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Abstract

Thermal conductivity is an important transport property governing the perfor-
mance of polymers in non-isothermal conditions. Nevertheless, its dependence
on molecular weight M has not been the subject of as much attention as other
properties of polymeric materials. We determine the thermal conductivity of
polystyrene and polyisobutylene for a wide range of molecular weight by mea-
suring the density, heat capacity and thermal diffusivity. Using coarse-graining
and reverse mapping methods, we were able to produce molecular melts to study
the thermal conductivity of polystyrene using molecular dynamics simulations
over a similar range of molecular weight. We find satisfactory agreement be-
tween the experimental and simulation results. However, all of our results show
that thermal conductivity depends only slightly on molecular weight up the en-
tanglement limit and it is independent thereafter. Our results put into question
the few previous experimental studies on this topic by showing that the previ-
ously accepted proportionality to

√
M does not hold. Our findings could have

significant implications for the understanding of complex phenomena such as
anisotropic thermal conductivity in polymers subjected to flow.

Keywords: thermal conductivity, molecular weight, polystyrene,
polyisobutylene, forced Rayleigh scattering, MD simulation
2010 MSC: 00-01, 99-00

1. Introduction

Thermal transport plays a critical role in the processing of polymer melts
and in the performance of fabricated polymeric materials. This is a result of
most polymer manufacturing processes being non-isothermal in nature. The
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transport property governing thermal transport is the thermal conductivity λ,5

which appears in the expression known as Fourier’s law:

jq = −λ∇T. (1)

In Eq. (1), jq is the diffusive flux of energy, and ∇T is the gradient of tem-
perature T . Polymer melts show smaller thermal conductivity than common
organic liquids and water, and the difference is even larger for polymeric solids
in contrast to ceramic and metallic materials. Here, we use the word ‘polymer’10

to refer to a molecule having at least 10 monomers: N = M/M0 > 10, where
M is the polymer molecular weight and M0 is the monomer molecular weight
(oligomers are molecules with N ∼ 3− 10). For typical polymers, values of the
thermal conductivity λ are in the range 0.1− 0.4 W/mK [1].

Thermal conductivity is a notoriously difficult quantity to measure and this15

especially true for polymeric liquids and solids. According to Eq. (1), the most
direct approach to measuring thermal conductivity λ is to subject a sample to a
known heat flux and measure the resulting temperature gradient, or vice-versa.
The most common methods for measuring the thermal conductivity of polymers
include the transient hot wire and guarded hot plate techniques. Literature20

values for the thermal conductivity of a given polymer (liquid or solid) can
vary by 100% or more [2]. The inconsistencies of thermal conductivity data for
polymeric materials may be the result of several factors such as finite geometries
(edge effects) and uncontrolled interfacial thermal resistances.

The dependence of thermodynamic and transport properties of polymers on25

molecular weight has technological and scientific implications. There have been
numerous investigations, both experimental and theoretical, on the molecular
weight dependence of polymer viscosity η and diffusion coefficient D. These
transport coefficients are related to configurational rearrangements involving an
entire polymer chain and therefore have a very strong dependence on molecular30

weight M . For entangled polymers with M > Me, where Me is the entanglement
molecular weight, η ∼M3.4 and D ∼M−2.3, which are somewhat stronger than
the predictions of so-called reptation models [3]. The glass transition temper-
ature Tg for many thermoplastics is depressed at lower molecular weights and
becomes constant at higher molecular weights [4]. However, in a comprehensive35

study by Zhang et al. [5], no correlation between Me and the molecular-weight
dependence of Tg was found for polystyrene. Thermodynamic properties such
as density ρ and heat capacity (per unit mass) ĉp appear to be relatively insen-
sitive the polymer molecular weight; a weak dependence of these properties on
M has been reported in the oligomeric regime (N . 10) [6, 7].40

