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ABSTRACT: We develop a generic coarse-grained model for describing
liquid crystalline ordering of polymeric semiconductors on mesoscopic scales,
using poly(3-hexylthiophene) (P3HT) as a test system. The bonded
interactions are obtained by Boltzmann-inverting the distributions of
coarse-grained degrees of freedom resulting from a canonical sampling of
an atomistic chain in Θ-solvent conditions. The nonbonded interactions are
given by soft anisotropic potentials, representing the combined effects of
anisotropic π−π interactions and entropic repulsion of side chains. We
demonstrate that the model can describe uniaxial and biaxial nematic
mesophases, reproduces the experimentally observed effect of molecular
weight on phase behavior, and predicts Frank elastic constants typical for
polymeric liquid crystals. We investigate charge transport properties of the
biaxial nematic phase by analyzing the length distribution of conjugated
segments and the internal energetic landscape for hole transport. Results
show how conjugation defects tend to localize near chain ends and how long-range orientational correlations lead to a spatially
correlated, non-Gaussian density of states.

I. INTRODUCTION

Solution-processable semiconducting polymers are considered
to be potential candidates for mechanically flexible solar cells
and field-effect transistors.1−4 A typical example is a recently
certified 5.2%-efficient fully polymeric solar cell.5 The
molecular architecture of conjugated polymers comprises a
semirigid conjugated backbone, responsible for charge con-
ductance, and flexible side chains ensuring solubility and
facilitating processing (see Figure 1). Within this structural
motif, the electronic and self-assembling properties of a
polymer can be fine-tuned by an appropriate chemical design
and selection of processing conditions. Narrowing the optical
band gap, for example, has helped to improve light absorption
of thin films and hence solar cell efficiency,6 while the use of
high “boiling-temperature” solvents/additives has allowed a
better control of donor/acceptor phase separation leading to
improved exciton splitting and charge extraction.7,8

Molecular arrangement, or morphology, of a semiconducting
polymer turned out to be the most difficult to characterize,
predict, or control. Most conjugated polymers are poly-
morphs9−11 and form polycrystalline, or/and partially amor-
phous films with hierarchical structuring of the ordered phase.
Experimental reconstruction of such molecular arrangements is
a formidable task. Typical diffraction patterns12−14 have only a
few (broad) peaks, while interpreting solid-state NMR data is
difficult due to the heterogeneous, on a local scale, environ-
ment.15 On the theory/simulation side the situation is not
much better: atomistic molecular dynamics simulations become

impractical due to limited time- and length-scales they can
address.
As an alternative, one can consider coarse-grained models

with “soft” interactions16−18 which have a long-standing
tradition in soft condensed matter physics.16−20 Soft models
are often linked to field-theoretical descriptions21−30 and
typically do not incorporate enough microscopic details needed
for understanding electronic processes occurring in polymeric
organic semiconductors. Here, we develop a soft model capable
of describing large-scale (possibly nonequilibrium) liquid
crystalline (LC) morphologies of conjugated polymers, while
at the same time retaining enough details needed for the
evaluation of material electronic properties. Specifically, each
repeat unit of a polymer is mapped onto an interacting site in
such way that the atomistic details can be reintroduced later, if
required. The bonded potentials are chosen such that the
distributions of the relevant degrees of freedom of the soft and
all-atom models match. The nonbonded interactions are tuned
to reflect the subtle balance between the conformational
frustration of alkyl side chains and strong directional π−π
interactions. They are introduced empirically, following works
of Straley31 in liquid crystals. Namely, the conjugated π-systems
of the backbone (e.g., thiophene rings) are treated as plate-like
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objects and their mutual interaction is incorporated via soft
anisotropic potentials.
Our particular interest will be in LC mesophases,32−39

located between the melting temperature and the isotropic
liquid state.38 These mesophases are claimed to facilitate more
ordered morphologies upon thermal annealing35,36,40 and thus
improved electronic material properties, e.g., charge-carrier
mobility.37 As an underlying atomistic system, we have chosen
poly(3-hexylthiophene) (P3HT) which belongs to a family of
poly(3-alkylthiophenes), has long been a workhorse of the
organic electronics community and, as such, is extensively
characterized. Although observing LC mesophases in P3HT is
confounded by the small gap between the melting and the
thermal degradation temperatures,38 several experiments have
reported nematic32,33 or smectic-like35,41 ordering. In general,
nematic mesophases have been reported for poly(3-alkylth-
iophenes) with various alkyl side groups,38 and hence, the
approach we employ here is extendable to a wide range of
soluble polymeric semiconductors.
The paper is organized as follows. We first introduce the

model and parametrize it using an all-atom representation of
P3HT. Liquid crystalline mesophases of this polymer are then
characterized by analyzing order parameters, elastic constants,
and chain configurations. The latter are linked to the
distribution of lengths of conjugated segments and intra-
molecular site energy disorder (density of states) for the hole
transport.

II. MODEL

The model is based on an ansatz often used in coarse-grained
modeling of soft matter.42 Namely, the coarse-grained
interactions are separated into bonded and nonbonded, and
the coarse-grained degrees of freedom are assumed to be
independent of each other. Each repeat unit, that is a thiophene
ring with an attached hexyl side chain, is replaced by a single
interaction site, as shown in Figure 1. Note that placing the
interaction site at the center of mass of the thiophene ring
would lead to unwanted correlations between the angular, θ,
and torsional, ϕ, degrees of freedom.43 These correlations can,
however, be minimized by placing the site at the intersection of
two imaginary lines along the bonds connecting the thiophene
rings. This improves the transferability of the coarse-grained
potential, i.e., temperature changes on the order of ±20% have
negligible effect on the parameter values. The bonded
interaction potentials are obtained from the conformational

sampling of a single chain, while the nonbonded interactions
are captured via a phenomenological potential, as discussed
below.

A. Bonded Interactions. The bond length b in the coarse-
grained model is constrained to 0.4 nm. The angular and
torsional interaction potentials are described by using the
harmonic angular and Ryckaert-Bellemans torsion potentials,
respectively:

∑κ
θ θ ϕ= − = −θ

θ
ϕ

=

V V c
2

( ) , ( 1) cos
j

j
j

j
0

2

0

5

(1)

To determine κθ, θ0, and cj, a molecular-dynamics all-atom
simulation of a P3HT 20-mer is performed at 370 K using the
Langevin-dynamics algorithm as implemented in the GRO-
MACS44 package and a coupling constant τ = 1 ps for the
Langevin thermostat. A reparametrized version of the OPLS-
AA force field is used45,46 with all nonbonded interactions
between the thiophene rings and associated side chains further
than two repeat units apart excluded during this run (in other
words, we switch off all interactions beyond 1−4). The
reparametrization is required since the OPLS-AA force field
does not accurately model inter-ring torsional potentials in
conjugated systems.47 The force-field details can be found in
the Supporting Information of ref 48.
The fit of the Boltzmann-inverted distributions Pθ and Pϕ to

eqs 1 using the VOTCA package49 yields θ0 = 147.46°, κθ =
462.653 kJ/mol rad2, c0 = 2.75248, c1 = −1.37645, c2 =
−5.29397, c3 = 3.19667, c4 = 3.12177, and c5 = −2.41059, all in
kJ/mol.

