
Thermal Conductivity of Pentiptycene-Based Poly(o‑hydroxyimide)
Copolymers: A Study via Integrated Experiments and Simulations
Xingfei Wei, Zihan Huang, Stephen Koch, Massimiliano Zamengo, Yichen Deng, Marilyn L. Minus,
Junko Morikawa, Ruilan Guo, and Tengfei Luo*

Cite This: ACS Appl. Polym. Mater. 2021, 3, 2979−2987 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Polymers play important roles in thermal transport applica-
tions, and conjugated polymers have been identified as promising candidates
to achieve high thermal conductivity. In this paper, pentiptycene-based poly(o-
hydroxyimide) (PPHI)-conjugated copolymers, made of a bulky pentiptycene
segment and a −CF3 substituent segment, with different segment ratios are
studied. Both experimental and molecular dynamics (MD) simulation results
show that polymer thermal conductivity increases as the ratio of the bulky
segment increases. The experimental in-plane thermal conductivity is
significantly higher than the out-of-plane value (up to 6.38 times), which is
due to the chain alignment effect in the in-plane direction. The highest
measured in-plane thermal conductivity reaches 0.982 W/m·K, which is
among the highest in polymer thermal conductivity. Experimental results show
that the volumetric heat capacity increases with the bulky segment ratio which
should have a positive impact on the thermal conductivity. MD results further
show that the bulky segment helps increase the spatial extension of polymer chains and the amount of strong interatomic forces
related to the aromatic carbon atoms, both leading to increasing thermal conductivity. In addition, we also find that the fractional
free volume in the PPHI copolymers decreases as the bulky segment ratio increases, which should also have contributed to the
increase in thermal conductivity.
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■ INTRODUCTION

The thermal conductivity of polymers is critical to many
applications, such as electronics, functional composite
materials, and energy conversion.1−7 The mechanism of heat
transfer in polymers depends on a variety of factors like chain
conformation, electrostatic interactions, and intra- and
interchain interactions.8−13 In 2010, Shen et al. discovered
that ultradrawn crystalline polyethylene (PE) nanofibers could
have thermal conductivity as high as 104 W/m·K,14,15 which is
up to 3 orders of magnitude larger than that of amorphous
polymers (0.1−0.7 W/m·K).11,16−18 Simulations have found
that in polymers, thermal transport along the chain backbone is
very efficient due to strong covalent bonding interactions. In
contrast, heat transfer between chains is generally inefficient
because of the weak nonbonding interactions.6,10,19 A number
of studies have shown a strong correlation between polymer
chain conformation and thermal conductivity.8,10,20 For
example, in polymer nanofibers, stretching the polymer
backbone to suppress the segmental rotation around the
backbone dihedral angle can significantly enhance heat transfer
in the backbone direction.6,9,21−23 It is also found that in
amorphous polymers, thermal conductivity is directly related
to the chain length12,24,25 and chain stiffness.10,19,26

In general, heat transfer in polymers is dominated by the
strong bonding interactions, and if a polymer chain is more
spatially extended, its thermal conductivity will be higher.10,27

A spatially extended chain can be achieved by many means,
such as mechanically stretching the polymer chain, chemically
synthesizing a rigid rodlike backbone, or engineering proper
sidechains.10,19,28 Polymers with a conjugated backbone are
expected to be more thermally conductive since they tend to
be stiffer. For example, it is reported that nanofibers of
conjugated polymer have more rigid backbones and thus
higher thermal conductivity.29−31 It is also reported that due to
the molecular level chain alignment, amorphous polythiophene
nanofibers, which are conjugated polymers, fabricated by
nanotemplating can reach ∼4.4 W/m·K.32 However, in the
bulk amorphous phase, most conjugated polymers are in the
range of 0.1−0.4 W/m·K.28,33 A previous experimental study
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showed that with a long linear sidechain, thermal conductivity
of a conjugated polymer could be increased by 160% over its
counterpart with a bulkier sidechain from 0.1 to 0.26 W/m·
K,28 but this is much lower than 4.4 W/m·K achieved from
nanotemplating.32 Meanwhile, taking advantage of both the
conjugated backbone and strong π−π stacking interactions,
researchers reported that amorphous poly(3-hexylthiophene)
could reach a thermal conductivity value of ∼2.2 W/m·K.34

