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ABSTRACT: The ability to predict the mechanical properties
of organic semiconductors is of critical importance for roll-to-
roll production and thermomechanical reliability of organic
electronic devices. Here, we describe the use of coarse-grained
molecular dynamics simulations to predict the density, tensile
modulus, Poisson ratio, and glass transition temperature for
poly(3-hexylthiophene) (P3HT) and its blend with C60. In
particular, we show that the resolution of the coarse-grained
model has a strong effect on the predicted properties. We find
that a one-site model, in which each 3-hexylthiophene unit is
represented by one coarse-grained bead, predicts significantly
inaccurate values of density and tensile modulus. In contrast, a three-site model, with one coarse-grained bead for the thiophene
ring and two for the hexyl chain, predicts values that are very close to experimental measurements (density = 0.955 g cm−3,
tensile modulus = 1.23 GPa, Poisson ratio = 0.35, and glass transition temperature = 290 K). The model also correctly predicts
the strain-induced alignment of chains as well as the vitrification of P3HT by C60 and the corresponding increase in the tensile
modulus (tensile modulus = 1.92 GPa, glass transition temperature = 310 K). We also observe a decrease in the radius of gyration
and the density of entanglements of the P3HT chains with the addition C60 which may contribute to the experimentally noted
brittleness of the composite material. Although extension of the model to poly(3-alkylthiophenes) (P3ATs) containing side
chains longer than hexyl groupsnonyl (N) and dodecyl (DD) groupscorrectly predicts the trend of decreasing modulus with
increasing length of the side chain measured experimentally, obtaining absolute agreement for P3NT and P3DDT could not be
accomplished by a straightforward extension of the three-site coarse-grained model, indicating limited transferability of such
models. Nevertheless, the accurate values obtained for P3HT and P3HT:C60 blends suggest that coarse graining is a valuable
approach for predicting the thermomechanical properties of organic semiconductors of similar or more complex architectures.

■ INTRODUCTION

One key feature of organic semiconductors that distinguishes
them from their inorganic counterparts is the potential to
manufacture lightweight devices such as organic solar cells and
field-effect transistors that exhibit extreme mechanical com-
pliance and durability.1,2 Recent advances in synthetic organic
chemistry along with careful tuning of materials processing have
produced many organic semiconductors with broad optical
absorptions and large charge-carrier mobilities.3 Various design
rules and computational methods have been developed for
studying and predicting the optoelectronic properties of
candidate materials;4−6 however, much less effort has been
dedicated to understanding the thermomechanical behavior of
these materials.7 In fact, thermomechanical properties like glass
transition temperature, tensile modulus, and toughness are of
critical importance for stretchable, ultraflexible, portable, and
wearable applications. Moreover, these properties depend
strongly on molecular structure (e.g., the backbone architecture
and the length and branching of the alkyl side chain) and are
difficult to predict based on intuition alone. An improved
understanding of these structure−property relationships will

greatly aid in the design of reversibly stretchable semi-
conducting polymers for applications requiring mechanical
robustness and stability. This paper describes the first use of
coarse-grained molecular dynamics simulations for the
determination of the thermal and mechanical properties of a
conjugated polymer and its blend with C60.
Molecular dynamics (MD) simulations offer an attractive

means for elucidating the mechanical properties of polymeric
systems, and various atomistic models have already been
applied to and validated for commodity polymers and
engineering plastics, such as polyolefins.8−11 Because of the
vast difference in the characteristic time scales of the fastest
dynamic mode (covalent bond vibrations) and the slowest
mode (chain reptation) of typical polymers, coarse-grained
(CG) models are often required for computationally efficient
simulations.12−15 These models treat chemically bonded groups
of atoms as single CG beads that interact with other CG beads,
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within and across chains, using effective CG potentials that are
chosen to reproduce as closely as possible the structural and
thermodynamic properties of the polymers obtained from
atomistic simulations or experiments. From the point of view of
MD simulations, such coarse-graining leads to enormous
reductions in the number of simulated particles and
considerable softening of interparticle interactions, allowing
for the simulation of larger systems with longer time steps than
is possible with fully atomistic models. One widely used
method for deriving such CG models is the so-called iterative
Boltzmann inversion (IBI) approach.16 In this approach,
probability distributions describing specific inter- and intra-
molecular degrees of freedom obtained from atomistic
simulations are used to iteratively adjust the effective potentials
of the CG model until it yields similar distributions as those
obtained from the atomistic models.
In this study, we investigated the use of CG molecular

