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Thermal Conduction in a Single Polyethylene Chain Using Molecular Dynamics
Simulations *
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Research on the thermal conduction in a single polymer chain is significant for the improvement of the thermal
property of bulk polymer materials. We calculate the thermal conductivity of a single polyethylene (PE) chain by
using both the Green–Kubo approach and a nonequilibrium molecular dynamics simulation method. The results
suggest that the thermal conductivity of an individual polymer chain is very high although bulk PE is a thermal
insulator, even divergent in our case. Moreover, the thermal conductivity of PE chains is observed to increase
with the chain length.
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Polymer materials, both natural and synthetic,
play an essential and ubiquitous role in everyday life
duo to their unique properties including toughness,
viscoelasticity, and a tendency to form glasses and
semicrystalline structures rather than crystals. In
recent years, with the progress in nanofluidics and
nanotechnology, polymer nanostructures have drawn
increasing attention for their wide potential applica-
tions in areas such as photonics,[1,2] mechatronics,[3,4]

medicine and fluidic nanodevices.[5,6] However, poly-
mer materials are generally regarded as thermal insu-
lators due to the fact that they have very low ther-
mal conductivities on the order of 0.1–1W/(m·K)
at room temperature, which will be one of the ma-
jor roadblocks for polymer-based microelectronics and
macroelectronics such as organic displays and or-
ganic solar cells, due to their limited heat spread-
ing capability. Filling polymers with additives with
high thermal conductivity, such as metallic nanopar-
ticles or carbon nanotubes, or constructing heat trans-
port networks, are typical ways to increase their
thermal transport.[7,8] The enhancement of the ther-
mal conductivity of such nanocomposites, however,
remains much lower than theoretical expectations
because of the high thermal contact resistance at
polymer-additive interfaces,[9] and the decrease of
the additives’ thermal conductivity affected by the
surroundings.[10,11] Therefore, increasing the intrin-
sic thermal conductivity of polymer nanostructures is
highly desired.

Actually, though the thermal conductivity of bulk
polymers is usually low, a single polymer chain or ori-
ented polymer chains could have very high thermal
conductivities. The molecular dynamics (MD) simu-

lations showed that a single PE chain with a chain
length larger than 100 nm could have extremely high
thermal conductivity, about 350 W/(m·K), at room
temperature.[12,13] By performing an ab initio calcu-
lation, it was also observed that the thermal conduc-
tivity can reach a high value of about 310 W/(m·K)
in a 100 nm PE chain at room temperature.[14] What
is more, the high thermal conductivity of a single
PE chain or oriented PE chains has been recently
confirmed by experimental measurements. Shen et
al.[15] measured the thermal conductivity of ultra-
drawn PE nanofibers to be about 104W/(m·K). Cao
et al.[16−18] discovered that the thermal conductiv-
ity of PE nanowire arrays with a high orientation of
chains was 26.5W/(m·K), about 300 times that of the
bulk counterpart. Considering that PE is one of the
non-conducting polymers which have extremely low
electrical conductivities, a PE chain will be a possible
candidate of the materials with high thermal conduc-
tivities while having the low electrical conductivities
that are desired for engineers in an integrated circuit.
The enhancement of the thermal conductivity of a sin-
gle polymer chain or oriented polymer chains, which
is believed to be attributed to a better alignment of
polymer chains, implies a more efficient way to en-
hance the thermal conductivity of polymer products,
and thus it is meaningful to investigate thermal con-
duction in a single polymer chain.

The related studies have been carried out as men-
tioned above, while some inconsistent conclusions
should be noted. Herry et al.[12,13] found the di-
vergence of the thermal conductivity of an individ-
ual PE chain when the simulation domain was longer
than 10 nm, while Jiang et al.[14] predicted the up-
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per limit of the thermal conductivity in a 100 nm PE
chain. Moreover, the influence of the chain length on
the thermal conductivity has not been clarified. The
underlying mechanisms of the thermal transport re-
main obscure. In our work, both the limiting thermal
conductivity of PE chains and the dependence of the
thermal conductivity of finitely long PE chains on the
chain length are studied.

