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Poly(3-hexylthiophene) (P3HT) is a polymer used in organic solar cells as a light absorber and an
electron donor. Photogenerated excitons diffuse and dissociate into free charge carriers provided they
reach the absorber boundaries. The device efficiency is therefore dependent on the exciton diffusion.
Although measurements can be performed for example by time-resolved photoluminescence, a
quantitative modeling is highly desirable to get an insight into the relationship between the atomic
structure at finite temperature and the diffusion coefficient of the exciton. This is the objective of the
present work, achieved by resorting to first-principles molecular dynamics in combination with the
restricted open-shell approach to model the singlet excited state. The maximally localized Wannier
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functions and their centers are used to monitor and localize the electron and the hole along the
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1. Introduction

The use of organic materials such as polymers or small molecules
in solar cells enables the reduction of the fabrication cost and
realization of flexible modules. By changing the constituent
molecules, a higher tunability than the one provided by inorganic
materials is possible, and recently efficiencies close to 20% have
been obtained with polymer donors and non-fullerene acceptors,
with record values for ternary bulk-heterojunction (BHJ)' and
solid additive-treated BHJ* devices. The active layers of BH]J solar
cells are blends of two families of organic materials, electron
donors and electron acceptors. When light is absorbed, an exciton
is generated and diffuses. At the donor/acceptor interface, the
exciton dissociates into a free electron and a hole, which are
subsequently collected to generate an electrical current. However
if the diffusion length of the exciton is too short to reach the
interface, the exciton undergoes recombination before being able
to generate any current, thus not contributing to any energy
harvesting. Our goal is to provide a guideline from atomic scale
modeling for the rational design of organic materials with the
highest possible exciton diffusion length.

The exciton diffusion length is expressed as L = v/Dt, where
D is the diffusion coefficient and 7 is the exciton lifetime. In the
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dynamics. The resulting diffusion coefficient is in close agreement with available measurements.

present work, an important step toward our ultimate goal
(quantify L) is made by focusing on the diffusion coefficient D.
The exciton diffusion coefficient can be measured experimentally,
for instance by time resolved photoluminescence.” From a theo-
retical standpoint, the Frenkel-Holstein Hamiltonian scheme has
been applied to various organic polymers® and more recently to
2D systems.” First-principles molecular dynamics (FPMD) can
provide alternatively a valuable atomic-scale picture of the dyna-
mical process at finite temperature and link the atomic and
electronic structures to the efficiency of a diffusion process.
Vibronic effects are included a priori and do not need to be
added, while inclusion of ad hoc contributions from intermole-
cular charge transfer® is not necessary. Moreover, our dynamical
approach being based on density-functional theory (DFT) as in
any FPMD scheme, possible couplings between atomic and
electronic motions are intrinsically accounted for, thus including
the cases of trapping and polarons implying coupling with atomic
vibrations. The assessment of the degree of the predictive power
of a computational scheme is a stringent comparison with the
available experimental data. To this aim, we focus on poly(3-
hexylthiophene) (P3HT), a polymer widely used in BHJ solar cells.
The structure of P3HT has been extensively characterized,”® and
the exciton diffusion coefficient has been measured in the crystal-
line domains (see Table 2).°

The structure of P3HT (at T = 0 K) is presented in Fig. 1
(at the top). In this figure, the structures are relaxed within the
framework of DFT for the calculation of the electronic structure
as described below. The P3HT polymer is usually modeled by a
segment containing a finite number of thiophenes and methyl
groups instead of the hexyl chains, to reduce the computational
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\ Supercell boundaries /
Fig.1 Atomic models of the polymers P3HT and P3MT and of the
molecule of penta3MT. Carbon atoms are represented in brown, sulfur

in yellow, and hydrogen in white. The simulation cell boundaries are
indicated by dashed red lines.

workload. Penta(3-methylthiophene) (penta3MT) (Fig. 1, bottom)
is an example of such molecules and was chosen by Schwer-
mann et al.* to study the exciton diffusion. At room tempera-
ture, however, penta3MT molecules fold and the heterocycles at
the extremities are free to rotate (see Fig. 2). This conformational
change complicates the observation of an exciton transfer
between molecules. To overcome this difficulty, Schwermann
et al.'® used a restraining potential to obtain the free energy of
the exciton transfer as a function of the distance between two
molecules.

z

Fig. 2 Representative snapshot of the structure at 300 K of the penta3MT
molecule shown in Fig. 1. The molecule underwent a rotation along the x
axis, a bending, and one thiophene group at the extremity of the molecule
rotated (black arrow). These conformational changes break the alternation
in the thiophene orientation.
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Fig. 3 Schematic representation of the crystalline structures of P3HT:
Form | in pristine P3HT (left side) and planar geometry of doped P3HT**
(right side).

