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Understanding the thermomechanical behavior of
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nanocomposites via coarse-grained modeling+t
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Graphene-reinforced conjugated polymer (CP) nanocomposites are attractive for flexible and electronic
devices, but their mechanical properties have been less explored at a fundamental level. Here, we present
a predictive multiscale modeling framework for graphene-reinforced poly(3-alkylthiophene) (P3AT) nano-
composites via atomistically informed coarse-grained molecular dynamics simulations to investigate
temperature-dependent thermomechanical properties at a molecular level. Our results reveal reduced
graphene dispersion with increasing graphene loading. Nanocomposites with shorter P3AT side chains,
lower temperatures, and higher graphene content exhibit stronger mechanical responses, which corre-
lates with polymer dynamics. The elastic modulus increases linearly with the graphene content, which
slightly deviates from the “Halpin—Tsai” micromechanical model prediction. Local stiffness analysis shows
that graphene possesses the highest stiffness, followed by the P3AT backbone and side chains.
Deformation-induced stronger chain alignment of the P3AT backbone compared to graphene may
further promote conductive behavior. Our findings provide insights into the dynamical heterogeneity of

rsc.li/nanoscale

1. Introduction

Solution-processable conjugated polymers (CPs) are an impor-
tant class of materials that possess considerable potential for
low-cost and scaled production of light weight, flexible, and
large-area optical and electronic devices, such as bulk hetero-
junction (BHJ) organic solar cells,"”? organic field-effect tran-
sistors (OFETs),” light-emitting diodes," and electronic skin.’
CPs combine a relatively rigid n-conjugation backbone and a
long flexible peripheral side chain for enabling the charge
travel along the backbone and improving the devices with
mechanical robustness, respectively. Among diverse CPs, poly
(3-alkylthiophene) (P3AT) and its derivatives have been exten-
sively utilized in various fields due to their glass-forming capa-
bility, ease of solution processing, and ease of production in
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nanocomposites, paving the way for understanding and predicting their thermomechanical properties.

large quantities (>10 kg).> In general, for stretchable, flexible,
portable, and wearable devices of CPs, thermomechanical pro-
perties (e.g., glass transition, tensile modulus, and toughness)
are of critical importance during fabrication and application.
Naturally, carbonaceous materials, like graphene and carbon
nanotubes, which behave as an electrically conducting bridge
between the CP domains in the composites, are considered
promising reinforcements to CP-based composites.'®™*
Moreover, the low consumption of high-cost semiconductor
polymers and the mass production of high-performance gra-
phene contribute to the low-cost fabrication of conjugated
polymer-graphene composite materials.

Numerous studies have explored the electronic properties
of CPs; the thermomechanical behaviors are equally important
from a pratical standpoint but poorly studied when CPs are
utilized for flexible devices, especially when soft devices have
been miniaturized down to the nanometer scale. Therefore,
understanding the chemical composition and structural infor-
mation that govern the mechanical properties of semiconduct-
ing polymers is vital for the fabrication of large-scale flexible
devices. Side chain length is a useful parameter for tuning
mechanical properties; Jiang et al.'® studied the side chain
length effect on the mechanical properties of crystalline P3AT
nanofibers using thermal shape fluctuation analysis and
single-molecule force spectroscopy, revealing the highest
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strength of P3HT among all P3ATs due to different unfolding
schemes. As for the P3AT thin film, Lipomi et al.'® reported
that the tensile modulus decreased dramatically as the side
chain length increased from 4 to 8 alkyl carbons, which was
also reproduced in their molecular simulation work."”
Furthermore, conductive graphene and carbon nanotubes are
appropriate nanomaterials for enhancing the electron conduc-
tion and thermomechanical behavior of CPs.'®'° Theoretically,
Zhang et al® recently explored the enhancement of the
mechanical properties of graphene and carbon-nitride
reinforced P3HT nanocomposites using an atomistic model,
which serves for the detailed observation of the fracture
mechanism but the sample scale is too small to compare with
the actual size.

Coarse-grained molecular dynamics (CG-MD) simulation
allows for “bottom-up” investigations of polymer nano-
composite systems over extended spatiotemporal as the ato-
mistic model can hardly be accessible, making the modifi-
cation of the monomer structure and chemical composition
relatively easier than that in a real experiment. The coarse-
graining approach usually treats a cluster of atoms as one
super-bead. It simultaneously preserves the key chemical fea-
tures, improving the computational efficiency by decreasing
the degree of freedom.®® However, the energy landscape of the
CG model is smoother than that of the atomistic model due to
the inevitable loss of atomic friction and configurational
entropy (s.) upon coarse-graining, causing artificially acceler-
ated dynamics and softer mechanical responses,>>* and
further limiting the practical application of the CG model. For
example, Huang et al.?’ first developed a CG model of P3HT
using a three-bead-per-monomer mapping scheme (three-site
model); although their model captures the self-assembly and
dynamic evolution of P3HT and its mixtures with C60, further
study®® revealed that this model would cause significant devi-
ation in the density and diffusion coefficients compared to the
AA counterpart at varying temperatures. A coarser mapping
scheme by Lee et al®’ treated one P3HT monomer as one
single bead (one-site model), which causes a severe loss of
chemical-specific character. Lipomi et al'’ subsequently
showed that one-site CG model yields significantly inaccurate
values of density and tensile modulus compared to the three-
site model due to the insufficient details to reflect the under-
lying atomistic system, necessitating accurate CG modeling
and precise force field development.

