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ABSTRACT: The optoelectronic properties of conjugated polymers are dictated by the interplay of multiscale structural features,
including intrachain dihedrals, interchain π−π stacking, and the complex mesoscale morphology. While much is known about the
structures of polymers with isotropically interacting monomers, little is known about polymers with strongly anisotropic backbone
monomers, a class of materials to which conjugated polymers belong. Fundamental understanding is further complicated when the
semiflexible and molecularly heterogeneous nature of conjugated polymers is taken into account. We present an anisotropic coarse-
grained (CG) model for conjugated polymers that incorporates key molecular features (monomer anisotropy, intermonomer
dihedrals, and side chains). The model is employed to characterize the single-chain conformational properties of conjugated
polymers, revealing a rich temperature-dependent conformational landscape. These studies provide a critical link between CG
molecular descriptors and conformational ordering in conjugated polymers.

■ INTRODUCTION

Conjugated polymers are organic materials that combine the
mechanical and thermophysical properties of synthetic
polymers with the optoelectronic properties of inorganic
semiconductors. The semiconducting nature of conjugated
polymers, which facilitates visible light absorption, charge
generation, and electronic conductivity, arises from the sp2

hybridization of carbon atoms along the polymer backbone.
Conjugated polymers also maintain many of the desirable
attributes of nonconjugated polymers, including tunable
molecular weights and processing protocols that can enable
mechanical flexibility,1 optical transparency,2 and roll-to-roll
processing.3−5 Combinations of these properties are favorable
for a variety of applications in optoelectronic devices, including
photovoltaics (PVs),6−9 thin-film transistors,10−13 light-emit-
ting diodes,14−16 and biosensors.17,18

To engineer conjugated polymers, it is critical to understand
the nuclear degrees of freedom that dictate optoelectronic
functions. It is well known that intramolecular charge and
exciton transport along conjugated polymer chains are
controlled by the relative dihedral angles of monomers along
the conjugated backbone.19−21 If neighboring monomers are
coplanar, the overlap of neighboring carbon 2p-orbitals is

maximized and transport of electrons is efficient; if neighboring
monomers are oriented perpendicularly, p-orbital overlap is
reduced22 and charges become trapped. Similarly, intermo-
lecular charge and exciton transport are dictated by the overlap
of p-orbitals of monomers on different chains via π−π
stacking.23 At mesoscopic length scales, the ability of transport
pathways to percolate a bulk film24,25 will be controlled by
larger length scale features such as polymer crystallinity, grain
boundaries, and tie chains26−28 which are set by overall chain
size, persistence lengths, and nematic ordering of the full
polymer chain. To holistically describe both molecular and
mesoscopic features that dictate functions in conjugated
polymers, accurate multiscale models that consider molecular
and mesoscopic structures on equal footings are key to
advancing materials design.
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Throughout the past 4 decades, researchers have devised
numerous design strategies for engineering the optoelectronic
properties of conjugated polymers via molecular modifications.
Many of these design rules have focused on the engineering of
conjugated monomers and the use of copolymerizations for
targeted changes in valence band, conduction band, and optical
gap energy levels.29,30 While critically important, this emphasis
on the molecular electronic structure does not capture the vital
element of material morphology that is well known to control
soft materials functionality. To this end, experiments have
made progress by focusing on the roles that solubilizing side
chains, π−π stacking, solution aggregation, and rational
processing protocols play in controlling the mesoscale ordering
of conjugated polymers.27,31−37 These studies have confirmed
that mesoscopic ordering has a significant impact on
optoelectronic properties, and it is apparent that understanding
this mesoscopic ordering is key to controlling performance in
conjugated polymers. Particularly, one must understand how
molecular design rules at the monomer scale, when combined
with processing conditions, manifest in the mesoscopic
polymer structure. The complexity of this task has made the
navigation of the design space for conjugated polymers
challenging and costly to access experimentally. To this end,
multiscale theory and computation are particularly well poised
to help experimental efforts navigate through this complex
design space.
In contrast to quantum-chemical and atomistic molecular

