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Abstract
Strong electron-phonon coupling leads to po-
laron localisation in molecular semiconductor
materials and influences charge transport, but
is expensive to calculate atomistically. Here,
we propose a simple and efficient model to de-
termine the energy and spatial extent of po-
laron states within a coarse-grained representa-
tion of a disordered molecular film. We calcu-
late the electronic structure of the molecular as-
sembly using a tight-binding Hamiltonian and
determine the polaron state self-consistently
by perturbing the site energies by the dielec-
tric response of the surrounding medium to
the charge. When applied to fullerene deriva-
tives, the method shows that polarons extend
over multiple molecules in C60, but localise on
single molecules in higher adducts of phenyl-
C61-butyric-acid-methyl-ester (PCBM) due to
packing disorder and the polar side chains. In
PCBM, polarons localise on single molecules
only when energetic disorder is included or
when the fullerene is dispersed in a blend.
The method helps to establish when a hopping
transport model is justified.
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In organic semiconductors, the relatively soft
nature of the inter and intramolecular inter-
actions means that the response of the sur-
rounding nuclei and dielectric environment to
a charge carrier, i.e. the electron-phonon cou-
pling, is large. The presence of an electron
in any of the electronic states of such a sys-
tem results in a distortion of the molecules sur-
rounding the charge which tends to lower the
energy of the electron as the charge state lo-
calises and the surrounding medium polarises.
The ensemble of electron and its distorted sur-
roundings has been called the polaron.1,2 Be-
cause this strong localisation leads to a loss of
periodicity, polaron states cannot be treated
with band theory, even in molecular crystals.
Disorder in molecular packing, which is com-
monplace in molecular materials, leads to fur-
ther variation in both the energy and extent of
electronic states and their associated polaron
states.
In many models of charge transport in or-

ganic materials it is assumed that the electron-
phonon coupling is sufficient to localise the
charge in a so-called small-polaron, i.e. on
an individual molecule or molecular segment.
Charge transport then proceeds by thermally
activated non-adiabatic ‘hopping’ transport be-
tween neighbouring molecules or segments,
with the rate of hopping calculated using semi-
classical Marcus theory.3–6 However, such mod-
els are not valid in systems where the in-

termolecular electronic coupling is comparable
with the electron-phonon coupling, causing the
charges to be delocalised over multiple sites.7,8
In such cases charge transport occurs in an

intermediate regime between the extremes of
localised hopping transport and infinitely ex-
tended band-like transport. This large-polaron
regime has been described theoretically in
molecular crystals and simple systems,9–12 but
is notoriously difficult to describe in disordered
systems.13 Approaches have included using a
generalised Marcus theory to describe hop-
ping between aggregates of molecules,14 cou-
pled quantum mechanics molecular mechanics
(QMMM) electron-ion dynamics simulations,15
and charge transport network analysis.16,17 An
accurate description requires knowledge of lo-
cal and non-local distortions in nuclear posi-
tions and polarisation of the electron distri-
butions, whilst motion of the charged state
requires some treatment of the coupled elec-
tron and nuclear dynamics (i.e. beyond the
Born Oppenheimer approximation) as the sys-
tem evolves.18 Polaron dynamics have been
treated semi-classically by evaluating the non-
local electron-phonon coupling terms and solv-
ing the electronic Hamiltonian as a function of
time,19,20 sometimes with the aid of molecular
dynamics simulation.21,22
Although some fully atomistic studies have

been made of polaron localisation, for example,
in ordered assemblies of small molecules using
QMMMmodels with polarisable force fields23,24
such treatments are computationally expensive,
and are not practical for modelling large dis-
ordered molecular assemblies. One simplifica-
tion is to use a coarse-grained approach where
atomistic detail is dropped and each molecule
or repeat unit is treated as a single site capa-
ble of accommodating part of the charged state
via a partial charge.25,26 A further simplifica-
tion, that we use here, is to model the electron-
phonon coupling as the dielectric response of a
continuous polarisable medium to the presence
of charge.
Here, we introduce a computationally efficient

method to demonstrate the localisation of po-
larons within a coarse-grained molecular assem-
bly and to calculate their spatial extent and
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energetic depth. We do this by solving the
tight-binding Hamiltonian for the system self-
consistently with the energy of each site per-
turbed by the polarisation response of the sur-
rounding medium to the electron density on
that site, as calculated from the first eigenvector
of the Hamiltonian. The coarse-grained treat-
ment thus treats each transport site as an iso-
lated molecule in a continuous homogeneous di-
electric, with a partial charge quantified by the
expectation value of the tight-binding Hamilto-
nian operator. The efficiency of the model lies
in the reduced computation time for calcula-
tion of electronic structure when using a tight-
binding Hamiltonian, and the use of a contin-
uum model for the polarisation of the surround-
ing environment.
As a model system to demonstrate the