Form | Planar

In the present work, we propose an alternative modeling
strategy relying on the use of periodic boundary conditions to
model a virtually infinite polymer instead of a small molecule.
At finite temperature, we show that the polymer keeps a crystalline
arrangement, with a structure that depends on the length of the
lateral chains, hexyl in P3HT or methyl in poly(3-methylthiophene)
(see Fig. 1, middle). The type of structure (conformers) and the
lattice parameters obtained by our simulation results are in good
agreement with known experimental structures, specifically Form I
of P3HT; this specific structure is the thermodynamically stable one
generally obtained during the fabrication of organic solar cells, and
the planar configuration is the one resulting upon doping (see
Fig. 3). Concerning the diffusion coefficient D, we track the exciton
by calculating the maximally localized Wannier functions and
related Wannier centers'' of the bound electrons and holes. The
exciton diffusion coefficient is estimated by computing the mean
square displacement using the generated trajectory. In this way, our
procedure is free from any hypothesis regarding the mechanism
of the exciton transfer, for example, Forster'> or Dexter.”* The
resulting diffusion coefficient is in quantitative agreement with the
measurements.

The paper is organized as follows. In Section 2, we provide a
description of the first-principles molecular dynamics method
applied to describe the first excited singlet state. Section 3
presents the approach used to localise the exciton via the
Wannier centers, with an illustration in the case of the pen-
ta3MT molecule. Section 4 and Section 5 are focused on the
exciton diffusion in P3MT and P3HT, respectively. Conclusions
are drawn in the final Section 6.

2. Computational method

Molecular dynamics (MD) simulations are performed using the
Car-Parrinello (CP) method'® as implemented in the develo-
pers version 4.3 of the CPMD code.'® We select for the
exchange-correlation part of the Kohn-Sham total energy, the
formulation proposed by Perdew, Burke and Ernzerhof (PBE)."”
The valence-core interactions are described by norm-conserving
Troullier-Martins'® pseudopotentials. Valence electrons are
represented on a plane-wave basis set with a cutoff of 70 Ry,
and the Brillouin zone sampling is limited to the I" point.
A fictitious electron mass of 400 a.u. and a time step A¢ = 0.1 fs
(4 a.u.) are chosen to ensure optimal conservation of the

This journal is © the Owner Societies 2023
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constants of motion. The ionic temperature is controlled with a
Nosé-Hoover'®™>! thermostat chain,?” whereas for the fictitious
electronic kinetic energy we use a Bléchl-Parrinello thermostat.”®
Masses of the thermostats (in units of corresponding frequencies)
are taken equal to 2500 cm ™" for the ions and 5000 cm™" for the
fictitious electronic degrees of freedom.

Excited-state processes in organic molecules most often
proceed in the lowest excited singlet (S;) or triplet (T) states.
Higher excited states have short lifetimes**>® and undergo
radiationless relaxation to S;, as per Kasha’s rule.?” Therefore,
in our study we only considered the S; state, which can be
described by the restricted open-shell Kohn-Sham (ROKS)
method. The ROKS®*?° formalism has been successfully
applied for the modeling of photoreactions® and carefully
benchmarked on experimental data.** Within the ROKS, the
exciton remains in the S; state without the possibility to relax
into Sy, unless resorting to a specific approach of non-adiabatic
dynamics (surface hopping).*® For regioregular P3HT films, the
exciton lifetimes reported in the literature range from 400 to
850 ps,**° and hence are considerably longer than the time
span of our trajectories. The ROKS approach is therefore
perfectly suited to monitor the diffusion of the exciton in the S;
state representative of the exciton prior its recombination to Sp.
We recall that the ROKS approach used here has been consistently
formulated within the DFT framework®®>° and, as such, its
transferability is the one granted by this underlying theory
provided that electronic states do not involve transitions above
the first excited state.