dynamics to understand and predict the mechanical properties
of a model conjugated polymer: poly(3-hexylthiophene)
(P3HT). First we determined the effect of the resolution of
the CG model, shown in Figure 1, on the predicted mechanical
properties. Through comparison to experimentally obtained
values of the tensile modulus, glass transition temperature, and
density, we determined the optimal CG resolution to achieve
computationally viable simulations while retaining only the
most essential chemical details that govern the macroscopic
mechanical behavior of these systems. Next, we showed that in
agreement with experiment, the addition of a fullerene electron
acceptor (to form a bulk heterojunction, the active layer of an
organic solar cell) increased both the glass transition while
simultaneously reducing the entanglement density and radius of
gyration of the P3HT chains. Finally, we investigated the effect
of alkyl side-chain length on the thermomechanical properties
of poly(3-alkylthiophenes) (P3ATs) to show that the increase
in the side chain length produces a material with greater
compliance. On the basis of our results, we identified the
advantages and limitations of using CG modeling to predict the
thermomechanical properties of this important class of
materials.

■ COMPUTATIONAL DESIGN

Model System. We chose P3HT as the model system for
this study because it is one of the most well understood
semiconducting polymers in the literature.17 The availability of
various atomistic and CG models along with extensive
experimental characterization makes P3HT an ideal subject
for evaluating the predictive capabilities of the proposed

computational methodology. Several studies have performed
quantum mechanical calculations to parametrize atomistic
models of P3HT.18−20 In particular, DuBay et al. have shown
that applying generic force fields (optimized for simple organic
liquids) result in significant inaccuracies with respect to
dihedral distributions and persistence length and that
parameters to describe these interactions must in general be
obtained from ab initio calculations.19 In recent studies,
Tummala et al. have used an accurate atomistic model to
study the effect of molecular weight and entanglement on the
elastic properties of P3HT as well as blends with fullerenes.21,22

The authors demonstrated good agreement between simulation
and experiment, finding that oligomers containing at least 50
monomers were required to observe elastic behavior, and
evaluated the effect of the fullerene acceptor side-chain
chemistry on the mechanical properties.
In the past few years, several CG models for P3HT have

been developed,23−29 but these models have not been applied
to predict thermomechanical properties. In this work, we
evaluated the viability of two of these models, as depicted in
Figure 1, to make such predictions. These models were chosen
because they were both systematically parametrized from
atomistic simulations using the IBI procedure.16 We chose to
compare the one-site model developed by Lee et al.26 with the
three-site model developed by Huang et al.23,30 to examine the
effect of the resolution of the model on the predicted
thermomechanical properties. In the one-site model, the entire
3-hexylthiophene monomer (25 atoms) is mapped onto a
single CG bead, while for the three-site model, the thiophene
ring is mapped onto a single CG bead and the hexyl side chain
is represented by two CG beads.

Computational Methods. The starting configuration for
each system was generated by growing 300 polymer chains with
150 monomers each at a low density (0.01 g cm−3) within a
periodic simulation box by using equilibrium bond length and
angle values and sampling the intermonomer dihedral angles
from a Boltzmann distribution. This chain length was chosen to
best match the average molecular weight (∼25 kDa) of our
experimental values available for comparison. We used 300
chains to ensure that the length of the simulation box was
greater than twice the average radius of gyration of the polymer
chains to eliminate system size effects such as polymer chains
entangling with their own periodic images.31 We note that to
simulate a system of this size using atomistic simulations would
require explicit consideration of more than 1 million atoms
whereas the CG simulations require only 135 000 CG beads

