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ABSTRACT

The thermal conductivity of a single polymer chain, which is an important factor in the rational design of polymer-based thermal man-
agement materials, is strongly affected by the strain state of the chain. In the present study, using non-equilibrium molecular dynamics
simulations, the thermal conductivity of a single polyethylene chain, representing a typical polymer chain, was calculated as a function of
strain. To investigate the effect of different modeling of covalent bonds, the results were compared for reactive and non-reactive potential
models, the AIREBO and NERD potentials, respectively. When the strain & was as small as ¢ < —0.03, i.e., under slight compression, the
thermal conductivity values were similar regardless of the potential model and increased with increasing strain. However, the two potential
models showed qualitatively different behaviors for larger strains up to € < 0.15: the thermal conductivity calculated by the non-reactive
potential continually grows with increasing strain, whereas that by the reactive potential model is saturated. The analysis of internal stress
and vibrational density of states suggested that the saturation behavior is due to the weakening of the covalent bond force as the C-C bond
elongates, and thus, the result of the reactive model is likely more realistic. However, for € > 0.1, the reactive potential also produced unphys-
ical results due to the effect of the switching function, describing the formation and breaking of covalent bonds. The present results indicate
that careful selection of the potential model and deformation range is necessary when investigating the properties of polymers under tensile
strain.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0095975
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I. INTRODUCTION

Polyethylene is known to have a low thermal conductivity
of 0.1 W/(m K)'’ in its amorphous phases at room temper-
ature, but the thermal conductivity of a single chain polyethy-
lene is reported to be more than 200 W/(m K)."° Many studies
have tried to develop various materials that utilize this potentially
high thermal conductivity of a single polyethylene chain. Polyethy-
lene nanofibers are one such material and have also been actively
researched because of their high mechanical strength, corrosion
resistance, and low manufacturing cost. In particular, highly ori-
ented polyethylene nanofibers have a high thermal conductivity of
50-100 W/(m K)"* and are expected to play an important role in
situations where directional heat conduction is important, such as

in the fins of heat exchangers. The alignment of molecular chains
has been shown to improve the thermal conductivity of amorphous
polymer bulk, indicating its potential application as a polymer-
based thermal interfacial material. ' In addition, polyethylene can
be used as a surface modifier of filler particles, such as graphene,
to enhance the interfacial heat transfer between matrix and filler
particles in nanocomposites.'*"”

Studies have shown that the thermal conductivity of a sin-
gle polyethylene chain increases as the chain length is elongated
by increasing the number of carbon atoms in the chain®™*'*"'® or
by applying tensile stress.”'”*’ Such an enhancement of the single
chain thermal conductivity is also an important factor in improving
the thermal conductivity of materials. To investigate the molecular
scale mechanism of heat conduction in polyethylene chains and the
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relevant materials, molecular dynamics (MD) simulation is typically
used.

In classical MD simulation, molecules are represented by either
reactive or non-reactive potential models. The main difference
between the two potential models lies in the way covalent bonds
are represented. A reactive potential, while having a rather complex
functional form, can describe the formation and breaking of covalent
bonds so that a dynamic change between different bond orders can
be dealt with by a single potential function. A non-reactive poten-
tial mainly represents covalent bonds as the sum of bond stretching,
bond angle bending, and dihedral angle interactions. In particular,
the bond stretching potential is most often modeled by a harmonic
potential, and the formation and breaking of covalent bonds are not
allowed to occur.

The reactive and non-reactive potential models for polyethy-
lene can give similar results as long as the lengths of covalent bonds
are not far from the equilibrium one. However, if a molecular chain
is significantly elongated by tensile stress, the two potential types
produce different results. In the case of harmonic bond potentials,
force along the bond is always proportional to its displacement from
the equilibrium length. The bonding force, i.e., the gradient of the
bond potential, becomes stronger with increasing bond distance,
and the bond can never be broken even at an infinitely long dis-
tance. In contrast, the bonding force described by a reactive potential
becomes weaker with increasing bond distance until the bond finally
dissociates. Due to this difference, reactive and non-reactive poten-
tial models could result in different heat conduction characteristics
in a polyethylene chain under tensile strain. Some MD studies'” "’
investigated the thermal transport properties and stress—strain rela-
tion of a single polyethylene chain using a non-reactive potential
model based on harmonic potentials for covalent bonds; however,
a similar study using a reactive potential has not been conducted to
the authors’ knowledge.

