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We performed molecular dynamics (MD) simulations on amorphous polyethylene (PE) and
polystyrene (PS) in order to elucidate the effect of crosslinks between polymer chains on heat
conduction. In each polymer system, thermal conductivities were measured for a range of crosslink
concentration by using nonequilibrium MD techniques. PE comprised of 50 carbon atom long
chains exhibited slightly higher conductivity than that of 250 carbon atom long chains at the
standard state. In both cases for PE, crosslinking significantly increased conductivity and the
increase was more or less proportional to the crosslink density. On the other hand, in the PS case,
although the thermal conductivity increased with the crosslinking, the magnitude of change in
thermal conductivity was relatively small. We attribute this difference to highly heterogeneous PS
based network including phenyl side groups. In order to elucidate the mechanism for the increase
of thermal conductivity with the crosslink concentration, we decomposed energy transfer into
modes associated with various bonded and non-bonded interactions. © 2013 AIP Publishing LLC.
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. INTRODUCTION

Crosslinking in polymer materials has been extensively
studied in order to modify mechanical, chemical and thermal
properties'® and applied not only to the industrial products
like rubber or thermosetting resins but also to the biological
materials.”® For instance, crosslink formation in polyethylene
(PE) enables to overcome the disadvantages such as low
melting point, stress cracking tendency, and softening and
flowing at elevated temperature. Although abundant studies
concerning the mechanical behavior of crosslinked polymers
exist, there seems relatively little research on the effect of
crosslinking on thermal transport properties.®~"! So far, ther-
mal conductivity in crosslinked polymers was mostly exam-
ined focusing on the engineering aspects via experimental
measurements and phenomenological models in amorphous
polymers.'? However, these investigations have not been
based on the microscopic factors and mechanisms such as the
contribution of crosslink bond between polymer chains to
macroscopic thermal conductivity. Therefore, in the present
paper, we aim to elucidate how a crosslink formation affects
the thermal transport from the molecular viewpoint.

In terms of thermal conduction of the polymeric materi-
als, it is of critical importance to understand the thermal
transport properties in an alkyl chain, which is a basic com-
ponent of a backbone chain in most polymers. Bulk polymer
materials comprised of alkyl chains typically have low ther-
mal conductivity on the order of ~0.1 Wm ™ 'K~'. This low
value is associated with strong phonon scattering along
curved chains and weak interactions between non-bonded
chain segments. However, for straight chains such as present
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in highly drawn PE, conductivity can be over two orders of
magnitude higher.'>'* Recently, using MD simulations,
Henry et al. demonstrated that the thermal conductivity of a
straight single PE chain even exceeds ~100 Wm 'K ~'.'314
Wang et al. also showed extremely high thermal conduct-
ance of an alkyl chain of SAM.'® In these studies, ballistic
thermal transport inside an alkyl chain plays a critical role in
determining the high thermal conductivity. By using MD
simulations, Nakano et al. evaluated high thermal conduct-
ance in a single alkyl chain of a lipid molecule inside bilayer
lipid membranes.'® Sasikumar and Keblinski showed a result
of MD simulations that introducing only a small fraction of a
kink conformation in a PE chain can drastically reduce ther-
mal conductance due to the scattering of phonons that were
previously ballistic.'"” As for thermal conductivity in bulk
polymers, Shenogin e al. examined the effect of anharmo-
nicity of atomic interactions in amorphous polystyrene
(PS)."® Ni er al. reported thermal conductivity of crystalline
PE (completely aligned PE chains) by using MD simula-
tions.' They also addressed the effect of crosslink on ther-
mal conductivity and confirmed the decrease in thermal
conductivity even with a low crosslink concentration due to
the scattering of ballistic phone propagation.