method we select amorphous assemblies of
fullerenes. These systems are of technologi-
cal relevance for organic electronic devices, as
fullerenes are used as electron transport me-
dia in field effect transistors and lead-halide
perovskite solar cells, and as photoactive com-
ponents in organic solar cells.27–29 Fullerenes
are characterised by a relatively strong inter-
molecular electronic coupling and correspond-
ingly high electron (and hole) mobilities.30–32 A
number of previous studies concluded that the
assumption of weak electronic coupling, which
would imply that the charge is localised to a
single fullerene within a molecular assembly, is
not valid for fullerenes.33–35 These observations
make fullerene assemblies particularly relevant
test systems for our approach. Whilst these ear-
lier studies demonstrated that electronic states
in fullerene assemblies are likely to delocalise,
most of those addressed the spatial extent of
unoccupied states and did not consider the ef-
fect of the charge in localising the occupied
state by polarising the molecular environment.
Our approach builds on these previous studies
investigating charge states in fullerene assem-
blies by applying an efficient self-consistent
method to localise polarons, and exploring the
effect of chemical structure, energetic disorder
and morphology.
We apply our method to C60, phenyl C-

61 butyric methyl acid ester (PCBM) and its

multi-adducts (bis-, tris-, tetrakis-, pentakis-
and hexakis-PCBM) in order to investigate the
effect of electronically inactive but polarisable
side chains on electronic delocalisation. To
generate multiple large disordered assemblies
we use coarse-grained molecular dynamics, and
build a tight-binding Hamiltonian to describe
the electronic structure of these assemblies in
the basis of the individual molecular sites.
From this computationally efficient technique,
we can directly calculate the energy and distri-
bution of the electronic states and their density
of states function for large (1000 molecule) dis-
ordered assemblies. To apply the self-consistent
polaron model to these fullerene assemblies we
first calculate the static and optical dielectric
constants - which determine the polaron local-
isation energy - using density functional the-
ory (DFT) and density functional perturbation
theory (DFPT), respectively. We show that po-
laron localisation is affected by chemical struc-
ture, being stronger for the more polarisable
PCBM than for C60, and by disorder in site
energy and molecular packing. We investigate
the effects on polaron energy and localisation
of energetic disorder, packing disorder (through
higher fullerene adducts), and different levels
of polaron formation. To address the circum-
stances of fullerene assemblies in blends with
the polymer poly-3-hexylthiophene (P3HT), as
relevant to organic solar cells, we apply our
methods to assemblies generated with atomistic
molecular dynamics.
We describe an excess electron in a system

with a tight-binding Hamiltonian in the basis of
molecular orbitals of the coarse-grained molec-
ular sites, given by

Ĥ =
∑
i

Sia
+
i ai +

∑
i 6=j

Jija
+
i aj, (1)

where a+i and ai are (respectively) the cre-
ation and annihilation operators for a charge
carrier on molecular site i, Si is the electron
site energy, and Jij is the electronic coupling
(transfer integral) between sites i and j.36 Since
we are interested in electrons, we take the site
energies to be the lowest unoccupied molecu-
lar orbitals (LUMOs). A similar treatment for
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holes would use the highest occupied molec-
ular orbitals (HOMOs). The electronic cou-
pling between sites can be calculated explic-
itly with hybrid DFT calculations, using the so-
called projective method.37 We solve the tight-
binding Hamiltonian Ĥψ = Eψ for the eigen-
values, E, which form the density of states.
The eigenvectors, ψ(n) =

∑
i c

(n)
i φi, give the oc-

cupations of the nth state in the basis of the
sites with |ψ(n)|2 =

∑
i c

(n)2
i . This is based

on the assumption of orthogonal eigenstates,
〈φi|φj〉 = δij. We use the inverse participation
ratio (IPR) metric to define the spatial extent
of the charged states. The IPR for the nth state
is defined as