In this study, non-equilibrium MD (NEMD) simulations were
used to analyze the thermal conductivity of a single polyethylene
chain in relation to strain. Polyethylene chains were represented by
both the AIREBO?! potential, which is a reactive potential, and the
NERD? potential, which is a non-reactive potential, with the bond
stretching interaction being modeled by a harmonic potential. Our
simulation results demonstrated that the two potential models give
qualitatively different results, and based on that, we will discuss the
criteria for selecting appropriate potential models and simulation
conditions.

Il. MOLECULAR MODEL AND SIMULATION
PROCEDURE

MD simulations were performed using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS)***
software package. We used two potential models, the NERD** and
AIREBO?! potentials, to investigate the difference in heat conduc-
tion characteristics depending on different modeling of covalent
bonds. The NERD potential is a united atom model and considers
a hydrocarbon group (CHy,) as a single interaction site. The inter-
molecular van der Waals interaction is described by Lennard-Jones
(L)) potential, whereas the intramolecular interaction is represented
by the sum of bond stretching, angle bending, and dihedral inter-
actions. The bond stretching and angle bending interactions are
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modeled by a harmonic potential. On the other hand, the AIREBO
potential treats each of carbon and hydrogen atoms as an individual
interaction site, and the interaction energy is expressed as

1 REBO . L t
E= Y2 |E OB+ 3 Y B, (1)
ij#i k#i,j 1#i,k
where i and j are atom indices, E,jREBO is Brenner’s REBO poten-

tial”® for covalent bonding, which can deal with the bond formation
and breaking, E;" is the intermolecular interaction expressed by LJ
potential, and E;"" is the intramolecular dihedral (torsion) poten-
tial. In Eq. (1), EinEBO contains a switch function shown in Eq. (2)
so that the covalent bond interaction is smoothly turned off at the
cutoff interatomic separation rglax,

min
1 (7’ < T',‘j )
r— rmln
- _ - - 1] min max
ﬁ](f’) - 2 + 2 cos T[rmax min (1’,] < r<r’f )’ (2)
ij i
max
0 (r > 1 )
where r is the distance between the two interacting atoms, and ri}“"
min

is the inner cutoff distance. We used the original settings for r
and ™, which, for the pair of carbon atoms, are ™0~ 17 A and
™ = 2,0 A. The cutoff distance of the L] potential was 15 A for the
NERD potential and 10.2 A for the AIREBO potential. The timestep
was set to 1 fs for the NERD potential, whereas a shorter timestep
of 0.2 fs was used for the AIREBO potential, considering the fast
vibration of hydrogen atoms.

In this study, we used polyethylene chains with two different
lengths composed of 85 and 165 CH, units and hereafter denoted by
Nc =85and N¢ = 165, respectively. The polyethylene chain is placed
elongated in the z direction. Thus, as in other MD studies,”” " we
consider extended chains, even though folded states may be energet-
ically more stable.”® The chain length L was defined by the difference
of the z coordinates between the two terminal carbon atoms at both
ends. Prior to the MD simulations, we performed potential energy
minimization based on the conjugate gradient algorithm to find the
optimized geometry at 0 K for the two chains. The chain length at
the optimized geometry was defined as the reference chain length L.
Both before and after the minimization, the polymer chains retained
a straight chain shape. The value of Ly determined for each potential
model is presented in Table L. This reference chain length is used to
define the strain ¢ of a chain with length L as e = (L—Lo)/Lo, when we
investigate the strain dependence of stress and thermal conductivity
at 300 K. We note that Ly gives zero stress at 0 K but not at 300 K.

TABLE I. Reference length L of a polyethylene chain containing 85 and 165 carbon
atoms, N = 85 and N¢ = 165, respectively.