In our study, to gain a quantitative understanding of the
relationship between crosslinking and thermal conduction,
MD simulations on model amorphous polymers including
PE and atactic PS were performed. We found that thermal
conductivity increases more or less linearly with crosslink
concentration in the amorphous PE. On the other hand, in the
PS case, the variation in thermal conductivity is small for all
the crosslink concentrations studied. Our analysis suggests
that this striking difference in thermal conductivity change is
partly attributed to the fact that side chains (phenyl groups)
in PS introduce heterogeneity in terms of the covalent bond
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interaction into the polymer network and disrupt the efficient
thermal paths through the alkyl backbone network.
Moreover, in the PE systems, we analyzed microscopic
energy transfer modes obtained from the decomposition of
macroscopic heat flow?*! in order to elucidate the underly-
ing mechanism behind the crosslink bond contribution to the
energy transfer. We decomposed the total heat flux into com-
ponents associated with molecular translation, the energy
exchange by a nonbonded interaction, and the energy
exchange by a covalent bonded interaction through polymer
chains and crosslink bonds.

Il. COMPUTATIONAL DETAILS
A. Simulation systems and molecular models

To obtain a well-relaxed structure of amorphous poly-
mers as an initial configuration, the following procedure,
which is similar to the proposed one in the literature,* was
performed. Polymeric chains were arranged into the simula-
tion cell with three-dimensional periodic boundary condition
such that the torsion angles reproduce the RIS (rotational
isomeric state) probability> using XENOVIEW software pack-
age.24 Then, the system was subject to two successive
annealing cycles between 300K and 600K with a 1 ns run
for each cycle. After that, the system was equilibrated in the
NPT ensemble at 1 atm and 300 K.

In the present study, we examined two types of PE mod-
els with different hydrocarbon chain lengths comprised of 50
and 250 carbons in a single chain (referred to as C50 and
C250 hereafter), and the total number of chains in the system
was 200 and 40, respectively. In the atactic PS model, a sin-
gle chain contains 50 carbon atoms in an alkyl backbone and
the total number of chains is 90. The system sizes were
4133 x41.33 x 16531 A> and 40.92 x 40.92 x 163.68 A*
for C50 and C250 PE, respectively, and 50.4 x 50.4 x 151.1
A3 for PS. These system sizes were decided by confirming
that the size was large enough that the size effect on
thermal conductivity can be neglected. For example, for
C50 PE without crosslinking, thermal conductivities in the
41.33 x41.33 x 82.66, 41.33 x41.33 x 165.31, and 41.33
X 41.33 x 247.97 A3 systems were 0.13, 0.18, and
0.18 Wm 'K ™!, respectively. Therefore, the system size of
41.33 x 41.33 x 165.31 A> was adopted in the present study.
The monomer molecular structure of both PE and PS is
depicted in Fig. 1. Also, a snapshot of an equilibrated config-
uration for the C50 PE system is shown in Fig. 2.

To configure crosslinked polymers, based on non-
crosslinked equilibrated systems, atomic pairs with an intera-
tomic distance within 4A for PE and 5A for PS were
randomly selected and linked. In both the PE and PS poly-
mer, the crosslinks were formed only between the different
polymer backbone carbons. In particular, the side chains
were not connected by the crosslink for PS. Thus, the cross-
link in this study are bonded via single sp’ bonds between
carbon atoms. The crosslinked polymers were also subject to
a | ns annealing cycle and equilibrated in the NPT ensemble
at | atm and 300 K.

The number of crosslink bonds introduced into the sys-
tem was determined using a degree of crosslinking (DC).
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FIG. 1. Chemical structure of a monomer unit for (a) polyethylene and (b)
polystyrene.
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The definition of DC is the ratio of the number of cross-
linked monomers to the total number of monomers, which is
described as

DC = 2]\]CL/]Vmonm (1)

where the N¢p and Npono denote the number of crosslinks
and the total number of monomers, respectively. A factor of
two in numerator of the right hand side means that each
crosslink is formed by two monomers in the different chains.
All simulation conditions including equilibrated mass den-
sities are listed in Table I. The equilibrated densities in the
non-crosslinked C50 and C250 PE systems were found to be
0.83 and 0.85 g/cm®, respectively, which are slightly lower
than other MD results***> ranging from 0.87 to 0.91 g/cm®,
and experimental data, 0.91 to 0.94 g/cm® for low density
polyethylene. Non-crosslinked polystyrene exhibits the equi-
librated density of 0.99 g/cm? which is fairly close to the ex-
perimental value, 1.04g/cm®.?® The density in all the
polymers increases with a degree of crosslinking, but a de-
pendency on a degree of crosslinking is much weaker for the
PS system. This is partly because in the PE systems the short
crosslink bonds between polymer chains enable interchain
distances to be closer. This packing effect is not clearly seen
in the PS systems because originally the large side chain of
phenyl rings would be the dominant factor to determine the
system density.

