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Size Effects in the Thermal Conductivity of Amorphous Polymers
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Manipulating thermal conductivity through nanoengineering is of critical importance to advance
technologies, such as soft robotics, artificial skin, wearable electronics, batteries, thermal insulation,
and thermoelectrics. Here, by examining amorphous polymers, including polystyrene, polypropylene,
polyethylene, and ethylene vinyl alcohol, using molecular dynamics simulations, we find that the ther-
mal conductivities of amorphous polymers can be reduced below their amorphous limit by size effects.
Size-dependent thermal transport in amorphous materials is decomposed into crystalline, crystalline-to-
amorphous, and amorphous regimes. In the amorphous regime, the mean free path of propagating heat
carriers can range from tens of nanometers to more than 100 nm, contributing 16%—36% of the total ther-
mal conductivity. A two-channel model that combines no size effect (i.e., difusons and locons) and size
effect (i.e., propagons) is proposed to account for size-dependent thermal conductivity. We also find that
the presence of charged molecules in polymers can significantly affect the thermal conductivity and its
size effects due to electrostatic interactions. This work provides insights into the thermal conductivity of
amorphous polymers that will have a broad impact on the nano- and chemical engineering of polymers for

various energy-related applications.
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I. INTRODUCTION

Polymers have shown great potential in various mod-
ern applications, such as soft robotics, organic elec-
tronics, three-dimensional printing, artificial skin, flexi-
ble and wearable electronics, battery electrolytes, thermal
insulation, and thermoelectrics [1—10]. They offer many
advantages compared with traditionally used metals and
ceramics, such as lightweight, low cost, high corrosion
resistance, nontoxicity, and convenient manufacturability.
Among the physical properties, thermal conductivity (k) is
a crucial component that determines the energy efficiency
of building enclosures, the efficacy of cold chain system
for vaccines, thermal management effectiveness of robotics
and electronics, safety of batteries, and efficiency of ther-
moelectrics. The ability to manipulate thermal transport in
polymers is key to many future technology breakthroughs.

Theories of thermal transport have been well studied
in crystalline materials in the past two decades [11—14].
The periodic arrangement of atoms in crystalline mate-
rials can form wavelike lattice vibrations, quantified as
phonons, which propagate with certain wavelengths and
speeds. Heat transport is dominated by phonons in crystals.
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Various phonon modes in a material can scatter (collide)
with each other, and therefore, have a certain finite mean
free path (MFP). While the material size is comparable
with or smaller than some phonons’ MFPs, these phonons
can transport heat between boundaries within the material
in a ballistic manner without scattering with other phonons.
Such an effect is called the size effect, and those phonons
are called ballistic phonons. Due to the size effect, phonon
transport is limited by the material’s boundaries, and there-
fore, the thermal conductivity of small-sized materials can
be lower than that of their bulk values.

Recent studies have also led to significant advances in
the understanding of thermal transport in amorphous poly-
mers [15-24]. It has been found that thermal transport
is dominated by intrachain axial conduction via covalent
bonds, while the interchain van der Waals conduction is
marginal [15,16]. Thermal conductivity can be signifi-
cantly affected by chain conformation (i.e., spatial extent
of chains) [15], chain length [17,24], interchain cross-links
[18], spatial confinement or density [19], strain [20], angu-
lar bending [21], branching [22], kinks [23], etc. Despite
these advances, several fundamental questions remain:
Can the thermal conductivity of amorphous polymers be
further reduced below their common amorphous limit by
the size effect, as has been widely found in crystalline
materials in past decades? What affects the propagating
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distance of heat carriers in amorphous polymers? Aside
from the size effect, how can we tune the thermal conduc-
tivity of amorphous polymers such as using electrochemi-
cal engineering, which usually consist of covalent bonds?
Since the thermal conductivity of crystals was found to be
subject to strong size effects, the use of nanoengineering
to tune thermal conductivity by several orders of mag-
nitude for various applications has grown over the past
two decades [11—14]. The ability to tune the thermal con-
ductivity of amorphous polymers holds promise in many
applications as well.

In the past decade, great advances have been made in the
understanding of thermal transport in amorphous materials
[25-32], which is contributed by the propagation of unlo-
calized atomic vibrational waves (propagons or phonons),
diffusion of unlocalized waves (diffusons), and hopping of
localized vibrations (locons). The understanding of ther-
mal transport in amorphous polymers, however, is still
mainly based on Cahill’s model, which assumes that ther-
mal transport is dominated by the random walk of localized
oscillators between nearest neighbors (~A) and does not
have a size effect beyond about 1 nm [30,33]. The phonon
mean free path is usually estimated at about 0.1-1 nm by
classical kinetic theory [17,34—37], which indicates no size
effect either. This model, however, does not provide insight
into the spectrum of thermal transport, and thus, cannot
give exact answers. Therefore, experimental attempts have
been made to explore the possible size effect of amor-
phous polymers, but the unknown interfacial resistance
between polymer films and the substrate has prevented
a firm conclusion from being reached [38,39]. Compared
with crystalline materials or amorphous inorganic materi-
als, the simulation of amorphous polymers is extremely
computationally demanding due to the long equilibrium
time for large numbers of possible large systems with
different chain conformations.