dynamics (MD) simulations of conjugated polymers, coarse-
grained (CG) and mesoscopic modeling for these materials
have been relatively rare.38−53 One reason for this relative
scarcity in CG design principles involves the nature of the
intermolecular interactions that dictate structure formation in
conjugated polymers. Conjugated monomers often contain
fused aromatic rings with strongly anisotropic intermolecular
interactions, leading to the disk-like stacking of conjugated
monomers known as π−π stacking. Moreover, these fused
aromatic rings come in a variety of synthetically accessible
shapes, sizes, interaction strengths, and flexibilities. When these
details are combined with flexible and diverse side-chain
architectures, variable solvents, and molecular additives,
attributing morphological features to the specific molecular
structure becomes extremely challenging. As a final com-
pounding factor, simulation timescales capable of accessing
equilibrium or pseudo-equilibrium morphologies are usually
unreachable by fully atomistic simulations. In traditional
polymer physics, searching this vast molecular design space
is aided by the use of simple but powerful CG models, such as
the isotropically interacting bead-spring and Kremer−Grest
models54,55 that have been pivotal in exploring the effects of
various polymer architectures, molecular weights, and process-
ing protocols on mesoscopic structural properties. The
assumption of isotropic interbead interactions is common for
CG models as isotropic interactions are straightforward to
implement and exhibit a low computational cost. Since most
CG computational tools rely on isotropic interactions, whereas
the critical degrees of freedom which dictate structure
formation in conjugated materials are inherently anisotropic,
it is hardly surprising that the field lacks a strong understanding
of how CG molecular descriptors manifest in the resulting
conjugated polymer morphologies. It is reasonable to
hypothesize that if a CG model could be developed that
includes anisotropic monomers coupled to intermonomer
dihedrals, the powerful CG computational protocols that have

been so successful for nonconjugated polymers could be
translated to conjugated polymers.
In this paper, we introduce a CG model specific to

conjugated polymers that captures the critical molecular
degrees of freedom unique to conjugated polymers (aniso-
tropic monomer interactions, intermonomer dihedrals, and
semiflexibility) while simultaneously being computationally
efficient and capable of exploring mesoscopic length scales.
First, we introduce the CG model and describe its parameters,
making specific connections to experimentally or quantum-
chemically derived quantities. We then incorporate this new
model into a parallel tempering protocol that enables efficient
sampling of single-chain conjugated polymer conformations at
a range of temperatures and use this scheme to explore
strategic modifications in the molecular structure of conjugated
polymers. The results of these simulations reveal a rich
diversity of conformational states for conjugated polymers
accessible by tuning the fundamental molecular parameters of
the CG model. We believe that this model provides an efficient
tool for sampling the conformational space of conjugated
polymers while incorporating the critical degrees of freedom
common to the vast space of monomer chemistries and thus
should be useful for future morphology design efforts for
conjugated polymers.

■ METHODS
Model Description. In what follows, we develop a CG model that

captures three critical degrees of freedom necessary for describing
conjugated polymers: (i) anisotropically interacting monomers linked
by intermonomer dihedral potentials, (ii) polymer semiflexibility, and
(iii) isotropically interacting side-chain chemistries. The philosophy of
our CG model involves representing conjugated polymers using a
mixture of isotropic Lennard-Jones (LJ) and anisotropic CG
potentials, similar to seminal early works modeling liquid crystals.49,56

In this mixed representation, independent fused conjugated rings are
represented by anisotropic CG particles,39,41 whereas nonconjugated
portions of the polymer are represented using isotropic CG particles.
A key feature of our model involves the addition of dihedral potentials
between nearest-neighbor anisotropic monomers; given the critically
important role of intermonomer dihedrals for controlling intrachain
electronic transport, which would be entirely absent in standard
isotropic CG models, these terms are included explicitly in our CG
model.

For maximum flexibility in the intermolecular potentials of
anisotropic particles, we utilize the biaxial Gay−Berne (GB) equation
for dissimilar particles57 using the formalism of Everaers and
Ejtehadi58 as implemented in LAMMPS.59 Due to the cumbersome
form of the equations to describe this potential energy surface, we
provide a brief description of the key parameters here and encourage
readers to explore the original work for a thorough description. The
GB potential computes an anisotropic LJ interaction between pairs of
dissimilar ellipsoidal/spherical particles according to the expressions
of eqs 1−3

U UA A r A A r

A A r

( , , ) ( , , , ) (A , A , )

( , , , )

r1 2 12 1 2 12 12 1 2

12 1 2 12

γ η ν

χ μ

= · ·

(1)

U 4 ( )r
12 6ε ρ ρ= − (2)

h12
ρ σ=

+ γσ (3)

a
b caε σ= ·
· (4)

b
a cbε σ= ·
· (5)
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c
a bcε σ= ·
· (6)

where a, b, and c control the shape of the ellipsoid in the side, face,
and end-to-end dimensions, respectively, and γ and μ can be used to
further customize the shape of the Gay−Berne interactions. In this
work, γ and μ are both set to 1.0, and the values of the varying
anisotropic well depths are set explicitly without reference to the
shapes of the ellipsoids. All interaction parameters between dissimilar
particles are mixed according to geometric mixing rules. A global
interaction cutoff of 3.0 σ is used, and no shifts are applied due to the
anisotropic nature of the potential. Cutoffs beyond 3.0 σ were tested
but exhibited qualitatively similar results.
Reduced LJ units are used throughout the work, with ε and σ