However, such high thermal conductivity values (4.4 and 2.2
W/m·K) are not common, and the heat-transfer mechanism in
amorphous polymers with strong conjugated π−π stacking
interactions remains to be further elucidated.
Aromatic poly(hydroxyimide)s are rigid polymers widely

used in gas separation membranes.35−39 The chain stiffness
and porosity of aromatic poly(hydroxyimide)s can be tuned by
different substituent groups on the two monomers, namely, the
aromatic dianhydride and the aromatic diamine.36 In
pentiptycene-based poly(o-hydroxyimide) (PPHI), the chain
stiffness and the fractional free volume (FFV) (or micro-
porosity) can be tuned by different ratios of the pentiptycene-
containing segment and the −CF3 substituent segment (e.g.,
Figure 1a).37 Such tunability may provide a means to help
understand thermal transport in conjugated polymers.
However, the thermal conductivity of the PPHI-type polymers
has never been reported. Both the conjugated pentiptycene
group and the −CF3 group can affect the polymer chain
conformation and the bulk structure, such as radius of gyration
(Rg) and porosity. In porous materials, porosity is a critical
parameter to thermal conductivity as pores cannot transfer
heat. Many studies have shown that the thermal conductivity
decreases as the porosity increases.40−42 It is also found that
inhomogeneous porosity and a smaller pore size will further
reduce the thermal conductivity.42,43 A simulation model
suggested that the thermal conductivity of a polymer foam can
be as low as 0.015 W/m·K when its porosity is 85% and the
pore size is 1 nm.44 However, the combinational effects from
the porosity and conjugated backbone on the thermal
conductivity of microporous conjugated polymers have not
been previously studied.
In this work, we study the thermal conductivity of a series of

pentiptycene-based PPHIs with strong π−π stacking con-
jugation, which have a copolymer structure consisting of bulky
pentiptycene-containing segments and −CF3-substituted seg-

ments (Figure 1a) in systematically varied ratios. Both
experiments and molecular dynamic (MD) simulations are
employed to explore the thermal transport mechanism.
Thermal conductivity, heat capacity, density, and average
speed of sound are experimentally measured. In the MD
simulations, molecular-level details, including Rg, interatomic
forces, and FFV, are analyzed together with the predicted
thermal conductivity. Both experimental and MD simulation
results show that the polymer thermal conductivity increases as
the ratio of the bulky segment increases. The experimental in-
plane thermal conductivity is significantly higher than the out-
of-plane value (up to 6.38 times). Experimental results show
that the volumetric heat capacity increases with the bulky
segment ratio, which should have a positive impact on the
thermal conductivity. MD results further show that the bulky
segment helps increase the spatial extension of polymer chains
and the amount of strong interatomic forces related to the
aromatic carbon atoms, both of which can contribute to
increasing thermal conductivity. In addition, we also find that
the FFV in the PPHI copolymers decreases as the bulky
segment ratio increases, which should also have contributed to
the increase in thermal conductivity.

■ EXPERIMENTAL SECTION
Materials. 4,4′-hexafluoroisopropylidene biphthalic dianhydride

(6FDA) and 2,2′-bis(3-amino-4-hydroxyphenyl) hexafluoropropane
(6FAP) were purchased from Akron Polymer Systems and dried
under vacuum overnight before use. Pentiptycene-based dianhydride
(PPDAn) was first prepared using our previously reported
method.37−39 Briefly, pentiptycene diquinone was prepared first via
a Diels−Alder addition reaction, which was then reduced to
pentiptycene diol. In the next step, the two hydroxyl groups were
substituted by nitrile groups through a nucleophilic aromatic
substitution reaction, followed by a hydrolysis step and then a
dehydration reaction to afford the final anhydride structure. The
obtained PPDAn was dried at 160 °C in vacuum overnight before
use.37,38

