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Tuning thermal transport in highly cross-linked polymers by bond-induced void engineering
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Tuning the heat flow is fundamentally important for the design of advanced functional materials. Here
polymers are of particular importance because they provide different pathways for the energy transfer. More
specifically, the heat flow between the two covalently bonded monomers is over 100 times faster than between
the two nonbonded monomers interacting via the van der Waals (vdW) forces. Therefore, the delicate balance
between these two contributions often provides a guiding tool for the tunability in thermal transport coefficient
κ of the polymeric materials. Traditionally most studies have investigated κ in the linear polymeric materials,
the recent interests have also been directed towards the highly cross-linked polymers (HCP). In this work, using
the generic molecular dynamics simulations, we investigate the factors effecting κ of HCP. We emphasize the
importance of the cross-linking bond types and their influence on the network microstructure, with a goal of
providing a guiding principle for the tunability in κ . While these simulation results are discussed in the context
of the available experimental data, we also make predictions.
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I. INTRODUCTION

Polymers are an important class of high entropy materi-
als that are extremely important for our everyday life [1,2],
with possible applications for household items [3,4], elec-
tronic packaging [5], organic solar cells and light emitting
diodes [6,7], thermoelectrics [8–10], and defense materi-
als [11,12]. The standard architecture of a polymer chain
consists of a string of covalently bonded monomers that
exhibit interesting properties at different length, time, and
energy scales [1,2]. Another class is when each monomer can
form multiple bonds with its neighbors, commonly known as
the highly cross-linked polymers (HCP). Because of the net-
work connectivity, HCPs are lightweight, high performance
materials that often exhibit extraordinary and unexpected
mechanical behavior [11–14]. Here, one quantity that is in-
timately linked to the mechanical response of a materials is
its thermal transport coefficient κ [15,16]. In this context,
understanding the heat propagation in bulk polymers is highly
challenging task because of their complex microstructure,
which has tremendous potential in designing advanced func-
tional materials with tunable properties [5,17,18].

Studying the heat flow in polymers is microscopically in-
teresting because at the monomer level there are two distinct
pathways for the energy transfer, i.e., between two covalently
bonded monomers and nonbonded neighbors dictated by the
van der Waals (vdW) contacts [19–22]. The strength of the
vdW interaction is less than kBT , while it is 80kBT for the
covalent bonds [2,23]. Here, kB is the Boltzmann constant
and T = 300 K. Owing to this stark contrast in the relative
interaction strengths, the material stiffness also changes from
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about 5 GPa for the vdW interactions [17] to larger than
250 GPa for a covalent bond [24], and thus leads to a contrast
κcovalent/κvdW > 100 [20]. In the case of the hydrogen bonding
between the nonbonded monomers, the strength of which is
about 4kBT , κH−Bond/κvdW � 2 − 4 [17,18], it also reduces
κcovalent/κH−bond. Therefore, the faster energy flow between
two bonded neighbors will automatically infer that κ for a
bulk polymeric material can be increased by increasing the
bond density ρb, i.e., a higher value of ρb will be expected
to significantly increase κ . Here, a prototypical system is
the HCP where the physical properties are dominated by the
three–dimensional network of bonds [11–14]. Moreover, the
experiments have shown that this standard understanding does
not always hold, instead κ with different cross-linking types
exhibits rather anomalous behavior [25–27]. For example,
most HCP can only show an improvement in κ by about
1.1–1.3 times in comparison to the standard linear polymeric
materials, while κ is even lower for some HCPs than the linear
chains [26].

Traditionally, most simulation studies on HCP are devoted
in investigating the network structures and their mechanical
properties. These include from the generic [13,14] to the
multiscale [28,29], and to all-atom molecular dynamics simu-
lations [12,30]. Recent investigations are also devoted to study
the thermal transport of HCP [25,27]. In this context, while the
all-atom simulations are useful for the quantitative compar-
isons with the experimental data, they also pose a significant
challenge from the computational perspective. For example,
due to the lack of the microstructural network details of the
realistic systems,- curing is always a nontrivial task within the
all-atom setups, restricting the accessibility to a wide range of
macromolecular structures and often limited to the goodness
of the force field parameters. Therefore, a generic model can
provide a better alternative in giving the underlying physical
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mechanism, and also provides the necessary flexibility for
the parameter tuning in these complex systems [13,14,27].
Motivated by these observations, the goal of this work is to
investigate the effects of bonding on the network microstruc-
ture of HCP and κ , with an aim to propose a generic scheme
that can serve as a guiding principle for future experimental
studies.