To address this issue, we proposed a novel dynamically con-
sistent coarse-graining strategy, termed the energy-renormali-
zation (ER) approach, to develop a temperature-transferable
P3HT CG model that enables the reappearance of thermo-
dynamic (density) and dynamic (Debye-Waller factor, DWF)
properties of the P3HT AA model over a wide temperature
range.”® In general, the methodology of the ER approach origi-
nated from the Adam and Gibbs (AG) theory of cooperative
relaxation in glass-forming systems and the generalized
entropy theory (GET) of glass formation,”*' both of which
emphasize the critical effect of s. on polymer dynamics. Our
previous work has shown that this s. loss of the CG model
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could be compensated by renormalizing the enthalpy of the
system (i.e., the “entropy-enthalpy compensation” effect).*?
Specifically, we introduced ER factors a(T) and f(T) to rescale
the nonbonded LJ potential parameters, enabling the CG
model to preserve the temperature-dependent Debye-Waller
factor (#*) and the density of the target AA model.
Encouragingly, the CG P3HT system reproduces the mechani-
cal response of the target AA model.>®

In the present work, we reparametrize ER factors for P3AT CG
models with different side chain lengths to explore the dynami-
cal behavior and thermomechanical properties of P3ATs and gra-
phene-reinforced P3AT composites at different temperatures and
graphene contents. Specifically, we examined the mechanical
response of graphene-reinforced P3AT nanocomposites and ana-
lyzed them with a modified Halpin-Tsai micromechanical
model. By evaluating the dynamical heterogeneity, we could gain
a general relationship between the local stiffness and thermo-
mechanical properties of the nanocomposite system. The chain
alignment was also studied under the strain effect. This work
highlights the critical role of temperature in accurately coarse-
grained modeling polymers and offers a valuable tool for design-
ing and predicting nanocomposites with tailored properties
accommodating to different application scenarios.

2. Computational method and
simulation procedures

2.1. Simulation model setup

Following our previous CG modeling framework,*® the atomis-
tically informed P3HT CG model in this work is depicted in
Fig. 1a, where each P3HT monomer is represented by two
types of CG bead, i.e.,, P1 and P2, corresponding to the thio-
phene ring and three consecutive hexyl side chain methyl
groups, respectively. The coarse-grained mapping scheme in
this work is slightly different from the previous work to
explore the side chain length effect of P3AT. It is to be noted
that the general class of poly(3-alkylthiophenes) (P3ATs) con-
taining side chains longer than hexyl groups, ie., nonyl (N)
and dodecyl (DD) groups, are also considered in the present
work, corresponding to P3NT and P3DDT with three and four
P2 beads per side chain, respectively (Fig. 1b). The force center
is located at the center of mass of atoms underlying the CG
bead. The general CG potentials of P3HT used in this work are
shown in Table S11 which were systematically developed in our
previous work using the iterative Boltzmann inversion (IBI)
approach.?® To explore P3ATs with different architectures, we
derived the extra bonded interactions of CG P3ATs with longer
side chain lengths. Specifically, we chose the all-atom P3DDT
model to obtain the extra bonded potentials of the P2-P2-P2
angle term, P1-P1-P1-P2, P1-P2-P2-P2, and P2-P2-P2-P2 di-
hedral terms. The initial configuration of atomistic P3DDT is
constructed using the Materials Studio platform. The Dreiding
force field containing bonded (bond, angle, and dihedral) and
non-bonded terms are employed for AA P3DDT** and the
Gasteiger®® method is adopted to calculate system atomic

This journal is © The Royal Society of Chemistry 2023
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(a) Procedure for coarse-graining (left) all-atomistic (AA) P3HT model to the (right) coarse-grained (CG) model with the middle panel

showing the three-beads-per-monomer mapping scheme. (b) The P3HT derivatives with different side chain lengths, i.e., three (P3NT) and four
(P3DDT) beads per side chain. (c) lllustrations of the 4-1 mapping CG graphene model with one bead representing four underlying carbon atoms. (d)
The snapshot of the equilibrated P3HT/graphene nanocomposite system containing 12 graphene flakes and 800 P3HT chains with 20 monomers

per P3HT chain.

charges for electrostatic interactions. The Dreiding force field
has been successfully utilized to describe the self-organization
and structure of pure crystalline and amorphous P3HT>> and
the solution conformation of donor-acceptor conjugated poly-
mers in the implicit solvent.*® It should be noted that a single
P3DDT chain system with chain length N = 50 and 800 P3DDT
monomer is employed to derive the CG bonded and non-
bonded interactions for computational expediency. Energy
minimization is first performed using the conjugate gradient
algorithm.?” Then the system was equilibrated in the melt
state at a high 7 of 1000 K under the NPT ensemble for 2.5 ns
with the pressure ramping from the initial 1000 atm to the
final 100 atm. Afterward, the system is further cooled down to
300 K and 1 atm pressure under an NPT ensemble for 4 ns
before sampling. Following equilibration, a 2 ns duration NPT
ensemble simulation is performed to collect the atomistic tra-
jectories with a sampling interval of 1 ps. The periodic bound-
ary conditions are applied in all three directions to simulate
the bulk behavior. An integration timestep At of 1 fs and 3 fs
is used for the AA and CG simulations, respectively. A Nose/
Hoover barostat and thermostat are applied to control the
temperature and pressure of the system. The temperature-
damping and pressure-damping parameters are assigned to be
100 fs and 1000 fs for the AA model, and 300 fs and 3000 fs for
the CG models, respectively.

