The selected
value is a good estimate for regiorandom P3HT;
the refractive index for regioregular P3HT is
more heavily wavelength dependent.
In P3HT the energy of the primary normal
mode, h̄ω, corresponds to the C−C stretch at
1450 cm−1 (0.18 eV) that is observed in Raman spectra of P3HT films 61 and in the singlemolecule absorption spectrum. 44 The shoulders
seen in the UV-visible absorption spectrum of
P3HT nanofibers (Figure 4) also correspond to
this value.
The value for the exciton–phonon coupling
parameter, A, was chosen to match the experimentally observed relaxation energy (Stokes
shift), and is similar to values used by Barford
et al. in exciton transfer simulations of MEH-

Model Parametrization
The parameters used in the Frenkel-Holstein
model for P3HT are summarised in Table 1.
The parameters E0 , J DD , J SE , and µ0 were
determined via quantum chemical calculations
of methylthiophene oligomers.
The hexyl
sidechains of P3HT were replaced with methyl
groups to reduce computational complexity, as
this does not affect the electronic properties
of the oligomers significantly, which are dominated by the backbone conjugation. 56,57 Structures were geometry optimised using the AM1
method and the S0 → S1 transition energies
computed using ZINDO/S.
The transition energies from ZINDO/S calculations of 3-methylthiophene oligomers agree
reasonably well with the energies of the absorption maxima for the S0 → S1 transition
of thiophene oligomers in benzene solution 58
and of 3-octylthiophene oligomers in chloroform. 59 Because relatively little energy (compared with kB T ) is required to change the conformation of 3-methylthiophene oligomers significantly from the minimum-energy conformer
in which the thiophene rings are coplanar, 30
the calculations were carried out for oligomers
whose inter-monomer dihedral angles had been
selected randomly from a Boltzmann distribution in the dihedral potential at 298 K. 30 As
shown in the Supporting Information, although
the calculations underestimate the experimental dimer transition energy by around 0.2 eV,
8

Table 1: Summary of parameters used in exciton transport model for P3HT
E0
σα
J DD
J SE
µ0
h̄ω
A
n

parameter
Nominal on-site excitation energy for a single monomer
Standard deviation of on-site excitation energy due to local
disorder
Nearest neighbor exciton transfer integral: dipole–dipole
contribution
Nearest neighbor exciton transfer integral: through bond
superexchange contribution
Dipole moment of a single monomer
Energy of normal mode of angular frequency ω
Exciton–phonon coupling
√
Refractive index of polymer, n = r

PPV. 36

value
5.70 eV
0.065 eV
−0.95 eV
−0.80 eV
2.05 × 10−29 C m
0.18 eV
4.5
1.75

excitation and gate beams. The excitation
wavelength of 400 nm was generated by doubling of the oscillator output using a BBO crystal. For the isotropic emission experiments, the
gate pulse polarization was set to the magic
angle (54.7◦ ) with respect to the excitation
pulse. Anisotropy measurements were calculated from alternate scans with the gate pulse
parallel or perpendicular to the excitation, with
I(t) −I(t)
anisotropy defined as r(t) = I(t)kk−2I(t)⊥⊥ . Each
experiment consisted of the averaging of three
runs. For each delay time point a three second
sampling time was used for a total of 1.2 × 108
laser excitations. Measurements were taken in a
2 mm quartz cuvette (Starna Cells 21-Q-2) at a
concentration of 0.02 g L−1 and stirred throughout the duration of the experiments. No photodegradation of the sample was observed over
the time scale of the experiments.