Here, by using molecular dynamics simulations, we
explore the size effect of thermal conductivity of
four amorphous polymers, namely, polystyrene (a-PS),
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polyethylene (a-PE), polypropylene (a-PP), and ethylene
vinyl alcohol (a-EVOH). These polymers have experi-
mental bulk thermal conductivities (k) ranging from 0.15
to 0.48 Wm~! K~! [40], which approximately cover the
entire range of x values of typical amorphous poly-
mers. Studies described in the literature usually inves-
tigate the thermal transport mechanism of amorphous
polymers by using one single type of polymer, e.g.,
the simplest polymer, polyethylene. However, this prac-
tice may not be robust enough to draw general con-
clusions on amorphous polymers. Therefore, we select
four polymers that cover nearly the entire range of «
values of typical amorphous polymers. This more com-
prehensive approach not only enables us to identify
common heat transport features in amorphous polymers,
but also some unique mechanisms of certain groups of
polymers.

II. METHODS AND MATERIALS

The chemical units and atomic structures of the four
polymers studied, i.e., a-PS, a-PE, a-PP, and a-EVOH, are
shown in Fig. 1(a). The primary focus of this paper is on
a-PS, as its amorphous nature is well acknowledged and
its thermal conductivity is among the lowest in polymers.
The four polymers are all composed of ethylene chains
(-CH;,-CHa;-), but with different dangling molecules, which
are highlighted in red in Fig. 1(a). PE has no dangling
molecule; EVOH has a partially dangling -OH, i.e., only
a certain portion of -[CH;,-CH;]- segments are attached
with an -OH (this portion is 73% for L171B grade and
64% for H171B grade); PP and PS have dangling -CHj;
and -Cg¢Hs, respectively. They are listed in order of dan-
gling mass fraction from low to high. The four amorphous
polymers are built from Monte Carlo simulations with an
energy-minimization algorithm and then stabilized in MD
simulations using an all-atom polymer consistent force
field (PCFF). [41] We note that PE, EVOH, and PP allow
various degrees of crystallinity in experimental samples,

FIG. 1. Polymer  molecular
structures and simulation setups.
(a) Monomers of PE, EVOH,
PP, and PS. (b) Equilibrium

'i' C molecular  dynamics (EMD)
f’ and (c) nonequilibrium MD
simulation  setups.

Periodic boundary conditions are
applied along all three dimen-
sions in both EMD and NEMD
simulations.
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but here we ensure random distortions for all polymers
during construction to make amorphous forms. Statistical
averages of thermal conductivities are taken from multiple
different samples for each case study to avoid any artificial
bias in constructing amorphous forms. In EVOH, the ethy-
lene and vinyl alcohol molecules are randomly arranged
in each chain. EVOH, PP, and PS are atactic, allowing
the dangling molecules to randomly distribute on both
sides of the polymer chain. The bulk and finite-size ther-
mal conductivities are calculated using the Green-Kubo
method based on equilibrium molecular dynamics (GKMD
or EMD) and NEMD simulations with setups shown in
Figs. 1(b) and I(c), respectively. The simulation proce-
dures are included in the Secs. S1 and S2 within the
Supplemental Material [42], which includes Refs. [43—74].

I1I. RESULTS

A. Bulk thermal conductivity

We start by benchmarking the bulk thermal
conductivities that we obtain through MD simulations with
experimental and simulation data from the literature. MD
simulations of the thermal conductivity of polymers have
large fluctuations due to the flexible conformation (e.g.,
chain orientation, extension, and entanglement) and intrin-
sic statistical errors in MD with low thermal conductivity
materials. Therefore, adequate independent simulations are
required to obtain high-fidelity data. Our simulations indi-
cate that the bulk thermal conductivities of a-PE, a-EVOH,
a-PP, and a-PS at room temperature (i.e., 300 K) are
0.47+0.02, 0.38-0.42+£0.02, 0.28£0.02, and 0.16 +
0.02Wm~'K~!, respectively, as shown in Table I. For
EVOH, the thermal conductivity depends on the molar
content of alcohol; thus, we obtain 0.38 Wm~'K~!
for EVOHy 715 (alcohol% = 64%) and 0.42Wm~! K~!