Based on the defined CG mapping scheme, the target
bonded probability distributions can be directly obtained
using the center of mass of atoms underlying the CG bead
through AA simulation, as the black solid lines are shown in

This journal is © The Royal Society of Chemistry 2023

Fig. 2. Then the CG-bonded interactions are derived using the
IBI method.*®3%3°

e (1

Uipq(x) = Ui(x) + kg T In
+1( ) ( ) i |: Target(x)

where kg is the Boltzmann constant and T is the absolute
temperature; the variable x refers to the angle 6, dihedral angle
and improper angle @, respectively; P;(x) represents the relative
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Fig. 2 Average probability distributions of (a) P2—P2-P2 angle, (b) P1-
P2-P2-P2, (c) P1-P1-P1-P2, (d) P2-P2-P2-P2 dihedral terms for AA
(black solid line) and CG (symbol) P3DDT models, with red dashed lines
show the corresponding CG potential. The insets show the bonded
interaction forms.
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probability distribution in the /™ iteration; Piargec(x) denotes
the target probability distribution derived directly from the AA
simulation. For the P3ATs CG model with a longer side chain
length, additional bonding interactions were introduced,
including the P2-P2-P2 angle term, P1-P1-P1-P2, P1-P2-P2-
P2 and P2-P2-P2-P2 dihedral terms, and the P1-P2-P1-P1
improper term. After 5-7 iterations using IBI, the bonded
probability distributions of the CG model are fairly consistent
with that of the AA counterpart, as shown in Fig. 2. The impro-
per dihedral angle is shown in Fig. S2 in the ESL{ All corres-
ponding parameters related to the bonding type interaction
are summarized in Table S1.}

Generally, atomic friction and configurational entropy (s.)
of the CG model are inevitably lost upon coarse-graining due
to the elimination of some unnecessary degrees of freedom,*°
making the CG model overestimate the dynamics and underes-
timate the mechanical response, especially when the tempera-
ture rises.>®*" To address this issue, we successfully employed
the ER approach for the P3HT CG model in our previous work,
capturing the density, dynamics, and mechanical behaviors of
the CG model compared to the target AA model over a wide
temperature range.”® Here, we extend this approach to P3ATs
with longer side chain lengths, yielding a generalized tempera-
ture-dependent 12-6 Lennard-Jones (LJ) potential function:

piytr.1) = aen){ | o ] } @)

r r

where ¢(T) denotes the potential well depth of the L] function
and is renormalized by a T-dependent ER factor o(T), i.e., &(T)
= a(T)eY, where € is an initial L] estimate derived by inverting
the RDF using the direct Boltzmann inversion method
(Fig. S41). a(T) can be obtained by ensuring that the dynamics
of the CG model are consistent with the underlying AA
counterpart. Similarly, an ER factor f(T) is introduced for the
effective length scale parameter o(T), namely, o(T) = f(T)o%,
where o(T) is derived by maintaining the T-dependent struc-
tural property, e.g., density, of the CG model the same as the
AA model. Previous studies***” have demonstrated that the
cohesive interaction strength ¢ dominates the relaxation behav-
ior and mechanical response of polymer melts or glasses.
Therefore, by preserving the density and dynamics of the AA
model through the renormalization of the L] parameters ¢ and
o as a function of temperature, the ER-corrected P3AT CG
models can faithfully reproduce the T, and segmental relax-
ation dynamics of the underlying AA system over a wide temp-
erature range.”® All interactions in the CG system contain
bonded (bond, angle, dihedral, and improper energy) and non-
bonded (van der Waals’ or pair energy) interactions:

Urotal = Ubond + Uangle =+ Udihedral + Uimproper + Uvaw (3)

The parameters related to the nonbonded cohesive inter-
action as well as a(T) and B(T) are summarized in Table 1. For
a more in-depth discussion of the ER approach for deriving a
temperature-transferable P3BHT CG model, we refer the reader
to our recent work for details.>®
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Table 1 Nonbonded interactions for P3AT conjugated polymers. The

subscripts 1 and 2 denote the backbone P1 and side chain P2 beads of
P3ATs

ER functional forms Parameters

Ej(r,T) = 4€(T){ [@] 2 {@r}

€11 = a(T) % 0.199 keal mol™, oy,
= (T) x 4.69 A

€35 = (T) x 0.177 keal mol™, o,
= §(T) % 4.69 A

€1, = a(T) % 0.152 keal mol™, oy,
=p(T) x 4.73 A

a =5.819, ag = 9.214

k=3.150%x 102K, Tr = 310.0 K
f3=1.451x10° K3, p, = —-1.174
x107° K2

P1=3.062 x 107* K, o = 1.034

ap—AaG

a(T) = trepliti=my T %

B(T) = BsT° + BoT° + BrT + fo

2.2. P3AT/graphene nanocomposite model

To construct P3AT/graphene (P3AT/Gr) nanocomposites, we
utilized a recently developed mechanically consistent 4-
1 mapping CG graphene model (C bead) and the corres-
ponding CG potential TersoffCG(4-1),*® building upon the
modified Tersoff potential’®> and ‘hard’ cut-off scheme
(Fig. 1c).>° The CG graphene model possesses Young’s
modulus of 1 TPa, and fracture strengths of 99.26 and 128.04
GPa for the armchair and zigzag monolayer CG graphene,
respectively, which is consistent with the experimental results
obtained by Lee et al®' and utilized to study the interfacial
mechanics of the PMMA/graphene composite.*® All parameters
of the modified TersoffCG(4-1) potential are listed in
Table S2.1 The nonbonded interaction parameters of ecc and
occ for different CG graphene flakes are chosen as 0.82 kcal
mol™ and 3.46 A.>> We refer readers to our previous work>®
about the coarse-graining procedure of the CG graphene
model, where the parameterization of the original Tersoff
potential is well elaborated. For describing the nonbonded
interactions between different CG bead species, i.e., P1, P2,
and C, we utilized the cross-interaction terms taking the arith-
metic average for o; = (6;; + 0;5)/2 and the geometric average for
€j = \/€ii€j, respectively, which was a common choice for gra-
phene-reinforced polymer nanocomposites in previous
work.>®** The choice of the LJ parameter and interaction
between polymer and graphene is characterized in Fig. S5 of
the ESLt It should be noted that graphene retains superior
mechanical properties at elevated temperatures, and Young’s
modulus decreases by 2.2% from 0 to 1000 K.”> Thus, the L]
parameters of the graphene CG model are not considered to
vary with temperature due to the small amount of graphene
addition and limited temperature range studied in the present
work. Next, we combined the P3ATs with the CG graphene
sheet to generate graphene-reinforced P3AT nanocomposites,
as shown in Fig. 1d.