Experimental Methods
Free chains of P3HT in solution were prepared
by dissolving regioregular P3HT (Rieke Metals,
MW = 50 000 g mol−1 , 99% regioregularity) in
THF (Scharlau) by sonication at 25 ◦C for one
hour to produce 0.1 g L−1 solutions, which were
filtered through a 0.2 µm nylon filter. Nanofibers of P3HT were produced by precipitation from anisole (Merck) at a concentration of
0.5 g L−1 using the whisker method described
by Samitsu et al.. 38
Steady-state absorption spectra were obtained on a Cary 300 UV-visible absorption
spectrophotometer using a 1 cm path length
quartz cuvette and the free chain or nanofiber solution diluted to 0.01 g L−1 in THF or
anisole, respectively. Fluorescence spectra were
obtained using the same solutions on a PerkinElmer LS-55 fluorescence spectrometer with an
excitation wavelength of 400 nm and excitation
and emission slit widths set at 5 nm.
Time-resolved fluorescence was measured using a fluorescence upconversion spectrometer (Halcyone, Ultrafast Systems). A continuous wave 532 nm Nd:YVO4 laser at 8 W
(Millenia Prime, Spectra-Physics) pumped a
mode-locked Ti:Sapphire oscillator (Tsunami,
Spectra-Physics) to produce 800 nm pulses at a
rate of 80 MHz. A pulse picker selected pulses
at a rate of 40 MHz that were then split into

Results and Discussion
Model Verification
Figure 4 compares the simulated steady-state
absorption and fluorescence spectra with those
obtained experimentally. The result for the free
chains (Figure 4a) shows reasonable agreement,
although there are quantitative discrepancies,
which are not unexpected given the simplicity
of the model. While the experimental absorption band is broader than that of the simulations, the onset of absorption at the red edge
9
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despite the intensity of the 0–1 transition again
being overestimated. The simulated absorption
spectrum is also significantly narrower than the
experimental nanofiber spectrum. Some of this
discrepancy may be due to only relatively small
aggregates being simulated rather than complete nanofibers, so that the full distribution of
absorbing chromophores may not be captured.
On the other hand, agreement is better for the
emission spectrum, since emission is expected
to occur from a small number of low-energy
chromophores as a result of energy funneling
due to exciton transfer, which the simulations
are more successfully able to capture.
Importantly, the red-shifting of the absorption and emission peaks in the nanofiber simulations with respect to those in the free chain
simulations is captured, indicating that the
Frenkel–Holstein model is responding to the
structural differences between the two systems
and reproducing reasonable energies of the absorptive and emissive chromophores. This result also indicates that the coarse-grained structural model underlying the exciton model accurately captures the structural changes, such as
increases in conjugation length, that occur as a
result of chain aggregation in P3HT.
The exciton transport simulations are also
able to reproduce the dynamics of time-resolved
fluorescence upconversion experiments (see
Supporting Information), which show a dynamic red-shift in the emission occurring over
a period of tens of picoseconds, on a time
scale that has been attributed to exciton transport, 63–65 with different wavelength dependencies for free chains and nanofibers. This result
implies the exciton hopping rates calculated in
the simulation agree with experimental observations.

(a) P3HT free chains

700

(b) P3HT nanoﬁbers

500
600
Wavelength (nm)

700

Figure 4: Experimental and simulated steadystate absorption and emission spectra for (a)
P3HT free chains and (b) nanofibers.
matches well. It is in this low-energy region
that the absorption is dominated by LEGSs,
indicating that the energies determined from
the Frenkel–Holstein model for these states are
reasonable. The fluorescence peak of the free
chains is also well simulated, showing that the
relaxation energies of the LEGSs are also valid.
The small shoulder present in the experimental
fluorescence peak is reproduced, but somewhat
exaggerated in the simulation data, indicating
an overestimation of the intensity of the 0–1 vibronic transition.
The experimental absorption and emission
spectra of nanofibers (Figure 4b) exhibit distinct vibronic structure that is also present in
the simulated spectra. In particular, the nanofiber emission shows the two characteristic 0–0
and 0–1 transitions associated with H- and Jtype aggregate behavior. 62 These two distinct
peaks are reproduced in the simulation data,