Detailed models for the thermal conductivity of liquids and amorphous
solids, while not well developed, often make a connection to sound wave prop-
agation [8, 9, 10]. Based on this, one would expect the dependence of λ on
molecular weight for polymeric materials to be rather weak. Studies on the
molecular weight dependence of thermal conductivity for polymers are, how-45

ever, relatively small in number. The most well known experimental data is
that reported by Hansen and co-workers [11, 12]. In these studies, a rather
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strong dependence of λ on M was reported for several commercial polymers
having a broad molecular weight distribution. It is worth noting that few de-
tails of the experimental method(s) used were provided and the reported data50

did not include estimates of the experimental uncertainty. In Figure 1 we present
one set of results for polystyrene [11, 12], which includes an earlier data set for
low molecular weight (oligomeric) polystyrene [13]. From this figure, we see
that that λ increases by roughly 75% with M over the range 103 − 105 g/mol.
Similar results were reported for high-density polyethylene; however, changes in55

the ‘effective’ molecular weight for some samples was achieved by dilution with
oligomers (waxes) [11]. We note that these experimental results [11, 12] are well
cited and have been discussed in a more recent review article [14].
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Figure 1: Literature data on the dependence of thermal conductivity λ on weight-average
molecular weight Mw for polystyrene 40◦C from [12] (©) and [13] (⊗).

A model proposed by Hansen and Ho [11] that predicts λ ∼
√
N was found to

be in good agreement with their experimental results. According to this model,60

the slope of λ vs.
√
N indicates the relative importance of intra-chain energy

transfer compared to inter-chain energy transfer. When intra-chain and inter-
chain energy transfer efficiencies are comparable, λ is independent of

√
N and

therefore polymer molecular weight. Hence, these authors claim the observed
dependence of λ on M indicates intra-chain energy transfer is more efficient than65

inter-chain energy transfer. This hypothesis has been the basis for a molecular
model for anisotropic thermal conduction in oriented polymeric materials [15].
There appears (to our knowledge) to be only one other experimental data set in
the literature where the effect of polymer molecular weight on thermal conduc-
tivity has been examined. Bates reported a weaker dependence of λ on molecular70
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weight for a series of commercial silicones: tri-methyl end-blocked polydimethyl
siloxanes (PDMS) [16], which are reproduced in Figure 2. However, the absence
of uncertainties in the measurements makes it difficult to assess whether or not
a dependence on molecular weight is present. For completeness, we mention the
data set from Morikawa et al. [17] who reported thermal diffusivity χ = λ/ρĉp75

for several polystyrene samples with relatively narrow molecular weight distri-
bution. These data will be discussed later in this paper.
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Figure 2: Literature data on the dependence of thermal conductivity λ on weight-average
molecular weight Mw for polydimethyl siloxane at 50◦C from [16].

Several molecular dynamics studies on polyethylene melts have found that
λ increases with M with a similar dependence to that found on the experimen-
tal results by Hansen et al. [11]. However, the increase in λ is limited to low80

molecular weights [18, 19, 20], and all the mentioned simulation studies showed
deviations from the proposed N1/2 model, with a plateau in λ over the critical
molecular weight or chain length limit Nc = 2Ne. Unfortunately, the range
of molecular weights covered by these simulations did not correspond to those
investigated experimentally [11] due to the computational cost required to equi-85

librate large molecular weight polymeric melts. A more recent study covered
a region overlapping the molecular weight range for both previous simulation
[18, 19, 20] and experimental [11] studies. This study showed three regions for
the dependence of thermal conductivity with molecular weight [21]. In a first re-
gion (N < Ne), λ increases roughly as N1/2; in a second region (Ne < N < Nc),90

the rate of increase in thermal conductivity with molecular weight decreases.
Finally, above the critical entanglement chain length (N > Nc) the thermal con-
ductivity remains constant. Note that the constant thermal conductivity found
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in all simulation studies for N ≥ Nc is in direct contradiction with Hansen et
al. [11] results. These simulation results show good qualitative agreement with95

a recent model proposed by Xi et al. [22] with a general expression for the
thermal conductivity of amorphous materials ranging from liquids to polymer
glasses (i.e., for amorphous solids λ is found to be dependent on M and for
polymer glasses it is found to be independent). To describe the thermal con-
ductivity of polymers, this model makes use of a Thermal Resistance Network100

that highlights the importance of the distance between entanglements in the
path followed by energy carriers along the chains [22, 23]. This model has suc-
cessfully reproduced the pressure and temperature dependence of λ in polymer
solids and melts and qualitatively described anisotropy in oriented polymers.

