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Tuning the thermal conductivity of polymers with mechanical strains
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The low thermal conductivity of polymers limits their heat spreading capability, which is one of the major
technical barriers for the polymer-based products, especially electronics, such as organic light emitting diodes.
It is highly desirable to enhance the thermal conductivity of polymer materials including polymer composites.
Mechanical stretching could align polymer chains which are intrinsically low-dimensional material that could
have very high thermal conductivity and thus enhancing the thermal conductivity of polymers. In this work, the
all-atom model molecular-dynamics simulation is conducted to investigate the tuning of polymer thermal
conductivity using mechanical strains. The simulation results show that the thermal conductivity of polymers
increases with the increasing strain and the enhancement is larger when the polymer is stretched slower.
Molecular weight also affects the thermal conductivity under the same stretching condition. More importantly,
the thermal-conductivity enhancement could be exponentially fitted with the orientational order parameter
which describes the chain conformation change. This study could guide the development of advanced recon-
figurable and tunable thermal management technologies.
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I. INTRODUCTION

Polymers have been widely used in many fields as func-
tional or structural materials.!> There are also significant and
new applications of polymers in macroelectronics such as
large-scale organic display panels,’ solar panels,* and
batteries.’ The thermal conductivity of polymers are of great
importance for many of these applications because they gov-
ern the temperature-rise magnitude and temporal thermal be-
havior of polymer-based products.® However, polymers typi-
cally have very low thermal conductivity of 0.1-1 W/mK at
room temperature’ which is two to three orders of magnitude
lower than inorganic semiconductors and metals and thus
greatly limiting the heat spreading capability of polymers.
Engineering the thermal conductivity of polymer-based ma-
terials including thermal interface materials, shape memory
polymers, and conductive polymers for electronics are of
great technical importance but remains a big challenge al-
though some progresses have been made.

Experimental and theoretical analyses have been em-
ployed in the past to study the heat conducting mechanisms
in polymers. It has been shown that the thermal conductivity
in polymers can exhibit significant anisotropy when the poly-
mer chains are partially aligned with each other and this
behavior is observed for all kinds of polymer materials, crys-
talline, semicrystalline, and amorphous.® The anisotropy
found in polymers can be related to a statistically averaged
orientation of the molecular chains with respect to a refer-
ence direction. Hennig® proposed a model that an unoriented
polymer is a random aggregate of small fully oriented units.
The unit can be either a molecular chain segment called a
monomer or a local volumetric unit consisting of aligned
molecular chains. They found out that the random orientation
of the polymer chains and the weak couplings between the
chains are the two main reasons accounted for the experi-
mentally observed low thermal conductivity of polymers.
Random orientation of the polymer chains in amorphous
polymers can shorten the mean-free path of the phonons,
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which are the major energy carriers in polymers, thus render-
ing the low thermal-conductivity value of polymers. This is
then further confirmed with the experiments which shows
that the thermal conductivity can be increased when the
polymer sample is stretched.®

On the other hand, single polymer chain can potentially
have much higher thermal conductivity than its bulk coun-
terpart since it is an intrinsically low-dimensional material
system.” Theoretical studies of various one-dimensional lat-
tice models suggest that low-dimensional materials can have
an very large or even infinite thermal conductivity.'® Two
excellent examples of low-dimensional system are carbon
nanotubes and graphene sheets, with room-temperature ther-
mal conductivity of 3000 W/mK and 5000 W/mK,'! respec-
tively. Freeman et al.'> is the one who performed early
molecular-dynamics (MD) simulations of thermal conductiv-
ity in a fairly realistic polymer chain. They find out that the
thermal conductivity of individual chains is higher than the
corresponding bulk polymer material. Recently, the simula-
tions by Henry and Chen'*!* show that the thermal conduc-
tivity of a single polyethylene chain can exceed 100 W/mK if
the chain is longer than 40 nm. Their analysis shows that
single polyethylene chain can have many times higher ther-
mal conductivity than the bulk polyethylene material.