TABLE L

for EVOHL ;715 (alcohol% =73%). Each « value is the
average of three to five random conformations, e.g., inter-
chain entanglement and extension, with five independent
simulations for each conformation. The values also include
a convergence study with respect to the chain length that
is discussed in Sec. III C. The four materials’ thermal con-
ductivities exhibit a decreasing trend with increasing dan-
gling molecular weight fraction (or equivalently, decreas-
ing backbone weight fraction), which supports the findings
that the thermal conductivity of polymers is dominated by
backbone transport along the chains [15,76,77]. This trend
agrees with the recent finding by Luo et al. [22], although
they only study how one-dimensional single-chain ther-
mal conductivity changes using dangling molecules, while
our work uses many entangled chains. Notably, the
k values that we obtain from EMD simulations agree rea-
sonably well with the experimental data, 0.4—0.5, 0.3-0.33,
0.15-0.21, and 0.16 Wm~'K~! for a-PE, a-EVOH,
a-PP, and a-PS, respectively [40]. The small discrepan-
cies are acceptable considering the nature of classical
MD simulations, as well as the uncertainty in the sam-
ple quality and measurement techniques and instruments.
Compared with simulations we find in the literature, which
give values of 0.14-0.21 Wm~' K~! for a-PE [15,17,78],
0.07Wm~'K~! for a-PP [78], and 0.18-0.25 for a-PS
[19,79] (no simulation data are found for EVOH in the lit-
erature), our simulation results are in better agreement with
the experimental values. Reasons for our results agreeing
better with experiments than the literature MD simulations
might be (1) the PCFF potential can better predict the ther-
mal transport properties in polymers than other potentials,
and (2) the literature NEMD simulations have the size
effect. Nonetheless, the absolute values of bulk x do not
significantly affect our study on the size effect, which only
considers the relative change in « with size.

Comparisons between amorphous polymers and inorganic semiconductors for their thermal conductivities and contribu-

tions of diffuson, locon, and propagon to thermal conductivity. A is the mean free path of the propagon. Ly is the minimum thickness

to ensure the amorphous nature of polymers.

Diffuson +
Kputk (Wm™H K1) Locon (%) Propagon (%) A (nm) Lo (nm)
MD simulations from a-PS 0.16 +0.02 84 16 ~115 ~5
this work (amorphous i
polymers) a-PE 0.47+£0.02 64 36 ~70+32 ~4.5
a-PP 0.28 +0.02 64 36 ~130424" 0.5-5
a-EVOH 0.38-0.42 72 28 ~0.2 (Ag)~38 (A1)
Crystalline
Refs. (inorganic silicon [75] 150 ~0 ~100 ~300 ~0
semiconductors) a-Silicon [46] 5 ~22 ~78 ~1000 £ 300 ~0
a-Silica [47] 1.4 ~100 ~0

"Due to the slow increasing rate of the thermal conductivities of PE and PP with increasing thickness, the fitted mean free path might

have a relatively large uncertainty.
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B. Large size effect and long mean free path of
propagons

1. Amorphous polystyrene

To explore the size effect of thermal transport in amor-
phous polymers, we start with a-PS, as its amorphous
nature is well known and its size effect is of significant
interest, especially in improving building insulation per-
formance. We simulate the thermal conductivity of a-PS
from L=0.5 to 27 nm (beyond this length, the simu-
lation becomes very difficult to converge, as the simu-
lation domain is 2.5 times L). Notably, even for small
L values (0.5-5 nm), we still keep the total simulation
length longer than 10 nm to maintain the amorphous
nature of a-PS. In this case, we assign a large portion
of the simulation domain as heat reservoirs, so that the
device length L can be shortened to any extent. The effect
of reservoir length on the simulation results is avoided
because we use the Langevin thermostat, which serves
as an infinite-large thermal reservoir [44]. The simula-
tion results are shown in Fig. 2(a). We find a strong
size dependence that is not expected based on prevailing
knowledge [30,33]. This size dependence is not monotonic
and cannot be explained by phonon gas theory, as used
in crystalline materials. To accurately describe the size-
dependent thermal conductivity of crystalline materials,
the phonon mode-resolved Boltzmann transport equation
is required, which needs the broad-band mode-dependent
phonon velocity, specific heat, and mean free path as
inputs [46,80—83]. Often the phonon mean free path can
spread over a broad range, for example, from 10 nm to
tens of microns for silicon [46]. However, when these
mode-dependent properties are not available, especially
for complex solids, the gray Boltzmann transport equation
with a gray phonon mean free path can still give rea-
sonable and useful size-dependent thermal conductivity
[66,84]:

; (M

k(L) = Kpulk
1+4

~I>

where A is the gray mean free path of heat carriers,
i.e., phonons for crystals. L is the thickness of the mate-
rial. kyy 1S the bulk thermal conductivity of the mate-
rial, i.e., when its size is infinitely large. Here, this gray
form of thermal conductivity is sufficient to interpret the
MD simulation results of polymers. Notably, in the size-
effect study and simulations, there is no Kapitza resis-
tance [85] appearing in the systems, since there is no
interface.