characterizing the energy and length scales of the system, respectively.
For this work, ε (epsilon) is in units of the thermal energy at room
temperature kBT, and σ is set such that 1 σ ≈ 0.7 nm, which is roughly
equivalent to the diameter of a benzene ring. The GB potentials
within the CG model are parameterized by εi and σi, which are
expressed in terms of the characteristic ε and σ for the model. We
direct readers to the original biaxial GB work for a thorough
discussion of all intermolecular interaction parameters.57 As our
current study focuses only on equilibrium chain properties, the masses
of all beads are set equal to 1. Dynamical properties of this model will
be explored in a future work.
The extended π-electron system of conjugated polymers is known

to induce semiflexibility along the polymer backbone, as characterized
by a finite persistence length related to the decay of a bond vector
correlation function. To incorporate local stiffness along the polymer
backbone, harmonic two-body bond stretching potentials, harmonic
three-body angle potentials, and OPLS-style four-body dihedral
potentials49,56 between anisotropic monomers have been included
in the CG model (Figure 1). A key feature of the CG model is the use
of noninteracting “ghost” atoms as off-center attachment sites for
defining bonds and angle bends that allow for forces and torques to be
applied to anisotropic monomers instead of simply acting on the
center of mass (COM) (Figure 1B). In this work, off-center
attachment sites exist between neighboring ellipsoids and adjacently
bonded ellipsoids or bonded side-chain beads. This implies that side-
chain free simulations exhibit two off-center bonding sites per

ellipsoid positioned along the bond axis, and half dense side-chain
simulations exhibit three off-center bonding sites, with one occurring
90° rotated within the π-system plane. Dense side-chain simulations
exhibit four off-center bonding sites per ellipsoid. The model used in
this work incorporates harmonic bonds and harmonic angles between
a combination of COM positions and off-center attachment sites in
order to represent both anisotropic monomers and side chains.
However, the model is designed in such a way as to give the user
maximum flexibility in bonding geometries through arbitrary
combinations of COM and off-center bonding sites.

The beads that participate in a single three-body angle definition
are shown in Figure 1B. In isotropic CG models, it is common to
implement backbone stiffness via the use of three-body angle
potentials applied between neighboring monomer COMs. While
this procedure would technically enforce the necessary backbone
semiflexiblity in the CG model, it would not penalize the free
rotations of the GB monomers and would consequently not be able to
faithfully represent π−π stacking. To address this point, harmonic
bonds and angles between anisotropic monomers are implemented
using rigid off-center attachment sites that restrict free rotation while
enforcing chain semiflexibility. A similar technique was used in the
early modeling of liquid crystalline molecular dimers consisting of a
combination of Gay−Berne and LJ beads.49 The backbone semi-
flexibility resulting from the implemented three-body potential
scheme is entirely equivalent to that induced by standard three-
body potentials between COMs. This fact was confirmed by running
simulations of CG chains using the off-center angle bend
implementation, histogramming over the angles formed by neighbor-
ing monomer COM triplets, and Boltzmann inverting to obtain the
effective three-body free-energy surfaces. These potentials were
observed to be identical to those obtained by running a standard
semiflexible chain simulation with three-body angle potentials applied
between COMs and were further checked by comparison of
persistence lengths to the values derived from a Kratky−Porod
model (Figure S2B).

To enforce relative dihedral angles between neighboring aniso-
tropic monomers that dictate electron delocalization along conjugated
polymer backbones, we implement OPLS-style dihedral potentials
between anisotropic monomers. This is accomplished using a scheme
identical to our previous work which uses the orientation vectors of
neighboring anisotropic monomers and the vector between
neighboring COMs to compute the dihedral angle, from which forces
are derived for MD.41 This scheme is identical to standard
implementations that integrate three-body and four-body potentials
and fully decouples the dihedral degrees of freedom from the angular
degrees of freedom. The dihedral implementation is validated against
analytical results derived from the treatment of a linear chain of
dihedrals by Rossi60 and is shown in Figure S2A. For clarity, the
equations governing all intramolecular potentials are provided in eqs
7−9. In the simulation results that follow, the three-body angle
potential parameter, KA, and the second harmonic coefficient in the
OPLS cosine expansion, KD, are used as the primary parameters for
semiflexibility and dihedral barrier height, respectively,

E K r r( )Bbond 0
2= − (7)

E K ( )Aangle 0
2θ θ= − (8)

E K K

K K

1
2

1 cos( )
1
2

1 cos(2 )

1
2

1 cos(3 )
1
2

1 cos(4 )

Ddihedral 1

3 4

ϕ ϕ

ϕ ϕ

= [ + ] + [ − ]

+ [ + ] + [ − ]
(9)

Model Parameterization. As an exploratory simulation of the
equilibrium properties of the CG conjugated polymer model, we
selected phenomenologically motivated CG parameters consistent
with a broad variety of conjugated polymer chemistries.