AIP Advances 12, 105223 (2022); doi: 10.1063/5.0095975
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AIREBO 10.69 20.88
NERD 10.84 21.16
12, 105223-2

16:50:50 G20z Asenuer g0


https://scitation.org/journal/adv

AIP Advances

We, nevertheless, adopted this definition because the chain length of
zero stress at 0 K is strictly defined, while the length at 300 K was
ambiguous as we will see later [Fig. 4(a)]. If necessary, one can easily
convert the strain ¢ defined by another reference length L'y using
the equality L = Lo(e + 1) = L'o(¢" + 1).

Thermal conductivity was calculated using NEMD simula-
tion. First, a single polyethylene chain was placed in a vacuum.
The terminal carbon and hydrogen atoms at both ends were fixed.
Then, the temperature was increased at a constant rate from 5 to
300 K in 2 ns via Nosé—Hoover thermostat’* with a temperature
damping parameter of 1 ps. Afterward, the system was equilibrated
for 2 ns to produce a canonical (NVT) ensemble at temperature
T =300 K using a Nosé-Hoover thermostat. Then, the Nosé-Hoover
thermostat was turned off, and a relaxational calculation was per-
formed for 2 ns to generate the microcanonical (NVE) ensemble.
Finally, a NEMD simulation was performed for 10 ns, where the two
hydrocarbon groups adjacent to the terminal groups were consid-
ered as the heat source and sink and were coupled with Langevin
thermostats’” with the damping coefficient set to 0.2 ps, as shown in
Fig. 1. The temperature of the heat source was set to 310 K and that
of the heat sink to 290 K, in order to generate a temperature gradient
along the molecular axis (z direction).

Of the 10 ns NEMD simulation, the first 2 ns were used to
impose a steady state with a temperature gradient, and the following
8 ns were used to calculate thermal conductivity in the z direc-
tion and the vibrational density of states (VDOS). In addition to
the NEMD simulation, an NVE simulation without any temperature
control was also performed for 10 ns after the NVT relaxation men-
tioned above, from which the stress tensor inside the chain and the
probability distribution of C-C bond distance were calculated.

The NEMD and NVE simulations were conducted for different
values of the chain length L by contracting or elongating the chain:
11 different L values for the chain with N¢ = 85 and 21 values for
N¢ = 165 were examined.

. 30,31
The stress tensor o is expressed as”™

0V=—<Zmivi®vi)—<%zzg? ®(r,~—rj)*), ®)

iV i i

where V is the control volume, and m;, r;, and v; are the mass, posi-
tion vector, and velocity vector of the ith particle, respectively. The
symbol ® indicates a tensor product. The potential energy of the jth
particle, ¢>j = ¢j (r1, ..., rn), only depends on atom positions. The
notation (r; — rj)* means the part of the vector r; — r; included in
the control volume. The zz component of the stress tensor was cal-
culated within the control volume located at the center of the chain
with a z-width of 50 A for N¢ = 85 and 100 A for N¢ = 165 with the

Heat sink

Heat source

FIG. 1. Simulation model of a single polyethylene chain. The distance between
terminal carbon atoms is the chain length L of polyethylene.
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FIG. 2. Temperature distribution along a polyethylene chain composed of 165
hydrocarbon units, where the length is 20.6 nm, calculated using AIREBO poten-
tial. The cross marker represents the average temperature of a single carbon site,
while the black line shows the linear fitting. The vertical dashed gray lines indicate
the control volume.

xy cross-sectional area of S = 18 A%, This value of S is an approxi-
mate cross section of a single polyethylene chain,* and here, it was
assumed to be constant regardless of the degree of chain elongation
and Nc.

The thermal conductivity x was obtained via Fourier’s law,

-J
K= (aTjdz) )
where ] is the heat flux, and dT/dz is the temperature gradient. The
heat flux was calculated from the energy input into the heat source
atoms, E; > 0, and that into the heat sink atoms, E_ < 0, by the
Langevin thermostats during the production simulation with a time
duration of t = 8 ns,

(. ~E)

T= "

(5)

The temperature gradient was calculated via linear fitting to the
temperature distribution along the z direction as shown in Fig. 2,
where the temperature of each carbon atom is plotted against the
time-averaged z coordinate of the atom. The fitting was performed
over the control volume. We note that since the statistical error in
the thermal conductivity calculated by a single 10 ns NEMD simu-
lation was relatively large compared with those in other properties,
the 10 ns NEMD simulation was performed 10 times in total using
different random seeds of the Langevin thermostats. The thermal
conductivity was calculated as the average over these ten trajecto-
ries, where the data in the first 2 ns for each run corresponding to
the relaxation were not used.