Exciton Transport Mechanism
Figure 5 shows the mean squared displacement
of excitons over time in the free chain and nanofiber systems. The motion of excitons is not
clearly diffusive, with an upper limit to exciton
displacement being reached asymptotically due
to the finite size of the polymer in which the
exciton can travel. The free chains are in dilute
10
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solution, which means that chains are generally
well isolated from each other. This puts an upper limit on exciton travel distance, equal to the
chain contour length. In reality, chains are not
fully extended, nor are excitations exclusively
at the chain termini. The nanofiber aggregates
are naturally much larger than a single chain,
which immediately allows for greater exciton
travel. However, the total displacement is still
limited to 7–8 nm due to trapping effects coupled with the total exciton lifetime governed by
the chromophore radiative rates (eq 12). This
result from the simulations is in good agreement with the experimental values for exciton
diffusion length in crystalline P3HT. 66
The difference in the mean squared displacements between the free chains and nanofibers
correlates with the distribution of hop counts
for each system, shown in Figure 6. On isolated chains the probability that hopping does
not occur, where excitation and emission occur
from the same chromophore, is approximately
35%. Where hopping does take place, it is
likely that only one or two hops will occur, with
the probability of an exciton undergoing more
than four hops being negligible. This observation is consistent with single-molecule polarization spectroscopy experiments on disordered
P3HT, 67,68 for which the decay of the correlation between excitation and emission polarizations suggests some degree of energy funneling to the lowest energy chromophore, but the
lack of perfect anisotropy in the single-molecule
emission indicates incomplete funneling to the
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lowest energy chromophore. The appearance of
broad, homogeneous emission spectra from individual molecules also suggests that emission
occurs from a variety of chromophores in the
molecule. This can be rationalized from the
exciton transport simulations, in which the extended and disordered nature of the free chains
can cause a relatively large distance and unfavorable orientation between chromophores, preventing the exciton from reaching the lowest energy site prior to emission. As expected, excitons are more mobile in the nanofibers, with
only around 5% of excitons emitting from the
initially excited chromophore, as shown in Figure 6. Polymer aggregation clearly leads to a
larger selection of chromophores in close proximity and allows for a greater selection of lower
energy acceptor sites as possible hop destinations.
Exciton hopping events can be categorized
as either intra- or interchain. The proportions
of each for the free chains and nanofibers are
shown in the inset of Figure 7. The isolation of
the free chains is again evident with hops being almost exclusively within the same chain.
For the nanofibers there is a predominance of
interchain-type hops, indicating that there are
either a greater number of interchain acceptor
chromophores in the vicinity, or that they are
more strongly coupled by a smaller distance
or more favorable orientation (eq 9). Analysis of the intrachain-type hops in Figure 7
shows that, for both systems, exciton transfer to the nearest-neighbor chromophore is pre-
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Figure 6: Distributions of total number of hops
performed by excitons during the simulations.
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Figure 5: Mean squared displacement (MSD)
of excitons in P3HT free chains and nanofibers.
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Figure 7: Probability distribution of intrachain
hops to neighboring chromophores as a function
of intrachain hopping distance in units of chromophore numbers (a value of one equates to a
nearest-neighbor hop to an immediately adjacent chromophore, with large values indicating
hops to a chromophore at the opposite end of
the chain). Inset: Probability that an exciton
hop is of intrachain or interchain type.

Figure 8: Division of polymer chains into spectroscopic units for (a) a free chain and (b) a
nanofiber aggregate. Chromophore colours are
arbitrary and alkyl sidechains are not shown for
clarity.

ferred. As the immediately adjacent acceptor
chromophore is likely to be both spatially close
and possess a favorable orientation with respect
to the donor, this result is expected. Similarly, for the free chains, hops to more distant
chromophores become increasingly unlikely due
to the extended and disordered nature of the
chains.
However, with nanofibers the trend for exciton hops between the donor and acceptor separated by two or more chromophores is more
complex. The probability of exciton hopping
to a site two chromophores away is significantly
less than that for a nearest-neighbor type hop,
but the probability of hops to sites further along
the chain then tapers off slowly. The particular nature of the chain folding is responsible for
the above phenomena. A chain that contributes
to a nanofiber is likely to fold into segments of
length ∼25 nm. As shown in Figure 8b, these
segments are divided into roughly two or three
chromophores (chromophores in a free chain are
shown in Figure 8a for comparison). The remainder of the chain folds back upon itself. The
result is that beyond the directly adjacent chromophore, there is a good chance the remainder of the chain is folded back in close prox-