Figure 1. Diagram showing the chemical structures of P3HT polymer and C60 fullerene along with the various levels of CG models investigated in
this study.
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and 45 000 CG beads for the three-site model and the one-site
model, respectively.
To model the solid polymer structure obtained in a standard

coating procedure (e.g., spin-coating) from a good solvent (e.g.,
o-dichlorobenzene) without explicitly considering solvent
molecules, the interaction energies were decreased to 10% of
their condensed phase values. Langevin dynamics were
employed to implicitly include the effects of solvent friction
and random collisions with solvent molecules;32 following
Schwarz et al.,24 a friction factor of γ = (180 fs)−1 was used to
simulate a viscous solvent. Gradually over the course of ∼100
ns, the interaction strengths were restored to their condensed
phase values, and the system box dimensions were allowed to
relax until the density converged and fluctuated about its
equilibrium value in the melt state. This process was simulated
at 550 K using a Nose−́Hoover style barostat set to 1 atm with
a damping parameter of 2000 fs. Time steps of 10 and 4 fs were
used for the one-site and three-site model, respectively; we note
that the lower-resolution model allows for the use of a larger
time step. An illustration of this procedure applied to a
P3HT:C60 (1:1 mass fraction) bulk heterojunction is shown in
Figure 2a.

In the next step, the system was cooled gradually from 550 to
100 K in intervals of 20 K using a Nose−́Hoover thermostat
with a time constant of 1000 fs; the interval length was chosen
so that the density had time to stabilize during each interval.
This procedure was used to calculate the density as a function
of temperature and provide an estimate for the glass transition
temperature, which is taken to be the point at which there is a
discontinuity in the thermal expansion coefficient.
Finally, as illustrated in Figure 2b, a uniaxial tensile

deformation was applied to the quenched system with
amorphous morphology obtained at 300 K; this was achieved
by imposing a constant strain rate (1 × 10−3 ps−1) in the axial
dimension and applying stress-free boundary conditions in the
transverse directions. The stress−strain curve was computed
using a moving average (window size = 1000 time steps) of the
axial component of the instantaneous virial stress tensor:

∑ ∑σ = +
V

m v v r f
1

[ ]xx
i

i ix ix
i

ix ix
(1)

where V is the volume of the simulation box, mi is the mass of
the ith particle and {vix, rix, f ix} are the axial components of the
velocity, position, and force. The tensile modulus was estimated
by fitting a straight line to the linear regime of the stress−strain
curve, and the Poisson’s ratio was calculated as ν = −(dεtrans/
dεaxial), where ε represents the engineering strain. A key
assumption is that the mechanical response of the P3ATs,
especially differences in mechanical properties between similar
materials, is dominated by the state of the amorphous phase
(i.e., glassy, leathery, fluid) at a given temperature.33 We thus
did not include the effect of partial crystallinity.7 For each
system, we repeated the procedure starting from two
independent initial configurations and strained the box in all
three dimensions to obtain six independent measurements of
the mechanical response to uniaxial loading. Because of the
extremely large size of the system, very little variation was
observed between measurements. All simulations and visual-
ization were performed using LAMMPS, VMD, and
OVITO.34−36 A complete description of the parameters used
for both of the models is provided in the Supporting
Information.

■ RESULTS AND DISCUSSION
Comparison of Models. We begin by comparing the

results obtained from the one-site model and the three-site
model for pure P3HT. One observation that immediately
distinguishes the two models is the density that we obtained
upon equilibration (snapshots of equilibrated morphologies for
the two models are shown in Figure 3a). We found that the

three-site model equilibrated to a density of 0.955 ± 0.001 g
cm−3 at 300 K, which is reasonable compared to the
experimentally determined value of 1.094 ± 0.002 g cm−3 for
the amorphous phase of regioregular P3HT of the same average
molecular weight, measured using gas pycnometry.37 In
contrast, we obtained a value of 2.1 ± 0.07 g cm−3 for the
one-site model, which is substantially higher than the
experimental value. We attributed this discrepancy to the
small value of the σ parameter (4.95 Å) in the Lennard-Jones
potential for this model. It has been noted by Hsu and co-