2.3. Simulation details

To generate a representative P3AT/graphene nanocomposite,
an in-house Python script is used to randomly pack 800 P3HT,
600 P3NT, and 480 P3DDT chains with 20 monomers per

This journal is © The Royal Society of Chemistry 2023
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chain into an initial simulation box to keep the same number
of beads in all the pristine CP systems. Different numbers of
polymer chains are also tested for pristine P3NT systems,
where no significant size dependence of mechanical properties
is observed, as shown in Fig. S6.1 The initial simulation box is
in a relatively low-density state to avoid chain entanglement.
To explore the effect of the graphene content, we randomly
insert graphene sheets into the polymer matrix, yielding P3AT/
graphene composites with 5, 10, and 15 wt% content of gra-
phene. The graphene flake has a size of 50 A x 50 A. Periodic
boundary conditions are applied in all directions to simulate
bulk behavior. Before the simulation, a randomly distributed
initial velocity based on a temperature of 500 K is used to initi-
alize the structure. Then the composite system is minimized
using the iterative conjugant gradient algorithm.*” We perform
a 3 ns duration annealing cycle to condense the composite
system with the temperature ramping from 500 to 300 K and
pressure ramping from 1000 to 1 atm. After that, the system is
further equilibrated under the NPT ensemble with a tempera-
ture of 300 K and a pressure of 1 atm for 400 ps, accompanied
by sampling data with sampling intervals of 60 fs. An inte-
gration timestep of 3 fs is adopted for all CG molecular simu-
lations. The tensile deformation is conducted using the strain-
controlled method with a strain rate of 0.5 ns™, which is
widely used in MD simulation®>*%%7**7 although it is much
higher than the experiment due to the current computational
limitation. It is noted that the main conclusions of this work
remain the same with different strain rates, as discussed in the
ESIL.t Model establishment and simulations in this paper are
implemented in the large-scale atomic/molecular massively
parallel simulator (LAMMPS) package.’® The MDAnalysis
(https:/www.mdanalysis.org),>® an object-oriented Python
toolkit, is used to analyze molecular dynamics trajectories.
Simulation visualizations are implemented using the software
OVITO.*

2.4. Properties calculation

The virial stress was used to relate to the macroscopic (conti-
nuum) stress in molecular dynamics computations.®

ENS: ou (rab)z’(rab)j (4)

or. ab Tap

1|
%=y Zma(va)i(‘)a)j +
a

where V is the system volume, Nj is the total number of par-
ticles in the system, r,, represents the distance between par-
ticles a and b, U represents the system’s total energy, and m,
and v, are the mass and velocity of the particle, respectively.
Specifically, the equation for the i, j components (where i and j
= x, J, z) stands for the 6-element symmetric stress tensor. The
tensile deformation simulations were independently per-
formed in three directions of the simulation system to obtain
statistical uncertainties. To characterize the dynamic hetero-
geneity and local stiffness of the graphene-reinforced P3AT/
graphene nanocomposite, the short-time fast-dynamics prop-
erty of DWF, (u?), is calculated, which can be obtained using
experimental techniques, like X-ray and neutron scattering.®>

This journal is © The Royal Society of Chemistry 2023
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In the present work, (*) is determined as the plateau value of
the mean square displacement (MSD) (r*(t)) curve at around
t = 4 ps, which corresponds to a caging time scale from pre-
vious work:*®

1

() = <;Z [rs(0) n<o>J2> (5)

s =1

where (r;(t)) is the center-of-mass position of the jy, bead at
time ¢ and (...) stands for the ensemble average of all Ny beads
in the system. To explore the strain-induced chain alignment
behavior, we calculate the orientation parameter f°°** by evalu-
ating the chain conformation evolution of the P3AT backbone
during the uniaxial tension deformation.

_ 3{(ei-ex)) —1

f= 2

where e; characterizes the local chain direction and is com-
puted as e; = (rz; — t;_1)/|ti1 — Yi_q|; €, is the unit vector in
the direction of axial and transverse along the strain direc-
tion. We note that the orientation parameter is collected by
performing uniaxial tension deformation separately in three
different directions, i.e., x, y, and z to obtain the improved
statistics.

(6)

3. Results and discussion

3.1. Glass transition temperature

The thermal property of CP is one of the most important indi-
cators for the processing and stability of semiconducting
devices, which is closely related to mechanical responses, like
tensile modulus and toughness.'” Experimentally, research-
ers utilized side chain engineering to tune a polymer’s physi-
cal properties, such as adsorption, molecular packing, glass
transition temperature (T,), and solubility by introducing
linear and branched alkyl chains to the rigid backbone.®>®”
To test the thermal properties of our nanocomposite systems,
we systematically characterized T, under the effects of the
side chain length of P3ATs and the graphene content using
the step-cooling method. As shown in Fig. 3, the T, was deter-
mined as the intersection point of the linear fitting of high-
and low-temperature ranges, respectively, showing that P3HT
has the highest T, value among three P3ATs, ie., 272.7 K
(inset of Fig. 3a), which agrees well with experimental T, ~
270 to 282 K for regio-random P3HT,*® demonstrating the
efficiency of the ER corrected CG model in describing the
different architecture of P3ATs. Next, we determined the T, of
the P3HT/graphene system with different graphene contents.
The dashed line and inset of Fig. 3b shows the glass tran-
sition regime, revealing slightly elevated T, values from
272.7 K, 279.8 K, 284.4 K, to 295.6 K with the addition of gra-
phene from 0 to 15 wt%. Although the results show that the a
shorter side chain of the P3ATs and higher graphene content
of P3HT/graphene nanocomposites lead to a higher density
and slightly higher Ty, it is to be noted that the choice of the
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Fig. 3 Density vs. T curves for (a) the pristine P3AT models with
different side chain lengths and (b) the P3HT/graphene nanocomposites
with different graphene content, respectively. The vertical dashed line in
(a) and (b) indicates the glass transition temperature (T,), which is deter-
mined as the intersection of the linear fitting of the high and low-temp-
erature domains, respectively. The linear fitting regions of low-T and
high-T are 100-200 K and 400-500 K. The insets in (a) and (b) show the
Tg value of P3ATs with different side chain lengths and P3HT/graphene
nanocomposites with different graphene contents.

fitting region of temperature significantly impacts the T,
value,®® demonstrating that significant care should be taken
in the analysis.