In short, the thermal conductivity of polymers is not in-
trinsically low. Single polymer chain which is a low-
dimensional material has rather high thermal conductivity.
The measured low thermal conductivity of bulk polymers
could be attributed to the random orientation and entangle-
ment of polymer chains. If polymer chains could be aligned,
one would expect anisotropy and high thermal conductivity
of polymers in certain directions. Technically it would be
much more favorable to increase thermal conductivity of
polymers by aligning polymer chains than adding high
thermal-conductivity metallic or ceramic fillers for some ap-
plications such as polymer electronics. Several mechanisms
could be explored to practically align polymer chains, in-
cluding mechanical stretching mentioned above, and recently
developed molecular layer deposition techniques'> which can
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fabricate polymer thin films with aligned chains. A value of
37.5 W/mK (Ref. 16) has been measured for polyethylene in
the stretching direction. When stretching a polymer sample,
the draw ratio is defined as the ratio of the final length after
stretching to the original length. As draw ratio increases, the
thermal conductivity in the stretching direction increases rap-
idly and a value of 70 W/mK is extrapolated from experi-
ments for polyethylene with fully aligned chain.'” Recently
the thermal conductivity of polyethylene nanofibers has been
measured to be as high as ~104 W/mK (diameters of 50—
500 nm and lengths up to tens of millimeter) under mechani-
cal stretch.'® Recent simulation results also predict the axial
thermal conductivity of a polyethylene crystal with fully
aligned chains to be as high as 310190 W/mK.!?

Though a few experiments and simulations have been
done to show the great promise in enhancing the thermal
conductivity of polymers, a systematic research is still
needed to study the fundamental mechanisms on how me-
chanical strains can be used to tune the structure and thermal
conductivity of polymers. Such studies could play significant
roles in the development of polymer electronics and polymer
thermal interface materials. In this paper, we conduct stretch-
ing deformation and thermal-conductivity simulations using
all-atom molecular-dynamics simulation to study the tuning
mechanisms of thermal conductivity under mechanical
strains. Atomic simulation enables us to correlate the thermal
conductivity change with the change in chain conformation
under mechanical strains. This study can be used to guide the
future development of advanced reconfigurable and tunable
thermal management technologies.

II. MODELING AND SIMULATION

In this work, molecular-dynamics simulation is used to
study the thermal-conductivity tuning of polymers under me-
chanical strains. MD simulation is a powerful technique to
study the equilibrium and transport properties of polymers,
in which the motion of the molecules is treated classically, an
approximation that is reasonable for many important prob-
lems in polymer materials.>?> Various studies have been
carried out on the mechanical properties of polymers under
mechanical strains,?>>* the chain orientation change due to
strains,>>?® and the thermal properties of polymers (without
strain).!®?7-2 However, there are very few existing work
studying how and why the strain could affect the thermal
conductivity of polymers. The most relevant study is a simu-
lation by Lussetti et al.,>® who calculated the thermal con-
ductivities of stretched polymer samples in parallel and per-
pendicular to the stretching directions, which confirms the
measured thermal-conductivity anisotropy of polymers under
mechanical strain. However, how the chain conformation
changes under mechanical strains and could the thermal con-
ductivity change be correlated with the conformation change
remain as important fundamental questions if one would ex-
plore mechanical strains to tune the thermal conductivity for
advanced thermal management technologies. This work is to
shed some lights on fundamentals on answering these ques-
tions.

Polyethylene is chosen as our model material system to
study the strain effects on the thermal conductivity of poly-
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FIG. 1. (Color online) Numerical simulation procedure for
building structure-property relationships of polymers when they are
under mechanical strains, which involves three major steps: sample
preparation, deformation, and thermal-conductivity calculation
simulations. After amorphous polymer sample is prepared, the de-
formation process generates a series of strained samples at different
strains, then the thermal conductivity of these strained samples are
calculated.

mers due to its simplicity.3'=33 Polyethylene is a polymer
consisting of long chains of ethylene monomers. The all-
atom model** which takes into account all the carbon and
hydrogen atoms is adopted in this study and is expected to
reveal the atomic details under mechanical strains.”?> We note
that both Freeman et al. and Enrico ef al. used united-atom
model for their studies, which lumps all the hydrogen atoms
into the carbon atoms.