The force field for PE molecules was modeled by the
united-atom NERD potential.”’ For the crosslinking bonds
between the PE chains, the NERD potential for branched
alkanes was also applied.”®?° For the PS molecules including
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FIG. 2. A snapshot of the C50 polyethylene system and a NEMD setup to
impose constant heat flux. Each molecule (chain) is differently colored for
clarity.
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TABLE I. Simulation conditions and equilibrated densities for (a) C50 poly-
ethylene, (b) C250 polyethylene, and (c) polystyrene.

(a) C50 PE (200 chains)

DC (%) 0 10 20 30 50 80
Number of crosslinks 0 240 480 720 1200 1920
Density (g/cm”®) 0.83 0.87 0.92 0.94 1.00 1.23
(b) C250 PE (40 chains)

DC (%) 0 10 20 30 50 80
Number of crosslinks 0 248 496 744 1240 1984
Density (g/cm®) 0.85 0.88 0.96 0.97 1.02 1.31
(c) PS (90 chains)

DC (%) 0 10 20 30 40 50

Number of crosslinks 0 108 216 324 432 540
Density (g/cm3) 0.99 1.01 1.01 1.01 1.03 1.04

crosslink bonds, we used the PCFF all-atom force field.>°
Both the cutoff distances of 12-6 Lennard-Jones (LJ) interac-
tion for the NERD and 9-6 LJ intermolecular interaction for
the PCFF were set to 14 A.

The time integration of equations of motion for all the sys-
tems were performed by multiple time scale r-RESPA
scheme® with a global time step of 1 fs and an inner time step
for an intramolecular motion of 0.2 fs. The MD simulations
were carried out using the in-house MD program for the PE
systems and the LAMMPS MD simulator for the PS systems.

IODIPIEEDD

alln-body s1 $2>51 Sp>Sp—1
potentials

JZVCV = ZVLSES +

The first term in the right hand side of Eq. (2) represents the
transport of internal energy of sites carried by their motion.
The quantities concerning site s, v, ; and E, are the z compo-
nent of velocity and the sum of potential and kinetic ener-
gies, respectively. The symbol > is the summation of all
sites in a measurement volume. In this study, the measure-
ment volume is assigned as a slab region, which is located
between the energy control volumes. The second term in the
right hand side of Eq. (2) represents the contributions of the
work performed by inter- and intramolecular forces on the
sites, which are defined by n-body potentials including bond
stretching, angle bending, and dihedral potential. The vector
F, y is the intra- or intermolecular forces acting on the site s
due to the interaction of an n-body potential defined for a set
of sites U= {sy, $2,..., S,}, and z, is the position z of site s.
The double summation Y > in the bracket [], which is
summed over all the n-body potentials, is taken over all pairs
of sites under the condition that either the line segment con-
necting the two sites is contained in the measurement volume
or it crosses one or both boundaries of the measurement
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B. NEMD heat transfer simulations for thermal
conductivity estimation

In the nonequilibrium MD (NEMD) simulations, the
constant heat flux was imposed along a longer side of the
simulation cell (z axis). To this end, the same amount of ki-
netic energy was added at constant rate to the heat source
region with a slab thickness of 5.0 A located at the end of the
cell and was subtracted from the heat sink region located at
the center of the cell™ (see also Fig. 2). The magnitude of
heat flux in the PE systems was chosen from 450 MW/m? to
900 MW/m?, so that a temperature difference between the
heat sink and heat source region was sufficiently large (over
around 10K). For the PS systems, a constant heat flux of
600 MW/m? was used in all simulations. After the system
reached a steady state, a temperature profile was measured
from a total kinetic energy of all atoms inside the slabs with
a thickness of around 2.0 A generated along the z axis.
Thermal conductivity in each system can be evaluated by
this temperature profiles, using the Fourier’s law.