Since the exciton transfer between polymer chains is speci-
fically targeted, the inclusion of appropriate dispersion forces
becomes crucial. We have chosen to disentangle these van der
Waals (vdW) dispersion interactions from the main body of the
Kohn-Sham Hamiltonian following the semiempirical vdW
“D3” approach by Grimme et al.,*”*® as opposed to a first-
principles treatment of the van der Waals (vdW) interactions
with a Wannier scheme.’®*° The intra- and inter-molecular
forces resulting from the combination of DFT and the Grimme-
D3 model implicitly contain all the ingredients that led to the
development of the HJ-aggregate models for the P3HT.*"**

The simulation protocol used is the following. The electronic
structure of the initial configuration formed by one or several
molecules is first converged to the ground state S, in the
standard Kohn-Sham formalism with a convergence criterion
of the accuracy of 107® a.u. on the total energy. The ionic
structure is subsequently relaxed to a local minimum, which
serves as the initial configuration for the second part of the
calculation within the ROKS approach. Hence, the electronic
structure is converged in the S; excited state at the same accuracy
(107° a.u) and the ionic structure is relaxed. A short dynamical
run in the microcanonical NVE ensemble is done to check the
stability of the configuration before controlling the temperature.
A rescaling of the velocities is applied during the initial 10 000
steps (~1 ps) to bring the system to 10 K before moving to
canonical NVT simulations. The temperature is then gradually
increased with a Nose-Hoover thermostat during 6 ps, first to
T=100 K and finally to T'= 300 K during 40 ps. During the step at
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Fig. 4 Atomic coordinates (r) and electronic orbitals () are propagated
according to the Car—Parrinello equations of motion. The spread mini-
mization for the calculation of the Wannier functions and centers is done
on selected configurations along the dynamical trajectory.

T = 300 K, the maximally localized Wannier functions (MLWFs)
minimizing the spread'’ are computed upon Kohn-Sham uni-
tary transformations of the non-localized Kohn-Sham orbitals.
To minimize the Vanderbilt spread functional, the iterative
steepest descent algorithm is used and the iterations are done
until the convergence criterion (residual error lower than 8 x
107°) is reached. The centers of mass of the obtained localized
orbitals, the Wannier function centers (WFCs), are then used to
provide a clear picture of the electronic degrees of freedom. WFC
trajectories are obtained by sampling the dynamical trajectory
every ten simulation steps (Fig. 4). The CPMD input file for the
calculation of the WFC trajectory is provided in the ESL{

3. Exciton localisation in penta3MT

We first focus on penta3MT, a small molecule containing five
thiophene units (52 atoms, i.e. 5 S, 25 C, and 22 H) of the P3HT
polymer as shown in the bottom panel of Fig. 1. The WFCs are
sketched in Fig. 5 for the ground state S, and for the first
excited singlet state S; and superimposed on the atomic
structure. In the case of a double bond, i.e. two Wannier centers
in the middle of a C—=C bond, the WFCs are highlighted in
green, while they are plotted in grey otherwise. A perfect
alternation of double and single bonds characterizes the S,
state. An example of MLWFs is shown to illustrate the character
of these localized orbitals. In the S, state, the Wannier center of
the hole is shown in red, while the blue color is chosen for the
electron. The two WFCs are separated by a distance of 6 A. The
MLWFs of both the electron and the hole, although localized
according to the procedure indicated, have still a rather large
spread, as shown by the isosurface representation in the
bottom panel of Fig. 5, contrary to other MLWFs corresponding
to bonding states. Because of the topology of the molecule, the
MLWFs spread along the backbone of the system. The MLWF
dispersions of both the hole and the electron amount to 6.5 A.
This value being larger than the separation between the two
WFCs (6 A), we can infer that the electron and the hole form a
bound pair. Another feature worthy of note is the fact that in
this S, state, the alternation of single and double bonds is
disrupted in the vicinity of the electron and the hole.