Our simulation is conducted in a simulation domain that
contains ten randomly coiling polyethylene chains with each
chain containing N=200 carbon atoms, corresponding to a
molecular weight (molar mass) M=2802 g/mol. Small N
gives a poor representation of bulk behavior. As N becomes
larger, we would expect an increasingly better approximation
to a dense amorphous system at a significant increase in
computational cost. Lavine et al.? calculated the influences
of chain length on the polyethylene deformation and their
results show that N=200 is large enough for representing
bulk deformation behavior. We also build a polyethylene
sample containing five randomly coiling chains with N
=400 carbon atoms in each chain with a molecular weight
M=5602 g/mol to observe whether there is molecular
weight dependence. We used cOMPASS force field* for our
simulation, which is a general all-atom force field for atom-
istic simulation of common organic molecules, small inor-
ganic molecules, and polymers. The COMPASS force field is
one of the class II force field, which predicts well the con-
formational energies and vibration frequencies, both closely
relevant to thermal properties of polymers. The details of the
COMPASS force-field functional form and associated param-
eters can be found in the Appendix.

The MD simulations were performed using LAMMPS
simulation package.® All the simulations used 1 fs time step
and the force cutoff distance was chosen to be 10 A. Verlet
algorithm was used for the integration of Newton’s equations
of atomic motion. The neighbor list was checked in every
time step. Periodic boundary conditions were applied in all
three directions and thus allowing the representation for bulk
material. Figure 1 shows the simulation procedure which
consists of three modules: sample preparation, deformation
(mechanical stretching), and thermal-conductivity simula-
tion. To generate representative glassy polymer sample at
low temperature which would be a much easier way to form
aligned chain during mechanical straining, we generated
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polymer melts at 500 K and then cooled down the polymer
melts from 500 to 200 K, which is below the glass transition
temperature of polyethylene. Following the procedure in Ref.
37, initial structures of the polymer melts at 500 K were
generated using a modified Markov process, based on rota-
tional isomeric state theory and incorporating long-range in-
teractions. Energy minimization was used to relax the
samples for 1 ns at 500 K at an applied isotropic pressure of
1 atm. Samples at 200 K were then obtained by stepwise
cooling at a rate of 0.1 K/ps to a desired temperature under
isotropic controlled pressure conditions followed by subse-
quent relaxation of 1 ns. 0.1 K/ps cooling rate is chosen
based on the simulation results from Lyulin and Michels
who showed that 0.1 K/ps is slow enough for annealing
simulations. In order to eliminate the possible differences
brought by initial density, we tested five different initial den-
sities and they all led to the same equilibrium density
0.68 g/cm?®, which is reasonable comparing to the experi-
mental density value 0.73 g/cm? at 1 atm (Ref. 39) because
real polyethylene is very difficult to prepare in a completely
amorphous state.*

After the sample preparation process, deformation simu-
lations were performed under constant strain-rate condition
at 200 K. The constant strain at each time step was applied
uniaxially along the x axis of the periodic simulation cell,
which is in the same direction as the temperature gradient is
applied in later thermal-conductivity simulations. Pressure
was kept constant at 1 atm for all other boundaries during
deformation, which uses constant-NPT (number of particles,
pressure, and temperature) ensemble to adjust the atom po-
sitions. Both strain rates of 10° and 10® s™! were simulated.
We periodically stopped the stretching during the deforma-
tion process to generate a series of samples which are under
different mechanical strains. Before calculating the thermal
conductivity, these strained polymer samples were relaxed
until the structures are stable employing constant-NVT (con-
stant number of particles, volume, and temperature) en-
semble, which typically takes 0.5 ns for the relaxation. The
thermal conductivity was then calculated using the nonequi-
librium molecular-dynamics simulation.*!~** This approach
relies on imposing a temperature difference across a simula-
tion cell and calculating the resulted heat flux** or imposing
a heat flux and calculating the resulted temperature
gradient.*>*® The thermal conductivity can then be calculated
using the Fourier’s law of heat conduction, shown in Eq. (1),