Polymer Synthesis and Film Fabrication. PPHI copolymers
(Figure 1a) were synthesized by condensation polymerization using
PPDAn, 6FDA, and 6FAP in predetermined ratios.38,39 The
pentiptycene-containing bulky segment ratio was tuned to be 25,
50, 75, and 100% by changing the molar ratios between PPDAn and
6FDA. For example, for a copolymer with the 25% pentiptycene-
based segment, a molar ratio of PPDAn:6FDA:6FAP of 0.5:1.5:2 is
used in the synthesis. The synthesis steps of PPHI-0.25 are as follows:

Figure 1. (a) Chemical structure of PPHI copolymers with the bulky pentiptycene-based segment and the CF3-based segment in various ratios (x).
(b) Picture of a representative polymer thin film. (c) MD simulation model for PPHI copolymers.
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PPDAn (0.3 g) and 6FDA (0.5351 g) were added in the flask along
with 4.2 mL of m-cresol and allowed to fully dissolve at 140 °C,
followed by adding 6FAP (0.5867 g) with another 3 mL of m-cresol in
a 100 mL flame-dried three-neck flask. The mixture was stirred under
N2 at room temperature overnight to form a poly(amic acid)
intermediate. Then, a condenser was connected to the flask through a
Dean−Stark trap, and 5 mL of toluene was added. The flask was
heated to 190 °C and kept refluxing for 12 h, and during this step,
water was removed azeotropically. 1:1 (v/v) water/methanol mixture
was used to precipitate the polymer product. The polymer was
washed in methanol and dried at 180 °C under vacuum overnight.
The polymer film was fabricated by solution casting.37 The freshly
synthesized fibrous polymer was dissolved in anhydrous 1-methyl-2-
pyrrolidinone at ∼7 wt % and filtered through a 0.45 μm
poly(tetrafluoroethylene) syringe filter. Then, the polymer solution
was casted on a leveled glass plate and dried under an infrared lamp
overnight (at ∼70 °C). The final polymer thin film was peeled off and
dried at 180 °C under vacuum overnight to remove the residual
solvent. A representative sample picture is shown in Figure 1b.
Polymer Characterization. The specific heat capacity, cp, was

determined by differential scanning calorimetry analysis using a
PerkinElmer Pyris 7 instrument. The polymer sample (0.3−0.8 mg)
was used and heated from 20 to 40 °C at a heating rate of 10 °C/min
and at a nitrogen purge rate of 50 mL/min. The specific heat capacity
of the sample was determined using sapphire (α-Al2O3 single crystal)
as a standard reference material based on the ISO11357-4 protocol.
The Young’s modulus was measured by a HR-2 Discover hybrid
rheometer (TA Instruments) using the linear tension fixture. The
anisotropic thermal diffusivities in the out-of-plane and in-plane (long
axis) directions of the films were measured by temperature wave
analysis methods, conforming to ISO22007-3, by using the ai-Phase
mobile M3 type 1 and M10 type 2 systems by ai-Phase Co. Ltd
Tokyo, Japan.45−47 Details of the thermal diffusivity measurement are
included in the Supporting Information. Thermal conductivity (κ) is
calculated from thermal diffusivity (α) and specific heat capacity (cp)
through the relation κ = αρcp, where density ρ was measured at room
temperature by the buoyancy method via Archimedes’ principle using
an analytical balance coupled with a density kit (Mettler Toledo,
model ML204). The morphology anisotropy of the films is
characterized using wide-angle X-ray diffraction (see the Supporting
Information for details).