To understand size-dependent «, we divide the size
(thickness) range into several parts. (1) When the thick-
ness is extremely small, e.g., 0-2.5 nm, the PS of interest
does not have amorphous characteristics because it is com-
posed of polymer chains connecting the hot and cold

contacts throughout the film. In this case, the system is
more like a crystalline structure, and heat can be con-
ducted mainly through the backbones of single chains
between hot and cold contacts, that is, heat transfer is
dominated by intrachain conduction [18,86]. Therefore,
the size-dependent x of L =0-2.5 nm is similar to the
size effect of crystals, which is due to the ballistic effect
[44,87,88], and this regime is referred as the “crystalline
regime” in this work. (2) From L =2.5 to 5 nm, all single
PS chains are unable to connect the cold and hot con-
tacts directly due to the torsion and entanglement, and
interchain conduction becomes important. In this case, the
PS can no longer be approximated by a crystalline sys-
tem. It is not fully amorphous either, because it is not
thick enough to allow a full amorphous chain conforma-
tion (e.g., torsion and entanglement). Therefore, we refer
to L =2.5-5 nm as a “transition regime from crystalline
to amorphous” for a-PS. (3) Beyond 5 nm, the PS is fully
amorphous, and this regime is of greatest interest in this
work because we are exploring the nature of heat con-
duction in physically amorphous polymers, and it is also
more practical than the other two regimes due to its fabri-
cation feasibility. In this amorphous regime, heat is carried
by diffusons, locons, and propagons (phonons). The first
two conduction channels do not have size effects, and
therefore, we propose to write the thermal conductivity
as

Koulk — Ko
4ALy ’
31-Ly

k(L) = ko + (L > Ly). (2)

Here, « is the contribution of diffusons and locons, which
has no size effect. The second term in Eq. (2) is the con-
tribution of propagons, which has a size effect similar to
phonons in crystals; therefore, Eq. (2) differs from Eq. (1)
in that it introduces an additional quantity, Lg, to account
for the starting thickness of the amorphous regime, giv-
ing the second term on the right side of Eq. (2). Therefore,
Eq. (2) is referred to as a two-channel model that com-
bines no size effect (i.e., difusons and locons) and size
effect (i.e., propagons). The physical meaning of L, is
the minimum thickness for a polymer to be called “amor-
phous,” i.e., a film thinner than L is partially crystalline.
The value of Ly for a polymer is the starting point of
the amorphous regime that can be read from the trend
of the size-dependent thermal conductivity, as shown in
Fig. 2. For example, for a-PS, as shown in Fig. 2(a),
Ly is roughly estimated as 5 nm, which agrees reason-
ably well with the persistence length of polymers found
in the literature [89]. ko is the thermal conductivity when
the size is Ly, which can also be read from the NEMD
simulation results. kpy 18 the bulk thermal conductivity
obtained from EMD simulations in this work. For sim-
plicity, we do not pursue a high accuracy of Ly because
it does not alter the overall physics, model, or trend. As
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FIG. 2. Thickness-dependent thermal conductivity of (a) a-PS, (b) a-PE, (c¢) a-PP, and (d) a-EVOH films calculated by NEMD
simulations at room temperature. Blue curves in (a)—(c) are fitted using Eq. (2) with Aas the only fitting parameter. In (d), green dashed
curves and blue curve are fitted using Eqgs. (1) and (3), respectively. Blue fitting curves in all figures will converge to bulk values (black
dashed lines) at L = oo. Differences between blue curves and bulk values at small L are the thermal conductivity contribution from
propagons. Each NEMD data point is averaged among nine simulations, i.e., three independent NEMD simulations for three random
structures. Error bars represent statistical errors of NEMD simulations. Insets in (a) and (c) are magnifications for clearer views of the
size effect. Bulk values are obtained by EMD simulations in this work.

such, in Eq. (2), there is only one fitting parameter, A, the
MFP of propagon, which is fitted as 11.5 nm, as shown in
Table I for a-PS. The fitted curve agrees reasonably well
with the NEMD data, demonstrating the feasibility of our
model, Eq. (2). Notably, we randomly construct three dif-
ferent polymer structures for each L value to account for
the uncertainty induced by local conformations of poly-
mers. For each structure at each L value, we perform
three independent NEMD simulations to account for the
fluctuational nature of MD. As such, each data point in
Fig. 2 is an average of nine independent NEMD simu-
lations, which, at the same time, makes the study more
computationally expensive than those for crystalline mate-
rials. The error bars represent the fluctuation of three MD
simulations for each three random structures. Based on
the relatively small error bars shown in Fig. 2(a), it is
safe to claim that the size effect observed here is not

due to an uncertainty of simulations. Our findings on the
size effect of a-PS and the long MFP suggest a potential
for further reducing the thermal conductivity for thermal
insulation.