The remainder of the paper is organized as follows: In
Sec. II, we sketch our methodology. Results and discussions
are presented in Sec. III, and the conclusions are drawn in
Sec. IV.

II. MODEL AND METHOD

For this study we have chosen a set of neat HCP with
different network functionality n, i.e., each monomer can
form a maximum of n bonds. Here, we choose trifunctional
(i.e., n = 3) and tetrafunctional (i.e., n = 4) HCP. We have
also simulated a set of monodispersed linear polymer melts
with a chain length N� = 50. This specific choice of N� =
50 is because this length gives a reasonable estimate of the
single chain structure in a melt, while not approaching the
entanglement effect that comes into play for N� > 70 [31].
Furthermore, κ of a linear polymer melt does not depend on
N� for N� > 10, which is about 10 Kuhn lengths �k for a fully
flexible generic chain [31]. We also wish to mention that N�

usually influences κ for the chain oriented (stretched) systems.
The detailed discussion on this aspect is beyond the scope of
our present study. In all these systems, the total number of
monomers in a simulation box is taken as N = 2.56 × 105.

A. Interaction potentials

We employ a generic molecular dynamics simulation ap-
proach. All nonbonded interactions are modelled using a 6–12
Lennard-Jones (LJ) potential,

unon−bonded(r)

= 4ε
[(σ

r

)12
−

(σ

r

)6
+

( σ

rc

)12
−

( σ

rc

)6]
for r < rc,

(1)

with an interaction cutoff distance rc = 2.5σ . Here, ε and
σ are the LJ energy and LJ length, respectively. This leads
to a unit of time τ = σ

√
m/ε, with m being the mass of

the monomers. Our systems consist of N = 2.56 × 105 LJ
particles randomly distributed within a cubic box at an initial
monomer number density ρm = 0.85σ−3. The equations of
motion are integrated using the velocity Verlet algorithm, with
a time step 0.005τ and the temperature set to T = 1ε/kB, thus
representing a gel phase. The temperature is imposed using a
Langevin thermostat with a damping coefficient of γ = 1τ−1.
The initial LJ system is equilibrated for 106 steps. For the
chain connectivity, we have used two different bond types,
namely the finitely extensible nonlinear elastic (FENE) and
the harmonic potentials.

1. FENE bond

A bond between two monomers is defined by the combina-
tion of repulsive 6-12 LJ potential,
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and the finite extensible nonlinear elastic (FENE) poten-
tial [31],
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Here, εb and σb are the LJ interaction energy and the LJ
interaction length between bonded monomers, respectively.
While the default FENE bond parameters, k = 30ε/σ 2 and
R◦ = 1.5σ , give a typical bond length of �b � 0.97σ [31],
we have also parameterized the FENE interaction for differ-
ent �b. The details of the parameters are listed in Table I.
These parameters ensure that the FENE bond stiffness re-
mains reasonably invariant with the changing �b. Here we note
that, in this generic model, one bead corresponds to a rather
large number of atomistic monomers [13]. Therefore, we will
use this bond potential to mimic a crosslinker similar to the
polyetheramine cured epoxy network [32] and rather fluffy
monomer with phenylenediamines crosslinkers [26].

2. Harmonic bond

In most commodity polymers, such as polystyrene (PS),
polyethylene (PE), poly(methyl methacrylate) (PMMA),
poly(N-isopropyl acrylaime) (PNIPAm), poly(acrylic acid)
(PAA), and poly(acrylamide) (PAM), the backbone connec-
tivity is dictated by the carbon-carbon covalent bond [18].
For a polycarbonate chain, the chain connectivity is dictated
by the phenol rings [33]. Both these bonds are significantly
stiffer than most crosslinkers used to synthesize HCP [26,32].
Therefore, to mimic the stiff bonds, we have used the har-
monic potential,

uharmonic(r) = ε

2s2
(r − �b)2, (4)

with s being the standard deviation of the bond length fluc-
tuation [33]. For this purpose, we have taken s = 0.0126σ ,
representing the linkages in polycarbonate [34], for �b =
0.90σ , 0.97σ , 1.05σ , and 1.10σ . As noted earlier [34], we
also wish to highlight that the fluctuation of the FENE bond is

TABLE I. Parameters of FENE potential. Here, �b, εb, and σb

are the bond length, LJ interaction energy, and LJ interaction length,
respectively. The interaction cutoff is chosen as 21/6σb. The FENE
bond stiffness k and length scale R◦ are also listed. Here, the param-
eters in the second row are the default Kremer-Grest model [31].