B. Nonbonded Interactions. 1. Anisotropic Interaction.
Effective nonbonded interactions in conjugated polymers are
comprised of entropic (conformational frustration of side-
chains) and enthalpic (π−π stacking of backbones) contribu-
tions. Incorporating these effects into coarse-grained potentials
transferable across different thermodynamic states is a
formidable task.42,50,51 Achieving transferability becomes
particularly challenging for systems with heterogeneous
structuring on several length scales, such as lamellar, nematic,
or discotic mesophases.
In this work, the directionality of effective nonbonded

interactions between thiophene units (including hexyl side
groups) is mimicked by a phenomenological potential
introduced after considering the coarse-grained oligomers as
objects with plate-like (D2h symmetry) anisotropy as is often

Figure 1. (a) Chemical structure of poly(3-hexylthiophene) (P3HT). (b) Atomistic and (c) coarse-grained representations of the P3HT chain. In
the coarse-grained model each repeat unit is a single interacting site placed at the intersection of two imaginary lines along the bonds connecting the
thiophene rings. This choice improves the transferability of the coarse-grained potential.
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done in theoretical approaches to biaxial LC phases.31,52,53

Namely, an s-th site in a molecule i is assigned an orthonormal
set of vectors {ni

(1)(s), ni
(2)(s), ni

(3)(s)}, where i = 1, ..., n and s =
1, ..., N (cf. Figure 1). Here n is the number of molecules in the
system and N is the degree of polymerization. The orientation
of these vectors is fixed by the conformation of the chain and is
shown in Figure 1c: ni

(1)(s) is parallel to ri(s + 1) − ri(s − 1)
and ri

(2) (s) is parallel to (ri(s + 1) + ri(s − 1))/2 − ri(s), where
ri(s) is the position of the interaction site s in a molecule i. The
orientation of ni

(3)(s) is given by the orthonormality of the set.
For the ends of the chain the orientation vectors can be defined
by adding “ghost” bonds. The torsional and angular degrees of
freedom of these auxiliary bonds are also subjected to the
potentials of eq 1.
The nonbonded potential between sites s and t in the i-th

and j-th chain, respectively, has the following form:31,52−54
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where rij(s,t) = |ri(s) − rj(t)|. The isotropic part of the
interaction is set by u(rij(s,t)) and κ ̅ controls the compressibility
of the system. The molecular tensors q(k) (where k = 1, 2, 3)
and b are defined as:
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where α, β = x, y, z. Within the above definition of molecular
tensors, the ν ̅-dependent term in eq 2, corresponding to the
scalar inner product55 of qi

(1)(s) and qj
(1)(t), promotes a “rod-

like” nematic alignment, where (on average) ni
(1)(s) ∥ nj

(1)(t).
The term defined by the product of bi(s) and bj(t) facilitates
biaxial ordering, where (on average) ni

(2)(s) ∥ nj
(2)(t) and ni

(3)(s)
∥ nj

(3)(t). Finally, the μ̅-dependent term favors an (on average)
orthogonal orientation of hexylthiophene units, i.e., where
ni
(1)(s) ⊥ nj

(1)(t) and ni
(2)(s) ⊥ nj

(2)(t). In this work, such
orientation of mesogenes will be considered unphysical and in
the following we set everywhere μ̅ = 0. Note that if sites s and t
are located on the same chain and |s − t| ≤ 3, their nonbonded
interactions are set to zero, otherwise they interact with the
potential defined in eq 2.
The presence of the distance-dependent soft core u(rij(s, t))

makes the interaction potential, eq 2, different from the one
introduced by Straley.31 In that work the potential was obtained
from the excluded volume of two rectangular blocks at selected
relative orientations and the distance-dependence was averaged
out as the first step for the mean field treatment. The
directional interactions of eq 2 can be considered as a simple
case of defining a coarse-grained potential by keeping a few
terms in a general representation through an expansion into a
product basis of Wigner matrices.56,57 Generally, the
coefficients in such an expansion are functions of intermo-
lecular distances. Our model approximates these dependencies
by a single function, u(rij(s,t)), which is defined in the next
section.
2. Soft Repulsive Core Interaction. Factorization of the

nonbonded interactions into the distance- and orientation-

dependent parts, as it has been done in eq 2, is typical for LC
models with soft anisotropic cores.58−63 For the distance-
dependent part, u(rij(s,t)), various forms have been proposed,
from quadratic polynomials64 to more elaborated functions.65

Here we use a soft repulsion potential obtained30 from the
overlap of two spherical, constant, density distributions, ω(r),
placed at ri(s) and rj(t):
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The normalized density distribution is set to ω(r) = 3/(4πσ3)
when r ≤ σ, and is zero otherwise.
In order to fix the sphere diameter, d = 2σ, which determines

the interaction range, we note that conjugated backbones start
to repel each other when their side chains overlap. We
therefore set σ = 0.6 nm which is close to the length of a hexyl
chain in the all-trans configuration, ∼ 0.76 nm.
Note that we retain the explicit dependence of the potential

u(rij(s, t)) on a reference density ρ0, although it could have
been incorporated into the coefficients of eq 2. As shown in the
Supporting Information, this emphasizes a link to an alternative
definition of interactions through collective degrees of freedom
used in field-theoretical descriptions of polymeric liquid
crystals.66−69 For simulations, the reference density is chosen
to be the bulk number density of P3HT repeat units, ∼ 4
hexythiophenes/nm3, which is estimated from the P3HT molar
volume of 151 cm3/mol.70

3. Setting the Interaction Strength. Obtaining physically
adequate thermodynamic behavior of the system imposes
constraints on κ,̅ ν ̅, μ̅, and λ.̅ As has been already mentioned
above, we always set μ̅ = 0 and consider in the ν ̅, λ-̅parameter
space two limiting cases. Namely, when ν ̅ = 0 and λ ̅ is larger
than a critical value, we obtain biaxial nematic mesophases.
When exploring the properties of such mesophases related to
charge transport (e.g., density of states) it is important to
ensure that the same parametrization leads to biaxial nematic
ordering for all considered molecular weights and temperatures.
For this purpose, we take into account that the magnitude of λ ̅
required to induce biaxial ordering decreases when increasing
the chain length (see section IV.B for details). Therefore, we
explore initially the LC behavior of the shortest polymer, N = 8,
at the highest temperature of interest, T0 = 500 K, and choose
for λ ̅ a value on the order of a few kBT0, for which biaxial
nematic ordering is observed. This choice of λ ̅ is sufficient to
induce biaxial nematic ordering for the remaining combinations
of chain lengths and temperatures considered in the current
simulations. We also address the opposite case setting λ ̅ = 0,
where for sufficiently large ν̅ mesophases with “rod-like”
nematic alignment are obtained.
The restrictions on κ ̅ can be anticipated from the simple

mean field estimation of the isothermal compressibility, κT, (see
Supporting Information) in the case of perfect biaxial ordering:

κ
ρ

κ ν λ ρ= + ̅ − ̅ − ̅
k T

N
1

( )
T

B 0
0

(6)

Within the range of coupling parameters considered in our
simulations we employ κ ̅ = 6kBT0 to ensure a positive
compressibility.27 At the same time for this choice κu̅(0) =
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6κ/̅8πρ0σ
3 ≈ 1.65kBT0, that is, the interactions remain soft (i.e.,

on the scale of kBT) even at strong overlaps. The latter results
from the substantial degree of coarse-graining employed in the
current model, while preserving the number density of
hexylthiophene units of the real material. Indeed, in our case
the coarse-grained hexylthiophenes interact already at distances
2σ = 1.2 nm which is almost two times larger than the average
distance of their centers estimated from the mean density as
ρ0

−1/3 ≈ 0.63 nm. In this scope, using κ’̅s with higher order of
magnitude would result into a model with unrealistically large
excluded volumes. A more general discussion of the effects of
compressibility on packing of largely coarse-grained units can
be found in ref 28.