2. Amorphous polyethylene and polypropylene

To further examine whether the observed size effect of
a-PS is a general trend in other amorphous polymers, we
simulate the size-dependent thermal conductivity of a-PE,
as shown in Fig. 2(b). A similar trend is observed in a-PE;
that is, L can be divided into crystalline, crystalline-to-
amorphous, and amorphous regimes based on the size-
dependent thermal conductivity characteristics. With the
model, Eq. (2), ¥ (L) in the amorphous regime is fitted and
the MFP of a propagon, A, of a-PE is obtained at around
70 nm. We acknowledge that the increasing trend of « is
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slow in the amorphous regime with L, and to have a better
fitting, larger size simulations are required. However, due
to the huge computational cost, we limit our simulations of
a-PE to up to 17 nm, which compromises the quantitative
interpretation of A being qualitative.

We also examine the size effect of a-PP, as shown in
Fig. 2(c). Crystalline and amorphous regimes are clearly
seen, while the transition regime is not clear, which may
be between 0.5 and 5 nm. Nevertheless, to fit € (L) in the
amorphous region using Eq. (2), we find that varying the
value of Ly from 0.5 to 5 nm does not affect the fitted
results. The obtained MFP of a propagon in a-PP is about
130 nm.

Admittedly, the NEMD thermal conductivities of a-PE
and a-PP at the studied thicknesses are still below the
bulk value. However, for all polymers, we are not able
to increase the simulation thickness anymore (the simu-
lation domain is 2.5 times the film thickness) because a
longer simulation domain will also require a larger cross
section (otherwise the simulation is hard to converge),
which will make the computational cost unaffordable. So,
the thicknesses studied in Fig. 2 are nearly the maximum
thicknesses we can run in NEMD simulations at this point
in time. Here, we presume EMD and NEMD should give
the same bulk thermal conductivity for polymers. Due to
the slow increasing rate of the thermal conductivity of PE
and PP, the fitted mean free path might have a relatively
large uncertainty, which is noted in Table I.

3. Amorphous EVOH

The last polymer we examine is a-EVOH, which differs
slightly from a-PS, a-PE, and a-PP in chemical compo-
sition by having additional oxygen atoms, in the form of
hydroxyl groups (-OH). As shown in Fig. 2(d), we find
similar characteristics for « (L) to those of the other three
polymers; that is, « (L) cannot be fitted well by using the
single-phonon model in Eq. (1). However, in a-EVOH,
k (L) increases nearly smoothly with L and the transition
between crystalline and amorphous regimes is not clear.
Inspired by this, we combine Egs. (1) and (2) by assuming
two separate MFPs, Ay and A, for crystalline phonons
in the crystalline regime and propagons in the amorphous
regime, respectively, and propose the following:

S 127

4 A 4 A
I+37 1+37

k(L) = Kpuik ( ) , (L>0). (3)

The first term in parentheses in Eq. (3) represents short
crystalline phonons through backbones, and the second
term represents long propagons through van der Waals
interactions. f, Ay, and A are the fitting parameters. We
find that this model fits « (L) of a-EVOH very well, and
Ao and A, are fitted as 0.2 and 38 nm, respectively.
The portion of propagon, 1-f, is about 28%. Based on

0.5 T T T T
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FIG. 3. Size-dependent thermal conductivities of a-EVOH

with electrostatic interactions being included and arbitrarily
excluded.

the values of Ay and A, we can roughly tell the three
regimes, as shown in Fig. 2(d). From 0 to 10A,, i.e.,
0 to 2 nm, the first crystalline phonon term in Eq. (3) dom-
inates, indicating the crystalline regime. From A/10 to
00, 1.e., 3.8 nm to oo, the second propagon term in Eq. (3)
dominates, indicating the amorphous regime. Here, the
factors 10 for 10A( and 1/10 for A;/10 are just arbitrary
numbers representing “much larger” and “much smaller,”
respectively, providing an estimation of the relative impor-
tance of the two channels. The ranges of these regimes
identified by Eq. (3) are similar, or in the same order of
magnitude, to those found in the three other polymers, indi-
cating the rationality of our model in Eq. (3). We expect
the long phonon mean free path predicted in this work to be
measured in experiments by using various techniques, such
as the thermal grating method [90] and ultrafast optical
spectroscopy [12], which can measure the spectral phonon
mean free path.