■ SIMULATION SECTION

Polymer Models. The all-atom MD simulation models
were built by BIOVIA Materials Studio, and the consistent-
valence force field (CVFF) parameters were adopted.48

Important simulation parameters are listed in the Supporting
Information. The CVFF force field has been successfully used
to study thermal transport of different polyelectrolytes in our
previous research.11,18 In this model, each polymer chain was
built with 8 segments (Figure 1a) with a total chain length of
∼160 carbons. The pentiptycene bulky segment ratio was
tuned from 0 to 100% with an incremental interval of 12.5%.
While the two types of segments are randomly distributed
along the backbone of the synthesized copolymers, in our MD
model, the two types of segments are separated evenly to
simplify simulation processes while providing representative
backbone structures, that is, 0%: BBBBBBBB, 12.5%:
ABBBBBBB, 25%: ABBBABBB, 37.5%: BBABABAB, 50%:
ABABABAB, 62.5%: ABABABAA, 75%: AAABAAAB, 78.5%:
AAAAAAAB, and 100%: AAAAAAAA. By replicating 1
polymer chain into 20 copies, a bulk amorphous polymer
model is packed into a simulation box of ∼50 × 50 × 50 Å3.
Depending on the segment ratio, a total number of 10,920 to
18,440 atoms are in the simulation box (Figure 1c).

Simulation Methods. All MD simulations were carried
using the Large-scale Atomic Molecular Massively Parallel
Simulator (LAMMPS) package.49 The long-range Coulombic
force was calculated by the Ewald summation method using
the particle−particle particle-mesh (PPPM) algorithm,50 and
the relative force accuracy parameter was set to 0.0001. A
single polymer chain was first relaxed under NPT (600 K, 1
atm) ensemble until its volume was equilibrated for making
replicates. Then, it was replicated to 20 chains. Periodic
boundary conditions were applied to x-, y-, and z-directions.
After multiple NVT (1000−3000 K) heating and NPT (300 K,
1 atm) quenching runs, the density of the polymer converged.
At the same time, the simulation box was deformed into a
cubic shape by running the simulation at high temperatures in

Figure 2. (a) Polymer chain conformation (Rg) at 3000 K for relaxing more than 50 ns. (b) Final polymer chain Rg values at 300 K with different
pentiptycene contents. (c) Final polymer densities at 300 K compared with experimental results. (d) RDF shows structures of PPHI block
copolymers.
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an NVT (1000−3000 K) ensemble. The final polymer model
was close to a cube with the side length ranging from 50 to 80
Å, which increases as the PPHI bulky ratio increases from 0 to
100%. In order to create an amorphous polymer structure and
relax polymer chains completely, we spent more than 50 ns
simulation time to relax each polymer model under the NVT
(3000 K) ensemble. Figure 2a shows that the average Rg of the
20 chains for each segment ratio generally converges after ∼40
ns. In the end, before the production simulations, the polymer
was quenched to 300 K and relaxed under NPT (300 K, 1 atm)
ensemble for 1 ns and then in the NVT (300 K) ensemble for
0.5 ns. The chain conformation (Rg) at 300 K is plotted in
Figure 2b, which shows that Rg has a weak positive relation
with the ratio of the bulky segment. Figure 2c also shows that
the density decreases as the bulky segment ratio increases, and
the MD values are less than 4% different from the experimental
data. The bulk polymer structure was further characterized by
the radial distribution function (RDF). Figure 2d shows an
increase trend at ∼4 Å on the RDF that involves all atoms,
which is due to the increase in aromatic carbon atoms (Figure
S1a, Supporting Information). Figure 2d also shows a decrease
trend at ∼2.9 Å, which is due to the decrease in fluorine atoms

(Figure S1b, Supporting Information). Both of these RDF
trends are directly from the change in the ratio of the bulky
segment.
The FFV was calculated by both the meshing method51 and

the artificial particle filling method.52 In the meshing method
(Figure S2a, Supporting Information), the simulation box was
meshed by a grid size of 0.5 Å. For each grid point, if there was
no atom within a cutoff distance (rc), the grid was deemed to
be in free volume. Finally, the FFV was calculated as the ratio
of the number of grids in free volume to all grids. We
compared different rc values (1.0, 1.5, and 2.0 Å) for FFV
calculations. In the artificial particle filling method (Figure S2b,
Supporting Information), a monoatomic gas was filled into the
polymer matrix using the grand canonical Monte Carlo
(GCMC) simulation,53 with a Lennard−Jones (LJ) model of
ε = 0.05 kcal/mol and σ = 1.0 Å describing the artificial gas
atom and a chemical potential of μ = −0.1 kcal/mol. More
than 6,000,000 GCMC steps were carried out for particle
filling in each model. The volume of artificial gas was
calculated by the Voronoi tessellation method54 at the final
GCMC step, and FFV was calculated as the ratio between the
total volume of artificial gas and the total volume of the