III. SIMULATION DETAILS

In the following, we consider P3HT molecules with polymer-
ization degree N = 8, 16, and 32, placed in a cubic simulation
cell with fixed volume, V, and temperature, T. The number of
chains in the box, n, is defined so that the average density of
particles corresponds to the reference density of the P3HT, i.e.,
nN/V ≈ 4 hexylthiophenes/nm3. The configuration space of
these systems is sampled using a Monte Carlo approach. The
scheme is based on the standard “slithering snake” (i.e.,
reptation) algorithm,71−74 adopted in our case to take into
account the orientational degrees of freedom of the end-groups
of the P3HT chain.
To propose a new configuration a chain is randomly selected,

one of the two end-groups together with the attached “ghost”
bond is cut and reattached to the opposite end of the molecule
(the choice of the direction of the reptation is random, as well).
The reattachment is performed through the “ghost” bond at the
corresponding end of the chain (cf., section II.B), which
transforms into a physical bond. Subsequently, to specify the
orientation of the hexylthiophene at the changed position, new
torsional and angular degrees of freedom are chosen for the
“ghost” bond, which is attached to it. These are drawn
according to the Boltzmann weight of the bonded potentials,
defined in eqs 1. Simultaneously, at the old position of the
group, the physical bond which was connecting it to the chain
backbone, becomes a “ghost” bond. The above steps are
clarified in Figure 2, showing a P3HT chain before and after a
reptation move. Following the standard Metropolis criterion
the move is accepted with probability pacc = min(1, exp(−ΔEnb/
kBT)), where ΔEnb corresponds to the difference in nonbonded

energies between the proposed and the old configuration. It is
calculated by considering the isotropic and directional
interactions (see eq 2) between the displaced group and the
surrounding particles at the new and old positions, using a
standard neighbor-list algorithm. The softness of the
interactions enhances significantly the efficiency of the
reptation move, e.g., in the biaxial phase the move has an
acceptance rate near 20%.
Periodic boundary conditions are employed in all directions.

To reduce finite system-size effects the length of the box edges,
L, is taken to be at least twice as large as the contour length of
the polymer. For example, setting L ≈ 26 nm constitutes a
typical choice for the shorter P3HT chains (N = 8 and 16). In
this case the modeled systems contain about 7 × 104 coarse-
grained hexylthiophene groups. At the same time, the
simulations of the longer molecules (N = 32) are more
demanding: typical systems considered in this case have
dimensions L ≈ 51 nm and consist of approximately 5 × 105

hexylthiophenes.

IV. CONFORMATIONAL, THERMODYNAMIC, AND
ELASTIC PROPERTIES

A. Amorphous Melts. Before addressing systems with
orientation-dependent interactions it is instructive to model
P3HT melts employing only the isotropic repulsive part of the
potential in eq 2 with κ ̅ = 6kBT0, while ν̅ = μ̅ = λ ̅ = 0.
Conformational properties of the P3HT chains can be
quantified via the standard single chain structure factor, S0(q),
which in the form of a Holtzer plot75 can be related to chain
stiffness. An example is shown in Figure 3a demonstrating the
qS0(q) calculated in a melt of P3HT chains with N = 32
simulated at T = 500 K. The wave vector q* marking the

Figure 2. Configuration of a P3HT chain prior (a) and after (b) a
reptation move. The physical and the “ghost” bonds are drawn with
solid and dashed lines, respectively. The orthonormal set of vectors
defining the orientation of the hexylthiophene group at the old and the
new position is also shown.

Figure 3. (a) Holtzer plot for a melt of P3HT chains with N = 32
where S0(q) stands for the single chain structure factor and q is the
magnitude of the wave vector. The inset shows the region of the
transition to the Holtzer plateau in a logarithmic plot and straight lines
correspond to a linear fit of data. (b) Inverse structure factor of density
fluctuations, 1/S(q), plotted for small wave vectors, calculated from
simulations of P3HT melts with N = 32. For comparison the limit 1/
S(q → 0) = (κ/̅kBT) + 1/N obtained using the mean field estimation
for the isothermal compressibility is marked by the arrow. (c) Pair
correlation function, g(r), calculated in the same system. All results
shown in the figure have been obtained from simulations performed at
T = T0 = 500 K, setting the orientation coupling parameters to zero
and κ ̅ = 6kBT0.
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transition to the “Holtzer plateau” can be used75−77 to define a
persistence length lp = 3.5/q*. We choose to obtain q* from the
intersection of two straight lines by fitting in a logarithmic plot
(see inset in Figure 3a) the decreasing part of qS0(q) before the
plateau, i.e., within the interval 1.21 nm−1 ≤ q ≤ 1.58 nm−1, and
the plateau regime itself, i.e., 2.41 nm−1 ≤ q ≤ 3.46 nm−1. From
Figure 3a, we find q* = 1.77 nm−1 leading to lp = 1.98 nm. As
has been discussed in ref 77, the choice of the fitting region and
of the function approximating the qS0(q) near the plateau is
rather ambiguous and such details will affect the precise values
of the extracted lp. Thus, when comparing simulation results
with scattering experiments it is essential that both employ the
same definition of lp and conventions for its extraction.
However, it is noted that the lp = 1.98 nm calculated from
the Holtzer plateau is comparable to lp = 1.5 nm −2 nm
observed in scattering experiments78 for P3HT solutions near
Θ-solvent conditions at high temperatures (T ∼ 200 °C). In
this case, rather long P3HT chains where considered which
facilitated extracting an lp by fitting the S0(q) with the
approximate analytical form of Sharp and Bloomfield.79,80

The compressibility of the amorphous melt can be estimated
from the structure factor of the density correlation function
defined as:

∑= ⟨| · | ⟩S q
nN

i sq r( )
1

exp( ( ))
i s

n N

i
,

,
2

(7)

where the brackets denote an average over the directions of the
wave vector q and the configurations of the system. The
isothermal compressibility is obtained81 as ρ0kBTkT = S(q→ 0).
In Figure 3b we demonstrate the behavior of 1/S(q) as a
function of q2 for small wave vectors and it can be seen that the
1/S(q) has a characteristic Ornstein−Zernike (i.e., linear)
dependence on q2. The linear dependence is highlighted by
fitting the data with q2 ≲ 10 nm−2 to a straight line.
Interestingly the compressibility is rather close to the
(approximate) mean field prediction 1/ρ0kBTkT = (κ/̅kBT) +
1/N (cf., eq 6) although the experimental densities realized in
our simulations are low comparing to the “infinitely high”
density limit assumed in the former. This is illustrated in Figure
3c by the radial distribution function, g(r), exhibiting a distinct

structuring which contrasts20 g(r) = 1 of the mean field limit.
Atomistic simulations of P3HT melts at high temperatures
estimate82 the region of “hard” excluded volume between
hexylthiophene groups to be r ≈ 0.5 nm. Although the excluded
volume constraint is relaxed in our case, it can be seen that after
the first coordination shell set by the size of the isotropic core,
2σ, the g(r) drops substantially and g(r = 0.5 nm) ≈ 0.3. The
latter point may be important in the future, for reintroducing
the atomistic details into the configurations obtained with the
soft model.