4. Discussion

The extracted propagon contribution to thermal con-
ductivity and MFP in the various polymers studied is
summarized in Table I. Propagons contribute to 16%, 36%,
36%, and 28% of the bulk thermal conductivity of a-PS,
a-PE, a-PP, and a-EVOH, respectively. The results sug-
gest a critical revisiting of the prevailing assumption of no
size effect in amorphous polymers [30,33]. The obtained
propagon MFPs of a-PS, a-PE, a-PP, and a-EVOH are
around 11.5, 70, 130, and 38 nm, respectively. Although it
is demonstrated that the phonon MFP spectrum along the
axial direction of crystalline PE spreads about 1-1000 nm
through first-principles calculations [91], the phonon MFP
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of amorphous polymers is not expected to be much longer
than 1 nm [38,39], and no size effect is expected. The
long phonon MFP of amorphous polymers that we obtain
indicates a critical review of the 0.1-1 nm values that
usually assumed in the literature [17,34-37] based on clas-
sical kinetic theory, x = 1/3 cvA, where ¢ and v are the
specific heat and sound velocity, respectively. The kinetic
model greatly underestimates the MFP by assuming all
vibration modes have a sound velocity, while, in fact,
most vibrational modes are optical and/or diffusive modes
and have a much smaller velocity than that of the sound
velocity [82,91,92]. This underestimation is also seen in
crystals. For example, the effective phonon MFP of silicon
is about 300 nm, while classical kinetic theory gives about
43 nm [75], and the latter is not able to predict well the
size-dependent thermal conductivity. Notably, the MFP
values shown in Table I are effective MFPs, and the actual
MFP spectra in these polymers may spread over a wide
range centered around the effective MFP value. Due to

a
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the amorphous nature of the polymers studied, the long
phonon MFP is probably attributed to the van der Waals
interaction. As found in the literature, van der Waals inter-
actions can sustain long MFP phonons in crystalline mate-
rials [37,93]. The reason why amorphous and disordered
materials can have a long phonon MFP might be that the
long-wavelength phonons can barely see the local disorder,
and therefore, can transport long distances with occasional
scattering [46,94]. This phenomenon is also seen in defec-
tive crystals: the relative importance of long-wavelength
phonons increases with an increasing concentration of
defects [46,94] because the short-wavelength phonons are
blocked by the defects. More importantly, it is also seen in
amorphous inorganic materials: amorphous silicon (a-Si)
has an effective MFP as long as 1000 nm [46] obtained by
fitting the experimentally measured size-dependent ther-
mal conductivity into Eq. (1), as seen in Fig. S3 within the
Supplemental Material [42], which is much longer than the
MFP of crystalline silicon.
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FIG. 4. Effect of electrostatic interactions on thermal conductivity of amorphous polymers. OH% is calculated by no/(np + nc).
Without special notes, GKMD in this paper indicates that the electrostatic interaction is included and the cutoff radius is “infinity” by
using the Ewald summation to account for long-range electrostatic interactions.
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C. Intriguing effect of electrostatic potential

A comparison of the four polymers shows that a-PS
and a-EVOH have the shortest phonon MFPs. The for-
mer is understandable because a-PS has a bulky dangling
molecule (i.e., phenyl), which strongly reduces the phonon
MFP and axial thermal conductivity of the ethylene chains
[22]. However, the short MFP of a-EVOH is somewhat
puzzling. The main difference between EVOH and the
other polymers is that EVOH has oxygen atoms (in -
OH), while the other three polymers are all composed
of carbon and hydrogen. The existence of oxygen atoms
induces a large electrostatic interaction because O-H has
a much larger dipole moment than that of C-H. The net
effective charge of oxygen in EVOH is —0.56e, while
that of carbon in all four polymers is only about 0-0.1e,
depending on the neighboring atoms, where e represents
an elementary charge. To examine whether the electro-
static interaction shortens the phonon MFP, we simulate
k(L) of EVOH via NEMD with electrostatic interactions

0.40 |
L
e 035¢
3
2 030Ff
=
3]
>
2 025t
Q
(8]
©
E o020f
[}
£
'_

015} “A PAP -
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Molar fraction of charged atoms ng,\/(nctnep.y)
FIG. 5. Thermal conductivity of polymers measured in Ref.

[96] as a function of the molar fraction of the charged atoms.
They show a positive correlation with R? value of 0.574. Notably,
they do not exactly follow a linear relationship because the
various polymers have different physical properties, such as
bulk modulus, sound velocity, heat capacity, and density, which
significantly affect the thermal transport. Regardless of these
physical properties, the positive correlation between the molar
fraction of charged atoms and thermal conductivity can demon-
strate the crucial role of electrostatic potential in determining the
thermal conductivity of these materials. In these polymers, the
charged atoms are oxygen and nitrogen. Here, carbon is treated
as noncharged atom because its charge is negligible compared
with those of oxygen and nitrogen. All hydrogen atoms are affil-
iated with carbon, nitrogen, and oxygen, and therefore, are not
counted in this scheme. In addition, hydrogen contributes little to
the thermal transport due to its high frequency and its dangling
role.