IPR(n) =
1∑

i

∣∣∣c(n)i

∣∣∣4 (2)

where ψ(n)
i is the eigenvector element for site

i for the nth state. This definition of the IPR
varies between 1, for a charge completely lo-
calised on one site, to N , for a charge equally
distributed between all N sites.
To model polaron formation, each site is

treated separately as a cavity of radius rp sur-
rounded by a continuous dielectric. In an it-
erative procedure, the (diagonal) site energies,
Si, are successively deepened by an amount cor-
responding to the polarisation energy from the
change in electron density localised on that site.
In what follows, we assume the lowest (n = 0)
site is occupied by the charge. The Hamilto-
nian is re-solved with the new site energies, and
this process is repeated until the set of energies
converges. The process is outlined in Figure
1a. For each step k the site energy of site i is
updated as

S
[k]
i = S

[k−1]
i −Wp|c(0)[k−1]i |2, (3)

where Wp is the polaron formation energy.
Wp is obtained from the sum of the (negative)
lowering of the electron energy in a polarisable
medium and the (positive) energy required to
polarise the surroundings, giving38

Wp = −
q2

8πε0rp

(
1

εopt
− 1

εstat

)
, (4)

where q is the charge of an electron, rp is
the polaron radius, ε0 is the vacuum permit-
tivity, and εopt and εstat are the optical and
static dielectric constants, respectively. This is
the lowering of energy that would be released if
the electron was fully localised on a single site
(fullerene). In the self-consistent tight-binding
method described above, it is balanced by the
kinetic energy (transfer integrals) of the elec-
tron.
First, we illustrate the iterative approach to

self-consistent polaron formation in a simple
one-dimensional chain in Figure 1b. The top
panel shows the lowest state occupation of each
site (|ψi|2) after each of the first few iterations,
and the bottom panel shows the site energy. As
the algorithm iterates, the electron state is lo-
calised (occupies fewer sites), and the energy
of these sites decreases, until self-consistency is
reached.
Next we generate disordered assemblies for

application of our polaron formation model.
We use coarse-grained molecular dynamics to
generate 1000-molecule fullerene assemblies, for
each of the fullerenes C60, PCBM and higher
PCBM adducts (bis-, tris-, tetrakis-, pentakis-
, hexakis-) molecules, where the C60 is rep-
resented by one pseudo-atom and the side-
chain(s) by further pseudo-atoms.39 We also
simulate assemblies of pure amorphous PCBM
domains and PCBM dispersed in a blend with
the polymer poly-3-hexylthiophene (P3HT) us-
ing atomistic molecular dynamics and com-
pare these with atomistic models of crystalline
PCBM. The full details of the molecular dy-
namics simulations are provided in the Support-
ing Information.
For energetically ordered systems, the diago-

nal site energy is taken as that of the LUMO
of a fullerene in vacuum (-3.7 eV).40 The off-
diagonal elements (electronic transfer integrals)
are approximated with a simple analytic form
of J = J0 exp(−β.d), which is possible because
of the approximate isotropy of the molecule.
Following previous work where we fitted this
analytic form for J to electronic structure cal-
culations, we take the parameters J0 and β
to be 10 eV and 0.6 Å−1 respectively.39 The
inter-molecular distances, d, are sampled from
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Find set of eigenstates
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i = S
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changed by
more than

δE?

Stop
no
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(a) (b)

Figure 1: An illustration of the polaron formation model for each step k. (a) A flowchart of the
self-consistent process to localise a polaron. (b) Each step of the model illustrated in a simple
100-unit chain. The top panel shows the occupation of the lowest energy state (|c(0)|2) and the
bottom panel shows the energy.

molecular dynamic snapshots, subject to the
minimum image convention for periodic bound-
ary conditions. When energetic disorder is in-
cluded, the site energy is chosen from a Gaus-
sian of width σE centred around the LUMO of
the fullerene in vacuum.
The relatively small size of this Hamiltonian

enables a direct numeric solution. The eigen-
values (energies) make up the density of states
and the eigenvectors (wavefunctions) give the
structure of the associated state in the basis of
the fullerene molecular orbitals.
Calculation of the polaron formation energy,

Wp (equation 4) requires the optical and static
dielectric constants. The optical dielectric con-
stant εopt is obtained by calculating the elec-
tronic structure polarisability with the Vienna
Ab initio simulation package (VASP).41,42
To obtain εstat we need the additional contri-

butions to ε(ω) at frequencies below the optic
response. This low frequency response is mainly
due to infrared-active vibrational modes. These
can be modelled as a set of Lorentz oscillators.
The dielectric spectrum is given by43