3.2. Tensile deformation and micromechanical model

The dispersion state of graphene in composites is a critical
factor, in shaping their overall performance and capabilities. It
directly impacts mechanical strength, conductivity, thermal,
and barrier properties.”' Before conducting the tensile defor-
mation, we characterized the dispersion state of graphene
sheets based on the distribution of nearest neighbor distances
for CG graphene flake atoms. Cha et al.””> proposed that when
the minimum separation between CG beads in two different
graphene flakes was less than 3.5 X o¢c, they were regarded as
agglomerated. The degree of dispersion can be quantified with
fa in the range 0-1:

Gact

d= 7

f Nrotal ( )

Gact = Nrotal — Z (mj — 1) -1y (8)
i
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where Nroe is the total number of graphene sheets in the
composite, G, is the number of active graphene sheets, which
is determined by subtracting the number of graphene sheets
that have agglomerated to form clusters from the total number
of graphene sheets. Specifically, n; is the number of clusters
consisting of m; aggregated graphene sheets. The inset in
Fig. 4a shows the graphene cluster distribution of the nano-
composite with 5 wt% graphene content, demonstrating the
decreased degree of dispersion with increasing graphene
loading and finally reaching a plateau before conducting
tensile simulation. During the final 2 ns production run, the
graphene sheets maintain a stable configuration and exhibit
negligible movement (Fig. S51). However, when the edges of
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Fig. 4 (a) The dispersion ratio fy as a function of the simulation time,
where the degree of dispersion (plateau value) decreased with increas-
ing graphene loading. The inset shows the graphene clusters distribution
of P3HT/graphene nanocomposite with 5 wt% graphene content. (b)
Illustration of morphology classification in each graphene flake. The
morphologies of graphene flakes with different colors show different
categories based on the distance between CG beads in separated gra-
phene flakes. The right panel shows the snapshot of graphene that has a
dispersion state of [1,0,0]. (c) The dispersion state of each graphene
flake of P3HT/graphene nanocomposites with different graphene con-
tents. Each data point represents one graphene flake.
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graphene flakes are in contact with each other, they form a
larger graphene domain, which would not significantly com-
promise the dispersion state, as shown in Fig. 4b. Therefore,
Suter et al.”? characterized the graphene dispersion state based
on the atomic nearest-neighbor distances (d) that for each gra-
phene flake CG bead to beads in other flakes are subdivided
into three categories: (i) d < 8 A, the atom is in an “aggregated”
environment (red CG beads in Fig. 4b); (i) 8 A < d < 18 A, the
atom is an “intercalated” environment (blue CG beads in
Fig. 4b); (iii) d > 18 A, the atom is in an “unbound” environ-
ment (orange CG beads in Fig. 4b). The percentage of each cat-
egory of one graphene flake is defined as N;/N, where N;
denotes the number of CG beads in the i category and N is
the total number of CG beads in each flake. The data were col-
lected during the last 1 ns, Fig. 4a. Each graphene flake has
three parameters to define the overall flake morphology, [aggre-
gated, intercalated, unbound], corresponding to one data point
in Fig. 4c. Fig. 4c shows the dispersion state of each graphene
flake in P3HT/graphene nanocomposites with different gra-
phene contents. For instance, [1,0,0] indicates all CG beads in
a graphene sheet are red (aggregated), as shown in the right
panel of Fig. 4b. The dispersion state of [0,0,1] means all
beads are unbound (in orange). It is revealed that a higher gra-
phene content induced a higher percentage of intercalated
and aggregated states. The detailed information on the gra-
phene dispersion state of each flake in P3HT/graphene nano-
composites with different graphene loading is shown in
Table S3.1 Next, we thoroughly evaluated the uniaxial tension
deformation behavior of P3AT systems with different side
chain lengths under various temperatures and graphene
content. Fig. 5a shows that as the temperature rises from
180 K to 360 K with an interval of 60 K, the mechanical
response (Young’s modulus) of the pristine P3HT system is
gradually weakened (Fig. 5b), which is caused by the stronger
dynamics and low activation energy of the system under high
temperature. Young’s modulus of pristine P3HT in this work
(2.79 GPa) is consistent and comparable with the all-atomistic
simulation results from our previous work (2.51 GPa)*® and
Zhang et al. (1.24 GPa).*° The stress—strain curves for all nano-
composite systems are summarized in Fig. S10-S12 in the
ESL.T As for the P3AT/graphene nanocomposites, the mechani-
cal response of the nanocomposite under room temperature
(300 K) is enhanced as the graphene content increases (Fig. 5¢)
neglecting the dispersion state effect, where a near-linear
relationship between the elastic modulus and the graphene
content can be observed and agree well with the experimental
test by using the film-on-elastomer method (Fig. 5c).”°
Expectedly, with different temperatures and side chain
lengths, graphene fillers exerted the same enhancement effect,
as depicted in Fig. S13.7

To predict the elastic properties of the P3HT/graphene
nanocomposites, we introduce the well-established Halpin-
Tsai micromechanical model, which is widely used for gra-
phene-reinforced nanocomposites since it is the only model
accounting for the effects of geometry and size of plate-like
graphene fillers:”*"7°