imity. Indeed a plot of Euclidean distance between chromophores on a chain against their
separation number along the chain (Figure 9a)
shows that a chromophore at the opposite end
of a chain in a nanofiber aggregate is generally not any more spatially distant than any
other on that chain. Furthermore, if hopping
events are analyzed (Figure 9b), it can be seen
that hops to the nearest-neighbor chromophore
in nanofiber aggregates in fact have, on average, the furthest hop distance, and that hops
to chromophores elsewhere on the chains are
likely due to them being wrapped and aligned
closer than the directly adjacent neighbor along
the chain. Overall, the results show preference for exciton migration across the chains in
nanofiber aggregates rather than along them,
most likely in the π-stacking direction due to
the close proximity and hence stronger interchain coupling in this direction. 6,52 Nevertheless, nearest-neighbor hops are the most common intrachain transitions in the nanofiber aggregates due to the favorable correlated orientation of the transition dipoles of adjacent chromophores along the chain.
The extended structure of free chains is ev12

50
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40
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the length of the free chains, but appear to
be localized to just a few sites in the nanofiber, with a tendency for emission to occur
from within the core of the structure. The category of intermediate visits is where a site is
an exciton transition pathway but does not directly absorb or emit photons. There are only
a small number of these sites on the free chains,
where there is a chromophore of just the right
energy bridging a high-energy absorption and
low-energy emission site. This low probability is also reflected in Figure 6 for hop counts
greater than two. On the nanofiber, the intermediate sites appear to be located between
the absorbing sites on the exterior and emissive
sites on the interior of the structure. Qualitatively, the heat maps in Figure 10 imply there
is an energy funneling effect towards the nanofiber core. This energy-funneling behavior was
observed in general for the nanofiber aggregates
simulated, as illustrated for a number of other
aggregates in the Supporting Information.
To confirm this assertion, individual nanofiber aggregates were identified in the nanofiber
systems and exciton migration tracked in relation to the center-of-mass of the aggregate. The
aggregates were determined by finding clusters of chromophores defined using a densitybased clustering algorithm, DBSCAN. 69 In this
method, an aggregate is firstly located by detecting a minimum of six chromophore centersof-mass within a sphere of 7 nm diameter, and
the boundary of the aggregate is then found
when the chromphore density falls below this
threshold. The Supporting Information shows a
plot of the mean squared displacement of an exciton from the center-of-mass of its originating
nanofiber cluster over time, showing there is an
overall tendency for energy funneling towards
the aggregate center. This effect can be explained by the fact that the polymer chains are
more ordered in the aggregate core. The more
planar structure of the stacked polymer chains
in the core results in a longer conjugation length
and therefore lower energy chromophores that
make favorable acceptor sites. This is backed by
an analysis of chromophore conjugation length
and chain planarity as a function of distance
from the chromophore cluster’s center-of-mass
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Figure 9: Euclidean distance (a) between intrachain chromophores and (b) of intrachain exciton hops versus the linear chromophore separation along the chain length. Error bars show
the first and third quartile.
ident in Figure 9a, with the Euclidean distance increasing with intrachain chromophore
separation. As a consequence, hops to sites
on the chain separated by more than two
chromophores are highly unlikely (Figure 7),
with disorder also making favorable transition
dipole alignment less probable. Figure 9b suggests that hops between widely separated chromophores only occurs when the chain ends are
occasionally brought close together in space.
Figure 10 shows probability maps of excitation, intermediate visit, and emission events for
typical free chain and nanofiber systems. Absorption of the simulated 400-nm laser excitation light occurs relatively evenly throughout
the polymer chains, although there are a few
higher energy sites that are more likely to absorb. These chromophores are well distributed
over the extended free chains, but appear to be
localized on the outside of the nanofiber structures. Emission sites are again distributed over
13