In order to investigate the heat conduction mechanism
associated with the effect of crosslink formation on thermal
conductivity, we monitored the microscopic building blocks
of the macroscopic heat flow for PE in the NEMD simulation
systems, i.e., the total heat flux is decomposed into the mi-
croscopic heat transfer modes. The detailed description for
this decomposition can be found in Ref. 20, but here we
briefly summarize the methodology. The formula for multi-
body potentials, including angle bending potential and tor-
sional potential, is given by

n

(Fs,,U * Vg, — Fs/gAU : Vs/;)(zs, - ZS/;)* . (2)
=o+1

volume. The quantity (z;, — zsﬂ)* represents the portion of
(z5, — z5;) involved in the measurement volume. J. and Vcy
are the total heat flux and measurement volume, respectively.
In summary, the total energy flux is mainly decomposed into
three parts, i.e., the contributions of energy transfer associ-
ated with molecular motion, energy exchange by bonded
interactions through covalent bond inside an alkyl chain, and
energy exchange by non-bonded interactions including the
van der Waals (vdW) interaction expressed by LIJ potential.
Taking into account the percentages of each contribution to
the total heat flux, the thermal conductivity can also be simi-
larly decomposed into these three contributions that corre-
sponds to each energy transfer mode.

lll. RESULTS AND DISCUSSION

A. Thermal conductivity of linear and crosslinked
polymers

Temperature profiles obtained from the NEMD simula-
tions in the non-crosslinked PE and PS systems are shown in
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Fig. 3. The temperatures exhibit more or less linear profiles
between the heat source and sink regions. The thermal con-
ductivities in both the PE and PS as a function of a degree of
crosslinking are plotted in Fig. 4.

Thermal conductivities in the non-crosslinked polymers
(DC 0% in Fig. 4) were found to be 0.18 Wm™ 'K~ for C50
PE, 027Wm 'K~ for C250 PE, and 0.16 Wm™ 'K for PS.
Although PE has a wide variety of forms and properties depend-
ing on a synthesis method, thermal conductivity of PE typically
exhibits ~0.3Wm 'K™' (e.g., see Ref. 34). Therefore, our
result in the longer PE case shows reasonable agreement with
experimental data. The reason for larger thermal conductivity in
the PE with a longer alkyl chain is that the proportion of cova-
lent bond interaction to take part in thermal energy transfer is
relatively larger in the C250 PE system as described in Sec.
MIB. The thermal conductivity in the non-crosslinked PS also is
in good agreement with experimental data, ~0.16 Wm ™ 'K~ **
and the value is nearly half of that for PE.

In the crosslinked PE systems, thermal conductivity
more or less linearly increases as the DC increases. However,
in the low DC range, up to 10%, there is no visible change in
thermal conductivity in both the PE systems. We speculate
that this change in thermal conductivity originates from how
the increase of number of covalent bonds affects thermal
energy transport in the crosslinked PE. The crosslinks could
influence thermal conductivity in both positive and negative
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FIG. 3. Temperature profiles obtained from NEMD simulations on amor-
phous non-crosslinked (a) C50 PE, (b) C250 PE, and (c) PS.
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FIG. 4. Thermal conductivities in the C50 PE (blue marked line), C250 PE
(green marked line), PS (red marked line) as a function of a degree of cross-
linking. Filled marks denote thermal conductivity in the 80% DC cross-
linked PE with mass heterogeneity.

ways, i.e., on one hand the addition of strong covalent bonds
increases thermal conductivity between prior non-bonded
chain segments, but on the other hand, crosslinks can
decrease thermal conductivity due to the scattering of phonon
propagation along the chain backbone.'” With small DC,
these two contributions more or less cancel each other, while
with larger DC positive contribution dominates.

In the PS system, the variation of thermal conductivity
with increasing DC is insignificant as compared with that of
the PE systems, although thermal conductivity slightly
increases up to around 0.2 Wm™ 'K ~'. We speculate that this
difference is attributed to highly heterogeneous PS structure
including phenyl groups and a mix of sp> and sp® carbon
bonds. Such “disordered” structures with heterogeneous
interaction strength or molecular conformation could exhibit
low thermal conductivity, which apparently does not
increase significantly with increasing DC.