As mentioned above, at room temperature, the structure of a
penta3MT molecule departs from its initial planarity and the
thiophene groups at the boundary undergo barrierless rota-
tions. The penta3MT molecule is therefore not suited to the
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Fig. 5 Wannier function centers (WFCs) of the So and S; states of
penta3MT at O K, and examples of maximally localized Wannier functions
(MLWFs).

modeling of the exciton transfer in a system expected to
maintain a better degree of structural organization. For this
reason, we consider virtually infinite polymers subject to per-
iodic boundary conditions (PBCs) in the following sections.

4. Exciton diffusion in P3MT

4.1 Exciton in a single P3MT polymer

Our first target is P3MT, a polymer characterized by shorter
lateral chains than P3HT, as shown in Fig. 1. Since the number
of atoms is smaller, the computational workload is reduced
while preserving the main structural features related to our
study. The simulation cell is adapted to host six thiophenes in
the x direction, which corresponds to L, = 23.26 A, whereas the
dimensions L, and L, in the other directions are large enough to
prevent any interactions between the molecules. The number of
atoms in this polymer is equal to 60 (6 sulfur, 30 C and 24 H).
A major difference with respect to the penta3MT is that the
electron and hole MLWFs extend over all the thiophenes
(Fig. 6), instead of half the molecule as in the case of penta3MT.
This result is in line with the existence of delocalised electronic
modes (polarons) in P3HT.*? In Fig. 6, the WFCs of the electron
and the hole are separated by 9.5 A and their spreads are equal
to 7.6 A.

4.2 Exciton diffusion in a system of two P3MT polymers

Minimal energy structure. To inspect the exciton transfer
between P3MT polymers, we constructed a simulation cell

15542 | Phys. Chem. Chem. Phys., 2023, 25, 15539-15546
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Fig. 6 Wannier function centers (WFCs) and maximally localized Wannier
functions (MLWFs) of the electron and hole in the S; state in a single
polymer of P3MT at O K. The boundaries of the simulation cell are indicated
by dashed red lines.

containing two P3MT polymers, amounting to 120 atoms, as
shown in Fig. 7. The size of the simulation cell along the x
direction is identical to the one used for the single polymer (L, =
23.26 A). The dimensions along the other two directions y and z
(L,=7.26 A and L, = 7.14 A) are selected by minimising the total
energy and/or stress tensor. The resulting structure is a square
lattice of P3MT polymers spaced by 3.57 A in the z direction. The
natural configuration of the lattices of P3HT is not planar but
assumes Form I (Fig. 3). Yet, a P3HT planar configuration can be
realized upon intercalation of dopants.’* The distance between
the polymer chains, which corresponds in this planar configu-
ration to the n-r distance, has been determined experimentally
and turns out to be 3.55 + 0.05 A. On these grounds, we have
verified that our computational set-up is able to quantitatively
reproduce the experimental structure.

Structure in the S; state at room temperature. The initial
configuration shown in Fig. 7 is thermalized at 300 K in the S;
state within the ROKS formalism, following the procedure
indicated in the methodological section. The resulting struc-
ture is shown in Fig. 8. The square pattern of the lattice is
preserved also at finite temperature, together with the m-n
distance along the z direction. Along the x axis, a sliding of
one polymer with respect to the second one has occurred and
results in a shift of the thiophenes initially aligned in the x-y
plane, as shown in the right panel (side view) of the figure. This
shift is expected from the balance of the interactions between

Fig. 7 Simulation cell hosting two P3MT polymers of infinite length,
ensured by the periodic boundary conditions. The distance between the
two polymers is d,_ = 3.57 A in the z direction. The cell boundaries are
indicated by dashed red lines.
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Fig. 8 Snapshots of the two P3MT polymers equilibrated at 300 K in the
S, state along the y—x, x—y and x—z planes.

the two polymers: the attractive van der Waals interaction on
one hand and the steric repulsion among the CH; groups and
electrostatic repulsion between thiophenes belonging to differ-
ent polymers**** on the other hand. Clearly, the PBCs allow for
a readjustment of the two polymers without any bond breaking
or unphysical conformational changes. This equilibrated struc-
ture is well suited for the observation of the exciton transfer
from a polymer to the neighbour one along the z direction.