Figure 10: Probability heat maps of excitation, intermediate exciton visit, and emission events on
a P3HT free chain and nanofiber aggregate.
ration reducing their performance. 3,73 Our simulation results suggest that a contributing factor to the poor performance of photovoltaic devices containing relatively large ordered aggregates is the presence of low-energy trap sites at
aggregate cores that funnel excitons away from
donor–acceptor interfaces and where exciton recombination eventually occurs. This effect may
also be responsible for the unexpectedly high
fluorescent quantum yields of conjugated polymer nanoparticle suspensions in water, where
the water would otherwise be expected to efficiently quench excitons. 35,74,75 If the exciton is
rapidly funneled from the surface towards the
low-energy center of the nanoparticle it would
then be effectively protected from the aqueous
environment.
The individual nanofiber aggregates identified
from the coarse-grained P3HT configurations
all show some degree of order, but are never
perfectly crystalline. Several structural motifs are observed, similar to what has been reported previously in both computational work

(Supporting Information). There is a clear increase in chain planarity closer to the cluster
center of mass, with a resulting increase in
conjugation length of approximately four thiophene units.
The tendency for excitons to migrate towards the centers of the aggregates has negative implications for charge generation in conjugated polymer solar cells, where exciton migration to and dissociation at the donor–acceptor
interface is required. It could be expected
that nanofiber-based solar cells would provide greater efficiency than traditional bulkheterojunction types due to higher chargecarrier mobilities and fiber diameters being
comparable to the exciton diffusion length, but
these solar cells do not automatically show
significant improvements over disordered bulkheterojunction cells. 70–72 Furthermore, more recently developed polymers for photovoltaic applications display high efficiency with amorphous microstructures, with any thermal annealing to induce donor–acceptor phase sepa14
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and single-molecule spectroscopic experiments
on conjugated polymers. 30,67,68,76,77 Notable extremes are “hairpin”-type structures, with regular, linear folding of chains like that shown in
Figure 1c, and “helices” with a more cylindrical
stacking of the chains. To investigate whether
these structural differences impact the simulation results, the individual aggregates were isolated using the clustering algorithm described
above and sorted using a measure of static
anisotropy defined by 76
1 X 2
cos (θi ),
na i
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where θi is the angle between the transition
dipole moment vector on monomer i and the
sum of transition dipole moment vectors of all
monomers in the aggregate and na is the number of monomers in the aggregate. The top
and bottom ∼30% most anisotropic aggregates
were then designated as “hairpins” and “helices”, respectively, and exciton transport simulations carried out for each group separately.
No significant differences between the simulation results was observed, with the exception
of the fluorescence anisotropy data shown in
Figure 11b. This difference is expected, as the
helical aggregates are more isotropic by definition and should result in greater depolarization
of fluorescence as exciton hopping occurs. Interestingly, fitting of the anisotropy decays in
Figure 11a and Figure 11b (Supporting Information) shows that the rate of depolarization
is similar in both forms of nanofibers as well as
in the free chains (∼7 ps), with only the magnitude of the final depolarization differing. This
result is consistent with experimental observations, in which there is little difference between
the depolarization rates of free chains and nanofibers, and although the decay time constants
are shorter than those of the simulation (∼2 ps),
they are of the same order of magnitude.
The similarity in the rates of depolarization
is initially unexpected considering the greater
mobility of excitons in the nanofibers than in
the free chains (Figure 5). A comparison of the
rate of depolarization with that of exciton diffusion is given in the Supporting Information.
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Figure 11: Experimental and simulated fluorescence anisotropy. The measured wavelength is
that of the respective fluorescence peak of the
sample for both experimental and simulation
data (570 nm for free chains and 600 nm for the
nanofibers).
The simulations indicate that excitons in nanofibers move on average 40% further than those
in free chains for the same amount of fluorescence depolarization. This result can be rationalized by considering that although excitons
undergo more hops and travel further in the
nanofibers, the ordered alignment of the chains
acts to better preserve the direction of the transition dipole moment. The end result is a similar rate of fluorescence depolarization in nanofibers and free chains despite the higher exciton
diffusion rate in the nanofibers. Note that in
both the simulation and experimental data the
rates of depolarization are consistent with those
previously attributed to exciton energy-transfer
processes. 63–65
The experimental fluorescence anisotropy
data in Figure 11 show ultrafast depolarization occurring in both the free chains and
nanofibers on a time scale of < 100 fs, be15