Degree of Polymerization. A value for the degree of
polymerization was selected that is consistent with experimental
conjugated copolymer syntheses. State-of-the-art conjugated materials

Figure 1. Schematic of the CG model for conjugated polymers. (a)
CG mapping procedure, (b) three-body angle definition between
anisotropic monomers using off-center attachment sites, and (c)
dihedral angle definition between nearest-neighbor anisotropic
monomers (looking down the polymer bond axis).
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typically employ sizes that range between small oligomers32 to a few
hundred monomers.61,62 For this work, a degree of polymerization of
64 (64 connected GB ellipsoidal monomers) was selected. This value
is large enough to reduce large fluctuations in computed properties
but small enough to limit the presence of entanglements that might
hinder the approach to equilibrium.
Intermolecular Parameters. The simulations performed here

utilize an implicit solvent representation in which the solvent has been
incorporated via renormalized intermolecular interaction parameters
and the use of a Langevin thermostat. This strategy is common in the
field of soft materials,63 although the model developed in this work is
also amenable to particle-based explicit solvent representations. GB
parameters of anisotropic monomers in this study were chosen to
coarsely reflect a commonly used chemical architecture for
optoelectronic applications29 known as benzodithiophene (BDT)
(Figure 1). The monomer has a diameter of approximately 7 Å along
the bond axis, a 3 Å diameter along the π−π stacking axis, and a 5 Å
diameter along the perpendicular lamellar axis, as derived from a
geometry optimization via the United Atom Force Field. These shape
parameters are represented in the GB model by setting σi = 1.0, with
relative well depths εi,a, εi,b, and εi,c set to 1.0, 0.1, and 0.25,
respectively (Figure S3). Provided the strongly aggregating and
typically solvophobic nature of conjugated polymers even in a “good
solvent”,64,65 a value of εi = 1.0ε was selected for all performed
simulations to avoid deep kinetic traps. While the nature of
intermolecular parameter selection is phenomenological for this first
exploration of the CG model, it is performed in the same spirit as
standard Kremer−Grest-style CG models. Provided the significant
literature on the use of Kremer−Grest models for implicit solvent
simulations, we anticipate that for weakly anisotropic monomers, the
position of the theta point should be similar to that of the isotropic
model (ε ≈ 0.3),63 although clearly this will be violated for strongly
anisotropic species, and constitutes a point of further investigation in
the future. Simulations employing side-chain beads utilize the
parameters εSC = 0.01 and σSC = 0.25.
Intramolecular Bonded Parameters. For equilibrium structural

(not dynamical) properties, the specific values of two-body bond
stretching parameters should have a minimal effect on model results.
While many models employ the finite extensible nonlinear elastic
(FENE) potential, the FENE potential is not formulated for bonds
between anisotropic particles and thus is not used here. To enforce
near rigidity in the two-body potentials, a value of KB = 200 ε/σ2 is
employed with r0 = 0.2 σ. This large value of KB will limit the
accessible time step but is a restriction that can be easily lifted in
future work. All two-body stretching potentials for anisotropic/
anisotropic, anisotropic/side chain, and side chain/side-chain beads
also employ KB = 200 ε/σ2 and r0 = 0.2 σ.
Three-body potentials are only applied between neighboring

anisotropic beads to enforce semiflexibility. A range of three-body
harmonic angle coefficients (KA) are explored in this work that are
consistent with the persistence lengths of conjugated polymers
derived from small-angle neutron scattering experiments.66 Values of
KA between 0 and 10 KA/ε are used in this work, with θ0 = 180°.
OPLS dihedral coefficients between anisotropic monomers were

determined by comparison to previous quantum-chemical calculations
for conjugated polymers with the donor−acceptor motif.67 From this
study, the range of energy barriers between planar and perpendicular
intermonomer orientations was determined to be 3−15 kBT. For
simplicity, we assume that only K2 and K4 affect the dihedral potential
of the model. In what follows, “planar” backbones utilize [K1, K2, K3,
K4] = [0.0,KD,0.0,0.0] and “nonplanar” backbones utilize [K1, K2, K3,
K4] = [0.0,0.0,0.0,−KD].
Molecular Dynamics. MD simulations with a Langevin thermo-

stat were employed to sample the equilibrium conformations of
conjugated polymer chains using the developed anisotropic CG
model. Langevin simulations used a damping parameter of 2 τLJ. A
conservative time step of 0.00075 τLJ was used in conjunction with the
large value of KB for all final results, but larger time steps up to 0.01 τLJ
are achievable, especially in the dilute and semidilute states. Single-
chain simulations were performed using a parallel tempering scheme

in order to overcome local kinetic traps and improve configurational
sampling at all simulation temperatures. Previous work on molecular
liquid crystals has successfully employed replica exchange schemes in
the context of modified molecular Hamiltonians,68 which constitutes a
point of future investigation and development for the CG conjugated
polymer model described here.