J=—kVT, (1)

where J is the local heat flux, « is the thermal conductivity,
and VT is the temperature gradient. A schematic representa-
tion of the simulation cell used to compute the thermal con-
ductivity « is shown in Fig. 2(a). The simulation cell which
is stretched to a length L is divided into twenty slabs, each
with thickness &. To create a heat flux along the x-axis direc-
tion of the simulation cell, which is the same direction of the
applied strains, small amount of heat AF is added into a thin
slab of thickness & centered at x=0 (hot region) at each time
step and the same amount of heat is removed from two half
slabs of thickness 0.5 centered at x=L/2 and x=—L/2 (cold
regions). Such heat addition and removal is done through
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FIG. 2. (a) A schematic representation of the simulation cell
used to compute the thermal conductivity and (b) typical tempera-
ture profile and linear fitting of nonequilibrium molecular-dynamics
simulation for thermal conduction.

velocity rescaling. For consistency, we have checked the de-
pendence of the computed thermal conductivity on the cross-
sectional area, heat source/sink width, and the magnitude of
the input heat flux and found the dependence on computa-
tional variables to be quite weak.*’ When the system reached
steady state, typically after 1.7 ns, the heat flux can be cal-
culated as J,=AE/2AAt, where A is the cross-sectional area
of the simulation domain and Af is the time step, respec-
tively. To calculate the temperature gradient, the temperature
of each slab is averaged over the last 1 ns of the simulations.
Figure 2(b) shows a typical temperature profile. We fit only
the linear temperature region which is not close to the hot
and cold region, as shown in Fig. 2(b), to calculate the ther-
mal conductivity using the Fourier heat conduction equation.

III. RESULTS AND DISCUSSIONS
A. Thermal-conductivity enhancement

Figure 3 shows the thermal conductivity of polyethylene
samples stretched at different strains (0-2.0) under different
strain rates of 10% and 10° s™!. The thermal conductivity in
the stretching direction of the polymer sample is enhanced
with increasing strain for both strain rates. Thermal conduc-
tivity perpendicular to the stretching direction decreases with
the increasing strain. When the polymer sample is stretched
three times of the original length, the thermal conductivity in
the stretching direction is enhanced for more than five times.
Stretching deformation forces the polymer chains to orient in
the stretching direction which induces the chain alignment.
Therefore, in a stretched sample, there are more backbone
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FIG. 3. (Color online) The change in the thermal conductivity of
polymers in the stretching direction and perpendicular to the
stretching direction as a function of tensile strains. It also shows
that the slower the strain rate, the higher the enhancement of the
thermal conductivity in the stretching direction.

bonds oriented in the stretching direction than perpendicular
to the stretching direction. Thermal energy transports more
efficiently along the polymer chain, which consists of the
strong carbon-carbon covalent bonds, than perpendicular to
the polymer chain. Similar thermal-conductivity enhance-
ment in the stretching direction has been found
experimentally.'®*-5! High density or ultrahigh molecular
weight polyethylene are often used in such stretching experi-
ments. We also found that the enhancement of thermal con-
ductivity in the stretching direction is dependent on the strain
rate that the polymer samples are stretched. The slower the
sample is stretched, the higher the thermal-conductivity en-
hancement. Figure 4 shows the dependence of the thermal-
conductivity enhancement on molecular weight. The larger
the molecular weight, the higher the thermal conductivity
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FIG. 4. (Color online) The dependence of the thermal-

conductivity enhancement on molecular weight. The larger the mo-
lecular weight, the higher the thermal conductivity when the poly-
mer is stretched at the same strain rate of 10° s to the same strain.
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FIG. 5. (Color online) (a) 3D unit cell of the polymer sample
under zero strain, (b) projection to XY plane of the samples before
deformation, (c) when stretched at e=1 with a strain rate of
10° s7!, and (d) when stretched at £=2 with a strain rate 10° s,

when the polymer is stretched at the same strain rate of
10° s7! to the same strain.