Figure 2. Schematic renderings of simulation process applied to a
P3HT:C60 bulk heterojunction. (a) The formation of a solid film by
evaporation with implicit solvent molecules. (b) Uniaxial tensile
loading with two representative chains highlighted in black; the arrows
indicate the direction of applied strain. The scale bar is 10 nm.

Figure 3. Simulated mechanical properties of P3HT. (a) Representa-
tive snapshots of the equilibrated morphology obtained for the one-
site and three-site model. Comparison of (b) stress response and (c)
transverse strain response to uniaxial loading.

Macromolecules Article

DOI: 10.1021/acs.macromol.6b00204
Macromolecules 2016, 49, 2886−2894

2888

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00204/suppl_file/ma6b00204_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b00204/suppl_file/ma6b00204_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.6b00204


workers38 that to derive thermomechanically consistent CG
parameters, σ can be tuned to improve the ability of the models
to reproduce the density of the target system. We found,
through an iterative approach, that σ ≈ 8.0 Å was required to
match the density of the one-site model to that of the atomistic
and three-site models. However, this modification caused the
pair distribution function to depart significantly from that
computed from atomistic simulations.26 This observation
highlighted the inadequacy of a one-site description of the
hexylthiophene monomer and led us to the conclusion that a
one-site model does not contain sufficient detail to
simultaneously match the structure and the density of the
underlying atomistic system.
Next, we compared the mechanical response of the two

systems to uniaxial tensile loading. A representative stress−
strain curve obtained from these simulations is shown in Figure
3b. We found that the three-site model predicted a tensile
modulus of 1.23 ± 0.01 GPa, while the one-site model
predicted a value of 0.22 ± 0.02 GPa. Comparing to the
experimentally determined value of 1.09 ± 0.15 GPa, for as-cast
thin films of this molecular weight, measured using the buckling
method,39 we found that the three-site model gave much closer
agreement with experiment. The observation that the one-site
model predicted a higher density and a lower tensile modulus
indicated that not enough microscopic detail was preserved to
accurately describe the microstructural packing and frictional
interactions. This observation further validated our conclusion
that a more detailed coarse-grained mapping is necessary to
reproduce both structural and thermomechanical properties.
We also found that both models predict a Poisson ratio of 0.35
(Figure 3c), which agrees with previous theoretical predic-
tions.40

The results of the three-site model also compare favorably
with the atomistic simulations of P3HT, which predict a value
of 1.6 GPa for chain lengths of 100 monomers.21 As might be
expected, due to the inherently softer nature of the CG
potentials that emerges from integrating over atomistic features,
we observe that decreasing the resolution of the model leads to
lower predicted values for the tensile modulus. The closer
matching of the three-site model to the experimental results
than the atomistic model could in part be due to the difference
in the loading conditions of the two systems studied.
Specifically, in the atomistic simulations, the transverse
dimensions were held constant to force a Poisson ratio of
zero, whereas the transverse dimensions were allowed to relax
under stress-free boundary conditions in our CG simulations.

The excellent agreement observed between simulation and
experiment for the three-site model motivated us to use this
model further to take a closer look at morphological changes in
the amorphous material induced by mechanical strain.