From the discussion above, it appears that the dependence of thermal con-105

ductivity on polymer molecular weight has yet to be established. In this study
we present a comparison of experiments and molecular dynamic simulations in
an attempt to settle the question. We report measurements of thermal conduc-
tivity over a wide range of molecular weights for polystyrene (PS) and poly-
isobutylene (PIB) samples having a narrow molecular weight distribution. We110

chose these polymers because samples with relatively narrow molecular distribu-
tion are readily available for both; results for PS have been previously reported.
In addition, PS is one of the few chemistries for which well equilibrated sys-
tems used for molecular dynamics simulations can be produced for the wide
range of molecular weights of interest in this study. Thermal conductivity λ115

was determined using a combination of experiments where the density ρ, heat
capacity ĉp and thermal diffusivity χ were measured and used in the relation
λ = ρĉpχ. In simulations, we focus on PS at room temperature over a range
of molecular weights both below and above Me. In the following sections, we
discuss the experimental techniques and simulation methods used. These are120

followed by a presentation of our results, where we examine the (in)dependence
of the thermophysical properties on polymer molecular weight. Finally, we draw
conclusions on our results and their implications.

2. Experimental

2.1. Materials and Sample Preparation125

As the focus of this study is on the molecular weight dependence of ther-
mal conductivity, we have chosen to work with samples having a relatively
narrow molecular weight distribution. The weight-average molecular weight
Mw and polydispersity Mw/Mn (Mn number-average molecular weight) val-
ues reported in this study are those provided by the suppliers. Most of the130

PS (M0 = 104.2 g/mol) samples were obtained from Polymer Source (Mw =
1404, 3552, 10900, 53550, 106000, 442000 g/mol); the remaining samples were
obtained from Pressure Chemical (Mw = 25000 g/mol), from G. Kisker GbR
(Mw = 187000 g/mol), and from Scientific Polymer Products Inc. (Mw =
260000 g/mol). All but one of the PIB (M0 = 56.1 g/mol) samples were obtained135

from Polymer Source (Mw = 1610, 3510, 7875, 34770, 81000, 130700, 449100 g/mol);
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and one was obtained from BASF (Oppanol B 15 SFN, Mw = 75000 g/mol).
A summary of the samples and their molecular weight distribution data is pro-
vided in Table 1. All of the samples have N > 10. Based on literature values
[24] for the entanglement molecular weight (Me = 16, 600 g/mol for PS and140

Me = 6900 g/mol for PIB), several of the samples can be classified as unentan-
gled polymer: Mw < Me. Note that all but one of the samples for the PS and
PIB series have a relatively narrow molecular weight distribution.

Table 1: Molecular weight and polydispersity data for polystyrene (PS) and polyisobutylene
(PIB) samples.

name Mw [g/mol] Mw/Mn name Mw [g/mol] Mw/Mn

PS1.4k 1,404 1.08 PIB1.6k 1,610 1.15
PS3.6k 3,552 1.11 PIB3.5k 3,510 1.30
PS11k 10,900 1.09 PIB7.9k 7,875 1.05
PS25k 25,000 1.06 PIB35k 34,770 1.14
PS54k 53,550 1.05 PIB75k 75,000 3.4
PS106k 106,000 1.06 PIB81k 81,000 1.18
PS187k 187,000 1.02 PIB131k 130,700 1.24
PS260k 260,000 2.5 PIB499k 499,100 1.14
PS442k 442,000 1.05

The optical method (described below) used to determine the thermal diffu-
sivity requires dust-free, transparent samples that absorb light at the wavelength145

of 514.5 nm. To produce such samples, the dye 1,4-dihydroxyanthraquinone
(quinizarin, 96%, Aldrich Chemical Company, Inc.) was incorporated at a small
mass fraction (∼ 10−4). To achieve this, the polymer and dye were dissolved
in a solvent: ethyl acetate for PS and cyclohexane for PIB at roughly 10 %
polymer by mass. The solution was transferred to a mold having a removable150

glass bottom and a majority of the solvent was allowed to evaporate at room
temperature. The resulting films were then placed in a vacuum oven at 50 ◦C
and dried until the mass of the film was effectively constant, which typically
required 2− 3 months. This procedure yielded samples with an absorption co-
efficient K ≤ 20 cm−1 at a wavelength of 514.5 nm. The dyed polymer samples155

were molded into disks having a diameter ∼ 13 mm and thickness ∼ 1 mm,
which were suitable for the optical method and for the measurement of density.
DSC measurements of the heat capacity were made on the as-received polymers
after drying in a vacuum oven at 50 ◦C for at least 24 hrs.

