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EXPLICIT TREATMENT OF HYDROGEN ATOMS
IN THERMAL SIMULATIONS OF POLYETHYLENE

Asegun Henry and Gang Chen

Massachusetts Institute of Technology, Department of Mechanical Engineering,
Cambridge, Massachusetts, USA

Most atomistic simulation studies of polyethylene employ a united-atom representation to
reduce complexity and computational costs. The ramifications of such an approximation have
been discussed with respect to structural properties but have not been examined with respect
to thermal properties. Here we investigate the consequences of simplified united-atom
representations by comparing results firom the Kirkwood model to molecular dynamics
simulations and lattice dynamics calculations based on a more recent potential, which
treats all atoms explicitly. Our results indicate that an explicit treatment of all degrees of
freedom is necessary and that significant errors can arise if united-atom approaches are used.
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INTRODUCTION

Polyethylene (PE) is one of the most widely used and simplest polymers. Due to its
wide range of applications in many industries, there has been significant effort devoted
to modeling and understanding its structural and mechanical properties [1-10]. More
recently, the idea of increasing the thermal conductivity of PE through increased
alignment of the constituent PE molecules has been suggested from experiments [2, 7].
One experiment demonstrated that the thermal conductivity of bulk PE can be increased
by more than two orders of magnitude by mechanically stretching the samples [2].

From a modeling perspective, atomistic simulations can provide useful insight
into the associated heat conduction phenomena that give rise to this strong effect. We
are aware, however, of only one investigation involving thermal simulations of PE, by
Freeman et al. [3]. This study employed the Kirkwood model [4], which uses a united-
atom (UA) representation to describe the vibrational modes of the PE chain molecule
in two dimensions. UA models reduce the total number of degrees of freedom in a
molecular dynamics simulation by lumping atoms together to form a single pseudo-
atom rigid body. In the case of the Kirkwood model for PE [4], each hydrogen atom is
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lumped together with a carbon atom to form CH, pseudo-atom units, such that the
total number of degrees of freedom is reduced by a factor of three. The UA representa-
tion also allows for a time step that is approximately four times larger, because the
high-velocity hydrogen motions no longer need explicit treatment. These two benefits
together allow for at least an order of magnitude reduction in computational cost
compared to a fully explicit treatment of each atomic species. The cost in accuracy for
UA representations of PE, however, may outweigh the computational benefits.
Sumpter et al. [8] have discussed the ramifications of this simplification on the
structural properties of PE. In this article we consider how the UA simplification
affects the accuracy and realism of thermal simulations of PE.

The phonon thermal conductivity of crystalline materials is proportional to the
phonon specific heat C, group velocities v, and relaxation times 7—(k o< C - v2 - 7). In
modeling thermal conductivity, it is important to model these key properties accu-
rately [11]. The first two properties are largely determined by the accuracy of the
phonon dispersion. If the frequency spectrum of the vibrational states is not repre-
sented accurately by the associated phonon dispersion of the model, significant errors
can arise in the temperature dependence of the specific heat. Additionally, if the slopes
of phonon branches (v = 9«/5) are not accurately described by the model, large errors
can accumulate in the thermal conductivity. Of particular concern are the acoustic
phonons, which are expected to have the largest impact on the thermal conductivity,
because of their high velocities and longer relaxation times. Here it is important to note
that a factor of three error in a particular mode’s group velocity can lead to almost an
order of magnitude error in its contribution to thermal conductivity. This is because
thermal conductivity is nominally proportional to the square of the group velocity,
which consequently has the largest impact on the results. We therefore emphasize that
accurate description of acoustic phonon group velocities is of crucial importance. The
other property of central importance is that of the phonon relaxation time, which is
inherently related to how accurately the material’s anharmonicity is described by the
atomistic potential energy model.