being excluded arbitrarily. As shown in Fig. 3, the bulk «
remains the same, but « (L) becomes much smaller after
the electrostatic interaction is excluded. The fitted phonon
MFP, A in Eq. (3), after excluding the electrostatic inter-
actions is around 75 nm, which is much longer than that
of the original value, 38 nm, before excluding electrostatic
interactions. We then arbitrarily exclude the electrostatic
interaction in @-PP and a-PS that are composed of car-
bon and hydrogen only, but changes to size-dependent «
are not observed (not shown in Fig. 3). These findings
support our conjecture: it is the oxygen ions and electro-
static interaction that enhance « (L) and, therefore, reduce
the size effect and phonon MFP in amorphous polymers.
Notably, the phenomenon that electrostatic interactions
increases k (L), while retaining « (bulk), is only observed in
EVOH and is not guaranteed for other polymers. We esti-
mate that the electrostatic interactions retaining « (bulk) in
EVOH is just a coincidence, i.e., the following two factors
that are discussed later in the following paragraphs com-
pensate for each other: (1) electrostatic interactions have
a trend of enhancing thermal transport by enhancing the
interchain energy exchange, and (2) electrostatic interac-
tions diminish the contributions of phonons by long-range
anharmonic scattering. For other polymers, the electro-
static potential could have a much stronger effect on the
bulk thermal conductivity. For example, a recent exper-
iment shows that electrostatically engineered amorphous
polymers can boost the thermal conductivity by about
10 times [95].

We find that the decrease in the size effect by the inclu-
sion of oxygen is not only seen in polymers, but also in
inorganic materials. For instance, ¢-Si has a strong size
effect, as previously discussed, but a-SiO, does not have
a size effect, even down to 2 nm (see Sec. S3 within the
Supplemental Material [42]) [47,72]. Similarly, a-Al,O3
does not show a size effect [72]. We suspect that it is the
long-range anharmonic electrostatic interaction that dimin-
ishes the size effect in some inorganic oxides. This point
is also supported by truncating the electrostatic interac-
tions, as discussed in the following paragraphs. Notably,
we do not compare the bulk thermal conductivities of a-Si
and a-Si0,, since the bulk thermal conductivity of a mate-
rial is determined by many factors, including the chemical
species, bonding strengths, sound velocities, and atomic
masses, which cannot be predicted by electrostatic inter-
actions only. Here, we only do self-consistent comparisons
by comparing Si with Si itself with difference sizes, and
we compare SiO; with SiO, itself with different sizes. For
example, since a-Si does not have electrostatic interactions
in it, it has large size effect. a-SiO, has strong electro-
static interactions in it, so it has a small, essentially no,
size effect. Notably, a-Si has been well studied and its ther-
mal conductivity is found to have significant contributions
from phonons with a long mean free path. Here, we conjec-
ture that the existence of long mean free path phonons in
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FIG. 6. Temperature-dependent thermal conductivities of bulk amorphous PE, EVOH, PP, and PS as a function of chain length.

a-Si might be partially because of the lack of electrostatic
interactions. Nevertheless, the size effect of a material is
determined by many factors, including sound velocities,
anharmonicities, disorders, and interaction types, and it is
irrational to determine the size effect solely on electrostatic
interactions. Here, we take Si and SiO, as examples and
propose ideas that might be examined by a further deeper
analysis.

To gain a further insight into the role of oxygen ions
and electrostatic interactions in thermal transport in poly-
mers, we compare the time integrals of heat current
autocorrelation functions (HCACFs) of bulk amorphous
polymers with the electrostatic interactions being included
and excluded, as shown in Figs. 4(a)4(c). HCACF is
a measurement of the correlation of the heat pulse (i.e.,
thermal fluctuation) with itself after a certain time in a
system. A stronger correlation in a material indicates a

higher thermal conductivity in this material, that is, the
heat pulses or thermal fluctuations can last longer before
dissipation. Here, we compare a-PP, a-PS, and a-EVOH,
which all have some dangling molecules on the polyethy-
lene chains. Notably, the structure does not change when
we turn off the electrostatic interactions for all polymers.
We find that, for a-PP and a-PS, which are composed only
of carbon and hydrogen, the integrals of HCACFs do not
change significantly upon including or excluding the elec-
trostatic potential. However, for --EVOH, which contains
oxygen atoms, the integral of HCACF grows significantly
at a short time (100 fs) correlation after the electrostatic
potential is turned on [Fig. 4(c)]. This sharp growth is
even greater at higher oxygen molar concentrations when
we compare EVOH ;7,5 (OH =26.7%) and EVOHy75
(OH =23.7%). At a long time correlation, although this
sharp growth gradually decreases, EVOH( ;7;5, which has
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more oxygen, still exhibits a larger converged bulk thermal
conductivity than that of EVOHy,7;5. Therefore, we can
conclude that the oxygen ions and electrostatic interactions
can increase thermal conductivity and, in particular, boost
the transient thermal conductivity. This conclusion agrees
with recent experimental observations that electrostatically
engineered amorphous polymers can boost thermal con-
ductivity by about 10 times [95]. Moreover, by comparing
polymers with varying amounts of oxygen, as reported in
Ref. [96], we find that the thermal conductivity gener-
ally increases with increasing oxygen content, as shown
in Fig. 5, regardless of other important properties for ther-
mal transport, such as modulus and density, indicating the
important role of electrostatic interactions in enhancing the
thermal conductivity.