2.2. Forced Rayleigh Scattering Technique160

Forced Rayleigh Scattering (FRS) is a non-invasive optical technique [25]
that can be used to measure thermal diffusivity χ. Over the past 20 years, we
have developed and implemented an FRS setup [26] that allows for measurement
of the time-dependent components of the thermal diffusivity tensor χ = λ/ρĉp,
where λ is the thermal conductivity tensor, in deformed polymeric materials.165
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This setup has been used to investigate deformation-induced anisotropic thermal
conduction in polymer melts subjected to step and constant rate shear flows
[27, 28, 29, 30, 31]. We have also used this setup to measure components of χ in
several cross-linked elastomers subjected to uniaxial elongation [32, 33, 34, 35],
and in polymers quenched after uniaxial elongation in the melt state [36, 37, 38].170

Several of the samples listed in Table 1 have been used in our previous work
[27, 28, 29, 31, 37] on flow-induced anisotropic thermal conduction.

Here we give a brief description of the technique, which is described in detail
elsewhere [26]. An optical grating is formed by the intersection of two beams
from a coherent (Ar+) laser within a sample containing a dye that absorbs a175

small fraction of the energy of the electromagnetic wave. Interference causes
the intensity within the intersection volume of the beams, where the sample
is located, to be modulated sinusoidally with the period Λ ' λAr+/θ, where

λAr+ = 514.5 nm is the wavelength of the writing laser and θ � 1 is the
angle at which the beams cross. The absorbed energy produces a sinusoidal180

temperature field with a modulation amplitude δT ∼ 0.01 K. The temperature
modulation leads to a modulation of refractive index n, which is detected using
a low-power, HeNe reading laser (λHeNe = 632.8 nm) that passes through the
sample at the Bragg angle. The intensity of the first-order diffracted beam is
measured by a photo-detector.185

Since the grating period Λ is much smaller than the spot size of the writing
laser, the dynamics of the grating temperature field can be decoupled from the
bulk temperature in the sample. Following a pulse of the writing laser, δT is
assumed to have an exponential time dependence: δT ∝ e−t/τg with grating

relaxation time τg = Λ2

4π2χ . A fit to the decaying part of the signal is used190

to obtain a value for τg [26]. Because Λ is on the order of tens of microns,
the duration of a single experiment is only several milliseconds. Typically, 100
experiments were used to determine an average value of τg. FRS experiments
were performed at room temperature (∼ 22.5 ◦C).

A check of the validity of assumptions in the physical model used to analyze195

FRS experiments (i.e., plane grating, Fourier’s law, and purely diffusive trans-
port) was be made by varying the grating period Λ [26]. Typical results from
such a check are shown in Fig. 3 where the expected quadratic dependence of τg
on Λ is observed. All values of the thermal diffusivity χ reported in this study
were obtained in the manner from data as shown in Fig. 3.200

2.3. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) experiments were conducted using
either a DSC822e (Mettler Toledo) or a DSC 8000 (PerkinElmer) using N2 flow
rates of 50 cm3/min and 20 cm3/min, respectively. These experiments were
conducted and evaluated according to ASTM E1269− 11 (2018). The thermal205

history of samples was erased by heating to 140◦C (PS) or 100◦C (PIB) at a
heating rate of 20◦C/min, holding at that temperature for 30 min, and then
cooling to room temperature at 40◦C/min. Baseline, sapphire, and samples
were measured under the same conditions described in the following. Samples
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Figure 3: Representative examples of FRS determination of χ using the relationship τg = Λ2

4π2χ

for a polystyrene (�) and a polyisobutylene (©) samples. Each symbol represents an average
value derived from 100 individual waveform fits. Uncertainties in both τg and Λ are smaller
than the symbols. The slopes of the lines correspond to the thermal diffusivity χ.