In a PE crystal we would expect a wide range of vibrational frequencies, due to
the high-frequency vibrations of the lightweight hydrogen atoms. One might also
expect, by inspection of Fermi’s golden rule [12], that the strongest phonon scattering
interactions (transition rates) occur between phonons of similar frequency. One can
therefore argue that higher frequency optical modes in PE may have a little interaction
with acoustic phonons, which are the primary heat carriers. This idea can also be
reasoned classically by internal resonances in nonlinear oscillator [13] chains and mode
coupling analysis of heat conduction in 1D lattices [14-22]. In the particular case of
simulating the thermal conductivity of a single PE chain molecule, one might also
expect that higher frequency optical modes will not scatter the low-frequency non-
attenuating modes observed in previous studies of anomalous heat conduction in 1D
lattices [14-22]. From this line of reasoning, it could be argued that an explicit
treatment of hydrogen atoms is not necessary for accurate modeling of thermal
transport in PE and thus a UA representation is satisfactory.

On the other hand, there are several reasons why this type of approximate
representation may not be satisfactory. For one, reports on classical nonlinear systems
have shown that nonlinearity (anharmonicity) in the forces can also allow for signifi-
cant interactions between high- and low-frequency modes [23]. A second reason is that
explicit treatment of all vibrational degrees of freedom is essential for realistic and
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accurate description of the normal mode eigenvectors, which generally involve the
motion of every degree of freedom [24]. Another reason why explicit treatment of
hydrogen atoms in PE might be particularly necessary is because the relative displace-
ment of hydrogen atoms can alter the carbon-carbon interaction between adjacent
CH, monomers. Lastly, the explicit treatment of hydrogen is necessary for an accurate
representation of the specific heat, because the highest frequency vibrations are only
expected to become active at high temperatures, above 1000 K. In this article we
compare several features of the Kirkwood model for PE [4], which employs the UA
approximation, to that of the adaptive intermolecular empirical bond order
(AIREBO) potential [25], through molecular dynamics simulations and lattice
dynamics calculations. Our simulation results indicate that although explicit treatment
of hydrogen may not be necessary for accurate description of some structural and
mechanical properties of PE, it is essential for simulations of thermal transport.

MODEL AND SIMULATION PARAMETERS AND ANALYSIS

To describe the interatomic forces, we used the adaptive intermolecular empirical
bond order (AIREBO) potential [25], which is based on the highly successful second-
generation reactive empirical bond order (REBO) potential developed by Brenner [26].
The REBO term [26] employs a short-ranged cutoff of ~2 A and is primarily designed to
reproduce an accurate energetic description of various covalently bonded hydrocarbon
configurations. The REBO term in this regard was fit to various quantum mechanical
and experimental results [26]. The major advancement of the AIREBO potential is that
it adds a long-range Lennard-Jones term for intermolecular van der Waals interactions
and an explicit four-body dihedral term for preferred bonding angles in polymer systems
[25]. The Kirkwood model [4], on the other hand, consists of simple harmonic bond
stretching and harmonic bond bending interactions in two dimensions. In this sense, the
Kirkwood model was not built from quantum mechanical chemical bonding considera-
tions. Nonetheless, Freeman et al.’s [3] use of the Kirkwood model is the most realistic
thermal simulation of PE to date [22, 27].

In this article we first used lattice dynamics calculations to determine the phonon
dispersion relations and mode eigenvectors [24]. From these results we then ran
molecular dynamics simulations of single PE chains in the LAMMPS software pack-
age, developed at Sandia [28]. All simulations were run at constant energy, volume,
and number of particles (microcanonical) and used a time step of 0.25 fs. Periodic
boundary conditions were employed along the length of the chain and all simulations
were started with the equilibrium (minimum energy) zigzag lattice positions and
random velocities corresponding to a quantum corrected [29] room temperature.