In our simulations, a simplified model of a PE
chain where methylene (CH2) groups are regarded as
united atoms is applied as shown in Fig. 1. The model
ignores the motion of the hydrogen atoms by attach-
ing them rigidly to the carbon atoms on the backbone.
The atomic interactions are described by the Kirk-
wood model,[19] which has a smaller computational
demand and can accurately describe the heat conduc-
tion of PE chains,[20]

Φ =
∑︁
𝑖

[︁𝛾𝑟
2

(∆𝑟𝑖)
2 − 𝜇𝑟

3
(∆𝑟𝑖)

3 +
𝜈𝑟
4

(∆𝑟𝑖)
4

+
𝛾Θ
2

(∆Θ𝑖)
2 − 𝜇Θ

3
(∆Θ𝑖)

3 +
𝜈Θ
2

(∆Θ𝑖)
4
]︁
,
(1)

where

∆𝑟𝑖 = |𝑟𝑖 − 𝑟𝑖−1| − 𝑟0, (2)

∆Θ𝑖 =
(𝑟𝑖 − 𝑟𝑖−1) · (𝑟𝑖+1 − 𝑟𝑖)

|𝑟𝑖 − 𝑟𝑖−1||𝑟𝑖+1 − 𝑟𝑖|
+ cosΘ0. (3)

Here 𝑟𝑖 denotes the position of the 𝑖th united atom,
𝛾𝑟, 𝜇𝑟, and 𝜈𝑟 denote the force constants for stretching
the carbon-carbon bond, while 𝛾Θ , 𝜇Θ , and 𝜈Θ are the
force constants for bending the bond. The equilibrium
carbon-carbon distance is denoted by 𝑟0 = 0.154 nm
and Θ0, which is roughly equal to the tetrahedral an-
gle where cosΘ0 = −1/3.

Actual structure

Simplified model

Fig. 1. Schematic diagram of the actual structure and
simplified model of a PE chain.

The Green–Kubo approach,[21] where the thermal
conductivity is given by

𝜆 =
𝑉

𝑘𝐵𝑇 2

∫︁ ∞

0

⟨𝐽(0)𝐽(𝑡)⟩𝑑𝑡, (4)

which is used here to determine the limiting thermal
conductivity of PE chains. In the above equation,
⟨𝐽(0)𝐽(𝑡)⟩ is the heat flux autocorrelation function
(HAF) where 𝐽(𝑡) denotes the heat flux directed along
the carbon backbone of the chain at time 𝑡, 𝑇 is the

temperature, and 𝑉 is the chain’s volume. Here the
volume is taken as the chain length 𝐿 multiplied by
a cross-sectional area 𝐴 of 18Å2, which is based on
the unit cell dimensions of PE’s idealized bulk lat-
tice structure. The periodic boundary conditions are
applied. Considering the chosen equilibrium simula-
tion method (i.e., the Green–Kubo approach) and pe-
riodic boundary conditions, the boundary scattering
would not conceal any divergent behaviors and the
phonon modes would be allowed to propagate on an
infinite chain, uninhibited by the boundaries. Thus
our Green–Kubo results can explore the limiting ther-
mal conductivity. The mean temperature of the sys-
tem is set to be 300 K. The motion equations for the
molecules are integrated by using the Leap-Frog algo-
rithm with a time step of 𝑑𝑡 = 0.5 fs. Moreover, since
the initial condition would significantly influence the
results of the Green–Kubo thermal conductivity, 32
cases under various initial velocity conditions are sim-
ulated to obtain the ensemble average of the HAF.
The HAF integration that is the Green–Kubo ther-
mal conductivity integral is presented in Fig. 2, while
the dependence of the thermal conductivity on the
case number is given in the inset. As shown in Fig. 2,
the Green–Kubo thermal conductivity increases with
the integration time strikingly within the first 250 ps
and continues increasing in the integration limit of
3 ns, which indicates that the thermal conductivity
exhibits diverging behavior in our simulation since for
the three-dimensional bulk crystalline materials stud-
ied by the Green–Kubo method, the HAF integration
typically converges within the first 500 ps.[22]
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Fig. 2. Green–Kubo thermal conductivity integral and
(inset) dependence of the thermal conductivity on the case
number.

The divergence of the thermal conductivity has
also been observed in previous studies.[12,13] However,
the behavior was believed to be related to the fea-
ture of the initial velocity conditions. As mentioned
before, the above results are the ensemble average of
32 cases under various initial velocity conditions, thus
the influence of the initial conditions is excluded. To
illustrate this phenomenon more clearly, the depen-
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dence of the thermal conductivity on the case number
is also obtained, as shown in the inset in Fig. 2. It can
be seen that the thermal conductivity converges with
the case number when the number is larger than 20.
Thus the diverging behavior of the thermal conduc-
tivity observed in our simulations is not attributed to
the initial conditions. It is believed that the divergent
phenomenon is likely due to the specific feature of one-
dimensional polymer chains where some nondecaying
phonon modes are observed. Moreover, the values of
our results are smaller than those obtained by Herry
et al.[12,13] due to the fact that the group velocities es-
timated by the Kirkwood model are lower than those
calculated from the AIREBO potential employed by
them.