This journal is © The Royal Society of Chemistry 2023
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where E., E., E;, Vi, w, [, t, mg pr, and p,, are the elastic
modulus of the composite, matrix, and filler (in our case gra-
phene sheets), volume fraction, width, length, and thickness
of the filler, the mass of the filler, density of filler and matrix,
respectively. The graphene thickness was chosen as 0.34 nm.
Fig. 5¢ shows the prediction of the elastic modulus using the
Halpin-Tsai model with an intrinsic graphene density of 2.2 g
ecm ™. Shen et al. demonstrated that Young’s modulus of gra-
phene is highly related to the density. They also summarized
three scaling relationships between the density of graphene
foam and corresponding E.”” Herein, we utilized the relation
of Ef ~ p/>° and obtained the E; of 7.47 GPa. Although the
results show a little overestimation of E, the predicted E is
highly related to the graphene density and the corresponding
Young’s modulus, which is discussed in the ESL}

To enhance the comprehension of the impact of energy
branches within the system on tensile response, we undertake
a comparative assessment of the energy contributions originat-
ing from bonds, angles, dihedrals, impropers, and cohesive (or
pair) interactions within the bulk systems of pristine P3HT
and P3HT/graphene nanocomposites at various graphene con-
tents during tensile deformation at 7 = 300 K. Fig. 6 shows the
energy contributions at the ultimate tensile stage, elucidating
that cohesive energy exerts the most significant influence on
the tensile deformation of nearly all nanocomposites. This
analysis underscores the predominant role played by cohesive
(pair) interactions in the tensile deformation of the polymer
nanocomposites, overshadowing the impact of bonded inter-
actions such as bonds, angles, dihedrals, and impropers.
Moreover, it is noteworthy that the cohesive (pair) energy
exerts a greater influence on the tension experienced by the
P3HT/graphene nanocomposite system with a higher graphene
loading, attributable to the heightened likelihood of sliding
between the P3HT polymer chain and graphene during tensile
deformation (inset of Fig. 6).

Furthermore, Fig. 5d shows the plots of Young’s modulus
and T, for pristine P3AT systems with different side chain
lengths. The elastic modulus shows an obvious reduction with
increasing side chain length, which is attributed to the nature
of CPs that the side chain is more flexible than the backbone.
Our temperature-dependent CG potential modified by the ER
approach faithfully captures the architecture-related mechani-
cal response of P3ATs. In the previous work by Lipomi et al.,"”
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Fig. 5 Mechanical properties (tensile deformation) of the pristine P3ATs and graphene-reinforced P3AT nanocomposites. (a) Stress—strain curves of
pristine P3HT bulk systems under different temperatures of 180, 240, 300, and 360 K, respectively. The translucent fluctuating lines denote the orig-
inal rough stress—strain curves, and the highlighted lines represent the smoothed stress values. Dashed lines represent the linear fitting of the elastic
stage (strain < 4%) and are used to determine Young's modulus. (b) Young's modulus of the pristine P3HT under different temperatures. (c) Young's

modulus (left y-axis) and glass transition temperatures (right y-axis) vs. graphene content of P3HT/graphene nanocomposites. The experimenta
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Halpin—Tsai predictive Young's modulus of P3HT/graphene nanocomposites is also shown for comparison. (d) Effect of the side chain length of pris-
tine P3ATs on Young's modulus (left y-axis) and glass transition temperatures (right y-axis).
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Fig. 6 Energy changes of bonds, angles, dihedrals, improper and cohe-
sive (i.e., pair) terms between the deformed and nondeformed states for
the pristine P3HT and P3HT/graphene nanocomposite systems with
different graphene contents at T = 300 K.

they observed mechanical response trends of P3ATs with
different side chain lengths that were in contradiction with the
experimental results using original parameters from the three-
site model for P3HT, indicating that the P3BHT model with the
constant LJ potential was not transferable switching to
different chemical structures. Additionally, T, follows the same

Nanoscale

trend as that of the mechanical response (Fig. 5¢ and d),
revealing that the system is stronger with a higher Ty.
Additionally, P3ATs with longer side chain lengths, i.e., P3NT
and P3DDT, also exhibit a similar downward trend of E with
increasing temperature (Fig. S14a and b¥). It is also noted that
increasing side chain length causes a softer mechanical
response at certain temperatures although P3DDT exhibits a
tiny decrease of E as compared to P3NT (Fig. S14ct), which is
validated by previous work'® showing that E reaches a plateau
when the alkyl side chain length is beyond eight.

To have a deep understanding of the influence of tempera-
ture, side chain length, and graphene content on the mechani-
cal response of P3AT/graphene nanocomposites, we next evalu-
ated the Debye-Waller factor (©*), a fast-dynamics property at
a picosecond time scale that is closely related to the local free
volume and therefore inversely related to molecular stiffness,
i.e., 1/(u”).”® Fig. 7a shows the segmental (+*(¢)) as a function
of time for the pristine CG P3HT model using the 7-dependent
cohesive interaction factor (T) at different T values, and (u”)
is determined as the (7*(t)) value at ¢t = 4 ps, a “caging” time
scale from previous works.”®*> As expected, elevating the
temperature significantly increases the (+*(t)) of the system
due to enhanced segmental mobility. Additionally, we
obtained the (r*(t)) curves for simulation systems with
different graphene contents and side chain length under
different temperatures (Fig. S15-S171). Fig. 7b-d summarizes

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (a) Segmental MSD (u?) of the center of mass of CG beads vs. t
for the CG pristine P3HT model with T-dependent a(T) at different
temperatures. The vertical dashed line stands for t = 4 ps around the
“caging” time, where (u?) is determined. Tensile modulus (E) and
Debye—Waller factor (u?) variation under (b) different temperatures, (c)
different graphene content, and (d) different side chain lengths for P3AT
and relative P3AT/graphene nanocomposites.

the results of the Debye-Waller factor (u”) (left-axis) and
tensile modulus (right-axis), which reveals an obvious inverse
relationship between dynamics and mechanical properties.
Elevating the temperature and extending the side chain length
enhance the segmental mobility and thus reduce the tensile
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mechanical response (Fig. 7b and d), which is consistent with
the pristine polycarbonate system.”® Additionally, more gra-
phene addition causes a smaller (1) value of the system due
to the slow dynamics of the graphene sheet compared with the
polymer and yields a stronger mechanical response (Fig. 7c).
Notably, the opposite trend between E and (u*) is observed for
the P3AT/graphene nanocomposites at different temperatures,
with different graphene contents and side chain lengths.