Exciton transfer. The snapshot of Fig. 9, taken at room
temperature in the S; state, shows the WFCs of the electron
and the hole with respectively red and blue spheres. For the
sake of completeness, we also added the WFCs of the chemical
bonds on the two polymers in Fig. 9. The alternation of single
and double bonds is kept in the polymer not hosting the
exciton. We have shown in the case of penta3MT (Fig. 5) that
this alternation is a fingerprint of the ground state, whereas the
presence of the exciton in the S; state induces a perturbation of
this regular arrangement. This observation supports the
hypothesis of a mechanism of excitation energy transfer
(EET)** from a polymer in the S; excited state to a neighbour
one in the S, ground state. Hereafter, based on these results,
the exciton is assumed to be located at the center of mass
between the electron and hole WFCs.

Diffusion coefficient. To compute the exciton diffusion
coefficient, we use the trajectory of the Wannier centers of

e
——

tt ¢
¢ |

Wannier centers:

HOMO/LUMO

occupation

> S
e C e Single e Electron
¢ H o Double e Hole

Fig. 9 Left: Wannier centers (WFCs) in the P3MT polymer hosting the
exciton (bottom molecule) and in the second polymer (top molecule).
Right: Schematic of the HOMO (highest occupied molecular orbital) and
LUMO (lowest unoccupied molecular orbital) occupation associated with
the exciton transfer (schematized by a pink arrow).
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Fig. 10 Mean square displacement of the exciton WFC in the dimer of
P3MT.

the hole and the electron obtained by the quoted spread
functional minimization every ten simulation steps for a total
simulation time of at least 40 ps at 7= 300 K. The WFCs of the
electron and the hole have a y coordinate that remains approxi-
mately located at L,/2, a signature of the absence of any transfer
between molecules along the y direction. The mean square
displacement (MSD) of the WFC exciton in the direction along
the stacking is obtained from its coordinate z. as
1 N-—m—1
MSD(mAl) = ——— > (ze((k +m)A1) — ze(kAr))* (1)
N - 0

where N is the total number of intervals A¢ along the 40 ps
trajectory, and mAt ranges from 0 to 16 ps (see Fig. 10). The
MSD expressed as in eqn (1) shows a linear trend as a function
of time. The polymeric character of the system targeted limits
the degrees of freedom of a general three-dimensional process,
thus allowing converging the calculation of the diffusion coeffi-
cient in an affordable time (less than 20 ps here) to 9.3 X
107 em” s~ " as determined from the slope of the MSD, with a
standard deviation smaller than 10> em® s™". Such a value is in
good agreement, apart from a slight overestimation, with the
reported measurement of 7.9 x 10~ % cm?® s~ in highly crystal-
line and regio-regular P3HT (Table 2).° This can then be
regarded providing a convincing benchmark of our simulation
protocol on periodically repeated molecules containing six
thiophenes. Our approach has been shown to be able to catch
all essential features of the exciton processes occurring in this
type of material.

5. Exciton diffusion in P3HT

In the former paragraph, we have shown that following the
trajectory of the WFCs of both the electron and the hole is a
practical tool to determine the exciton diffusion coefficient in
appreciable agreement with the data reported in the literature.
We remark, however, that the experimental measurements
were done on P3HT, a polymer carrying hexyl groups instead
of methyl ones as lateral chains. One could argue that the
impact of shorter chains should be negligible since the transfer
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does not proceed in the (y) direction of the chains. However, we
show in the present section that considering hexyl chains
results in a significant modification of the lattice structure, in
close agreement with Form I observed experimentally® in the
absence of doping. This, in turn, might have an influence on
the electronic properties and, ultimately, on the dynamical
behavior of an exciton.

The starting system in our simulations is a simulation cell
containing two P3HT polymers in a planar configuration. For this
specific system, the total number of atoms is 300, namely 12 S,
120 C, and 168 H atoms. The planar configuration is kept during a
simple geometry relaxation, but when dynamics are allowed and
the temperature rises to 7= 10 K (by an NVT thermostat control), a
conformational change toward Form I occurs spontaneously. This
conformation persists at 7 = 300 K (Fig. 11 and 12).

The n-n distance, defined as the shortest distance between
the two polymer chains, is dy_. = 3.5 & 0.1 A. The stacking
distance is different in this lattice structure and equal to dgack =
3.7 £ 0.1 A. The two polymers are tilted of 0 = 23 4 3°. These
values are in quantitative agreement with the measurements by
electron and X-ray diffraction”’® as reported in Table 1.