Except for the limit of the thermal conductivity,
the result for a finitely long PE chain and its depen-
dence on the chain length are also meaningful for un-
derstanding the heat conduction. The nonequilibrium
molecular dynamics simulation method is used here
to investigate the dependence of the thermal conduc-
tivity on the chain length. A temperature gradient is
built in the system by using the particle velocity ex-
change algorithm,[23] where the heat flux is calculated
by

𝐽 =

∑︀
transfers

𝑚
2 (𝑣2h − 𝑣2c )

𝑡𝐴
. (5)

where 𝑚 is the mass of the unit atom (CH2), 𝑡 is the
simulation time, and 𝑣h and 𝑣c are the velocities of the
hot and cold particles, respectively, which are inter-
changed. Then, the thermal conductivity can be very
easily extracted by using Fourier’s heat conduction
law. In addition, a fixed boundary condition is ap-
plied. In the simulation, the motion equations for the
molecules are also integrated by using the Leap-Frog
algorithm with a time step of 𝑑𝑡 = 0.5 fs. The mean
temperature of the system is maintained at 300 K by
the Nose–Hoover thermostat method.[24,25] The tem-
perature difference between the hot and cold slabs is
set to be 20K. Each case is run for 5 ns to stabilize
the heat conduction and then for 5 ns to average the
local slab temperatures and heat flux. The heat flux
evolution over the statistics time for a 65 nm long PE
chain is presented in Fig. 3(a). It can be seen that the
result of the heat flux has already converged, which in-
dicates that the simulation time length is sufficient to
obtain converged results. Figure 3(b) shows the tem-
perature distribution for a 65 nm long PE chain. The
temperature jumps near the boundaries. The jumps
can be attributed to the existence of localized edge
modes (LEM) and the accumulation of LEM caused
by the velocity exchange. The LEM attenuates fast
along the direction of heat conduction and affects the
conduction at the section less. Thus the temperature
is approximately linear in the middle section and the

temperature gradient is obtained by a linear fitting of
the temperature distribution in the section.
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Fig. 3. Heat flux evolution over the statistics time (a) and
temperature distribution (b) for a 65 nm long PE chain.

Figure 4 shows the simulation thermal conductiv-
ities of the PE chains with various lengths. The re-
sults agree well with the previous values calculated
by Ni et al.[26] It is shown that the thermal conduc-
tivity increases with the chain length while the trend
is weakened with the increasing length. When the
length is shorter than 70 nm, the increase is approxi-
mately linear, while the increase becomes slower as the
chain length keeps increasing. This indicates that the
phonon transport in the PF chains is in the ballistic-
diffusive regime, and transits from ballistic to diffusive
with the increase in the chain length. Furthermore,
model analysis is used to determine the intrinsic ther-
mal conductivity. Based on Matthiessen’s rule, con-
sidering phonon-phonon and phonon-boundary scat-
tering, the phonon mean free path can be expressed
as 𝑙−1 = 𝑙−1

p−p + 𝐿−1, where 𝑙p−p is the phonon mean
free path due to phonon-phonon scattering. Then, the
thermal conductivity can be determined as

𝜆 = 𝐶𝑣g𝑙 = 𝐶𝑣g𝑙
𝐿

𝐿 + 𝑙p−p
= 𝜆p−p

𝐿

𝐿 + 𝑙p−p
,

(6)

where 𝐶 is the specific heat per unit volume of the
chain, 𝑣g is the phonon group velocity, and 𝜆p−p is
the intrinsic thermal conductivity. We can obtain the
parameters of 𝜆p−p and 𝑙p−p by two-parameter fitting
of the simulation results. The fitting curve is pre-
sented in Fig. 4. It can be seen that the curve fits
the MD results very well. The obtained two param-
eters are determined to be 𝜆p−p = 314.5 W·m−1·K−1

and 𝑙p−p = 324 nm. Different from the divergence of
the limiting thermal conductivity calculated by the
Green–Kubo method, the obtained intrinsic thermal
conductivity is a finite value. The departure is likely
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to be attributed to the nonequilibrium approach that
would have concealed any potentially nonattenuating
modes.
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Fig. 4. Dependence of the thermal conductivity of PE
chains on the length.

In summary, the thermal conduction in a single
polymer chain is studied by using MD simulations.
The Green–Kubo approach is used to simulate the
limiting thermal conductivity of PE chains at room
temperature. It is observed that the thermal con-
ductivity of a single PE chain diverges. Meanwhile,
the dependence of the thermal conductivity of finitely
long PE chains on the chain length is studied by us-
ing the nonequilibrium molecular dynamics simulation
method. The results show that the thermal conductiv-
ity increases with the chain length while the trend is
weakened with increasing the length, which indicates
that the phonon transport in the PF chains is in the
ballistic-diffusive regime, and transits from ballistic to
diffusive with the increase of the chain length.