The parallel tempering proceeds as follows: first, a single-chain
Langevin MD simulation is performed at a temperature of 1.5 until
equilibrated chain conformations are obtained. Subsequently,
uncorrelated chain configurations are selected from this trajectory
and used to seed the starting configurations for the different replicas.
Each replica is then annealed from the temperature of 1.5 to the target
replica temperature over the course of 1,000,000 time steps. The
temperature spacings between replicas are adjusted such that an
acceptance ratio of 20−30% is achieved for all replicas.69 Replica
exchange swaps are generally very efficient above the coil-globule
transition temperature but lose efficiency below this temperature (see
Figure S4); future incorporation of more advanced sampling
protocols is a natural augmentation of the current model. Trial
replica swaps are performed every 100,000 time steps for a total
simulation time of 100,000,000 time steps, or 7.5 × 104 τ, in each
replica. For all reported results, eight statistically independent sets of
simulations are performed utilizing distinct initial configurations and
random number seeds in the velocity initialization and Langevin
thermostats, the results of which are averaged to obtain the mean
values reported in all figures. All CG model development and MD
simulations are performed using the LAMMPS simulation package.59

■ RESULTS
Four distinct parameters sets of the CG model are employed to
explore the effects of backbone planarity and side chains on the
configurational space of conjugated polymers, as shown in
Figure 2. Planar and nonplanar systems enforce potential

Figure 2. Four conjugated polymer architectures explored in this
work. (A) Planar ([0.0,KD,0.0,0.0]) without side chains, (B)
nonplanar ([0.0,0.0,0.0,−KD]) without side chains, (C) planar
([0.0,KD ,0.0,0.0]) with side chains, and (D) nonplanar
([0.0,0.0,0.0,−KD]) with side chains.
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energy minima in the dihedral potential at 0/180 and 45/135°,
respectively. In all cases, side chains use a three-CG-bead
representation roughly consistent with the spatial dimensions
of hexyl side chains that are ubiquitous in conjugated
polymers.
Single-Chain Conformations without Side Chains.

Provided the critical importance of solution-phase morpholo-
gies in dictating the neat-film structure in organic semi-
conducting applications,35,70,71 we first explored the general
behavior of dilute conjugated polymer conformations using the
planar/no side-chain version of the CG model. To quantify
conformational changes observed in simulations, we employed
three metrics: the radius of gyration (Rg), a π−π stacking order
parameter (Sπ−π), and a bond orientation order parameter
(Sbond). The radius of gyration is computed in the standard
fashion and monitors the coil-globule transition. Sπ−π and Sbond
are derived from the largest eigenvalue of the Q-tensor72 (eq
10) applied to all π-stacking vectors (ûπ,i) perpendicular to the
anisotropic monomers and nearest-neighbor anisotropic
monomer bonding vectors (ûbond,i), respectively. Sπ−π reports
on the average π-system orientation in the simulation, which is
used to monitor the development of liquid-crystalline-like
ordering within the conformations. Sbond reports on the average
orientation of all bond vectors in the system and is useful for
distinguishing between rod-like and coil/globule configurations

i
k
jjj

y
{
zzzQ

N
Iu u

1 3
2

1
2i

N

i i
T

1
/bond, /bond,∑= ̂ ̂ −π π

= (10)

To complement the conformational characterizations of Rg,
Sπ−π, and Sbond, the radial distribution function (RDF) and
directional RDF (d-RDF) were calculated to further character-
ize local orientational correlations within the system. To
compute the d-RDF, we perform a standard RDF calculation
except limited to a cone of arc length π/8 around the π-
stacking vector orthogonal to the anisotropic GB monomers,
with the normalization appropriately adjusted. The d-RDF
reports on local π-stacking correlations and is helpful for
differentiating over what length scales π-stacking persists
within the aggregate.
Figure 3 displays the temperature dependence of con-

formations present in the planar CG model without side
chains. Figure 3A shows the behavior of planar polymers
without side chains (KD = 3, KA = 3) in which it is apparent
that decreasing the temperature from 1.0 leads to an initial
increase in Rg that is attributable to the polymer becoming
more rod-like as the available thermal energy is lowered. At T
≈ 0.4, a transition temperature is reached that is characterized