Strain-Induced Chain Alignment. It is well-known that
applying a uniaxial strain to an amorphous or semicrystalline
polymer causes the chains to plastically deform and align in the
axial direction. This effect is of particular technological
relevance for semiconducting polymers where the degree of
chain alignment has a significant effect on the macroscopic
optoelectronic properties. For example, experimental studies on
P3HT have demonstrated significant anisotropy in the optical
absorption and charge-transport properties for strain-aligned
films, achieving an optical dichroic ratio of 4.8 and charge-
mobility anisotropy of 9.41 As shown in Figure 4a, this effect
was clearly observed in our simulations.
To quantify the degree of chain alignment in the amorphous

phase through the application of uniaxial strain, we computed a
chain alignment order parameter.42 The unit vector defining the
orientation of each thiophene unit was calculated as the chord
connecting second nearest neighbors along the backbone, ei =
(ri+1 − ri−1)/|ri+1 − ri−1|, and the chain alignment order
parameter was computed as the second-order Legendre
polynomial:

= ⟨ · ⟩ −P e e
3
2

( )
1
2x i x2

2
(2)

where ex represents the unit vector in either the transverse or
axial dimension and the angular brackets denote an average
over all thiophene units. In addition, we quantified the
anisotropic change in the structure of the polymer chains as
the axial and transverse components of the radius of gyration
tensor:

∑= −R
M
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where M is the molecular weight of the chain, mi is the mass of
the CG bead, rcx is either the axial or transverse component of
the center of mass, the summation is over all i CG beads in
each chain, and the angular brackets denote an average over all
chains.
The evolution of axial and transverse components of P2x and

Rgx is shown in Figure 4b. Both quantities show increasing
alignment of chains with increasing strain. The chain alignment

Figure 4. Simulated strain-induced chain alignment in P3HT. (a) Representative snapshots showing a thin cross section of the simulated
morphology before and after straining to 100% (side chain beads not shown for clarity). (b) Plot showing the evolution of the axial and transverse
components of the chain alignment parameter as well as the radius of gyration during the uniaxial loading simulation.
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parameter computed here can in fact be related to the
experimentally accessible optical dichroic ratio of this material:
P∥ = (R − 1)/(R + 1), where R is the dichroic ratio. O’Connor
et al.41 have reported a value of ∼0.36 for the chain alignment
parameter of the amorphous region of a film strained to 112%
using a combination of UV−vis spectroscopy and 2D grazing-
incidence X-ray diffraction (assuming ∼50% crystallinity).43

Our simulations predicted a value of 0.363 at 112% strain,
which agrees remarkably well with this experimental result.
Effect of Fullerene Acceptor. One of the most important

applications of semiconducting polymers is as the active
material of thin-film organic photovoltaic devices. Typically,
these are fabricated by solution-casting a physical blend of two
semiconducting materials, an electron donor (hole-conducting)
and an electron acceptor (electron-conducting), to form a
phase-segregated bulk heterojunction that is bicontinuous.44

P3HT is a commonly used electron donor material, while
fullerene derivatives such as phenyl-C61-butyric acid methyl
ester (PCBM) are the most commonly used electron acceptors.
The phase behavior of the P3HT:PCBM system is well studied,
and it has been shown that this binary composite consists of
three separate phases: crystalline P3HT, a PCBM-rich phase,
and a mixed amorphous phase.45 It has also been observed that
the addition of PCBM to P3HT increases both the glass
transition temperature46 and the tensile modulus of the
composite material (i.e., PCBM acts as an antiplasticizing
agent which stiffens and embrittles the film).47 We hypothe-
sized that the addition of C60for which CG model parameters
have been developed23would have a similar effect as PCBM
and tested the ability of the three-site model to predict it.
To study the effect of adding C60, we applied our

computational methodology to prepare a system consisting of
a physical blend of P3HT with C60 at a 1:1 mass fraction
(10 000 C60 molecules) using the three-site model. This system
is representative of the amorphous mixed phase of the

composite material (crystallization of the polymer and phase
segregation do not occur over the time scales simulated). A
comparison of the mechanical response to uniaxial loading is
shown in Figure 5a. We observed that the addition of fullerene
indeed resulted in a stiffer material, with the simulations
predicting a tensile modulus of 1.92 ± 0.05 GPa. This
prediction agrees well with the experimentally determined value
of 1.97 ± 0.07 GPa for an as-cast thin film of P3HT:PCBM,
measured using the buckling method.48