B. Chain alignment

In order to understand the strain effects on the polymer
chain structures and to develop thermal conductivity-chain
orientation relationship, we investigated the chain alignment
due to the stretching deformation. Figure 5 shows the chain
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FIG. 6. (Color online) The change in orientational order param-
eter P, as a function of the mechanical strain after relaxation. The
orientation will increase mostly at small strains while slow down
the increasing rate at relatively larger strains.

alignment visualization figures, plotted using VMD software’?

and MATERIAL STUDIO software package. In these figures, ten
different colors (including the white color) represent ten dif-
ferent polymer chains in a simulation domain. Figure 5(a)
shows the three-dimensional (3D) unit cell of the polymer
sample before mechanical tuning (stretching deformation).
The initial chains are in random coil conformations. To see it
more clearly, Figs. 5(b)-5(d) are the XY plane projection of
the 3D snapshots of the sample before deformation, stretched
at e=1 and stretched at e=2 respectively, under the strain
rate of 10° s~!. Clearly the chains gradually align themselves
to the stretching direction.

To quantify the polymer chain alignment, we calculated
the orientational order parameter>3-2%33 which is a useful in-
dicator for chain alignment. The local chain direction at each
atom is characterized by the unit vector, which is computed
from the chord vectors connected to the atom:e;=(r;
—r;_1)/|r;y1—1,_1]. A chord is defined as a line segment con-
necting two second-nearest neighbors on the same chain.?
Alignment of chain chord vectors with the applied strain
direction or orientational order parameter P, is then
computed as

Py=1.5((e;*e)?) -0.5, (2)

where e, is the unit vector in the direction of applied strain.
The orientational order parameter is sometimes called the
Hermans orientation function.* The orientational order pa-
rameter for the polymer system is simply the average of the
values of each single chain.

We calculated the orientational order parameters of the
polymer samples during relaxation after the samples are de-
formed at different strains. As the relaxation proceeds, the
orientational order parameter values decay slightly. Figure 6
plots the averaged orientational order parameters for the last
400 ps during the 0.5 ns relaxation process. The orientational
order parameter increases due to the stretching, which means
the structure will be more aligned, as visualized in Fig. 5.
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Moreover, the orientational order parameter increases mostly
at small strains and slows down the increasing rate at rela-
tively larger strains. This is reasonable because the chain-
unfolding process largely increases the chain alignment
while the chain stretching through monomer rotation im-
proves the chain alignment relatively slowly. When the poly-
mer sample is stretched at a slower rate, there is much more
time (ten times more in our case) for the chains to uncoil
themselves and for the monomers in the chains to rotate and
adjust the positions to reach better alignment. Thus we ob-
served the phenomena that the enhancement of the orienta-
tional order parameter is larger when the sample is stretched
at slower strain rate. This strain-rate dependence of chain
orientation indeed renders us another controlling parameter
to tune the thermal conductivity with mechanical strain,
agreeing well with the observations of the strain-rate-
dependent thermal conductivity in Fig. 3.

C. Thermal conductivity-orientational order
parameter relationship

Figures 3 and 6 in the previous sections show that the
thermal conductivity and the orientational order parameter
have similar enhancement trends with the applied mechani-
cal strains. The reason is that mechanical strain induces the
chain conformation change in order to align polymer chains
to the stretching direction. Heat transport is more efficient
along aligned chain structures than through randomly coiled
structures. In addition, the enhancement of both the thermal
conductivity and the orientational order parameter is larger
when the sample is stretched at slower strain rate.