by a decreasing Rg and strongly increasing Sπ−π and Sbond as T
is lowered. This transition temperature is consistent with the
transition from an extended coil-like structure to an aggregated
structure with considerable intramolecular ordering. As the
temperature is further lowered, Rg continues decreasing, Sπ−π
continues to increase, and Sbond peaks. Visual analysis of
trajectory snapshots combined with Rg and order parameter
thresholding helps characterize the temperature dependence of
the observed conformational states (Figure 3B), of which
“coil”, “racquet”, and “toroid” are observed. The observed
conformations as well as their associated temperature depend-
ences are fully consistent with the temperature dependence of
previous simulations of isotropic CG models of semiflexible
polymer chains.73−79 Specifically, it is observed that the
extended coil and rod-like states are the stable high-
temperature conformations. Upon a temperature decrease,
collapse to a broad basin of metastable racquet conformations
occurs, followed by a transition to toroidal conformations at
the lowest temperatures. The peak in Sbond is due to the fact
that the racquet phase has a larger value of Sbond than the
toroid and coil phases. The reproduction of these con-
formations is strong evidence that the developed anisotropic
CG model reproduces the fundamental conformational
transitions well characterized by previous semiflexible models.
With the anisotropic CG model reproducing the known

hierarchy of semiflexible conformational states, we next analyze
the effect of the monomer anisotropy on the conformational
states of the polymer. Specifically, in Figure 3C, the
semiflexiblility of the chain is reduced to KA = 1 (KD = 3),
and the temperature-dependent conformations are explored. In
this case, we do not observe the conformational space
associated with semiflexible polymers but instead observe the
gradual coil-globule transition characteristic of flexible CG
models. However, coincident with this gradual transition is the
increase in ordering of the anisotropic monomers within the
collapsed globule state. The results of Figure 3 constitute the
critical general conformational features of the CG model,
including the capability to reproduce the known temperature-
dependent hierarchy of conformations for semiflexible
polymers, combined with the use of anisotropic monomers
capable of order in a “π-stacking” fashion, even in the relative
absence of chain semiflexibility. This unified characterization of
global semiflexible chain conformations and local molecular
ordering is a critical feature of the developed model and is key
to exploring future structure−function relationships in
conjugated polymers.
We next systematically explore the CG model behavior as a

function of both three-body semiflexibility (KA) and dihedral

Figure 3. (a) Twin axis plot showing Rg and order parameters as a function of temperature for a planar dihedral polymer with no side chains (KD =
3, KA = 3). (b) Probability that the polymer (KD = 3, KA = 3) is in the coil, racquet, or toroid phases. (c) Twin axis plot showing Rg and order
parameters as a function of temperature for a typical flexible polymer (KD = 3, KA = 1).
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potential (KD/K4), examining both planar and nonplanar
dihedrals. Figure 4A plots the temperature dependence of Rg

for (i) planar/no side-chain and (ii) nonplanar/no side-chain
polymers as a function of KA. It is observed that as KA
increases, Rg increases at all temperatures, and the position
of the coil-racquet transition shifts to lower temperatures, with
no qualitatively new conformational features being observed.
Nonplanar dihedrals exhibit larger Rg at lower temperatures
than planar dihedrals, which is attributable to the inhibition of
ordered anisotropic stacking, leading to an increase in the
effective excluded volume of monomers in nonplanar chains
relative to monomers in planar chains. Examination of MD
snapshots combined with analysis of the d-RDF indicates that
toroid formation at lower angle strengths results in smaller-
diameter toroids with more π-stacking layers compared to
toroids formed at higher angle strengths. Moreover, racquet
phases at lower angle strengths are generally observed to
exhibit more stacking layers and loops than the raquet phase at
higher angle strengths, which is consistent with previous
work.76 Figure 4B shows Sπ−π for planar and nonplanar
simulations as a function of the dihedral potentials KD and K4
(note: KD = K4 = 0 results in a chain with no constraints on
dihedral degrees of freedom). As the dihedral barrier height
(KD) increases in planar polymers, the position of the onset of
significant Sπ−π ordering shifts to higher temperatures,
consistent with larger dihedral barriers being more robust to
thermal disorder. However, for chains with nonplanar dihedral
minima, increasing the dihedral barrier (K4) strongly decreases
the ability of the system to orientationally order. To further
explore the low-temperature region, Figure 4C plots the d-
RDF for the KA = 3, KD = 3 (planar)/K4 = −3 (nonplanar)
situations at T = 0.085, comparing planar and nonplanar
dihedrals with equivalent barrier heights. While both systems

form toroids at low temperature, it is clear that the nature of
the local dihedral manifests strongly in the ability of the system
to π-stack and consequently in the conformational properties
of the toroids, with nonplanar dihedrals forming significantly
less ordered toroids.