Upon calculation of the atomic trajectory a modal analysis technique was
employed to study the energy fluctuations of each normal mode. We first compute
the mode amplitudes,

N - '
Xip(1) = Z \/% (rj(1) —rp) 'Pi,pe("k"’”) (1)

where m; is the mass of atom j, r;(?) is its time-dependent location, rj is its equili-
brium position, and py , is the mode eigenvector for a mode with wave vector k
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and polarization p. We then calculate each normal mode’s total energy at every
time step,

Eipl1) = 568 Xip 1) X (1) 3 5oy 1) X3 (0) )

where w is the mode’s angular frequency. These results can then be used to calculate
mode autocorrelation functions. The integration of these autocorrelations leads to
phonon relaxation times for each mode, as proposed by Ladd and Moran [30],
furthered by McGaughey and Kaviany [31], and then used in silicon by Henry and
Chen [32]. Direct evaluation of the relaxation times and thermal conductivity, how-
ever, was not specifically of interest in the present work. What was of primary interest
was whether or not the interactions between low-frequency acoustic modes and higher
frequency optical modes were significant. We evaluated the strength of these interac-
tions quantitatively by computing the Fourier transform of the temporal mode energy
fluctuations 6 Ex(t) = Ex,(t) — (Exp).

Fap(v) = / §Eip(1) - exp(—i - 2av- 1) - di (3)

where v is the mode frequency. As other phonons scatter temporally with a particular
mode they impart fluctuations at their own oscillation frequencies onto the modal
amplitudes of the mode under consideration. The fluctuations in §Ey ,(f) come from
various scattering interactions with other modes in the system. These fluctuations
ultimately cause the mode autocorrelation to decay, resulting in a finite relaxation
time. If there are significant interactions between low-frequency acoustic modes and
higher frequency optical modes, we would expect non-zero frequency components in
the corresponding optical frequency range when evaluating Eq. (3) for acoustic modes.
If, however, the nonlinearity of the AIREBO potential is not sufficient to cause
significant interactions between these two groups of phonons, we would expect a
single peak in Fy ,(v) at the corresponding frequency for the mode being studied.

RESULTS

The phonon dispersion for a single polyethylene chain is shown in Figure 1. This
figure shows curves calculated from the AIREBO potential [25], the Kirkwood model
[4], and experimental data for phonon frequencies in bulk PE [33]. The AIREBO
potential, which uses an explicit treatment of hydrogen atoms, shows significant
improvement in the description of phonon frequencies, as compared to Kirkwood’s
UA model. Most notable is the agreement between the experimental data [33] from
bulk PE and the AIREBO potential. Although there is deviation at higher wave
vectors, the AIREBO potential predicts the correct shape and magnitude of the
acoustic phonon branches, whereas the Kirkwood model is less accurate.

The normalized specific heat per mode for both models is shown in Figure 2,
along with the bulk specific heat predicted by the AIREBO model and inferred from
ab initio data [1] on the bulk PE dispersion. This figure shows that by employing a UA
representation, the Kirkwood model overpredicts the specific heat per mode by more
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Figure 1 Phonon dispersion of a single polyethylene chain calculated with the AIREBO potential (solid
lines) and the Kirkwood model (dashed lines). Arrows indicate the two nondegenerate transverse acoustic
polarizations. Experimental data [33] for phonon frequencies in bulk polyethylene are also shown (open
circles).
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Figure 2 Normalized specific heat per mode. The specific heat of a single polyethylene chain calculated from
the AIREBO potential (solid line) and the Kirkwood model (dash-dot line) is shown in comparison with the
bulk phonon dispersion calculated from the AIREBO potential (short dashed line) as well as result inferred
from the bulk phonon dispersion predicted by ab initio calculations (long dashed line).
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than a factor of two at room temperature. This is due to the fact that the highest
frequency vibrations associated with the hydrogen vibrations are not described in the
UA representation. As a result, several high-frequency phonon branches are left out
and the specific heat approaches its maximum at a much lower temperature. The
AIREBO model, however, is much more accurate, but differs from the ab initio [1]
calculations by ~20-30% in certain regimes. Nonetheless, Figure 2 shows that without
explicit inclusion of hydrogen atoms, the specific heat per mode is overpredicted at
lower temperatures. It is also important to note that the results in Figure 2 are based on
the specific heat per mode and not the total specific heat. This normalization was used
to show the ramifications of the discrepancy in frequency spectra for the two models.