There should be direct relationship between the thermal
conductivity and the orientational order parameter. In Fig. 7,
we plotted the thermal conductivity versus the orientational
order parameter for two strain rates and two molecular
weights and found the exponential curve k=, exp(aP,) fits
the relationship very well. The fitting parameters are shown
in Table 1. Hennig® predicts a linear relation between the
thermal resistivity and P, using series thermal resistance
model, which assumes that the total thermal resistance of the
material is given by the series of the thermal resistances of
the individual units. Their analytical approach gives lower
bound of the thermal conductivity and does not reflect the
detailed molecular nature of polymers. Our molecular-
dynamics simulation reflects the structural evolution of poly-
mer material polyethylene when under applied strain. P, is
then calculated based on structure details in the molecular
level. We have thus predicted an exponential dependence of
thermal conductivity with P,, different from Hennig’s ana-
lytical model. The reason for the exponential dependence is
explained as follows. When P, is small, which means some

TABLE 1. The fitting parameters for K-P, relationship.

Ko a
Strain rate 10° s™!, M=2802 g/mol 0.27547 2.82401
Strain rate 108 s™!, M=2802 g/mol 0.27968 2.83779
Strain rate 10° s~!, M=5602 g/mol 0.25655 2.94617
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TABLE II. Force-field parameters for our simulation (Ref. 35). (A) Bond length [E=K,(b—bg)>+K;(b
—by)3+K4(b—by)*]. (B) Bond angle [E=K,(6—6y)>+K5(0—0y)>+ K4(6— 6,)*]. (C) Torsion angle [E=K,(1
—cos @) +K,(1—cos 2d)+K3(1 —cos 3d)]. (D) van der Waals interaction (E=g[2(r*/r)°=3(r*/1)®]). (E)
Bond increment (E=332¢,q;/r;;, where q;=Z;8y). (F) Bond/bond [E=K(b—bo)(b'-b)]. (G) Bond/angle
[E=K(b-Do)(6-6y)]. (H) Angle/angle [E=K(6-6,)(6'-6;)]. (I) Angle/angle/torsion [E=K(6-6)(¢’
—6p)cos @]. (J) Bond/torsion (central bond) {E=(b-bg)[K (1—cos ®)+K,(1—cos 2P)+K3(1—cos 3P)]}.
(K) Bond/torsion (terminal bond) {E=(b"—bg)[K(1—cos ®)+K,(1—cos 2P)+K3(1—cos 3P)]}. (L) Angle/
torsion {E=(6- 6y)[K;(1-cos ®)+K,(1-cos 2P)+K(1—cos 3D)]}.

Bond (A) (kcal mol™! A-2) (keal mol™! A—3) (kcal mol™! A=)
H-C 1.1010 345.0000 —-691.8900 844.6000
C-C 1.5300 299.6700 -501.7700 679.8100
b K, K, K,
Angle (deg) (kcal mol~! rad2) (kcal mol~! rad™3) (kcal mol~! rad™)
H-C-H 107.6600 39.6410 -12.9210 -2.4318
H-C-C 110.7700 41.4530 —10.6040 5.1290
C-C-C 112.6700 39.5160 —7.4430 -9.5583
K, K, K3
Torsion (kcal mol™1) (kcal mol™!) (kcal mol™")
H-C-C-H ~0.1432 0.0617 ~0.1530
H-C-C-C 0.0000 0.0316 ~0.1681
C-C-C-C 0.0000 0.0514 ~0.1430
r? &
Atom (A) (kcal mol™!)
C 3.8540 0.0620
H 2.8780 0.0230
Bond Sule)
H-C -0.0530
C-C 0.0000
K
Bond/bond (kcal mol™! A-2)
H-C/H-C 3.3872
H-C/C-C 5.3316
C-C/C-C 0.0000
K K
Bond/angle (keal mol™' A~! rad?) Bond/angle (kcal mol™' A~! rad?)
H-C/H-C-H 18.1030 C-C/H-C-C 20.7540
H-C/H-C-C 11.4210 C-C/C-C-C 8.0160
K K
Angle/angle  Common bond (kcal mol™! rad™?)  Angle/angle Common bond  (kcal mol~' rad=?)
H-C-H/H-C-H H-C -0.3157 H-C-C/H-C-C C-C —0.4825
H-C-H/H-C-C H-C 0.2738 H-C-C/C-C-C C-C -1.3199
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TABLE 1I. (Continued.)