Table 1. Summary of Key Experimental and MD Simulation Resultsa

PPHI bulky ratio 0% 12.5% 25% 37.5% 50% 62.5% 75% 87.5% 100%

Exp. results ρ (g/cm3) 1.348 1.319 1.288 1.241
E (GPa) 1.99 2.34 1.96 2.24
vave (m/s) 1215 1332 1234 1344
ρcp (J/cm

3/K) 1.685 1.873 1.996 1.812
κout‑of‑plane (W/m·K) 0.111 ± 0.006 0.144 ± 0.004 0.159 ± 0.013 0.148 ± 0.014
κin‑plane (W/m·K) 0.708 ± 0.004 0.809 ± 0.015 0.982 ± 0.007 0.850 ± 0.001
anisotropy 6.38 5.62 6.18 5.74

MD results Rg (Å) 17.8 17.3 20.7 18.7 21.1 19.3 20 21 19.4
ρ(g/cm3) 1.46 1.44 1.40 1.38 1.35 1.34 1.32 1.30 1.29
κMD (W/m·K) 0.159 0.165 0.174 0.189 0.178 0.183 0.194 0.177 0.188

aThe error bars of thermal conductivity values are the standard deviation of multiple measurements (10 times) of the same sample.

Figure 3. (a) Thermal conductivity, (b) speed of sound, and (c) heat capacity per unit volume (i.e., volumetric heat capacity) as a function of the
bulky segment ratio. (d) Thermal conductivity as a function of the heat capacity per unit volume. The error bar of experimental-κ is the standard
deviation of 10 measurements on the same sample. The error bar of MD-κ is the standard deviation of 10 data points from 5 different time periods
each after steady state in two ensembles.
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simulation box. This method is referred to as the GCMC
method in the following text.
In order to perform the nonequilibrium MD simulations to

calculate the thermal conductivity, the polymer box was further
replicated in the y-direction (Figure S3a, Supporting
Information). A heat source was applied in the middle, and
two heat sinks were set at the edges of the simulation box
along the y-direction. At steady state, the temperature gradient
(Figure S3b, Supporting Information) and heat flux (Figure
S3c, Supporting Information) were calculated. Thermal
conductivity (kMD) was obtained by Fourier’s law.

■ RESULTS AND DISCUSSION

Thermal Conductivity of PPHI Copolymers. Exper-
imental and MD simulation results from this study are listed in
Table 1. Our experimental results of the PPHI copolymer films
show that the out-of-plane thermal conductivity is in the range
of 0.111−0.159 W/(m·K), and it generally increases with the
bulky segment ratio (purple squares in Figure 3a). We also find
significant anisotropy in the film thermal conductivity with the
in-plane values 5.62−6.38 times the out-of-plane values. The
in-plane thermal conductivity also generally increases with the
bulky segment ratio, and the highest value reaches 0.982 W/m·
K, which is very high for amorphous polymers (blue triangles
in Figure 3a). The large anisotropy should be from the film
casting, where the surface tension of the solution forces the
polymer chains to be more aligned in the in-plane direction,
and thus the in-plane heat transfer is more efficient. The
anisotropy of the neat polymer film and composite thermal
conductivity has been reported previously. Kurabayashi et al.55

observed a thermal conductivity anisotropy factor of about 4 to
8 at room temperature for spin-casted polyimide polymer films
in the thickness range of 0.5−2.25 μm. The spin casting applies
a large shear to align polymer chains in the in-plane direction.
It is interesting to find that our solution-casted films, which do
not experience a large shear as those in spin-casting, can also
possess a very high anisotropy. For all films, the azimuthal
profiles of our wide-angle X-ray diffraction measurements
showed intensity variations across all beta angles, which
suggested that there were preferred amorphous ordering in the
samples (see Figure S8 in the Supporting Information). Since
the polymers are confirmed to be amorphous, such ordering is
likely from the casting process. Anisotropy of polymer
composite films (e.g., carbon nanotube−conjugated polyelec-
trolyte composites56 and boron nitride−polymer compo-
sites57) can be even higher (up to ∼200), but it is due to
the alignment of the high thermal conductivity fillers in the in-
plane direction.
Using the measured Young’s modulus (E, Table 1), we