B. Isotropic/Biaxial Nematic Transition. Uniaxial or
biaxial nematic ordering in a configuration of a P3HT system
can be identified through a combined consideration of two
order parameters, S and B. Following a standard procedure,83,84

they can be obtained by calculating the orientation tensors Q(k)

(where k = 1, 2, 3) defined as

∑=αβ αβQ
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where the molecular tensors qi
(k)(s) have been introduced in eq

3. Subsequently, a set of nine eigenvalues (three for each
tensor) is determined and the eigenvalue λmax with the
maximum absolute value is identified. The order parameter S
can be obtained from:

= | |S v Q vT
max

max
max (9)

In the above, Qmax and vmax (with |vmax| = 1) stand for the
orientation tensor and the eigenvector corresponding to λmax.
Isotropic phases are characterized by a vanishing S (within
corrections for finite number of particles85) while S > 0
indicates nematic orientation parallel to vmax. In our case two
types of uniaxial nematic ordering are observed: (a) rod-like,
where (on average) ni

(1)(s)∥vmax and (b) plate-like, where (on
average) ni

(3)(s)∥vmax. A representative snapshot of a plate-like
nematic mesophase is shown in Figure 4a. A straightforward
way to distinguish between the two uniaxial mesophases is to
monitor the sign of the maximum absolute eigenvalue of Q(1),
which will be positive in the first and negative in the second
case.

Figure 4. Both panels show a snapshot of an equilibrated system containing 2169 molecules with polymerization degree N = 32, obtained from
simulations started from a prestacked configuration. To facilitate visualization, a configuration of a relatively small system with L ≃ 28 nm is
presented. Colors are arbitrarily chosen to improve visibility of different chains. Panel (a) demonstrates a system in a plate-like nematic phase where
the coupling strength is set to λ ̅ = 4kBT0. Panel (b) corresponds to a biaxial nematic system obtained at a stronger coupling λ ̅ = 5.5kBT0. The
thiophenes have their ni

(1)(s), ni
(2)(s), and ni

(3)(s) vectors aligned (on average) along the z, x, and y-directions, respectively. In both cases, ν ̅ = μ̅ = 0
and T = T0 = 500 K.
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To establish whether the system shows additional order
perpendicular to vmax we choose from the six eigenvalues of the
remaining two orientation tensors the one with the maximum
positive value λ2,max. The orientation tensor and the eigenvector
associated with this eigenvalue will be denoted as Q2nd and
v2,max, respectively. After projecting84 v2,max to the plane
perpendicular to vmax, one completes the resulting set of
directors vmax, v2,max

pr to a right-handed orthonormal system with
v3,max
pr . With the help of the remaining orientation tensor, Q3rd,
the order parameter B is calculated as:

= | +

− − |

B v Q v v Q v

v Q v v Q v

1
3 2,max

pr,T 2nd
2,max
pr

3,max
pr,T 3rd

3,max
pr

2,max
pr,T 3rd

2,max
pr

3,max
pr,T 2nd

3,max
pr

(10)

B constitutes a true measure of biaxial order: it grows only
when two independent axes of mesogenes are ordered along
the corresponding directors and vanishes in purely uniaxial
phases. A representative snapshot of a biaxial nematic
mesophase is shown in Figure 4b.
Following the above approach we explored for T = T0 the

phase behavior as a function of chain length and orientation
coupling λ,̅ while keeping, as explained in section II.B, ν ̅ = μ̅ =
0. Our findings are summarized in Figure 5a, showing the

approximate (details follow below) location of the different
phases as a function of λ ̅ and inverse polymerization degree, 1/
N. It can be seen that for all N′s considered here, the onset of
biaxial ordering as a function of λ ̅ occurs in two steps. First for
moderate coupling strengths one observes a crossing from an
isotropic system into a plate-like nematic mesophase,
characterized by S ≈ 0.5−0.8. Although in the plate-like
nematic mesophase the biaxial order parameter B increases
slightly comparing to isotropic systems it remains small, i.e., B
≤ 0.1. By increasing further λ ̅ we obtain mesophases with
biaxial structuring, characterized by B ≈ 0.3−0.6. Notably for
the systems considered in our study B is always lower than S
and usually shows larger fluctuations. For each N the
boundaries between the phases where located by observing
spontaneous ordering of the system from a random initial
configuration. In this scope, the error bars represent the
regimes close to the transition, where strong fluctuations of S
and B did not allow for a definite conclusion regarding the state

of the system. For the longest chains, N = 32, (where one
expects the most significant finite-size effects) the boundaries of
the phases were estimated for two different box sizes (L = 64 b
and L = 128 b) yielding, within the accuracy of the current
study, the same results. Figure 5a highlights that indeed for
longer chains the biaxial nematic ordering takes place at weaker
orientation couplings as has been already mentioned in section
II.B. Similar effects of molecular weight on the onset of LC
ordering are observed in the case of uniaxial rod-like
mesophases. As an illustration, Figure 5b demonstrates the
phase behavior obtained at T = T0, as a function of chain length
and orientation coupling ν ̅, while keeping μ̅ = λ ̅ = 0. This result
agrees with earlier simulations of rod-like nematic phases of
poly(3-alkylthiophenes) based on a simpler model27 and
experimental observations.38 The latter report that increasing
the molecular weight of the polymer shifts the isotropic/
nematic transition to higher temperatures, i.e., (in terms of our
study) for longer chains, weaker thermodynamic orientational
forces (∼ν̅/kBT) are required to obtain nematic LC ordering.

C. Estimating Elastic Properties in the Nematic Phase.
Spatial inhomogeneities in the orientation of mesogenes can be
considered within continuum Frank-type free-energy descrip-
tions, associating the thermodynamic penalty of changes in the
orientation of the director(s) with a set of certain elastic
constants. Despite the softness of our model, which results in a
higher compressibility (i.e., lower bulk modulus, E) of coarse-
grained P3HT compared to the real material, it will be
demonstrated here that it reproduces a reasonable order of
magnitude for the Frank elastic constants.
We will focus on the simple case of nonbiaxial nematic

mesophases, where the variations in the orientation of the
director are penalized by the splay, K1, twist, K2, and bending,
K3, elastic constants.

86 In this scope, melts of P3HT chains with
N = 32 were considered, at T = T0, setting μ̅ = λ ̅ = 0 while
employing three different strengths for the nematic orientation-
coupling parameters ν ̅ = 1.8kBT0, 2kBT0, and 2.5kBT0. Two
different box-sizes L = 64 b and 128 b (corresponding to
roughly two and four times the end-to-end distance of a fully
stretched P3HT molecule, respectively) were considered to
ensure that there were no significant finite system-size effects.
The MC simulations were started from a perfect biaxial nematic
mesophase with all P3HT chains in a trans configuration and all
thiophene units having their ni

(1)(s) and ni
(3)(s) vectors aligned

along the z- and the y-axis of the box, respectively. After
relaxation, a rod-like nematic mesophase was obtained.
Following a standard approach in liquid crystals86−88 we

analyze a large number of equilibrated configurations
calculating for each of them the Fourier transform of the
local nematic tensor as:

∑ ∑
ρ

̂ = ·αβ αβ
= =

Q q s i sq q r( )
1

( ) exp( ( ))
i

n

s

N

i i
(1)

0 1 1
,
(1)

(11)

In systems of nematic liquid crystals with small mesogenes,
relating the fluctuations in the orientation of the local director

to the Frank elastic constants through the tensor Q̂
(1)
(q) is

straightforward.87,88 However, the case of nematic polymer
melts becomes more complex. Since polymer chains are
mesoscopic objects, splay deformations are coupled to local
changes of density.89 Because of the low compressibility of
polymer melts, this yields K1 that are significantly higher than
K2 and K3. Additional mechanisms commensurate with splay
deformations under a constant density include hairpin