PHYSICAL REVIEW B 81, 174122 (2010)

Bond (A) (kcal mol™! A-2) (kcal mol™! A-3) (kcal mol™! A~%)
H-C-C/H-C-C H-C 0.1184 C-C-c/Cc-Cc-C C-C -0.1729
Angle/angle/ K
torsion (kcal mol~! rad=2)
H-C-C/
H-C-C/
H-C-C-H ~12.5640
H-C-C/
C-C-C/
H-C-C-C —16.1640
C-C-C/C-C-C/
C-C-C-C —22.0450

K, K, K;
Bond/torsion (kcal mol™! A1) (kcal mol™! A~ (kcal mol™! A1)
C-C/H-C-C-H -14.2610 -0.5322 -0.4864
C-C/H-C-C-C —14.8790 -3.6581 -0.3138
C-C/C-C-C-C -17.7870 -7.1877 0.0000

K, K, Ks
Bond/torsion (kcal mol™! A1) (kcal mol™! A~ (kcal mol™! A1)
H-C/H-C-C-H 0.2130 0.3120 0.0777
H-C/H-C-C-C 0.0814 0.0591 0.2219
C-C/H-C-C-C 0.2486 0.2422 -0.0925
C-C/C-C-C-C -0.0732 0.0000 0.0000

K, K, K,
Angle/torsion (kcal mol~! rad™") (kcal mol~! rad™") (kcal mol~! rad=%)
H-C-C/
H-C-C-H —0.8085 0.5569 —-0.2466
H-C-C/
H-C-C-C 03113 0.4516 —0.1988
c-c-c/
H-C-C-C -0.2454 0.0000 -0.1136
C-C-C/
C-C-C-C 0.3886 —0.3139 0.1389

of the chains are still folded or coiled, heat transport is lim-
ited by the folded or even entangled regions. However, as the
P, improves, the chains gradually unfold themselves and
stretch out along the stretching direction. Then heat transport
through aligned structure is preferred and a little improve-
ment in chain alignment will result in relatively larger im-
provement in heat transport.

It is interesting to take a closer look to the two parameters
in the fitting formula, which are helpful to predict the mate-
rial property. K, represents thermal conductivity of isotropic
polymer material, which can be also seen from the formula
when P, is zero. We obtained Ky=0.275 W/mK for P,=0
which is comparable to the literature value 0.20-0.25 W/mK

for isotropic low-density amorphous polyethylene.”>> The
parameter a represents how fast the thermal conductivity in-
creases with the orientational order parameter. If we extrapo-
late the thermal conductivity in our simulation for P,=1, we
obtained a value of 4.64 W/mK for perfect polymer with
molar mass of 2800 g/mol. Ni et al'° performed a
molecular-dynamics simulation on perfect aligned polymers
and predicted a thermal conductivity of 11.7 W/mK. Consid-
ering the possible differences that could be from the different
force fields used for simulations and the defects (voids)
might be involved in our bulk material simulation, we be-
lieve our results are consistent with Ni et al. Moreover, the
close value of the exponential fitting parameters for both
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FIG. 7. (Color online) The relationship between the logarithm of
the enhanced thermal conductivity and the orientational order pa-
rameter P, using linear fit.

strain rates manifests that the thermal conductivity is only
determined by the orientational order parameter. Strain-rate
differences could result in thermal-conductivity difference
but are well captured by the orientational order parameter.