The panels of Figure 3 show the Fourier transform of the mode energy fluctua-
tions for several low-frequency transverse acoustic modes, which are indicated in
Figure 1. These plots of Fi ,(v) show that there is significant interaction between the
low-frequency acoustic modes and higher frequency optical phonons. It is also evident
from Figure 3 that the degree of scattering interaction decreases with acoustic mode
frequency. Although this effect may not arise in simpler models [4, 1418, 20, 22, 27,
34-42], the chemical bonding description of the AIREBO potential [25] shows that
scattering from optical phonons between 30 and 60 THz is nonnegligible.

To further illustrate where this nonlinear interaction comes from, Figure 4 shows
how the potential well between neighboring carbon atoms is altered when the
z-component of a bonded hydrogen atom is displaced by 0.1 A. This plot shows that

0.025 T T T T T T T T T
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Figure 3 Fourier transform of the temporal mode energy fluctuations of transverse acoustic modes. Panels a,
b, and ¢ show data for modes in the TA-1 polarization, and panels d, e, and f show data from the TA-2
polarization. The corresponding mode frequencies and wavelengths are indicated in each panel.



Downloaded by [Georgia Tech Library] at 20:38 15 May 2015

EXPLICIT TREATMENT OF HYDROGEN ATOMS IN THERMAL SIMULATIONS 105

0.4 ; ; :

Energy (eV)

1.45 1.50 1.55 1.60 1.65
riJ (Angstroms)

Figure 4 Potential energy well between two bonded carbon atoms in polyethylene as predicted by the
AIREBO potential. Each curve indicates how the potential well is affected by a 0.1 A displacement of a
bonded hydrogen atom in the z-direction (along the chain axis). The hydrogen atom displacements are
indicated in the legend.

the minimum position of the C-C bond changes with the respective position of the
hydrogen atoms. Figure 4 also shows that the asymmetric shape (anharmonicity) of
the well is also affected by the hydrogen atom displacement. It is this type of coupling
between hydrogen and carbon atoms in the potential that allows interactions between
higher frequency optical phonons and low-frequency acoustic modes to occur

To further illustrate the impact that optical phonons have on lower frequency
acoustic modes, we show two example normal mode autocorrelations for transverse
acoustic modes at short times in Figure 5. This figure shows that there are two

1.0 T T r T T T T T T
Scattering by Optical Phonons
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0.8

\ ]
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Figure 5 Normal mode autocorrelation for two transverse acoustic modes, based on molecular dynamics
simulations with the AIREBO potential. The two distinct timescales for the autocorrelation decay are
indicated.
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timescales associated with the decay of acoustic phonons. The first short time decay is
due to optical phonons, which have short relaxation times on the order of .1-5 ps. The
second timescale for the mode decay is due to interactions with other much lower
frequency acoustic modes, which have relaxation times on the order of 10—-100 ps. This
sharp initial decay indicates that optical phonons cause significant energy dissipation
in the low-frequency modes at room temperature.

CONCLUSION

The evidence from our molecular dynamics simulations and lattice dynamics
calculations suggest that explicit inclusion of hydrogen atoms is necessary for thermal
simulations of PE. Our phonon dispersion results indicate that every degree of free-
dom is necessary to accurately predict the phonon dispersion. The specific heat
calculations suggest that UA approaches can also incorrectly allocate the specific
heat and may lead to overprediction at lower temperatures. The normal mode analysis
indicated that realistic anharmonicity can allow for significant interactions between
phonons with more than two orders of magnitude difference in frequency. These
results all suggest that an explicit treatment of hydrogen atoms is necessary for
accurate modeling of PE’s thermal properties. Some of these observations may also
be relevant for other polymer systems where the vibrational frequencies span multiple
orders of magnitude. Thus, the validity of UA representations in thermal simulations
is highly questionable, because our results indicate that all degrees of freedom are
necessary for realistic depiction of phonon transport in PE.
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