Figure 5. (a) Phase behavior as a function of inverse degree of
polymerization, 1/N, and orientation-coupling strength λ ̅ (in units of
kBT), for ν̅ = μ̅ = 0. The dashed red line marks the value λ ̅ = 5.5kBT0
used to obtain morphologies with biaxial structuring for charge
transport calculations. (b) Phase behavior as a function of inverse
degree of polymerization, 1/N, and orientation coupling strength ν̅ (in
units of kBT) for λ ̅ = μ̅ = 0. In both cases the highest temperature, T =
T0 = 500 K, was considered.
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formation89 and insertion of chain ends,90 also yielding high K1
values.
The first theoretical description of the elastic constants in

melts of compressible polymer nematics was developed by de
Gennes.89 Within this theoretical framework, for the
orientation of the mesophase in our simulations where the
macroscopic nematic director is aligned along the z-axis of the
laboratory frame (we verify that the macroscopic director does
not rotate during the simulation) the following relationships
hold:
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where for the wave vector we use q = {0, qy, qz}, while angular
brackets denote a thermal average. Formally, these relationships
are similar to those in the case of small mesogenes, however, in
the current case K1 presents an effective elastic constant with
contributions from a ”genuine” Frank elastic free-energy and
the equation-of-state of the material. In general, K1 will be a
function of q. The theory of de Gennes predicts two regimes89

depending on how the length-scale of the scattering compares
with the contour length of the chain, Lc. For qzLc/2π ≪ 1, it
should be K1 = ELc

2/12, while for qzLc/2π ≫ 1, the limit of
infinite chains is applicable, where K1 = K1′ + E/qz

2. We note
that for the first regime the chain-end-insertion mechanism of
Meyer86,90 yields a different scaling, K1 ∼ Lc.
In the simulations the set of the scattering vectors is

determined by the box size, i.e., qα = 2πmα/L where mα are
integers. Because of the length of the P3HT chains modeled
here (i.e., N = 32) there are no mesoscopic length-scales
between the contour-length, Lc ≃ Nb, and the microscopic
length of the bond, b, where a continuum description could be
applied. Thus, the high-q limit can not be addressed here and
we focus on the regime −4 ≤ mα ≤4 where K1 is affected by the
finite length of the chains. We estimate the elastic constants by
performing a two-dimensional fit in the reciprocal space of the
right-hand sides of eqs 12 and 13 with a polynomial basis {1,
qy

2, qz
2}. For both equations the fits of the simulation data are

of good quality. For the case of the coupling strength ν ̅ =
2.5kBT0 this analysis yields K2 = 0.8 × 10−11 N and K3 = 2.2 ×
10−11 N. For the splay constant we obtain K1 = 5.2 × 10−11 N.
For eq 13 the best fit is obtained by assuming that K1 is
independent of qz in the small wave vector regime, as suggested
by the theory of de Gennes. We note that the elastic constants
remain on the order of 10−11 N also for the other strengths of
nematic coupling mentioned above, that is, for ν ̅ = 1.8kBT0 and
2kBT0.
In low molecular weight liquid crystals the twist and bending

elastic constants are typically on the order of 10−12 N.86

Experimental measurements in thermotropic main-chain
polymer nematics have reported K2 and K3 that are either
comparable91,92 or two orders of magnitude93 larger. In our soft
model the K2 and K3 are on the order of 10

−11 N which fits well
into the window of values reported experimentally. The relative
magnitude of the two constants observed in the simulations,
that is K3 > K2, agrees also with experimental trends.92

Experiments demonstrate that the splay constant should be
one91,92 or two93 orders of magnitude larger than the twist and

bending constants. For the rather short chains considered in
our simulations, the K1 is substantially larger than K2 and K3
although it is still of the order of 10−11 N. We expect that in
simulations with chains of higher molecular weight the splay
constant will significantly increase. To support this statement,
the three elastic constants were calculated for systems with N =
8 and N = 16 (ν ̅ = 2.5kBT0) using the same method. The K1, K2,
and K3 as a function of polymerization degree are presented in
Figure 6, demonstrating that indeed K1 increases monotonically

with N as predicted by both the de Gennes and Meyer
mechanisms. Modeling longer chains, however, is necessary to
determine the form of the functional dependence. At the same
time, for N = 32, the twist and bending constants remain small.

V. MORPHOLOGY AND PROPERTIES RELATED TO
CHARGE TRANSPORT

In this section, we will link molecular conformations and
cooperative chain alignment to properties relevant to charge
transport. Charge transport in P3HT has been studied with the
aim of relating polymer regioregularity and molecular weight to
the morphology, hole mobility, and thus efficiency of bulk
heterojunction solar cells. Both hole and electron time-of-flight
mobilities were reported to be independent of the molecular
weight up to 20 kDa, which then decreased by an order of
magnitude as molecular weight was further increased to 120
kDa.94 The field-effect mobility was found to increase with the
molecular weight in spite of reduced crystallinity. This was
attributed to either better interconnectivity of the polymer
network95 or smaller intrachain ring torsions present in high
molecular weight molecules.96 Computational studies of P3HT
date back to the development of force-fields97 and coarse-
grained models.82,98 An effect of polymer chain conformation
on charge localization, the density of states, and charge mobility
has been studied in crystalline P3HT of different regioregu-
larity,99 where it was found that a trap state exists every 10−30
repeat units. A Boltzmann-weighted hopping model included
the effect of polycrystallinity,100 allowing to interpret
anisotropic mobilities in P3HT films obtained via directional
crystallization.
In partially ordered organic semiconductors charges are

typically localized on molecules or their conjugated segments.
Within these segments, π-conjugation leads to an instantaneous
delocalization of a charge carrier, while between the segments
π-conjugation is broken. Charge transport proceeds via a series

Figure 6. Dependence of the three Frank elastic constants on the
degree of polymerization, N, in a uniaxial rod-like nematic mesophase.
The coupling strength was set to ν ̅ = 2.5kBT0 and the temperature to T
= T0 = 500 K.
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of hopping events, that is, charge transfer reactions, between
the conjugated segments. Because of spatial heterogeneity on a
microscopic scale, the free energy of the system in the product
and adduct states of a single transfer reaction can be different,
leading to a spatially inhomogeneous, or rugged, energetic
landscape and a broadened density of states (DOS). As the
hopping rate depends exponentially on the product/adduct free-
energy difference, charge mobility is very sensitive to the
distribution of site energies, their spatial correlation, and the
particular pathway a charge undertakes in a material.101−103

In small-molecule-based amorphous organic semiconductors,
where the charge normally delocalizes over an entire molecule,
electrostatic effects (e.g., charge interacting with randomly
oriented molecular dipoles) lead to a Gaussian shape of the
DOS, while induction effects can lead to a non-Gaussian
distribution of site energies.104 Because of the long-range nature
of electrostatic interactions, site energies are spatially correlated,
with the correlation function decaying as a power-law of the
molecular separation.105