were equilibrated at −20◦C for 10 min, heated to 150◦C (PS) or 100◦C (PIB) at210

10◦C/min, equilibrated at the respective temperature for 10 min, and cooled to
room temperature at 40◦C/min. No change in sample mass was observed after
the measurements. The heat capacity ĉp of the polymer samples was calculated
using an approach called the sapphire method, which is also know as ratio or
three-curve method [39]. From a propagation of error analysis, we estimate an215

uncertainty of 6% for the DSC measurements.
Measured heat capacity ĉp versus molecular weight Mw of PS and PIB at

20◦C are shown in Figure 4. From these data it appears that heat capacity is not
a function of molecular weight. This is consistent with several studies where a
small increase in ĉp was observed for oligomeric (N < 10) PS [6, 40]. The average220

measured ĉp = 1.212± 0.033 kJ/kgK for PS and ĉp = 1.900± 0.064 kJ/kgK for
PIB are in good agreement with literature values for PS (ĉp = 1.192 kJ/kgK)
and PIB (ĉp = 1.931 kJ/kgK) from Gaur et al. [41, 42].

DSC measurements were also used to determine the glass transition temper-
ature Tg of PS as determined by the midpoint value of the endothermic shift.225

These results are shown in Figure 5 along with DSC results by Blanchard et al.
[4] and Zhang et al. [5], all of which are in good agreement. Results from a
round robin test based on DSC measurements indicate the value Tg = 107±2◦C
[43]. In Figure 5, we have also included the estimated Tg from our simulations
on polystyrene (see discussion in the Simulation Methods section below).230
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Figure 4: Heat capacity ĉp versus molecular weight Mw for PS (�) and PIB (©) at 20◦C.
Arrows represent literature values from Gaur et al. [41, 42].
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Figure 5: Glass transition temperature Tg vs. the molecular weight Mw of PS as determined
by DSC (�) and by MD simulations (�). Also shown are Tg measured by DSC from Blanchard
et al. [4] (©) and from Zhang et al. [5] (♦).

9



2.4. Densimetry

The mass density ρ of the polymer samples was determined using com-
pression molded PS disks and degassed PIB melts. These measurements were
made at 20◦C using a Gay-Lussac pycnometer (V = 2 ± 0.05 cm3, Ace Glass
Inc.) in combination with a thermo-stated water bath. For PS, distilled water235

(ρ20◦C = 0.9982 g/cm3) served as displacement liquid; PIB was immersed in
2-propanol (ρ20◦C = 0.7851 g/cm3) due to its low density [44]. For the lower
molecular weight PIB samples, where the tackiness of PIB caused difficulties,
water was used to verify the measurements in 2-propanol. The uncertainty of
mass density measurements is estimated to be less than one %.240
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Figure 6: Mass density ρ versus molecular weight Mw for PS (� for experiments and � for
simulations) and PIB (©) at 20◦C. Arrows represent literature values [7].

Figure 6 shows the measured mass density ρ versus molecular weight for
the PS and PIB samples. From this figure, no dependence on molecular weight
is displayed for either PS or PIB. It has been reported that, below the glass
transition temperature Tg, density ρ is independent of Mw [7, 45]. Results
reported by Sangalov et al. for PIB above Tg indicate ρ = 0.83−0.91 g/cm3 for245

Mw < 50000 g/mol and ρ = 0.91− 0.93 g/cm3 for Mw = 70000− 225000 g/mol
[46]. However, it is difficult to ascribe a clear dependence of ρ on Mw from
these results. From the data shown in Figure 6, we find the average for PS
of ρ = 1.054 ± 0.008 g/cm3 is in good agreement with the literature value
ρ = 1.0549 ± 0.0003 g/cm3 [7]. For PIB, we find an average value of ρ =250