Interestingly, we also observed a drastic change in the
distribution of the radius of gyration of the P3HT chains in the
composite system. As can be seen in Figure 5b, there is an
approximately 2-fold reduction in the average radius of
gyration, indicating that the chains are not as well extended
in the composite system. This effect is most likely due to partial
phase segregation of the fullerene molecules confining the
P3HT chains into a smaller volume and promoting self-
interactions. We hypothesized that this reduction in the spatial
extent of the polymer chains could lead to a lower density of
entanglements, which may explain the significantly increased
brittleness of P3HT:PCBM compared to pure P3HT that has
been observed experimentally through film-on-elastomer
techniques.7 We note that no cracking or craze formation is
observed in these simulations, even though experimentally the
onset of cracking occurs at ∼2% strain for P3HT:PCBM.7 To
quantify this effect we applied the Z1 algorithm developed by
Kröger and coworkers49−51 to compute the primitive paths of
the polymer network and compare the number of entangle-
ments present in the two systems. We found that pure P3HT
had approximately three times more entanglements than the
composite system by comparing the average number of interior
kinks per chain, ⟨Z⟩, which is proportional to entanglement
density. A plot showing the primitive paths obtained for both
systems, as well as the numerical values for relevant physical
parameters obtained from the Z1 analysis are given in the

Figure 5. Comparison of predicted thermomechanical properties of pure P3HT with P3HT:C60. (a) Stress−strain curve showing a transition from a
melt to a glassy response with the addition of C60. (b) Histogram of radius of gyration of P3HT chains in the condensed phase. Quenching curves for
(c) pure P3HT and (d) P3HT:C60 showing an estimate for the glass transition temperature.
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Supplementary Information Figure S3 and Table S4. We
attribute the absence of cracking and crazing to the fact that
fracturing in polymers is usually initiated by defects at the
surface, which are not present in these simulations due to
periodic boundary conditions.
Thermal Properties. We next turned to predictions of the

thermal properties for these systems. Of critical importance for
the processing and stability of organic semiconductors is the
glass transition temperature.52 This thermal property is
especially important for bulk heterojunction solar cells, which
often consist of nonequilibrium structures quenched below
their glass transition temperature when initially cast from
solution. An important step for optimizing the photovoltaic
efficiency of these devices is a postdeposition annealing step
above the glass transition, which allows main-chain segmental
crystallization and partial phase segregation of the bulk
heterojunction components. These effects lead to a red-shifted
absorption spectrum and improved extraction of photo-
generated charges.53,54 Several experimental studies using
various techniques (differential scanning calorimetry,46 dynamic
mechanical thermal analysis,55 variable temperature ellipsom-
etry,56 and in situ photovoltaic characterization53) have helped
characterize the thermal properties of P3HT:PCBM blends.
Differences in processing conditions, molecular weights, and
characterization techniques have led to widely disparate
experimental results. The generally agreed upon trend,
however, is that the addition of PCBM acts to vitrify the
P3HT.52 Figures 5c and 5d show a comparison of the thermal
quenching curves obtained for pure P3HT and P3HT:C60. We
predicted a value of approximately 290 and 310 K for the pure
and mixed systems, respectively. Our predicted value for both
systems are in excellent agreement with the experimentally
determined values of 285−287 K for high-MW regioregular
P3HT52 and 313 K for 1:1 mass ratio of P3HT:PCBM.46 The
validation provided by this agreement led us to the conclusion
that CG models such as these can potentially be used to
understand complex structure−property relationships in semi-
conducting polymers, such as the effect of side-chain length.
Effect of Alkyl Side Chain Length. The basic structural

motif of a semiconducting polymer is a rigid π-conjugated
backbone that is functionalized with flexible aliphatic side
chains. The choice of the side chain is an important criterion
that plays a critical role in determining the solubility, solid-state
morphology, and thermomechanical properties of the bulk
material.57 One advantage of the three-site model for P3HT is