calculate the speed of sound of our PPHI films via =
ρ

v E
ave ,

where ρ is the density.58 While we understand that such
calculated speed of sound is not necessarily the same as the
propagation speed of higher frequency modes, it should
nevertheless provide an indication of whether changing the
bulky segment ratio can influence the speed of heat carriers.
The speed of sound fluctuates as the bulky segment ratio
increases without an obvious trend (Figure 3b). We have
additionally calculated the transverse and longitudinal speeds
of sound from MD simulations, which also do not show any
trend as a function of the bulky segment ratio (see Supporting
Information, Figure S7). The density of the PPHI film
decreases as the bulky segment ratio increases (Figure 2c),
which is opposite to the trend of thermal conductivity.
However, if we consider Kittel’s simple model for thermal
conductivity of amorphous materials, κ = cvl,59 it is the
volumetric heat capacity, instead of density, that directly
impacts thermal conductivity (Figure 3c,d), although they are
correlated. Usually, volumetric heat capacity has a positive
relation with density, but for PPHI, this is not the case, where
the density decreases but the volumetric heat capacity
increases as the bulky segment ratio increases. The reason is
that not all vibrational modes, which are proportional to the
atom number density, are excited at room temperature. High-
frequency modes are not excited according to Bose−Einstein
distribution at room temperature. To take into account this
quantum effect, modifications have been proposed to reduce
heat carrying degrees of freedom by ignoring modes related to
certain strong chemical bonds, where only two-thirds of the
total atoms, excluding hydrogen atoms, are considered to
contribute to heat capacity.16,18 However, this still does not
give atom number density (Figure S4) the same trend as that
of heat capacity when the copolymer segment ratio changes.
The number density of aromatic carbon atoms, however,
increases with the bulky segment ratio since many of them are
part of the bulky segment. It is possible that vibrational modes
related to the aromatic ring structure in the bulky segment
cover a lower frequency region better than its counterpart
−CF3 segment, and thus these low-frequency modes are more
excited at room temperature and contribute to heat capacity.
In the MD simulations, the modeled polymers are

amorphous and isotropic because of the way they are prepared.
MD results show that the isotropic thermal conductivity of the
bulk amorphous PPHI copolymers is between 0.15 and 0.20
W/m·K (red circles in Figure 3a), which falls into the range of
common conjugated polymers (0.1−0.4 W/m·K).33 It is also
reasonable that the values are also in-between the in-plane and
out-of-plane thermal conductivity values measured from our
experiments. In addition, we also observe a generally increasing
trend in thermal conductivity from MD with the increase of

Figure 4. (a) Thermal conductivity as a function of Rg. (b) Force amplitude histogram on different atoms.
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the bulky segment ratio, which is consistent with the
experimental results.
Effects from the PPHI Bulky Segment. The above

observation about thermal conductivity correlating well with
the observed heat capacity is phenomenological based on
Kittel’s simplified model from the kinetic theory. However, in
polymers, thermal transport along the chain backbone and
across chains are drastically different, which makes thermal
conductivity in the amorphous polymer closely related to chain
conformation. Previous studies have shown that thermal
conductivity generally has a positive correlation with
Rg.