We also examine the effect of the truncation radius of
electrostatic potential, as shown in Fig. 4(d). It is shown
that the finite-range electrostatic potential can boost the
thermal conductivity of EVOH by up to 30 times. This
enhancement is also greater for EVOH |75 than that of
EVOHy,7;5, since the former has a higher oxygen content.
The inclusion of long-range interactions, however, grad-
ually diminishes this enhancement. We suspect that the
long-wavelength propagons that can barely be scattered by
the short-range disorder are scattered by the long-range
anharmonic electrostatic interactions. This hypothesis is
supported by the fact that the long-range strongly anhar-
monic Coulombic interactions significantly suppress the
thermal conductivity of ionic crystals, which generally
cause salts to have a much lower thermal conductivity than
that of covalent crystals [97,98]. To summarize, electro-
static interactions have two competing effects on thermal
transport: the trend is to increase the thermal conductiv-
ity by enhancing the interchain energy exchange, but this
diminishes the contributions of long-wavelength-propagon
thermal transport by long-range anharmonic scattering.
The exact role of electrostatic interactions on atomic vibra-
tional spectra and phonon transport remains elusive and it
is worth further study in the future.

We now discuss other effects that may affect ther-
mal transport. It is known that the thermal conductivity
of polymers greatly depends on the conformation (chain
entanglement and extension) and chain length [15,17]. To
draw conclusions about the size effect in thermal con-
ductivity, we need to exclude the effect of conformation
and chain length. The first effect is naturally excluded
by performing statistical averaging for random conforma-
tions. The second effect is studied systematically for the
four polymers. Figure 6 shows the temperature-dependent
bulk thermal conductivities of the polymers with vari-
ous chain lengths (for a summary of converged «, see
Fig. 7). Each point is averaged among three random con-
formations, with five independent simulations for each
conformation to minimize the statistical error. The ther-
mal conductivity generally changes with increasing chain
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FIG. 7. Thermal conductivities of amorphous bulk PE, EVOH,
PP, and PS as a function of temperature, as calculated by Green-
Kubo MD.

length and eventually converges. We find that the con-
verging chain lengths are 200, 40, 75, and 30 units of
-[CR-CR]- for a-PE, a-EVOH, a-PP, and a-PS, respec-
tively, where R represents H or dangling molecules. These
chain lengths are chosen for the NEMD study in this work.
Although a-PE shows strong chain-length-dependent «, in
agreement with Ref. [17], the other three polymers do not.
Since in experimental samples the average chain length
is much longer than these values, here we choose chain
lengths that are long enough to ensure that they have no
effect in our size-effect study. In Fig. S6 within the Sup-
plemental Material [42], ¥ decreases with temperature in
a-PE, but increases with temperature for the other poly-
mers. Notably, MD uses classical Boltzmann statistics,
which only works well for high temperatures; therefore,
the temperature-dependent quantities obtained by MD can
provide only a qualitative analysis instead of quantitative
interpretation. Nevertheless, these results indicate that the
size effect discussed above is not a result of crystallinity;
instead, it is the nature of amorphous polymers.

IV. CONCLUSIONS

We find that the thermal conductivities of amorphous
polymers can be further reduced below their bulk limit
by 16% to 36% in the examples used in this study. This
finding originates from the fact that the long-wavelength
propagating heat carriers, i.e., phonons or propagons, can
barely be scattered by the short-range disorder. A two-
channel model that combines no size effect (i.e., difu-
sons and locons) and size effect (i.e., propagons) is pro-
posed to describe the size-dependent thermal conductivity.
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We expect that the size effect we observe in four poly-
mers, a-PS, a-PE, a-PP, and a-EVOH, generally occurs
in amorphous polymers. We also find that the presence
of -OH strongly enhances thermal transport by long-range
electrostatic-interaction-facilitated energy exchange and
reduces the size effect on thermal transport by scattering
the long-wavelength phonons via long-range anharmonic
Coulombic potential. We propose that the thermal conduc-
tivity of amorphous polymers is positively correlated with
the concentration of charged atoms, such as oxygen and
nitrogen atoms. Findings in this work will have a broad
impact on the nano- and chemical engineering of polymers
for various energy-related applications. We expect the size
effect to be validated by future experiments with films on
substrates.
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