ε(ω) = εopt +
∑
j

fjω
2
p

ω2
j − ω2 − iωγj

, (5)

where ω is the frequency, ωp is the plasma fre-

quency, ωp =
√

Ne2

m∗ε0
, m∗ is the effective mass of

the electron, fj is the oscillator strength, and γj
is the damping frequency of the jth vibrational
mode in the series. The static dielectric con-
stant is found by setting ω = 0. To calculate
the sum, we compute the infra-red spectrum of
a molecule and relate the IR intensity of each
mode to an oscillator strength. The details of
these calculations including the derivation for
the static dielectric constant are in the Support-
ing Information.
We compute the vibrational spectrum of C60,

PCBM and bis-PCBM with hybrid DFT (Gaus-
sian,44 with B3LYP/6-31g*). The sensitivity to
density functional is presented in the Support-
ing Information. Figure 2 shows the resulting
real and imaginary components of the dielectric
spectrum for a C60 molecule in vacuum. These
spectra compare well with experimental spectra
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reported by Dresselhaus et al.45
The static and optical dielectric constants for

C60, PCBM and bis-PCBM are given in Table
1 along with resulting values for Wp. For bis-
PCBM, since there is not a crystal structure, we
took the value for εopt from ellipsometry mea-
surements.46
We calculate the density of states (DoS) for

assemblies of C60, PCBM and bis-PCBM, both
with and without self-consistent response of the
medium (polaron formation). Figure 3 (a-f)
shows representative assemblies from coarse-
grained molecular dynamics for each, along
with the tight-binding DoS of those assemblies
before considering a polaron. This DoS narrows
with an increasing number of side chains. This
is mainly due to increasing centre-to-centre dis-
tance, and therefore reduced average transfer
integral with more side chains. In a crystalline
material the bandwidth of the DoS is directly
proportional to the transfer integral.
Comparing the DoS for the case with (Figure

3 g-i) and without polaron formation (Figure 3
d-f), the self-consistently localised ground state
separates from the continuum in PCBM and
bis-PCBM. For C60, Wp is insufficient to sep-
arate this state from the continuum, whilst for
PCBM and bis-PCBMWp is significant relative
to the DoS width.

Table 1: Static and optical dielectric constants
and corresponding polaron formation energy for
C60, PCBM and bis-PCBM. The optical dielec-
tric constant for bis-PCBM is taken from ellip-
sometry measurements.46

C60 PCBM bis-PCBM
εopt 4.83 4.00 3.7546

εstat 4.93 5.08 6.59
Wp (eV) 0.006 0.077 0.165

The stronger localisation of the polaron in the
case of PCBM and bis-PCBM than in C60 is vi-
sualised using violin plots of the IPR in Figure
4. These results suggest that a Marcus hopping
model would not be valid for charge transport
in C60, but would for bis-PCBM, since the low-
est energy charge state is localised to approxi-
mately one molecule. Polaronic effects do cause

a significant localisation of the lowest charge
state in PCBM, but the charge is still localised
over multiple molecules and therefore a hopping
model would not be completely justified.
So far we have neglected any effect of disorder

in site energies. In practice, before any delocal-
isation of states the energies of electronic states
in individual molecules vary due to polarisation
and electrostatic interactions. Moreover, ener-
gies of bis- and higher adducts vary due to mul-
tiple isomerism.40 Disorder in site energy and
molecular arrangement can affect both the en-
ergy and spatial extent of the polaron so we
address these next.
To investigate the combined effects of static

disorder in site energies and electronic cou-
pling on polaron localisation we calculate DoS
with and without self-consistent response, with
Gaussian disorder in the site energy of width
σE = 10, 25, 50, 100 meV for assemblies of
PCBM and hexakis-PCBM (Figure 5). The
combined effect of polaron localisation and en-
ergetic disorder is visualised in Figure 5. In the
case of PCBM, the dashed line indicates the cal-
culated value for Wp. We see that localisation
to approximately one molecule starts to occur
with an energetic disorder of a few tens of meV.
Considering energetic disorder, D’Avino et al.35
calculated the total standard deviation in the
LUMO due to polarisation and stabilisation ef-
fects to be 68 meV for crystalline PCBM and
77 meV for amorphous PCBM. Our model thus
suggests that polarons will localise to approxi-
mately one molecule in PCBM. D’Avino et al.
reach the same conclusions when electrostatic
disorder is taken into account.
In order to consider the degree of polaron

localisation in these more practically rele-
vant conditions, where PCBM is present in
amorphous or crystalline domains or dispersed
throughout another medium, as well as to in-
clude a more detailed treatment of the molec-
ular packing, we applied our method to assem-
blies of fullerene molecules that were obtained
from atomistic molecular dynamics.47 Figure 6
(a)-(c) shows example snapshots of assemblies
of crystalline PCBM, amorphous PCBM, and
PCBM dispersed in a blend with P3HT, that
had been equilibrated at 250K using atomistic