12,19,26 A larger Rg means that the polymer chains are
more spatially extended, and thus thermal transport along the
chain backbone can reach longer distances, making thermal
transport more efficient. Although we cannot quantitatively
analyze the molecular conformation in our experimental
samples, the fact that our MD-calculated density and thermal
conductivity share the same trends as those of the experimental
counterparts allows us to leverage the MD results to shed light
on the correlation between the molecular-level characteristics
and thermal conductivity.
In general, the results from our MD simulations show a

roughly positive relationship between thermal conductivity and
Rg (Figure 4a). As previously shown in Figure 2c, as the bulky
segment ratio increases, Rg increases. This generally agrees
with the fact that bulky groups make the chain stiffer,30 and
thus there is higher Rg. In addition, at the molecular level,
thermal transport is achieved by atoms doing work to one
another via interatomic forces.60 By examining the atomic
forces on the aromatic carbon atoms, it is evident that these
atoms experience the largest forces among all atoms, and the
forces they experience are much larger than those on the
fluorine atoms in the −CF3 substituent group (Figure 4b).
Figure 4b shows the histograms of the forces on these atoms
for 0% (black) and 100% (green) bulky segment ratios. When
the bulky segment ratio increases, the strong force on aromatic
carbon atoms at 40 kcal/mol/Å becomes more populated,

while the weaker force on fluorine atoms at 20 kcal/mol/Å
decreases. As a result, when the number of bulky groups is
greater, thermal conductivity can be enhanced.

Role of Free Volume Effect. FFV is defined as the
percentage of unoccupied space in a given polymer volume. It
is calculated as the ratio of the free volume and the specific
volume determined from the density. In the PPHI copolymers
studied here, the pentiptycene-based segment is much bulkier
than the −CF3-based segment (Figure 1a). It is thus expected
that increasing the bulky segment ratio will increase the free
volume of the polymer typically accompanying the decreased
polymer density. While the results from both FFV calculation
methods show a decreasing trend in FFV as the bulky segment
ratio increases (Figure 5a,b), which was also previously seen in
the triptycene-based polymers.36,37 Figure 5a shows that using
a cutoff of 2 Å, the simulated FFV decreases slightly from
∼12.6 to ∼10.7% as the bulky segment ratio increases from 0
to 100%. By applying different cutoff distances in the meshing
method, the FFV increases with a smaller cutoff (Figure S5a,b
in the Supporting Information), but the decreasing trend of
FFV remains the same. Figure 5b also shows that thermal
conductivity displays a generally decreasing trend when the
FFV increases because free volume voids cannot transfer heat.
These findings provide another reason for thermal conductivity
increasing with the increase in the bulky segment ratio (Figure
3). The FFV is also calculated by the GCMC method (details,
see Figure S5c,d, Supporting Information). The FFV values
determined by the GCMC method is at ∼50% because the
artificial LJ gas is small with ε = 0.05 kcal/mol and σ = 1.0 Å.
Such a small artificial gas can fill all possible empty space in the
polymer, and the trends of decreasing FFV with the increasing
bulky segment ratio stay the same (Figure 5c). It is important
that the FFV by the GCMC method (Figure 5d) confirms the
trend of decrease in thermal conductivity with increasing FFV.

Figure 5. (a) Relationship between the FFV and the bulky block ratio, using the FFV calculated by the meshing method with a neighbor cutoff at
2.0 Å. (b) Negative relationship between thermal conductivity and the FFV. (c) Confirmation of the relationship between the bulky block ratio and
the FFV by the GCMC method. (d) Confirmation of the negative relationship between thermal conductivity and the FFV by the GCMC method.
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■ CONCLUSIONS

In this paper, we use experiments and MD simulations to study
thermal conductivity of PPHI copolymers. The effects of the
PPHI bulky segment ratio on polymer thermal conductivity are
investigated. Both experimental and MD results show that
thermal diffusivity increases with the PPHI bulky segment
ratio. Due to the chain alignment in the in-plane direction in
our experimental samples, the in-plane thermal conductivity is
significantly higher than the out-of-plane direction. Exper-
imental results show that the volumetric heat capacity increases
with the bulky segment ratio, which in turn increases the
thermal conductivity. MD results further show that the bulky
segment helps increase the Rg of polymer chains and the
amount of large interatomic forces related to the aromatic
carbon in the bulky segment, both leading to increasing
thermal conductivity. In addition, we also find that the FFV in
the PPHI copolymers decreases as the bulky segment ratio
increases, and thermal conductivity decreases as the FFV
increases.
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