0.912 ± 0.003 g/cm3, which is within the range of literature values [46]. In
Figure 6, we have included simulation results for the equilibrium density at 300
K. We find ρ = 0.985± 0.004 g/cm3 – unaffected by polydispersity as shown by
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Table 2: Characteristics of the simulated polystyrene systems. Note that for mono-disperse
systems Mw/Mn = 1, Mw = M

name N Mw Mw/Mn Distribution Nchains

m-PS16 16 1,700 1 monodisperse 150
m-PS50 50 5,200 1 monodisperse 20
m-PS100 100 10,400 1 monodisperse 10
m-PS300 300 31,200 1 monodisperse 10
m-PS500 500 52,100 1 monodisperse 5
m-PS1000 1000 140,200 1 monodisperse 3
u-PS50 50 5,200 1.1 uniform 60
b-PS50 54 5,600 1.12 bimodal(50,150) 54&2
u-PS100 100 10,400 1.1 uniform 30
b-PS100-1 115 12,000 1.1 bimodal(100,200) 22&4
b-PS100-2 107 11,200 1.12 bimodal(100,300) 27&1

Figure S6 in the Supporting Information – which is about 7% lower than the
experimentally measured value.255

3. Simulation Methods

To provide a direct comparison between the experimental and molecular
dynamic simulations results, we have computed the thermophysical properties
(thermal conductivity, density and Tg) of polystyrene systems with chain lengths
ranging from N = 16 (M = 1, 666.4 g/mol) to N = 1000 (M = 104, 150 g/mol)260

using a united atom level of description. In our inquiry, we have considered both
monodisperse (PDI = 1,Mw = M) and slightly polydisperse (PDI = 1.1) melts.
Additional details on the simulated systems are included in Table 2. Note that
since Nc = 2Ne ' 250, we have studied a range of melts well above and well
below the entanglement limit.265

Previous simulation studies of the dependence of thermal conductivity on
molecular weight [18, 19, 20, 21] have focused on linear polyethylene melts. The
rather simple chemical structure of this polymer facilitates both the produc-
tion and simulation of these systems and the analysis of the structure-property
relations to be gained from the simulations. PS presents a far more complex270

structure and the production of well-equilibrated polystyrene melts over the
critical entanglement limit requires using coarse graining methods [47, 48]. Fol-
lowing previous works [47, 49], we have produced realistic atactic polystyrene
melts via two interconnected levels of description. In a coarse-grained level,
monodiperse systems containing 50% meso-dyads obeying Bernoullian statis-275

tics of given chain lengths are equilibrated using Connectivity-Altering Monte
Carlo (CAMC) simulations at 500 K [50, 51]. CAMC uses a combination of
moves which allows for large jumps in the configuration space. As a result,
the different configurations of the material can be sampled more efficiently than
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using standard molecular dynamics simulations. Once equilibrium at the coarse-280

grained level is achieved, atomistically detailed configurations (i.e., united-atom
model without partial charges based on Lyulin and Michels’ work [52]) are re-
covered via a reverse-mapping procedure that preserves both tacticity and the
long-range conformational characteristics of the chains [47]. Although hydrogen
atoms are not included in the united-atom level of description, this model has285

been shown to fully capture the structure dynamics as well as the mechanical
properties of atactic polystyrene [47, 51, 53]. In order to compare simulation
and experimental results, the configurations obtained at 500 K are cooled using
a procedure consisting of a series of constant pressure (NPT ) equilibration (10
ns) and 25 K quenching (2.5 ns) steps. For example, after energy minimization290

at 500 K [47], the system is further equilibrated over a 10 ns NPT step at 500
K. During the equilibration step, the melt density is tracked to ensure it has
reached steady-state by the step’s end. The equilibration step is followed by a
25 K NPT quenching step (i.e., from 500 K to 475 K) over 2.5 ns. This suc-
cession of equilibration and quenching steps is continued down to 275 K. The295

configurations extracted at the end of each equilibration step are considered at
equilibrium and employed for the calculation thermal conductivity. Here we
focus on the equilibrium configuration at 300 K, the closest to the temperature
in experiments ∼ 295 K. We note that variations in the thermal conductivity
due to temperature changes around the experimental conditions are within the300

numerical uncertainty in the simulation results. The complete data sets for the
thermal conductivity as a function of temperature for all studied monodisperse
melts has been included in Figure S5 in the Supporting information.

The equilibrium thermal conductivity of the well equilibrated configura-
tions is obtained using the equilibrium molecular dynamics Green-Kubo (G-K)305

method [54] in a 5 ns isochoric (NV T ) step. In this method, the thermal con-
ductivity tensor components are given by the autocorrelation function of the
microscopic heat flux components Ji in the i-direction.