It is worthwhile to discuss the dependence of thermal con-
ductivity on molecular weight. In our simulation, we find
that the dependence of the thermal conductivity on molecular
weight of polyethylene at the same strain rate and constant
P, is different. Figure 4 shows that higher thermal conduc-
tivity is obtained for polymers with higher molecular weight
when stretched at the same strain rate 10° s~! to the same
strain. Figure 7 shows that smaller thermal conductivity is
obtained for polymers with larger molecular weight at con-
stant P, within our calculation range. By calculating the ther-
mal conductivity of crystalline polyethylene with perfectly
aligned chains (P,=1) along the polymer chains for different
molar mass (molecular weight), Ni et al.'® find that the cal-
culated thermal conductivity increase monotonically as the
molecular weight of the polymer increases. Both Ni et al.'’
and Henry and co-workers'*#!® explained the dependence on
molecular weight by viewing the polymer chain ends as
chain defects, which prevent the effective heat transport in
the perfectly aligned chain polymer. Apparently we find a
different trend for the dependence of thermal conductivity on
molecular weight for amorphous polymers than the work by
Ni et al. and Henry et al. in perfectly aligned polymers due
to the chain entanglements in the polymers.

IV. CONCLUSIONS

The low thermal conductivity of polymers limits their
heat spreading capability, which is one of the major technical
barriers for the polymer-based products, especially electron-
ics, such as organic light emitting diodes. Mechanical

PHYSICAL REVIEW B 81, 174122 (2010)

stretching could align the polymer chains and enhance the
thermal conductivity. All-atom model molecular-dynamics
simulation has been conducted to study the tuning of poly-
mer thermal conductivity using mechanical strains. The
simulation results show that both the thermal conductivity of
polymers and the orientational order parameter, which is a
quantitatively indicator of the chain conformations and align-
ments, increases with the increasing strain. Strain rate is an-
other controlling parameter to tune the thermal conductivity
with mechanical strain. The enhancements of the thermal
conductivity and the orientational order parameter are larger
under the same strain when the polymer is stretched slower.
Molecular weight also has influence on the thermal conduc-
tivity of strained polymers. Finally, we related the thermal
conductivity with the orientational order parameter through
an exponential relation. This structure-property relationship
can guide us on tuning the thermal conductivity of polymers
with the mechanical strains.
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APPENDIX: FUNCTIONAL FORM AND ASSOCIATED
PARAMETERS OF COMPASS FORCE FIELD

The force-field functional form used in this simulation is
shown in Eq. (A1),

Epa1 = Eb‘, [ko(b = bo)? + k3(b = bg)? + ky(b = by)*]
+ E@ [k (6= 6p) + k(6= 6p) + ky(6— 6))]
+ % [ki(1 = cos &)+ ky(1 = cos 2¢)
+ks(1 —cos 3d)]+ >, kox® + >, k(b —bg)(b' — b})
" o
+ 2 k(b = bo) (8- 6) + >, (b—bo)lk, cos ¢
b,0 b.¢

+ky cO8 2¢p + k3 cos 3] + >, (6— 6,)[k, cos ¢
0.¢

+ky cos 2+ ks cos 3]+ X, k(6" — 6))(6— 6,)
b,6

+ 3 KO - 0)(0- fy)cos ¢, T
0,6,¢ ij Tij

2\ FO\6
+28ij 2 - —3 - .
ij Tij Tij
The functions could be divided into two categories: (1)
valence terms including diagonal and off-diagonal cross-

coupling terms and (2) nonbonded interaction terms. The va-
lence terms represent internal coordinates of bond, angle,

(A1)

174122-8



TUNING THE THERMAL CONDUCTIVITY OF POLYMERS...

torsion angle, and out-of-plane angle, and the cross-coupling
terms include combinations of two or three internal coordi-
nates. The cross-coupling terms are important for predicting
vibration frequencies and structural variations associated
with the conformational changes. All the force-field param-

PHYSICAL REVIEW B 81, 174122 (2010)

eters used in our simulation can be found in Table II. Ac-
cording to our system, the atom types for carbon and hydro-
gen atoms are c4 and hl in COMPASS force field, which
represent generic carbon and nonpolar hydrogen,
respectively.
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