low the response time of the instrument. This
differs from the simulation data, in which the
anisotropy has an initial value of 0.4, indicating
perfect correlation of the excitation and emission polarizations. Ultrafast fluorescence depolarization is routinely observed in conjugated
polymers, 12,63,78 and has been attributed to geometrical changes in the polymer due to the
strong coupling between the electronic and the
nuclear degrees of freedom. 79,80 Correspondingly, relaxation of the initially generated, delocalized states (QEESs) to more localized ones
(LEGSs) occurs on the time scale of the nuclear
motion, causing rapid change in the direction
transition dipole moment as the wavefunction
evolves over the disordered chain. 28,81
The absence of the ultrafast depolarization effect in the simulation data highlights some deficiencies in the model. While the higher energy eigenstates of eq 1 (QEESs) contribute to
the simulated absorption spectrum (Figure 4),
it is only the LEGSs that are selected for excitation during the Monte Carlo hopping simulation since, as stated previously, the QEESs
rapidly relax to the LEGS with maximum wavefunction overlap. Implementing this behavior
would account for some proportion of the ultrafast fluorescence depolarization. An additional contribution to the ultrafast depolarization may be due to delocalization of the initially formed exciton across adjacent chain segments, another effect that is not considered in
the simulation model. This could also account
for the slightly greater magnitude of depolarization seen in the experimental nanofiber data, in
spite of the nanofibers having greater structural
order than the free chains. The lack of these
ultrafast depolarization effects in the model is
not expected to affect the longer time-scale exciton dynamics that is more relevant for energy
transfer in organic electronic devices. However,
the contribution of geometrical changes to the
fluorescence depolarization are harder to quantify as the coarse-grained molecular dynamics
that provides the polymer geometry is decoupled from the simulation of the exciton. A
static polymer conformation over the lifetime of
the exciton is clearly not entirely realistic, but
attempting to closely couple the exciton behav-

ior and the molecular dynamics would require
extreme computational costs that would limit
application of the model to small system sizes.

Conclusions
In summary, we have used accurate coarsegrained molecular dynamics simulations to generate large, 100-chain systems of regioregular
P3HT in two contrasting solvent environments
made by modifying the implicit solvent model.
Free chains characterized by an extended, disordered conformation were produced in a good
solvent and were well isolated in a dilute solution. A marginal solvent and polymer concentrations between ∼0.1 and 2.0 wt% resulted
in the formation of nanofiber-like aggregates,
which exhibited a semicrystalline microstructure. From these systems, a Frenkel–Holstein
exciton model was then applied to calculate
wavefunctions and energies of chromophores,
with parameters derived from quantum chemical calculations. Finally, Monte Carlo simulations of Förster-type exciton migration were
performed using the Fermi Golden Rule with
chromophore couplings determined by the linedipole approximation, in which point-dipole interactions between monomer transition dipoles
are summed.
The results of the simulations provide reasonable quantitative agreement with experimental steady-state and time-resolved fluorescence data for P3HT nanofibers and solutions. Simulated exciton diffusion lengths are
also in agreement with literature experimental data. Furthermore, morphology-dependent
mechanisms of exciton transport were observed
on the molecular level. Notably, exciton transfer through the nanofiber aggregates occurred
generally by interchain hops towards low-energy
sites at the core of the aggregate. These “trap”
sites are formed due to the higher level of
crystallinity resulting in more planar chains
and longer chromophore conjugation lengths.
This structure-dependent energy funneling has
implications for exciton diffusion to donor–
acceptor interfaces in bulk-heterojunction organic solar cells, particularly those employing
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polymer nanofibers, and for fluorescence yields
of conjugated polymer nanoparticles used in
fluorescence imaging. Similar rates of fluorescence depolarization were observed in P3HT
free chains and nanofibers in both experimental
and simulation data, in spite of exciton mobility being much greater in the nanofibers. This
phenomena can be rationalized by the fact that
the increased order of the chromophore orientations acts as a counterbalance to help preserve
the fluorescence polarization.
Our methods demonstrate a bridging of the
gap between highly accurate atomistic quantum
calculations and generalized lattice models of
conjugated polymers. A combination of mesoscale models provides realistic polymer conformations and gives molecular-level detail of exciton transport in conjugated polymers on experimentally relevant length and time scales.
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