References
[1] Li G, Shrotriya V, Huang J, Yao Y, Moriarty T, Emery K

and Yang Y 2005 Nat. Mater. 4 864
[2] Nie Z and Kumacheva E 2008 Nat. Mater. 7 277
[3] Liu C 2007 Adv. Mater. 19 3783
[4] Ryan A J 2008 Nature 456 334
[5] Bruening M and Dotzauer D 2009 Nat. Mater. 8 449
[6] Charnley M, Textor M and Acikgoz C 2011 React. Funct.

Polym. 71 329
[7] Varshney V, Patnaik S S, Roy A K and Farmer B L 2009

Polymer 50 3378
[8] Zhao L, Crombez R, Caballero F P, Antonietti M, Texter J

and Titirici M M 2010 Polymer 51 4540
[9] Clancy T C and Gates T S 2006 Polymer 47 5990

[10] Padgett C W and Brenner C W 2004 Nano Lett. 4 1051
[11] Cao B Y and Hou Q W 2008 Chin. Phys. Lett. 25 1392
[12] Henry A and Chen G 2008 Phys. Rev. Lett. 101 235502
[13] Henry A and Chen G 2009 Phys. Rev. B 79 144305
[14] Jiang J W, Zhao J, Zhou K and Rabczuk T 2012 J. Appl.

Phys. 111 124304
[15] Shen S, Henry A, Tong J, Zheng R T and Chen G 2010

Nat. Nanotechnol. 5 251
[16] Cao B Y, Li Y W, Kong J, Chen H, Xu Y, Yung K L and

Cai A 2011 Polymer 52 1711
[17] Cao B Y, Kong J, Xu Y, Yung K L and Cai A 2013 Heat

Transfer Eng. 34 131
[18] Cao B Y, Dong R Y, Kong J, Chen H, Xu Y, Yung K L

and Cai A 2012 Acta Phys. Sin. 61 046501 (in Chinese)
[19] Kirkwood J G 1939 J. Chem. Phys. 7 506
[20] Freeman J J, Morgan G J and Cullen C A 1987 Phys. Rev.

B 35 7627
[21] Hansen J and McDonald I 1986 Theory of Simple Liquids

(London: Academic)
[22] Volz S and Chen G 2000 Phys. Rev. B 61 2651
[23] Muller F 1997 J. Chem. Phys. 106 6082
[24] Nose S 1984 Mol. Phys. 52 255
[25] Hoover W G 1985 Phys. Rev. A 31 1695
[26] Ni B, Watanabe T and Phillpot S R 2009 J. Phys.: Con-

dens. Matter 21 084219

086501-4

http://cpl.iphy.ac.cn
http://dx.doi.org/10.1038/nmat1500
http://dx.doi.org/10.1038/nmat2109
http://dx.doi.org/10.1002/adma.200701709
http://dx.doi.org/10.1038/456334a
http://dx.doi.org/10.1038/nmat2454
http://dx.doi.org/10.1016/j.reactfunctpolym.2010.10.013
http://dx.doi.org/10.1016/j.polymer.2009.05.027
http://dx.doi.org/10.1016/j.polymer.2010.07.044
http://dx.doi.org/10.1016/j.polymer.2006.05.062
http://dx.doi.org/10.1021/nl049645d
http://dx.doi.org/10.1088/0256-307X/25/4/062
http://dx.doi.org/10.1103/PhysRevLett.101.235502
http://dx.doi.org/10.1103/PhysRevB.79.144305
http://dx.doi.org/10.1063/1.4729489
http://dx.doi.org/10.1038/nnano.2010.27
http://dx.doi.org/10.1016/j.polymer.2011.02.019
http://dx.doi.org/10.1080/01457632.2013.703097
http://dx.doi.org/10.1063/1.1750479
http://dx.doi.org/10.1103/PhysRevB.35.7627
http://dx.doi.org/10.1103/PhysRevB.61.2651
http://dx.doi.org/10.1063/1.473271
http://dx.doi.org/10.1080/00268978400101201
http://dx.doi.org/10.1103/PhysRevA.31.1695
http://dx.doi.org/10.1088/0953-8984/21/8/084219

	Title
	Eq. (1)
	Eq. (2)
	Eq. (3)
	Fig. 1
	Eq. (4)
	Fig. 2
	Eq. (5)
	Fig. 3
	Eq. (6)
	Fig. 4
	References
	content.pdf
	Contents Vol31 No 8 August 2014

	CPLCover.pdf
	Cover Vol31 No8 2014