In conjugated polymers, however, structural defects along the
chain (e.g., chemical defects or backbone twists) can break the
conjugation between two successive monomers. As a result,
charge does not delocalize over the entire chain and chains are
partitioned on conjugated segments of dif ferent lengths. This
broadens the distribution of ionization potentials for holes
(electron affinities for electrons), contributing to the overall
DOS broadening. Since this broadening is intimately linked to
the micro- and mesoscale morphology of a partially ordered
mesophase, it is not only difficult to extract the broadening
from experimental data, but also from computer simulations
(notably due to the extremely slow dynamics of long chains).
Evaluation of the external contribution to the site energetics,

which accounts for electrostatic and induction interactions
between segments, requires substituting the atomistic detail
back into the soft-sphere morphologies. To a first approx-
imation, however, one can neglect this intermolecular
contribution to the DOS due to the absence of large partial
charges or dipoles in P3HT, such that the variation of energy
levels due to a change in conjugation length dominates the
width of the density of states. With the soft-model-based
mesoscale morphologies at hand we can calculate this internal
contribution to the DOS, study spatial correlations of site
energies, and evaluate the temperature dependence (note that

in small-molecule-based organic semiconductors the “internal”
DOS is temperature-independent).
For this purpose, we choose ν̅ = μ̅ = 0 and λ ̅ = 5.5kBT0; i.e.,

we select a set of parameters well inside the biaxial phase (see
Figure 5a) for all the considered chain lengths. In a limited
number of cases, for the two longest chains N = 16 and N = 32,
a weaker coupling strength λ ̅ = 5kBT0 has been also considered
to increase sensitivity to temperature changes. A representative
snapshot of an equilibrated system used for calculating
properties related to charge-transport is shown in Figure 4b.

A. Distribution of Conjugation Lengths. We first
evaluate the distributions of conjugation lengths in the isotropic
and biaxial nematic phases as a function of length and
temperature. To partition a chain into conjugated segments
we employ a heuristic criterion based on the dihedral angle
between two successive monomers: If this angle deviates from
the planar cis and trans conformations by more than ±45°, the
conjugation is assumed to be broken across the monomer−
monomer bond.106 The conjugation length is then the number
of monomers l that are part of this conjugated segment. By
analyzing in this fashion a large number of Monte Carlo
snapshots of systems with different ordering and molecular
weights, we obtain the number density ρs(l,N), that is, the
number of conjugated segments of length l per unit volume.
These number densities are shown in Figure 7a for both
isotropic and biaxial melts.
The functional dependence of ρs on l for different molecular

weights can be understood with a simple analytical estimation.
Let us introduce a probability p of preserving the conjugation
across a monomer−monomer bond, so that p = 0 implies N
conjugated segments in each chain, while p = 1 corresponds to
one conjugated segment of length N (i.e., the entire chain is
conjugated). The probability to find a conjugated segment of
length l inside a chain of length N is proportional to the
probability of finding l − 1 conjugated bonds, pl−1, and two
broken conjugations, (1 − p)2, weighted by the number of
possible placements of a segment of length l along a chain of
length N, (N − l − 1). Similarly, the probability of finding a
conjugated segment of length l at the chain ends is proportional
to 2(1 − p)pl−1. Hence, the number density of segments of
length l, ρs(l, N), reads

Figure 7. (a) Volume number density ρs(l, N) of conjugated segments of length l for systems with N = 8, 16, and 32 thiophene units per polymer
chain and fit to eq 14 in the limit l ≪ N. Inset: Volume density ratio of monomers belonging to a conjugated segment of length l divided by the
density of chains in the system, ρ0/N. The data were obtained setting λ ̅ = 5.5kBT0 and T = T0= 500 K. (b) Temperature dependence of the partial
density of monomers in the range from 300 to 500 K, where N = 32 and λ ̅ = 5kBT0. The defect density has been fit to eq 14 in the limit of p → 1 via
the bond conjugation probability p. The inset summarizes the dependence of p on temperature. We stress that for N = 16, p, as well as its
temperature dependence, is identical to the case of N = 32.
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where ρ0 is the average number density of the thiophene
monomers in the system. The derivation of eq 14 ignores
intrachain torsional correlations, since we discern between
“internal” and “tail” segments but neglect the constraint that the
lengths of all conjugated segments in a chain should add up to
N. The latter can be taken into account,107 but for a qualitative
description eq 14 suffices.
Considering the conjugation criterion of ±45° and assuming

that in the isotropic mesophase all torsional degrees of freedom
are independently and canonically sampled we can estimate p as
p = 1−2Z−1∫ π/4

3π/4exp(−Vϕ/kT) dϕ, with Z = ∫ 0
2πexp(−Vϕ/kT)

dϕ. The resulting p = 0.58 gives rise to a substantial population
of short “internal” segments and end-effects become insignif-
icant; i.e., the limit of the infinitely long chain is applicable. In
this case (l ≪ N, (1 − p) ≫ 2/N) eq 14 yields ρs/ρ0 ∼ (1 −
p)2pl−1, i.e., ln ρs scales as l − 1 and is independent of N as
observed in Figure 7a. Note that the probability p = 0.56

extracted from the fit in Figure 7a is very close to the initial
estimate.
In a biaxial nematic, polymer backbones are planar and p ∼ 1.

The conjugated segments are long and, for relatively short
polymers, end effects lead to a chain-length dependent ρs, as
shown in Figure 7a. Equation 14 in the limit of (1 − p) ≪ 2/N
predicts ρs/ρ0 ∼ (1/N)(1 − p)pl−1. That the condition (1 − p)
≪ 2/N holds in our case can be verified by plotting the ratio
Nlρs/ρ0 versus l. Indeed, the inset of Figure 7a shows how all
distributions then collapse on a single master curve. For longer
chains, however, it might happen that 2/N ≪ (1 − p) and ρs
will be dominated by contributions from ″internal’’ conjugated
segments, as in the isotropic mesophase. For example, at 400 K,
where p = 0.98 (see the inset of Figure 7b), this would
correspond to N ≫ 100, well beyond the chain lengths studied
here.
The bond conjugation probability p can, to some extent,

serve as an order parameter for chain conjugation: As shown in
Figure 7b, starting at low temperatures and strong biaxial order,
p decreases upon increasing temperature. The T-dependence of
p is shown in the inset of Figure 7b, together with a fit to a

Figure 8. (a) Partial density ρs(l, N, s) of segments with conjugation length l at position s in the chain, normalized by the segment density ρs(l, N) for
the (a) isotropic and (b) biaxial morphologies. The plots highlight how conjugation defects tend to localize near the terminal monomers in the case
of biaxial nematic order, as opposed to a homogeneous along-the-chain defect distribution for isotropic systems. The data were obtained for N = 32
at λ ̅ = 5.5kBT0 and T = T0 = 500 K.