�b [σ ] εb [ε] σb [σ ] k [ε/σ 2] R◦ [σ ]

0.87 1.0 0.9 37.0 1.35
0.97 [31] 1.0 1.0 30.0 1.50
1.07 1.0 1.1 24.5 1.65
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FIG. 1. The formation of the total number of bonds Nb with
time t for different bond lengths �b. The data is shown for n = 3
trifunctional (dashed lines) and n = 4 tetrafunctional (solid lines)
monomers. Parts (a) and (b) show the data for the FENE and the
harmonic bonds, respectively.

about 3.4% at T = 1ε/kB, while this is only about 1% for the
harmonic bond with s = 0.0126σ .

B. Thermal transport calculations

The thermal transport coefficient κ is calculated using the
Kubo-Green method [35] implementation in LAMMPS [36].
The equations of motion are integrated in the microcanoni-
cal ensemble. The heat flux autocorrelation function C(t ) =
〈J(t ) · J(0)〉 is obtained by sampling the heat flux vector J(t ).
The typical C(t ) data is shown in the Supplemental Material
(Fig. S1) [37]. Here we choose a sampling period of 0.005τ

to determine the correlation function within a timeframe of
0 � t � 50τ , which is one order of magnitude larger than
the typical decorrelation time, see Fig. S1 [37]. During a total
simulation time of 5 × 104τ , we accumulate correlation data
and compute a running average of C(t ). Finally, κ values are
calculated by taking the plateau of the Green-Kubo integral,

κ = v

3kBT 2

∫ T

0
C(t )dt, (5)

where v is the system volume. Ideally the sampling time is
T → ∞. Here, however, we calculate κ by taking an average
between 30τ � T � 50τ from the plateau of the cumulative
integral in Eq. (5).

III. RESULTS AND DISCUSSIONS

A. Sample cure

The bonds are formed during a network curing stage using
a similar protocol to one used earlier [14]. Within this proto-
col, starting from a LJ melt at T = 1ε/kB, bonds are randomly
formed between a pair of particles when: 1) two particles are
closer than 1.1�b distance, 2) they have not formed the max-
imum number of allowed bonds n, and 3) a random number
between zero and one is less than the bond forming probability
of 0.05. Unless stated otherwise, the network curing is per-
formed for 106 time steps (or equivalent of tcure = 5 × 103τ )
under the canonical simulation.

Figure 1 shows the formation of the total number of bonds
Nb during the curing stage for different �b and n for both bond
types. It can be seen that Nb values reach a plateau maximum
around t � 102τ . We have also calculated the percentage of
cure C after tcure, see Fig. S2 [37]. It can be appreciated that
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FIG. 2. Number density of bonds ρb (a) and monomers ρm (b) as
a function of bond length �b. The data is shown for the systems after
the isobaric equilibration. Open and solid symbols are for the FENE
and the harmonic bonds, respectively. The lines are drawn to guide
the eye.

all systems reach over 98.5% cure. Furthermore, C increases
with �b by a factor of less than 1%. This slight increase in C
is due to the pure geometric arrangements where a longer �b

leads to a larger number of nearest neighbors, thus on average
forming a larger number of bonds. Moreover, we find that the
number densities of bonds ρb [see Fig. 2(a)] and monomers
ρm [see Fig. 2(b)] decrease by 30-35% with increasing �b. We
will come back to this density effect at a later stage of this
article.

Another interesting feature of the network microstructure
is the spontaneous formation of rather large voids immedi-
ately after the cure, see Figs. 3(a)–(d). The void formation
in these systems is not surprising given that the two ad-
jacent monomers can form all n bonds within a small
solid angle pointing away from each other, while these two
native monomers may or may not form bonds within them-
selves [14]. Furthermore, these void structures are dictated
by the system thermodynamics- where, starting from a ho-
mogeneous monomeric mixture at a given ρm, the formation
of a void with a particular size is dictated by the competition
between the entropy penalty and the surface energy reduction.
In this context, it has been previously shown these network
microstructural features can lead to the interesting mechanical
response of the HCP networks [12,32].