λαβ =
V

kBT 2

∫ ∞
0

Jα(0)Jβ(0)dt, (2)

where V is the system’s volume, kB is the Boltzmann constant and T is the
temperature. The microscopic heat flux vector can be written as [21]310

J =
1

V

d

dt

N∑
i=1

εiri (3)

where the energy εi carried by each particle (i = 1, ...N) at ri with instantaneous
velocity vi is given by:

εi =
p2
i

2mi
+ Vi. (4)

Equation (4) separates kinetic and potential energy contributions of each par-
ticle. The kinetic energy contribution is given by the mass mi and momentum
pi of particle i. The potential energy contribution Vi includes contributions by315
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pairs (bonded and non-bonded stretching energy), triplets (bond angle bending
energy) and quadruplets (dihedral and improper torsion energy). Additional
details on the G-K method the interaction potentials included in Vi is given
elsewhere [21, 47].

In addition to the thermal conductivity, we have computed the average den-320

sity at the end of the equilibration steps for all melts for temperature ranging
from 275 K to 500 K. The density of the equilibrated systems as a function of
temperature has been included in Figure S4 in the Supporting Information. We
find the value of Tg for each molecular weight by computing the intersection
of linear fits to the two well-differentiated regimes above and below the transi-325

tion. The determination of Tg is rate dependent and therefore, comparison of
simulation and experimental results should be understood as qualitative [55].
However, we find the value for all the melts with N > Nc to be in close proxim-
ity to the experimental consensus Tg ∼ 100◦C [56, 57]. We also find qualitative
agreement with the experimental results shown in Figure 5: Tg from simulations330

decreases with decreasing molecular weight.
All the results for the thermal conductivity, density and glass transition

temperature of melts correspond to the average of three independent configura-
tions. Equilibration, quenching and thermal conductivity measuring steps were
all performed using the LAMMPS MD package [58].335

4. Results and Discussion

In this section, we present results for the thermal transport properties of PS
and PIB samples as a function of molecular weight. As shown in the preceding
sections, the thermodynamic properties (ρ and ĉp) required to compute the
thermal conductivity λ from the measured values of χ show no dependence on340

the molecular weight. In addition, we compare the calculated values of λ with
those obtained from molecular dynamics simulations.

Thermal diffusivity χ versus molecular weight results are shown in Figure
7 for PS and PIB samples. At high molecular weights, both polymers show
a region where χ is independent of the molecular weight (i.e., all values are –345

within the measurement uncertainty – in agreement with the average value in
that region). At lower molecular weights, both polymers show a weak depen-
dence on molecular weight, albeit only two points for PS and three for PIB are
in this region. In particular, PS1.4k and PIB1.6k show respectively 10% and 7%
smaller χ than the samples with larger molecular weight. These differences are350

significant since the estimated uncertainty of the FRS measurements of thermal
diffusivity is ∼1%. We place the transition between both regimes somewhere
between Mw ∼ 10, 000 g/mol and 30, 000 g/mol, which is comparable to Mc for
both polymers. Note that PS1.4k and PIB1.6k are also somewhat close to the
oligomeric regime with N ' 14 and N ' 29 respectively. In Figure 7, we also355

included previous results by Morikawa et al. [17] for the thermal diffusivity of
PS. Their measurements show absolute values that are roughly 10% larger than
those from the present study, but indicate a similar trend with a 12% reduction
in χ at low molecular weights. However, the absence of uncertainty in their
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data makes it impossible draw a clear conclusion about a dependence of χ on360

molecular weight.
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Figure 7: Thermal diffusivity χ versus molecular weight Mw for PS (�) and PIB (©) at
22.5◦C. Also shown is data from Morikawa et al. for PS (�) at room temperature [17].