As mentioned above, 1/(¢”) can be alternatively perceived as
a measure of local molecular stiffness, and previous studies
have revealed a correlation between 1/(x*) and shear modulus
G, ie., G =~ A + B/(u*), where A and B are fitting parameters.
Specifically, the linear glassy polymers,”® nano cellulose
network,”” and cross-linked glass-forming thermoset
material®® present a clear linear scaling relationship between
G and 1/(¢*), while the graphene foam®® and P3HT*® exhibit
an apparent power-law relationship due to the high porosity
and heterogeneity in the molecular structure, respectively.
Fig. 8a-c show tensile modulus vs. molecular stiffness 1/(u”)
of the P3HT, P3NT, and P3DDT CG models at different temp-
eratures and graphene contents. As the graphene content
increases and temperature decreases, both tensile modulus
and molecular stiffness 1/(x*) increase correspondingly, with
an evident linear relationship (solid line in Fig. 8a—c).

Additionally, tensile modulus E increases with molecular
stiffness 1/(x*) in an apparent power-law scaling relationship
for each P3AT/graphene nanocomposite at a certain tempera-
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Fig. 8 Tensile modulus (E) vs. molecular stiffness 1/(u?) of the (a) P3HT, (b) P3NT, and (c) P3DDT CG models and relative graphene-reinforced nano-
composite systems with different graphene contents and at different temperatures. As the graphene content increases, the tensile modulus
increases with 1/(u?) in a linear style (solid line). (d) Tensile modulus E/Epyy versus (u?)pu/(u?) for all P3AT/graphene nanocomposites at different
temperatures and with different graphene contents, where the dashed line indicates the linear fitting of the data.
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ture, which is consistent with our previous study on the pris-
tine P3HT system.?® The previous study showed that the
polymer dynamics is affected almost until distances of around
2-3 nm from the graphene surface.>>®! Particularly, polymers
behave like in a bulk system and do not feel the presence of
the graphene sheet when the polymer is located 2 nm away
from the graphene surface. And polymers near the graphene
surface show suppressed dynamics or a high stiffness.>
Therefore, we normalized the molecular stiffness 1/(x*) of the
P3AT/graphene nanocomposites with the relative 1/(&*)pun of
pristine P3AT bulk systems at the same temperature and under
the same treatment for the tensile modulus. Fig. 8d shows the
data of (u*)pun/{u*) versus E/E,u, where a roughly linear
master curve is held for all P3AT/graphene nanocomposites
under various temperatures and graphene contents, indicating
the positive (or negative) relation between molecular stiffness
(or dynamic) and mechanical response.
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3.3. Dynamical heterogeneity

It has been broadly observed that when a polymer melt is
cooled close to or even lower than its T, a pronounced fluctu-
ation of local dynamics would occur, resulting in dynamic
heterogeneity of the system, namely, excessively high and low
mobility regions coexist. To gain clear visualization of the
effect of the temperature on the local stiffness of the model,
we take a pristine P3HT CG model as an example and plot
three-dimensional (3D) color maps of the local molecular
stiffness 1/(u*) of each CG bead (P1 and P2) in Fig. 9a-d,
where red domains indicate the regions of particles with rela-
tively high stiffness and thus slower mobility, while green
domains indicate regions with lower stiffness. As expected,
more significant dynamical heterogeneity is observed under
lower temperature conditions, corresponding to the larger
variance 1/(u*) value and strengthened mechanical response
of the system as we discussed in Fig. 8. More precisely, we
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Fig. 9 (a—d) Color maps of the local stiffness 1/(u?) of the center of mass of the CG beads of pristine P3HT under different temperatures. The color
bar scale is the same for all plots. Decreasing T enhances the local molecular stiffness 1/(u®) and increases the degree of dynamical heterogeneity.
Normalized probability distributions of local molecular stiffness 1/(u?) of the pristine P3HT (e) backbone P1 and (f) side chain P2 bead at different
temperatures. As T increases, the probability distribution of local molecular stiffness 1/(u?) becomes narrower with a decrease in the local stiffness

variance and a decrease in the mean value as shown in the insets.
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quantified the origin of the contributions of the system’s
dynamic heterogeneity by separately extracting the 1/(x”) dis-
tribution of backbone bead P1 (Fig. 9¢) and side chain bead
P2 (Fig. 9f) at different temperatures. The results show that
as the temperature decreases, the peak value of the prob-
ability distribution becomes smaller and shifts toward a
higher mean 1/(x*) for both P1 and P2 beads. In addition,
probability distributions of 1/(x*) for P1 and P2 become
broader with decreasing temperature, in which a significant
increase in the variance of the probability distribution is
observed (insets of Fig. 9e and f), demonstrating a greater
degree of dynamic heterogeneity. Notably, under each certain
temperature, backbone P1 beads present higher mean and
variance values of 1/(«*) than the side chain P2 beads (insets
of Fig. 9e and f), revealing the structural heterogeneity of CPs
consisting of a relatively rigid backbone and a flexible side
chain.