that it explicitly accounts for the hexyl side chain attached to
the thiophene monomers. An important question is the
transferability of this model to describe the general class of
P3ATs. To extend the model, we introduced additional CG
beads to the side chain, as shown in Figure 5a. Initially, we used
the original parameters from the three-site model for P3HT;
however, we observed trends that were in contradiction with
experimental results (shown in Figure S3b), indicating that the
original model was not transferable. To make the model
transferrable, we adopted a similar strategy to Jankowski et al.58

and modified the intermolecular interactions to account for the
fact that the dispersive and electrostatic interactions between
the CG beads representing the thiophene backbone are
stronger than those between the side-chain beads. We
redistributed the intermolecular cohesive energy present in
the epsilon parameters of the Lennard-Jones 9−6 potential to
make the potential well for the beads representing thiophene
rings 3 times more attractive (7.53 kJ mol−1) than the beads
representing the alkyl side chains (2.51 kJ mol−1) while
retaining approximately the same temperature−density equa-
tions of state and elastic modulus for P3HT as shown in Figure
6b,c. We emphasize that this model is only qualitative because
the modification also alters the structural distributions, and a
systematic parametrization from atomistic simulations using
accurate force-matching methods would be required for a
quantitatively accurate and transferable model.
The predications of thermomechanical properties obtained

for our modified model are shown in Figure 6b,c. We see that
increasing the alkyl side chain length decreases the density, the
tensile modulus, and the glass transition temperature. We
predicted values of 0.99 ± 0.03 GPa for P3NT (n = 9) and 0.78
± 0.02 GPa for P3DDT (n = 12). Although the tensile modulus
of P3NT has not been measured experimentally so far, that of
P3DDT has been measured to be 0.16 ± 0.07 GPa.39 We note
that the model captured the overall trend of decreasing
modulus with increasing side-chain length, though the
agreement with experimental results is not quantitative. The
lack of transferability observed here could be due in part to the
inadequacy of representing the thiophene ring as a spherical
CG site; taking the anisotropic shape of the ring into account
would require at least three CG sites (to form a plane). For the
glass transition temperatures, we predict a value of 280 K for
P3NT and 258 K for P3DDT. Comparing to the
experimentally determined range of 230−258 K for P3DDT,
we observe good agreement here, along with correct trends.59,60

Figure 6. Predicted mechanical response of P3ATs, where A = hexyl, nonyl, and dodecyl. (a) Diagram showing the extension made to the three-site
model for P3HT to allow for the simulation of P3ATs with longer alkyl side chains. (b) Stress−strain curves and (c) thermal quenching curves
obtained for the three P3ATs.
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■ CONCLUSION
We investigated the feasibility of using CG MD simulations to
predict the thermomechanical properties of the model
conjugated-polymer P3HT as well as its blend with C60
fullerene. Through comparisons to experimental density, elastic
modulus, and glass transition temperature for the pure and
composite system, we identified the optimal degree of coarse-
graining required to retain the essential physics of the
underlying atomistic model and achieve agreement between
simulation and experiment. We then used the validated three-
site model to predict the chain alignment caused by uniaxial
loading and showed the effect of fullerene on the
thermomechanical properties, demonstrating excellent agree-
ment with experiment. Extension of the model to describe a
range of P3ATs gave only qualitative agreement with
experiment, indicating limited transferability of such models
to polymers with even moderate variations in molecular
structure such as the addition of three or six methylene units
considered in this study. One potential approach for developing
CG models with improved transferability would be to use
several target atomistic systems with varied chemical structures
and iteratively apply the IBI approach in such a way as to
produce a set of parameters that self-consistently match all of
the structural and thermodynamic data across the chosen range
of chemical structures. Given the extensive validation and
identification of limitations presented here, models such as
these can be developed for new materials, such as the important
class of donor−acceptor conjugated polymers,61 to allow for
the precise determination of structure−property relationships
in organic semiconductors and aid in the molecular design of
material systems exhibiting mechanical compliance for a variety
of applications in mechanically robust, stretchable, and
ultraflexible electronics.
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