Figure 9. (a) Gas-phase ionization potentials and charge-transfer reorganization energies calculated for different conjugation lengths l. All
calculations were performed using density functional theory with the B3LYP functional and the 6-311g basis set. Reorganization energies were
estimated assuming harmonic potentials for charged and neutral states. For calculation details see ref 108. (b) Top three panels: discrete pair-energy
distributions for biaxial systems with chain lengths N = 8, N = 16, and N = 32, calculated from a particle-based neighbor-list with cutoff 1.0 nm.
Bottom panel: cumulative pair-energy distribution. Increasing molecular weight leads to a stronger fragmentation of energy levels, yet the shape of
the cumulative distribution is unaffected by the chain-length increase. The data were obtained for λ ̅ = 5.5kBT0 and T = T0 = 500 K.
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power-law dependence p(T) = p0 + a(1 − T/T′)b with b ≃
0.06, a ≃ 0.5, and T′ = 540 K.
B. Position of a Segment in a Chain. As discussed above

for the biaxial mesophases, the distribution of conjugation
lengths (for l ≠ N) is well described by a model accounting
only for the segments at the chain ends. One can therefore
conclude that for the lengths of chains considered here, there
will be an increased concentration of torsional defects toward
the terminal monomers. The situation is very different in
isotropic melts, where, due to the large number of ’’internal’’
conjugated segments, the defects are distributed more
homogeneously along the backbone. This is illustrated in
Figure 8a and Figure 8b, where the density ratio ρs(l, N, s)/ρs(l,
N), i.e., the probability for the center of a conjugated segment
of length l to be at a position s along the chain, is shown for
isotropic and biaxial morphologies, respectively. For short
polymers the reason for defects to concentrate toward the chain
ends in the case of biaxial order is intuitively clear: First,
creating an isolated (in terms of conjugation) monomer in the
middle of a conjugated-polymer chain requires two torsional
defects instead of just one for terminating thiophenes (cf., eq
14). Second, for polythiophenes, a change in dihedral angle
entails a change in chain direction due to the special geometry
of the thiophene−thiophene connection; this direction change
is thwarted by nonbonded interactions with neighboring chains.
How do the above results relate to the description of charge

transport? It is noteworthy that short conjugated segments can
act as kinetic traps during charge transport in spite of their
higher site energy: Because of the large difference in site energy
between segments i and j, ΔE = Ei − Ej, charge hopping may
occur in the inverted regime, where the sum of the
reorganization energies λE, shown in Figure 9a, is smaller
than ΔE, thus promoting slow rates for charge transfer.
Investigating this quantitatively requires taking into account the
electrostatic and polarization effects on the energy levels, since
a stronger localization of the hole leads to an enhanced
stabilization due to induction, reducing ΔE compared to the
gas-phase calculation.
C. Density of States. The density of conjugated segments

can be translated into the energetic density of states for holes
according to the aforementioned relation between the
conjugation length l and the gas-phase ionization potential
(IP, Figure 9a). In order to more closely reflect transport
conditions, we do not consider the single-site DOS, but a two-
site DOS P(ΔE) based on pairs of segments. These pairs are

drawn from a monomer-based neighbor-list with cutoff Rc = 1.0
nm. The energy ΔE that enters into the two-site DOS is the
site-energy difference between the two participating segments.
The associated probability density P(ΔE) is by definition
symmetric about ΔE = 0, see Figure 9b. The advantages of the
two-site DOS are 2-fold: First, it not only takes into account
the conventional single-site DOS, but also correlations of the
energy landscape (see the next subsection and refs 108−110).
Second, charge transfer rates within Marcus theory only depend
on site-energy dif ferences ΔE, thus making P(ΔE) the preferred
measure to assess transport conditions.
Before discussing molecular weight, we will elaborate on the

spectrum structure. Note that we only consider the internal
contribution to the site energies, hence the pair-energy
distribution features delta-peaks at characteristic energy level
separations. For all molecular weights, the spike at ΔE = 0 with
P > 0.1 is by far the most pronounced (note the semi-
logarithmic scale in Figure 9b), as is a result of the strong
biaxial nematic order in these systems, with a large fraction of
the chains in their fully conjugated configuration.
Next, there is a number of peaks of intensity P ∼ 0.01

distributed over a very wide energy range 0 eV < |ΔE| < 4 eV:
These are hopping pairs formed between a fully conjugated
chain (l = N) and a conjugated subunit (l < N). It is striking
that the peaks that can be allocated to pairs of this nature are all
located around the same density level, P ∼ 0.01. Hence, located
on a fully conjugated chain, a hole encounters mostly
neighboring segments with l = N, and then, with a reduced
but constant probability, a set of partially conjugated hopping
destinations with delocalization length l anywhere from 1 to N
− 1. This can be related back to the density of segments ρs(l,
N), which exhibits a broad plateau when reweighted according
to volume, as in lρs(l, N).
Finally, a third type of pairs, with a probability density of P ∼

0.001 and pair energies again spread over the whole spectrum,
is associated with neighbors formed between two conjugated
subunits of length l < N. These pairs are, however, sparse, and
we can expect their effect on transport to be small.
The role of pairs with nonzero ΔE at P ∼ 0.01 is not obvious,

and there are two scenarios to be considered. For the first one,
we refer back to our discussion of the inverted regime, where
ΔE exceeds the reorganization energy: This case affects pairs
located toward the periphery of the spectrum, potentially
resulting in inverted traps. Second, we picture a fully conjugated
chain sandwiched in between two conjugated subunits in a 1D-

Figure 10. (a) Contour plot of the local average conjugation length, ⟨l(x, z)⟩, where averaging occurs over a 5 nm slice in the y-direction and 0.16
nm2 bins in the x-z plane. The thiophenes have their ni

(1)(s), ni
(2)(s), and ni

(3)(s) vectors aligned (on average) along the z, x, and y-directions,
respectively (cf., Figure 4b). (b) Spatial internal site-energy correlation function for biaxial ordering. The data were obtained at λ ̅ = 5.5kBT0 and T =
T0= 500 K.
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connected network, where the nonzero pair-energies would be
sampled from the spectrum center, creating a mild energetic
trap. At this point, we would like to note again that induction
stabilizes segments with large l weaker than segments with
small l. Polarization therefore leads to a compression of the
spectrum that is not taken into account here, but that will
enable short segments to more easily participate in charge
transport, making the above two scenarios even more relevant.
We now turn to the molecular-weight dependence:

Increasing the chain length from N = 8 to N = 32, more and
more energy levels are introduced to the system. Yet, the
cumulative two-site DOS, ∫ −∞

ΔE P(E) dE illustrates that the over-
all distribution remains almost unchanged: The largest
differences occur toward the center (ΔE = 0) of the distri-
bution (where the introduction of more energy levels for higher
molecular weights broadens the DOS), and at the periphery
(where the distribution extends to larger |ΔE| due to longer
available conjugation lengths). These are however mild effects
that can be compensated by the broadening of around 0.1 eV
expected to result from electrostatic effects, as well as the
overall narrowing of the spectrum due to polarization. We
conclude that within the range of molecular weights studied
here, the dependence of transport on chain length is indeed
small, as previously suggested by experiment.94

D. Spatial Correlations. In small-molecule-based amor-
phous organic semiconductors site energies are spatially
correlated. The origin of these correlations is the long-range
nature of electrostatic interactions, for instance due to the
presence of molecular dipoles. The internal contribution to the
DOS (due to changes in molecular conformations) is not
spatially correlated for amorphous semiconductors. We,
however, should not expect this for polymeric semiconductors.
Here, the distribution of conjugated segments can be spatially
correlated due to long-range orientational ordering, as shown in
Figure 10a. Moreover, it can also be anticorrelated, since a
single chain might not be able to accommodate several long
conjugated segments.
In order to quantify these effects we calculate the spatial

correlation function CE(R) of internal site energies,

σ
=

⟨ − ⟨ ⟩ − ⟨ ⟩ ⟩ =
C R

E E E E
( )

( )( )
E

i j r R

E
2

ij

(15)

where ⟨E⟩ is the average and σE
2 is the variance of the site-

energy distribution, and averaging occurs over all pairs (i, j) of
conjugated segments of smallest distance of approach rij with R
≤ rij ≤ R + dR. This correlation function is shown for biaxial
phases in Figure 10b. Note that the dip at 0.4 nm,
corresponding to the bond length between successive
monomers of the same chain, points to a negative intrachain
correlation of site energies, as is expected due to the finite
length of the chain. Interestingly, despite only taking into
account the internal contribution to the site energies, the
energetic landscape is weakly and positively correlated over a
range of 1.2 nm, with a tail as far down as 3 nm. The correlation
becomes more pronounced as N increases and can be traced
back to the coexistence of ordered and disordered regions in
the morphology as illustrated by Figure 10a. Reinserting
atomistic details into the morphology should not affect this
supramolecular arrangement and we expect that the qualitative
features of the correlation function will persist. This reinsertion
will however be necessary to quantitatively assess the effect of

the difference in site-energy correlation, seen for the three
molecular weights, on mobility.
On a final note, a correlated energy landscape usually results

from the surrounding electrostatic environment, for instance
due to the presence of molecular dipoles. Our results suggest
that in polymeric mesophases, an additional correlation arises
from accumulating torsional defects, which perturb the local
environment, next to the presence of strongly ordered biaxial
domains. It can be expected, that this perturbation is
particularly pronounced in polythiophenes, again due to the
change in chain direction that is associated with the torsional
movement.