The trajectories of the electron and hole WFCs are monitored
at T = 300 K. We remark that the average distance between the
electron and hole (7.6 A) during this trajectory is typical of a
Frenkel exciton.?® The values of the diffusion coefficient,
obtained from the mean square displacement of the exciton
WEFCs, as explained above, are reported in Table 2 along with the
experimental value, in fairly good agreement with the present
calculations. The reduction of the diffusion coefficient in the
P3HT compared to the P3MT can be rationalized by the
reduction of the effective cross-section of the m-m interaction
in Form I compared to the planar configuration, due to a
geometric effect. The simulation cell size, containing two mole-
cules of six thiophenes periodically repeated, is sufficiently large
to capture all the features of the excitonic diffusion process.

The results obtained provide convincing support to our
computational first principles approach for the polymer carrying
hexyl chains, spontaneously reverting to its natural Form I at

P3HT (lattice)

T=0K
Planar

T=300K
Form |

Fig. 11 Evolution of the structure of the periodic system of two P3HT
polymers from a planar configuration at T = 0 K to Form | at room
temperature (representative snapshot, the alkyl chains fluctuating
dynamically).
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P3HT (lattice)
T=0K, Planar

©

Fig. 12 Evolution of the structure of the periodic system of two P3HT
polymers from planar at T = 0 K to Form | at room temperature
(representative snapshot, the alkyl chains fluctuating dynamically). View
of the system of Fig. 11 on the x-y plane.

Table 1 Main structural parameters of the P3HT stacking

Present work Experiments”’®

drr (A) 3.5+ 0.1 3.4
dgtack (A) 3.7 +0.1 3.8
0 () 23+ 3 26+ 5

Table 2 Exciton diffusion coefficients as obtained from our calculation
and corresponding experimental value

D (10 em®s™Y)

P3MT 9.3
P3HT 8.0
P3HT, exp.’ 7.9

room temperature. Structural parameters are in excellent quan-
titative agreement with available measurements. At finite tem-
perature, our model is also able to reproduce with appreciable
accuracy the diffusion coefficient characterizing the motion of
the exciton in the S; state. The result is in quantitative agreement
with data from time-resolved spectroscopy, thus serving as a
benchmark not only for structural but also for the excitonic
properties of the system.
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6. Conclusions

The present work proposes a methodology for the calculation of
the diffusion coefficient of an exciton in the S; state. The
reliability and predictivity of the method are demonstrated in
the case of P3HT, a conjugated polymer used worldwide for
applications in organic photovoltaic materials. We rely on
dynamical simulations able to produce relatively long-lasting
atomic trajectories at room temperature, within the FPMD
framework. The ROKS formalism is then applied to describe
the S, excited state. The motion of the exciton is obtained in
terms of the WFCs of the electron and hole thus providing a
practical tool to visualize such an evolving electronic structure
bypassing the calculation and storage workload that accumula-
tion of extended wavefunctions would imply.

In the case of the P3HT system targeted in this work, we show
that two important characteristics of the material have to be
considered. The first one is its virtually infinite length, accounted
for by appropriate use of the periodic boundary conditions. This
avoids uncontrolled conformational changes of the polymer
structure and preserves an ordered structure, along with the n-n
interactions, also at finite temperature, compatible with a realistic
system in which an exciton transfer is expected to occur.
The second important feature is represented by the chains, in
the sense that their full length allows observing the Form I lattice.
If methyl groups replace the original hexyl ones, the resulting
structure is nonetheless still realistic, but models a planar
arrangement observed experimentally in doped P3HT.

The Wannier functions and centers (along with their asso-
ciated spread) show that the exciton is delocalised along the
polymer chain and transfers from one polymer monomer to the
next one with a diffusion coefficient in good agreement with
reported experiments. Our approach paves the route to thor-
ough and reliable computational characterization of the exciton
transfer that will serve as a guideline for the comprehension of
advantages and limitations of other molecular systems, thus
offering a guideline for a rational design of organic materials
with exciton diffusion lengths sufficient to grant a good effi-
ciency of next-generation photovoltaic devices.
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