Single-Chain Conformations with Side Chains. Nearly
all practically useful conjugated polymers employ molecular
architectures with pendant, often alkylic side chains grafted to
the main conjugated backbone (Figure 1A). To fully
characterize the conformational space of conjugated polymers,
it is thus vital to assess the role that solubilizing side chains
play in dictating conformations. To begin exploring these
effects within the context of the anisotropic CG model
developed here, small chains of isotropic, purely repulsive side-
chain particles were grafted from the backbone at two different
densities: one side chain per anisotropic monomer and two
side chains per anisotropic monomer. The side-chain
architectures are shown in Figure 2 for the case of two side
chains per anisotropic monomersone side chain per
anisotropic monomer consists of deleting one side chain
from each anisotropic monomer, with the initial condition set
up to be chain placement on alternating sides of the polymer
axis.
In Figure 5A, we plot Rg as a function of temperature for

three different side-chain densities for planar polymer back-

bones. It is observed that the presence of side chains
dramatically affects the observed conformational properties
by shifting the position of the collapse transition to lower
temperatures. A comparison to Figure 4A shows that the
stiffening effect does not map cleanly onto an increase in the

Figure 4. Comparison of planar and nonplanar dihedral CG models
without side chains. (A) Rg as a function of temperature for
semiflexible polymers with varying KA and KD or K4 = 3.0. (B) Sπ−π as
a function of temperature for semiflexible polymers with varying KD,
K4, and KA = 3.0. (C) Schematic of d-RDF. (D) d-RDF for toroid
conformations with planar and nonplanar dihedrals (KD or K4 = 3, T =
0.085). For (A,B), solid lines are for polymers with planar dihedral
minima; dotted lines are for polymers with dihedral minima at 45°.

Figure 5. Conformational properties of the CG model with planar
dihedrals (KD = 3) and variable side-chain densities. (A) Rg and (B)
Sπ−π as a function of temperature with varying side-chain densities.
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effective semiflexibility of the backbone as its effect on
conformations above the transition temperature is much
weaker than that observed in Figure 4A. The effect manifests
most strongly at low temperatures below the collapse
transition, where side-chain interactions inhibit aggregation;
this is likely the underlying conformational effect leading to
improved solubility for conjugated polymers with side chains.
Similar results were also realized for polymers with nonplanar
dihedrals. The addition of side chains also impacts the Sπ−π, as
shown in 5B, with Sπ−π decreasing over all temperatures with
increasing side-chain density, showing that side chains in the
single-chain regime inhibit π-stacking order in the system. Also,
analogous to how increased side-chain densities move the
collapse transition to lower temperatures, increasing side-chain
densities also moves the transition temperature for π−π
ordering to lower temperatures, consistent again with the
ostensible use of side chains as solubilizers.
Conformational Design Space for Conjugated Poly-

mers. Last, we examine the conformational space accessible to
conjugated polymers with anisotropic monomers by plotting
conformational phase diagrams as a function of KA, which is
the parameter observed to most strongly influence the
conformational states formed for the CG model. Figure 6

summarizes the diversity of single-chain conformations
available to semiflexible anisotropic polymers. For flexible
anisotropic polymers, we observed two globule phases, one in
which the dihedrals are well aligned and orientational ordering
persists and one in which the dihedrals are not aligned that
generally lacks orientational ordering. This orientationally
disordered state exists at a higher temperature range than the
orientationally ordered state, as would be anticipated. At high
temperatures, we observed ideal chain and swollen chain
polymer conformation states with the general understanding of
single-chain polymer conformations. For semiflexible aniso-
tropic polymers, we observed the known toroid, racquet, and
rod-like coil phases that have been enumerated previously in
the literature, including their appropriate relative temperature
regimes. The transition regions between semiflexible and
flexible polymers were not rigorously enumerated due to the
difficulties of sampling these transition regions, although this
certainly constitutes motivation for continuing work with this
model.

■ DISCUSSION

The anisotropic CG model introduced in this work follows in
the phenomenological spirit of other, highly successful
isotropic CG models of the past 3 decades. The model
implementation is validated for persistence lengths and
dihedral correlation lengths via comparison to explicit
analytical results of the Kratky−Porod model and the model
of Rossi,60 respectively. The model correctly reproduces the
known relative stability of the coil/rod, racquet, and toroid
states in the limit of large semiflexibility, while exhibiting
additional molecular degrees of freedom associated with the
anisotropy of monomers capable of incorporating π-stacking
degrees of freedom. The CG model is useful in its ability to (i)
simultaneously characterize both the large-length-scale con-
formational properties of semiflexible chains and short-length-
scale anisotropic molecular degrees of freedom (intrachain
dihedrals and π−π stacking interactions) that define
conjugated polymers and (ii) include the molecular hetero-
geneity and complexity characteristic of conjugated polymers
(side chains and anisotropic shapes). This generalizability and
flexibility, in combination with computational efficiency only
marginally reduced compared to isotropic CG models, offers
promise in a variety of important classes of prediction for
conjugated materials, including PV, transistor, and bioelec-
tronic applications.
One promising avenue for the anisotropic CG model