Ill. RESULTS AND DISCUSSION
A. Thermal conductivity-strain relation

The calculated thermal conductivity is shown in Fig. 3 as a func-
tion of strain. The strain for a chain with length L was defined as
e = (L-Lo)/Lo from the reference chain length Ly in Table I. In
the case of the NERD potential, the thermal conductivity always
increases with increasing strain for both Nc = 85 and 165. Simi-
lar results have been obtained in other MD studies of polyethylene

AIP Advances 12, 105223 (2022); doi: 10.1063/5.0095975
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chains and other one dimensional materials’”"’ using non-reactive
potential models based on harmonic potentials for covalent bonds,
such as COMPASS,"” PCFFE,'® and TraPPE.”’ As Rieder et al.™
reported on the basis of a stationary solution of the generalized Liou-
ville equation, the thermal conductivity of a one-dimensional har-
monic chain is known to diverge in proportion to the chain length.
As the bonds in the chain cannot be broken, the thermal conductiv-
ity of the chain will continue to increase with strain. It is, therefore,
considered that the diverging trend of thermal conductivity is a com-
mon feature of non-reactive potential models. In contrast, when the
AIREBO potential is used, the thermal conductivity exhibits a max-
imum at & ~ 0.03. This result seems more reasonable than that of
the NERD potential because the strength of an actual covalent bond
is weakened as the bond breaking distance is approached. How-
ever, it is worth noting that the curves for the AIREBO potential
discontinuously jump at € ~ 0.1. The reason for this jump will be
discussed in Secs. I1I C and III D. Thus, the thermal conductivity
values computed from the two potentials are close to each other only
when the strain is smaller than ~0.03, but as the strain increases, the
two potentials show a large difference. There is a possibility that
the leveling-off of the AIREBO curve at high strain is due to the
explicit hydrogen atoms, since these atoms, which are not present
in the NERD potential, can be a scattering source for phonons
propagating in the carbon backbone. Although we did not exam-
ine non-reactive potentials with explicit hydrogens in the present

study, other MD studies'”'” have shown that the thermal conduc-
tivity of a single polyethylene chain calculated with such a model
continues to increase to the order of 10> W/(m K) with increasing
strain to the order of 0.1, as the NERD curves in Fig. 3. Therefore,
the existence of explicit hydrogens is not the main reason for the
leveling-off.

In addition, to briefly see the effect of temperature, we have per-
formed an additional simulation for each potential at 400 K with
¢ = 0.05 and N¢ = 85. The calculated values of thermal conduc-
tivity at 400 K were x = 18.3 + 0.8 W/(m K) for AIREBO and
Kk =96.6 + 9.6 W/(m K) for NERD. These values are lower than those
at 300 K for the same ¢ and N¢, k = 22.5 + 1.4 W/(m K) for AIREBO,
and x = 155.9 + 6.8 W/(m K) for NERD. This reduction of thermal
conductivity is presumably because ballistic heat transfer along the
chain is more scattered by enhanced thermal motion. On the other
hand, the two potentials still exhibit a large difference in thermal
conductivity at 400 K, indicating that the qualitative difference in
strain-dependent thermal conductivity between the two potentials is
not peculiar to 300 K.

B. Stress-strain relation

The zz component of the stress tensor, 0., in the polyethy-
lene chain, as defined by Eq. (3), was also calculated as a function of
strain, and the result is shown in Fig. 4(a). For all curves in Fig. 4(a),