6



(a) (b)

Figure 2: The (a) real and (b) imaginary components of the calculated dielectric spectrum of C60.
The calculated impulses are broadened with γ = 0.05 THz

MD.47 In each case we calculated the electronic
couplings from the distance between fullerene
centres-of-mass and assume no energetic disor-
der. Figures 6 (d) to (f) and (g) to (i) show
the calculated DoS with and without response
of the medium (Wp = 0.077 eV). The IPR de-
creases as we go from crystalline to amorphous
to blend, as would be expected from the in-
creasing average intermolecular distances. Po-
laron formation further reduces the IPR. These
results suggest that a hopping model would not
be valid for crystalline assemblies of PCBM, in
agreement with the findings of Gajdos et al.34
However, our studies show that for amorphous
PCBM, disorder in electronic coupling means
that the lowest state is more localised than in
a crystal, and when slight (10s of meV) ener-
getic disorder is introduced the polaron is lo-
calised to approximately one molecule. Com-
paring atomistic and coarse-grained assemblies
of PCBM, the amorphous atomistic assembly
leads to a smaller IPR of 3.4 compared to 8.7
for the coarse-grained system in the case includ-
ing a polaron. In the case of polaron formation
in an assembly of PCBM molecules dispersed in
polymer, the IPR is even lower at 1.3 (Figure
6 (i)). We tentatively assign this increased lo-
calisation for amorphous and dispersed PCBM
to a larger variation in nearest-neighbour dis-
tances for the atomistic assemblies, despite sim-
ilar volume density of fullerenes. Inspection
of the IPR of different states of each assem-

bly other than the first shows that whilst the
degree of localisation varies between states, as
observed in Ref. 33 for PCBM assemblies with-
out a polaron, the trend of increasing localisa-
tion as the adduct number increases, and as the
assembly becomes more disordered, is reflected
by the higher states (SI Tables S4 and S5).
Since practical photovoltaic (PV) blends pri-

marily contain both aggregated (represented
by the amorphous assembly) and dispersed
fullerene (represented by the blend assembly),
we expect the relevant IPR to lie in the range
1-3, supporting a model of localised polarons in
PCBM, even before energetic disorder is con-
sidered.
To conclude, we have developed a compu-

tationally efficient method for calculating po-
laron states in disordered molecular materials.
We treat each molecule as being embedded in
a continuous dielectric, and perturb the site
energies of our Hamiltonian in proportion to
the polarisable medium’s response to the elec-
tron density. We model assemblies of fullerene
molecules and consider disorder in molecular
packing (through the different adducts) and
site energies, taking into account the specific
chemical structure through the calculation of
a molecular dependent polaron formation en-
ergy Wp. We show that, together, the ef-
fects of polaron formation and energetic dis-
order lead to a charge carrier state in PCBM
and bis-PCBM which is localised to approxi-
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(a) C60 (b) PCBM (c) bis-PCBM

(d) C60 (e) PCBM (f) bis-PCBM

(g) C60 (h) PCBM (i) bis-PCBM

Figure 3: (a) - (c) Representative snapshots of coarse-grained molecular dynamics generated struc-
tures. (d) - (f) Density of states, N(E), averaged over 100 assemblies without polaron at 300K. (g)
- (i) Density of states, N(E), averaged over 100 assemblies with a polaron at 300K. E0 is the LUMO
of a single molecule and energetic disorder is not included in the model here.

mately a single molecule. This is not the case
for C60, where the charge state is significantly
delocalised. Similarly, when applied to atom-
istic assemblies of PCBM dispersed in a blend
with P3HT, the lowest charge state is localised
to approximately one molecule even before en-
ergetic disorder is considered, justifying the use
of a hopping model for electron transport in
PCBM in practically relevant systems such as
polymer:PCBM blends used in solar cells.

The method can readily be applied to other
systems to efficiently calculate the electronic
structure of polaron states. The time taken to
apply the procedure to any new system will also
depend upon the availability of coarse-grained
force fields for the molecular dynamics stage,
and on the anisotropy and conformational free-
dom of the molecule studied.
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(a) No polaron (b) Polaron

Figure 4: Violin plots of the IPR distribution from 100 assemblies for the (a) no polaron and (b)
polaron cases for C60, PCBM and bis-PCBM, with no energetic disorder. Notice that including
the polaron significantly reduces the IPR for PCBM and bis-PCBM but has a negligible effect on
the IPR of C60 states.
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