VI. CONCLUSIONS AND OUTLOOK
To summarize, we have developed a coarse-grained model
capable of generating liquid crystalline ordering and mesoscale-
size morphologies of polymeric semiconductors. The model
combines bonded interactions parametrized on the distribu-
tions obtained via sampling of an atomistic chain, in this case
poly(3-hexylthiophene) (P3HT), with nonbonded interactions
represented by soft anisotropic potentials. We demonstrate that
this model is capable of describing uniaxial and biaxial nematic
ordering in a P3HT melt. Similar long-range (nematic and
smectic) ordering has been observed experimentally in various
poly(3-alkylthiophenes).32,33,35,38,41

Using the developed model, we have calculated thermody-
namic and elastic properties of liquid crystalline phases and
found that weaker anisotropic interactions are required to
induce nematic ordering in a system with longer chains, in
agreement with experimental observations.38 Despite the
softness of the nonbonded interactions, the calculated Frank
elastic constants are shown to have values typical for polymeric
liquid crystals,92,93 with the bend and twist constants on the
order of 10−11 N and a significantly larger splay constant.
With the mesoscale morphologies at hand, we have analyzed

the conjugated-segment-length distributions. In isotropic melts,
the distribution of dihedral angles is canonical and conjugation-
breaking defects are uniformly distributed along the chain. In
nematic phases, both distributions are affected by long-range
correlations between chain orientations and (for the relatively
short polymers considered here) defects tend to localize near
chain ends. This has an important implication for the
broadening of the density of states, which is due to the
difference in ionization potentials between conjugated seg-
ments of different lengths. We show that the distribution of site
energies is non-Gaussian, and that site energies are spatially
correlated due to correlated alignment of neighboring chains.
There is, however, a certain degree of anticorrelation at short
distances due to several conjugated segments sharing the same
chain. We point out that, in spite of their relatively high
energies, short conjugated segments can act as kinetic traps
during charge transport, provided that charge hopping occurs in
the Marcus inverted region.
As an outlook, we mention that it is important to extend the

model to nonbonded interactions allowing for spatially
structured molecular arrangements, such as smectic35,41 and
lamellar mesophases.
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discussions with Fred́eŕic Laquai, Hsiao-Ping Hsu, Marcus
Müller, Natalie Stingelin, and Thomas Thurn-Albrecht. This
work was partially supported by the DFG Program IRTG 1404,
DFG Grant SPP 1355, and BMBF Grants MORPHEUS (FKZ
13N11704), MEDOS (FKZ 03EK3503B), and MESOMERIE
(FKZ 13N10723).

■ REFERENCES
(1) McCullough, R. D. Adv. Mater. 1998, 10, 93−116.
(2) McCulloch, I.; Heeney, M.; Chabinyc, M. L.; DeLongchamp, D.;
Kline, R. J.; Coelle, M.; Duffy, W.; Fischer, D.; Gundlach, D.;
Hamadani, B.; Hamilton, R.; Richter, L.; Salleo, A.; Shkunov, M.;
Sporrowe, D.; Tierney, S.; Zhong, W. Adv. Mater. 2009, 21, 1091−
1109.
(3) Boudreault, P. L. T.; Najari, A.; Leclerc, M. Chem. Mater. 2010,
23, 456−469.
(4) McCulloch, I.; Ashraf, R. S.; Biniek, L.; Bronstein, H.; Combe, C.;
Donaghey, J. E.; James, D. I.; Nielsen, C. B.; Schroeder, B. C.; Zhang,
W. Acc. Chem. Res. 2012, 45, 714−722.
(5) Polyera achieves 5.2% all-polymer organic solar cells - polyera
corporation. http://www.polyera.com/newsflash/polyera-achieves-5-
2-all-polymer-organic-solar-cells, 2012.
(6) Roncali, J. Chem. Rev. 1997, 97, 173−206.
(7) Peet, J.; Kim, J. Y.; Coates, N. E.; Ma, W. L.; Moses, D.; Heeger,
A. J.; Bazan, G. C. Nat. Mater. 2007, 6, 497−500.
(8) Agostinelli, T.; Ferenczi, T. A. M.; Pires, E.; Foster, S.; Maurano,
A.; Müller, C.; Ballantyne, A.; Hampton, M.; Lilliu, S.; Campoy-Quiles,
M.; Azimi, H.; Morana, M.; Bradley, D. D. C.; Durrant, J.; MacDonald,
J. E.; Stingelin, N.; Nelson, J. J. Polym. Sci., Polym. Phys. 2011, 49, 717−
724.
(9) That is, form different crystal structures depending on processing
conditions.
(10) Prosa, T. J.; Winokur, M. J.; McCullough, R. D. Macromolecules
1996, 29, 3654−3656.
(11) Yuan, Y.; Zhang, J.; Sun, J.; Hu, J.; Zhang, T.; Duan, Y.
Macromolecules 2011, 44, 9341−9350.
(12) Marcon, V.; Breiby, D. W.; Pisula, W.; Dahl, J.; Kirkpatrick, J.;
Patwardhan, S.; Grozema, F.; Andrienko, D. J. Am. Chem. Soc. 2009,
131, 11426−11432.
(13) Pascui, O. F.; Lohwasser, R.; Sommer, M.; Thelakkat, M.;
Thurn-Albrecht, T.; Saalwachter, K. Macromolecules 2010, 43, 9401−
9410.
(14) Lu, X.; Hlaing, H.; Germack, D. S.; Peet, J.; Jo, W. H.;
Andrienko, D.; Kremer, K.; Ocko, B. M. Nat. Commun. 2012, 3, 795.
(15) Dudenko, D.; Kiersnowski, A.; Shu, J.; Pisula, W.; Sebastiani, D.;
Spiess, H. W.; Hansen, M. R. Angew. Chem., Int. Ed. 2012, 124,
11230−11234.
(16) Louis, A. A.; Bolhuis, P. G.; Hansen, J. P. Phys. Rev. E 2000, 62,
7961−7972.
(17) Likos, C. Soft Matter 2006, 2, 478−498.
(18) Klapp, S. H. L.; Diestler, D. J.; Schoen, M. J. Phys.-Condens.
Matter 2004, 16, 7331−7352.
(19) Warren, P. B. Curr. Opin. Colloid Interface 1998, 3, 620−624.
(20) Lang, A.; Likos, C.; Watzlawek, M.; Löwen, H. J. Phys.-Condens.
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