We next explored the effect of graphene on the molecular
local stiffness at 300 K by evaluating the 3D distribution of 1/
(u?) for each CG bead in the P3HT/graphene nanocomposites
with different graphene contents. In the isolated red region
shown in Fig. 10, the dynamical heterogeneity of the system
is more pronounced with the increase of graphene content,
contributing to the stronger mechanical response of the
system due to the more rigid graphene compared to P3HT.
Previous studies revealed that the stronger interaction
between the polymer and the nanofiller induces the densifi-
cation of monomers associated with lower mobility at the
interface.®""®> Thus, more graphene addition would cause
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Fig. 10 Dynamical heterogeneity of the P3HT/graphene nano-
composite at 300 K: (a—c) color maps of local stiffness 1/(u?) of the
center of mass of the CG beads of P3HT/graphene nanocomposites
with different graphene contents. (d) Normalized probability distribution
of local molecular stiffness 1/(u?) for backbone P1 bead, side chain P2
bead, and graphene C bead, respectively. The inset shows the typical
visualization of the clusters with different colors showing the different
local molecular stiffnesses 1/(u?), where CG beads with red color indi-
cate higher magnitudes of 1/(u?) and slower dynamics.
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more low-mobility polymer regions with large stiffness,
further strengthening the mechanical properties of the nano-
composites. Concretely, Fig. 10d shows the probability distri-
bution of 1/{(x*) for P1, P2, and C beads for the P3HT/gra-
phene system with 15 wt% graphene content at 300 K. It is
clear that graphene shows the largest mean and variance
value of 1/(¥), and then the P1 and P2 beads, making the
system more divergent in dynamical homogeneity with
increasing graphene content. The typical snapshot of 1/(u*)
for each CG bead of the P3HT/graphene system with 15 wt%
graphene content in the inset of Fig. 10b further demon-
strated that the highest local molecular stiffness 1/(x*) is
mostly concentrated on the graphene sheet (i.e., the clusters
in darker color indicate higher values of 1/(x*)). As for the
pristine P3AT systems at certain temperatures, the dynamical
heterogeneity with a longer side chain length is slightly stron-
ger than P3HT, as shown in Fig. S18.1

3.4. Strain-induced chain conformation

We next evaluated the strain-induced chain conformation
of the P3AT/graphene nanocomposites. It is widely
observed that exerting a uniaxial strain on an amorphous
or semicrystalline polymer system yields the chain seg-
ments to plastically deform and align along the axial direc-
tion. Experimentally, the UV-vis absorption spectroscopy
method has been widely applied to study the orientation of
conjugated polymer chains due to peaks.®**! The highly
aligned nano fibrillar structure of the P3HT nanofiber
shows an optimal value of the charge carrier mobilities
along the chain’s well-aligned direction.®® Here, the mole-
cular orientation behavior for the CG P3HT/graphene nano-
composite (5 wt% graphene content) under 300 K with
varying strains is presented. The orientation parameters f
of P3HT and graphene are defined as the bond vectors
between two consecutive backbone P1 beads and the
nearest C beads, respectively (Fig. 11a). Note that f = 1 and
—0.5 indicate all bond vectors are perfectly aligned and
perpendicular to the stretching direction. Fig. 11a shows
the representative simulation snapshots of the uniaxial
tension deformation. The evolution of axial and transverse
components of f is shown in Fig. 11b, where both the
P3HT backbone and graphene show increasing alignment
of chains with increasing strain along the stretching direc-
tion while a decreasing trend along the transverse direc-
tion. Additionally, graphene presents a lower degree of
alignment due to its planar architecture and high stiffness
attribute. The strain-induced chain alignment behavior
along the deformation direction under the effect of temp-
erature, graphene content, and side chain length is sum-
marized in Fig. S19,1 indicating that the chain orientation
is insensitive to temperature and graphene content.
However, the longer side chain of the P3AT system causes
a higher tendency of chain alignment along the defor-
mation direction (Fig. S19ct), which can be attributed to
the stronger segment dynamics of the P3DDT system with
a longer side chain from the above explanation.
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Fig. 11 Strain-induced chain conformation of the P3HT/graphene
nanocomposite with 5 wt% graphene content at 300 K. (a)
Representative snapshot of amorphous morphology before and after
straining to 150% (only graphene and two P3HT chains are shown for
clarity). (b) Orientation parameter f of the axial and transverse com-
ponents of the P3HT backbone and the graphene C-C bond during the
uniaxial tension deformation at 300 K.

4. Conclusion

In this study, we proposed a novel multiscale CG modeling
framework to study the thermomechanical, dynamic, and con-
formational properties of P3AT/graphene nanocomposites at a
fundamental molecular scale. Specifically, we performed uni-
axial tension deformation of P3ATs and its graphene-
reinforced P3AT/graphene nanocomposites under the effect of
temperature, graphene content, and side chain length by uti-
lizing the temperature-transferable CG P3AT model and the
mechanically consistent graphene CG model. The results
revealed that more graphene addition and shorter side chain
length of P3AT cause a higher density and T, of the composite
system. And high graphene loading yields a poor dispersion
state of the nanocomposites. Additionally, a strong correlation
between the dynamics and mechanical response of the system
is detected, ie.,
mechanical response. Lower temperature and higher graphene

strong dynamics corresponding to a weaker

content exhibit a higher degree of dynamical heterogeneity
compared to the effect of the side chain lengths of P3AT by
evaluating the distribution of local molecular stiffness via the
inversed Debye-Waller factor 1/(x*). Specifically, graphene
shows the highest molecular stiffness in the system, and then
the backbone and side chain of P3AT, revealing the strength-
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ened mechanism of graphene-reinforced polymer composites.
The conformation study of P3AT/graphene nanocomposites
reveals that P3AT shows a higher degree of alignment along
the deformation direction than graphene due to the difference
in architecture and stiffness. Our findings are fundamentally
important for understanding the thermomechanical properties
of P3AT/graphene nanocomposites under the effects of temp-
erature, graphene content, and chemical composition of P3AT,
where the strengthening effect of P3AT/graphene nano-
composites is highly correlated with the high local stiffness of
the system. This multiscale strategy and analysis approach can
be readily converted to other nano-filler-reinforced nano-
composite models for exploring the thermomechanical pro-
perties at the fundamental molecular level.
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