25P LI I I T FT ! ! ! ! !
r : o ] i !
e AIREBO N, = 85 o0 ] 200 0% ]
0% NeRp Nk o A
c= o ] : Q
— [ 4 NERD Nc=165 ° . 1501 ; OQ ] FIG. 4. (a) Stress—strain curve for a sin-
n(; 151 1 o 1 = : 5 00, gle polyethylene chain represented by
=t o4 O & L ; o) either the AIREBO or NERD potentials
g2 I o A 1 5 100f ] o A at different chain lengths L. (b) Apparent
15} r A 1 = 3 ' (YN
& 10f fod AN ] [ : A%AA AnRtcan Young's modulus E of a single polyethy-
[ O A0 i A2 lene chain as a function of strain, cal-
sk 3 ¢ AAA ] 501 g ] culated with the AIREBO and NERD
r L oA 1 L ' potentials.
: b N S ®)
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the stress is not completely zero even when the strain is zero, i.e.,
L = Ly, because the stress values were calculated at a finite temper-
ature, whereas Ly was obtained at 0 K. As mentioned in Sec. 11, we
adopted this definition of strain because it was difficult to determine
the chain length of zero stress at 300 K from Fig. 4(a) without ambi-
guity. It can be seen that the curves for N¢ = 85 and 165 are almost
identical as long as the same potential model is used, meaning that
the effect of the number of carbon atoms is not significant. The dif-
ference between the AIREBO and NERD potentials is small when
€ < 0, but when & > 0, the stress values calculated by the two poten-
tial models are significantly different. For ¢ > 0, AIREBO has larger
stress values than NERD, contrasting with the fact that the latter pro-
duces higher thermal conductivity in Fig. 3. The exact reason for
this reversal of the relationship between stress and thermal conduc-
tivity is not clear, but one possibility is that in the AIREBO case,
the motions of explicit hydrogen atoms enhance the scattering of
the phonons traveling through the carbon backbone, which results
in a significant reduction in thermal conductivity. A similar mecha-
nism has been used to explain the reduced thermal conductivity of
hydrogenated graphenes.” The stress curve in Fig. 4(a) was numer-
ically differentiated with respect to strain ¢ by the central difference
method, and the resultant curve is shown in Fig. 4(b). The vertical
axis E = do../de can be regarded as Young’s modulus, but it might
be called apparent Young’s modulus because it is strain-dependent
and not a material constant. From Fig. 4(b), the apparent Young’s
modulus E of the NERD potential roughly remains unchanged after
€ ~ 0. This indicates that the elastic energy is expressed as a quadratic
function of strain, consistent with the fact that the harmonic bond
stretching potential is used in the NERD potential. In the case of
the AIREBO potential, E decreases after ¢ ~ 0.03, which corresponds

ARTICLE scitation.org/journall/adv

to the weakening of the interaction as the dissociation of the C-C
bonds approach. The peak position € ~ 0.03 is close to that in the
curve of thermal conductivity for the AIREBO in Fig. 3, indicat-
ing a clear correlation between thermal conductivity and elastic
property. Thus, the difference in the modeling of covalent bond
interactions between the NERD and AIREBO potentials resulted
in qualitatively different stress—strain relations under large strain
conditions.

C. Vibrational density of states analysis

In order to analyze the difference in the heat transfer mech-
anism between the NERD and AIREBO cases, VDOS was calcu-
lated by Fourier transforming the carbon atom’s velocity auto-
correlation function for the chain with N¢ = 165. This analysis
was performed for the zero (¢ = 0) and the largest strain states
(¢ = 0.13 and € = 0.15 for the NERD and AIREBO potentials,
respectively) to examine the effect of the strain. As can be seen
by comparing Figs. 5(a) and 5(b), in the case of the NERD poten-
tial, the change in VDOS by the application of strain was rel-
atively small, indicating that the vibrational modes available for
heat conduction do not change significantly with strain, although
their intensities can change. This result suggests that the heat
transfer mechanism is maintained to some extent regardless of
strain.

In contrast, in the case of AIREBO potential in Figs. 5(c)
and 5(d), there was a clear difference between the VDOS profiles for
the two strain values. When the strain is zero, the overall shape of
the VDOS is similar to that of the NERD in Fig. 5(a), although each
peak is slightly less sharp and is located at a much higher frequency.

FIG. 5. VDOS of a single polyethylene
chain under different strain «. (a) and (b)
show the results for the NERD potential
at zero and the largest strain examined in
the present study, respectively. Similarly,
(c) and (d) are the results at zero and the
largest strain for the AIREBO potential,
respectively.
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