proposed here is in the elucidation of the electronic properties
of conjugated polymers at mesoscopic spatiotemporal scales,
without the need for extensive backmapping and quantum-
chemical procedures. Since the CG model preserves the critical
spatial degrees of freedom required for describing π-electron
overlap (intrachain dihedrals and relative π-stacking orienta-
tions), one can potentially incorporate electronic coarse-
graining techniques51,52 to enable electronic prediction entirely
at the CG resolution, leading to a single resolution model
capable of simultaneously characterizing the morphological
and electronic structure of conjugated materials. While
simultaneous morphological and electronic prediction has
historically been obtained via a combination of isotropic CG
models, atomistic backmapping, and repeat quantum-chemical
calculations, the model described here has the potential to
bypass these limitations and dramatically improve the
scalability of design space predictions for conjugated materials.
While the model has been developed at a lightly CG resolution
here, there is the potential to incorporate the mixed isotropic/
anisotropic bead description at larger length scales to further
aid the exploration of mesoscopic length scales, similar to
previous work.46

While the simulations in this work have been performed in
the context of conjugated homopolymers, the anisotropic CG
model presents opportunities for the interpretation of, and the
direct application to, alternating donor−acceptor conjugated
copolymers. Work by Kuei and Gomez66 has obtained the
experimentally and computationally derived persistence
lengths of a broad variety of conjugated homopolymers and
copolymers. While the anisotropic moiety in this work was
loosely parametrized to represent a BDT unit, the results as a
function of semiflexibility should be broadly applicable to any
conjugated polymer chemistry, aiding in the interpretation of
experimental characterizations in dilute conditions. Moreover,
the anisotropic CG model itself can be easily adapted to
incorporate arbitrary chemical complexity via the integration of

Figure 6. Qualitative phase diagram summarizing the space of
obtainable conjugated polymer conformations as a function of
temperature and chain semiflexibility. The results are obtained in
the limit of planar dihedrals (KD = 3.0) and no side chains.
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multiple, distinct anisotropic beads. The flexibility of the CG
representation within our anisotropic CG model should
expedite the modeling of conjugated polymer morphologies
via the treatment of arbitrary fused-ring systems as anisotropic
disks, enabling the mesoscale modeling of conjugated donor−
acceptor polymers containing complicated fused-ring chem-
istries.
Moving forward, there are several directions for extension

and improvement of the CG model outlined here. While it has
been parameterized phenomenologically, an obvious improve-
ment would involve the incorporation of rigorous coarse-
graining protocols.80−82 While the application of these rigorous
CG techniques to anisotropic particles is generally limited, the
additional anisotropic degrees of freedom maintained within
the model can potentially improve model transferability41 and
thus constitute an important avenue of research moving
forward. As anisotropic interactions are inherently suited to
conjugated systems, this CG representation may be most
suitable toward enabling these families of coarse-graining
techniques for this materials class. There is also considerable
potential for the use of advanced sampling techniques to help
bypass the kinetically trapped states associated with strong
intermolecular π-stacking interactions. In early liquid crystal
work, this was implemented in the context of Hamiltonian
replica exchange using soft anisotropic potentials,68 and such a
procedure would potentially be highly beneficial for the
exploration of configuration space in dense packing.

■ CONCLUSIONS
We have developed an anisotropic CG model for exploring the
conformational properties of conjugated polymers at meso-
scopic spatiotemporal resolutions. The model employs a
mixture of anisotropic and isotropic CG beads that capture
the critical molecular degrees of freedom influencing
conjugated polymer conformations and the electronic
structure: anisotropic π−π stacking, intermonomer dihedral
angles, polymer chain semiflexibility. When integrated with a
parallel tempering methodology, the CG model provides
access to the conformational properties of single-chain
conjugated polymers as a function of CG degrees of freedom.
Specifically, we explore the influence of chain semiflexibility on
the obtainable conformations in the solution phase. Simu-
lations reproduced the hierarchy of polymer conformations
known for semiflexible polymers (coil, racquet, and toroid)
while also revealing conformational states unique to polymers
with anisotropic monomers (e.g., the orientationally ordered
globule). In all cases, π−π stacking and dihedral ordering are
quantified. The role of flexible side chains in mediating
conjugated polymer conformations is also explored, with
increasing side-chain density shifting the collapse transition
temperature and the π-stacking ordering transition to lower
temperatures. Finally, we provide a qualitative phase diagram
as a function of chain semiflexibility that outlines the potential
scope of polymer conformations anticipated for single chains of
conjugated polymers. The CG model and results presented
here present a solid foundation for developing a CG view of
conjugated polymer physics akin to that developed for
polymers with isotropic monomers over the past century.
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