Having presented our measurements of mass density ρ, heat capacity ĉp, and
thermal diffusivity χ, we proceed with thermal conductivity calculated according
to λ = ρĉpχ. These results are shown in Figure 8 where λ is plotted versus Mw

for PS and PIB. The uncertainties in measurements of ρ, ĉp, and χ propagate365

into the calculated values of λ making it more difficult to examine its dependence
on molecular weight. In other words, the uncertainty in χ of ∼ 1% is much
smaller than the uncertainty in λ of ∼ 6%. Nevertheless, PS1.4k sample shows
a noticeable decrease in λ and a slightly decreasing trend can be observed in
thermal conductivity of PIB for the three lowest molecular weights.370

For thermal conductivity, we average our measurements forMw ≥ 10000 g/mol,
which is approximately Me for both polymers, and find the following values:
λ = 0.155±0.004 W/mK for PS and λ = 0.118±0.004 W/mK for PIB. As noted
in the introduction, literature values for λ show a large variation. However, our
results are in good agreement with literature values for PS λ = 0.154 W/m K375

based on data from several sources [59] and for PIB λ = 0.13 W/m K [1, 46].
For convenience, we have listed all of the measured thermophysical properties
for PS in Table S1 and for PIB in Table S2 in the Supporting Information.

Thermal conductivity determined from our molecular dynamics simulations
are also included in Figure 8 for PS systems having molecular weights ranging380

from N = 16 (M = 1, 700 g/mol) to N = 1000 (M = 104, 000 g/mol). To our
knowledge this is the most extensive simulation study of the thermal conduc-
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Figure 8: Thermal conductivity λ versus molecular weight Mw. Experimental results include
PS (�) and PIB (©) samples at 20◦C. Simulation results include monodisperse where Mw =
M (�) and polydisperse (�) PS systems at 300 K. Arrows represent literature values for PS
[59] and PIB [1, 46].

tivity of PS above the oligomeric regime and above the entanglement molecular
weight. We observe that above Mc the thermal conductivity from simulations
reaches an effectively constant value λ = 0.209 ± 0.003, which is about 30%385

larger than the experimental results shown in Figure 8. Simulation results in
Figure 8 also show a stronger dependence on molecular weight below the critical
molecular weight – thermal conductivity decreases by 18% for the lowest molec-
ular weight while it only decreases by 10% in the experimental data. These
discrepancies suggest that refinements in the employed force field [47] might be390

required to fully match experimental results. Nevertheless, both experimental
and simulation results show no dependence at high molecular weights and a
weak dependence at lower molecular weights.

We studied polydispersity as possible explanation for the differences between
experimental and simulation results. A small number of long chains embedded in395

a collection of low molecular weight chains might shift the thermal conductivity
closer to that of an high molecular system. To examine this, we simulated
polydisperse melts with PDI ∼ 1.1, which corresponds to the value observed
in most of the experimental samples. Table 2 summarizes the characteristic
parameters for the molecular weight distribution of each simulated system in400

Figure 8, although additional data for systems with different average molecular
weights are included in Table S4 in the Supporting Information. To introduce
polydispersity, we have considered two approaches: 1) to generate “uniform”
(u) distributions around the target average molecular weights and 2) to include
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a few chains of high molecular weigh in a monodisperse low molecular weight405

melt resulting in a “bimodal” (b) distribution that mimics a long tail in the
molecular weight distribution. In all the polydisperse systems, we kept the
total number of monomers constant so that the system size is not a factor in
the simulations. Note that the preparation of low molecular weight polydisperse
samples is limited by the size of the system, if one does not want to significantly410

increase polydispersity. Results for polydisperse samples in Figure 8 indicate
polydispersity has no discernable effect on thermal conductivity (also see Figure
S3 in the Supporting information), which is consistent with the experimental
results in this figure.

5. Conclusions415

In conclusion, we have performed careful experiments and simulations to
study the dependence of thermo-physical properties of amorphous polymers on
molecular weight. The satisfactory agreement between experimental and simu-
lation results for amorphous PS should encourage the use of similar approaches
to study the macroscopic properties of polymeric materials using molecular dy-420

namics. Contrary to previous studies, our results show the thermal conductiv-
ity to be constant in the high molecular weight region with weak dependence of
thermal conductivity on molecular weight between the oligomeric and entangled
regions (i.e., at low molecular weights). Our results raise questions about the
hypothesis of preferential intra-chain transport of energy in amorphous poly-425

mers, which would manifest as a strong dependence of thermal conductivity on
molecular weight. This gap in understanding needs to be addressed if we are to
explain more complex phenomena such as the anisotropy in thermal conductiv-
ity displayed by polymers when subjected to deformation.
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