In order to give more credence of the above explanation
on the different effects of DC on thermal conductivity of PE
and PS, we examined the effect of mass heterogeneity on
thermal conductivity using the PE systems. The heterogene-
ity of intramolecular interactions is present in the PS system
due to its phenyl side chain (sp> and sp” mixed structure of
covalent bonding) in contrast to the PE system. Instead of
introducing interaction heterogeneity into the system which
could significantly affect the polymer conformation, mass
heterogeneity was imposed in the present study. To this end,
a certain amount of atomic mass is randomly added or sub-
tracted to/from every carbon atom so as to maintain total
mass of the whole system. In our simulations, 50% of carbon
atoms were °C and the rest were '*C. Both the C50 and
C250 PE in the 80% DC condition were examined. The
results of thermal conductivity were plotted in Fig. 4. It was
revealed that the thermal conductivity decreases by
~0.1 Wm 'K~ from that in the uniform mass case. While
this trend is consistent with our reasoning, the understanding
of the very low thermal conductivity of crosslinked PS
requires further study.

B. Microscopic contributions to thermal conductivity

As described in Sec. II B, we evaluated the microscopic
heat transfer mode to understand the underlying mechanism
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FIG. 5. Contributions of energy transfer modes to thermal conductivity in
amorphous C50 PE and C250 PE. The red, green, and blue boxes denote the
contributions of molecular translation (first term in Eq. (2)), nonbonded
interactions, and bonded interaction, respectively.

of the increase in thermal conductivity with a crosslink con-
centration in the PE systems.

The decomposed contributions in the non-crosslinked
PE systems are shown in Fig. 5. The contribution are divided
into 3 categories: (i) The energy transfer associated with mo-
lecular motion (first term in Eq. (2)), (ii) the energy transfer
by nonbonded interactions including the contribution of
intra- and intermolecular vdW interaction, and (iii) the
energy transfer by bonded interactions. They are labeled as
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FIG. 6. Contributions of energy transfer modes to thermal conductivity in
(a) C50 and (b) C250 PE systems with varying the degree of crosslinking.
The colors of boxes denote the same contributions as those in Fig. 5.
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“translation”, “nonbonded,” and “bonded,” respectively. The
contribution of nonbonded interactions is similar for C50
and C250 chains, while the difference in the contribution of
the bonded interactions is significant. Therefore, the differ-
ence in thermal conductivity between non-crosslinked C50
and C250 PE systems mainly comes from the bonded inter-
actions. The longer chain PE can transfer more thermal
energy through its longer bonded alkyl chain without heat
conduction interrupted by chain ends.

In the cross-linked PE cases, the energy transfer modes
were evaluated in all the DC conditions (Fig. 6). In both sys-
tems, the change in the contribution of nonbonded interac-
tions is more or less insignificant except that in the 80% DC.
On the other hand, the bonded contribution increases with
increasing crosslink concentration. This means that introduc-
ing crosslink bonds opens new heat paths and directly con-
tributes to the increase in thermal conductivity. Therefore,
we conclude that the main contribution to the larger thermal
conductivity in highly cross-linked PE is attributed to the
bonded interactions of crosslink bonds. In the PS system,
increasing DC might not change the percentage of each con-
tribution enough.

IV. CONCLUSION

In the present study, we performed molecular dynamics
simulations on amorphous polyethylene and polystyrene
with varying crosslink concentrations to investigate the
effect of crosslink bonds on heat conduction. For amorphous
PE system, two different hydrocarbon chain lengths com-
prised of 50 and 250 carbons in a single chain was examined.
It was found that thermal conductivity in the system with a
longer PE chain is larger and similar to the experimental
value. The thermal conductivity was found to more or less
linearly increase with crosslink concentration.

The decomposition of total heat flux into each contribu-
tion of microscopic energy transfer mode reveals that the
increase in thermal conductivity is dominated by the contri-
bution of energy exchange by bonded interaction. Thus,
introducing crosslink bonds open new heat channels, which
directly contribute to the increase in thermal conductivity.
The variation of thermal conductivity in atactic PS with a
crosslink concentration is insignificant as compared with that
in PE. This is likely due to highly heterogeneous PS structure
in terms of the covalent bond interaction strength and pres-
ence of the phenol rings.
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