The void sizes become larger with decreasing �b [see the
comparison between Figs. 3(a) and 3(c)] and n [see the com-
parison between Figs. 3(b) and 3(d)]. We have also calculated
the void sizes in these systems using a protocol proposed
earlier [14]. In this protocol, a simulation domain is divided
into cubic voxels with 1σ box lengths. A voxel is considered
to be a void if a particle is not within a distance 0.5σ from the
voxel boundary. For �b = 0.90σ , we find that the largest void
is about 10 − 15σ 3 for n = 4 and ∼60σ 3 for n = 3. Moreover,
for �b � 1.05σ voids are not present predominantly because
of the homogeneous bond formation above a critical bond
length. We also wish to note that the fractions of the total
void volume vvoid are on average smaller for the harmonic
bonds in comparison to the FENE bonds, see Fig. 3(e). This
observation is also not surprising given that, in our model,
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FIG. 3. (a)–(d) show the simulation snapshots of a 2σ thick layer along the z direction after the network cure in the canonical ensemble.
The lateral dimensions of the snapshots are 67.03σ . Snapshots are shown for different bond lengths �b and functionalities n, as mentioned in
the figure headings. (a) and (c) are for �b = 0.90σ , and (b) and (d) are for �b = 0.97σ . (e) shows the fraction of the void volume vvoid as a
function of �b. The open and the solid symbols are for the FENE and the harmonic bonds, respectively. The lines are drawn to guide the eye.

by construction the harmonic bonds are stiffer than the FENE
bonds.

After the curing procedure, the systems are subsequently
equilibrated in the isobaric ensemble at zero pressure. During
this process the voids can collapse, forming several protovoids
(void centers) within the sample [14]. The detailed structures
are shown in the Supplemental Material (Section S2) and Figs.
S3–S6 [37].

To summarize the network cure procedure, we find a few
key features:

(i) The percentage of network cure C increases by �1%
with the bond length �b.

(ii) The number density of bonds ρb and monomers ρm

decreases by �30 − 35% with �b, giving free volume and
dilution of bonds.

(iii) The fraction of the total void volume vvoid decreases
with �b, reaching a vanishing value for �b � 1.05σ .

(iv) For �b > 1.05, the bond formation in a network is
rather homogeneous.

We will now show how the delicate balance between C, ρb,
vvoid, and the bond stiffness can act as a guiding principle for κ

tunability in crosslinked networks. Note, for the calculations
of κ in each system, we have used six independent network
configurations separately cured to obtain their respective mi-
crostructures.

B. Thermal conductivity

We will now discuss the most important results of this
manuscript, namely the variation of κ with different system
parameters, see Fig. 4.

It can be seen for the linear chains that κ remains invariant
for both bonds, see the green � and the blue 
 data points
in Fig. 4. Note that the nonbonded interactions are identical
in these two model melts. Ideally, the stiffer bonds can lead to
higher κ , i.e., the heat transfer between two bonded monomers
can increase with bond stiffness. Moreover, the typical length
scale over which this increased κ can be observed (or the
mean free path of the heat flow) is only about 2–3 monomer
units (i.e., the typical segment length) [38]. Over the full chain
backbone, however, κ can be significantly reduced. This is be-
cause a chain conformation in a melt is a random walk [31,39],
thus forming several bends along the chain contour. Here,

each bend acts as a scattering center for the heat flow. The
higher the number of bends along the backbone, the lower
the κ [40,41]. It is also important to note that the typical
end-to-end distance Ree of a chain with N� = 50 in a melt
is Ree � 10σ , which is only about 15% of the box length
L � 66.2σ . Therefore, for a linear polymer melt the major
dominating effect on κ is due to the vdW-based nonbonded
interactions, while bond stiffness plays a lesser contribution
to κ . For example, in the case of the standard polymers, such
as PMMA, PS, and PE, where vdW interactions are dominant,
0.1 � κ � 0.2 W/Km [17,20]. Moreover, in the case of the
hydrogen bond contacts, κ → 0.4 W/Km [17,18], such as
PAM, PAA, and PNIPAM. We also wish to highlight that all
these vdW or the hydrogen bond-based systems have a very
similar covalently bonded carbon-carbon backbone.

With increasing n, where the bonded interaction forming
the network has the dominant contribution, the difference in
κ becomes more prominent between the harmonic and the
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FIG. 4. The normalized thermal transport coefficient κ/κlinear as
a function of the bond length �b. The data is shown for different
network functionality n and for both bonds. The data is normalized
with respect to the linear chain connected by the harmonic springs
giving κlinear = 5.4 ± 0.3 kB/τσ . Here the linear chain lengths are
chosen as N� = 50. The open and the solid symbols are for the FENE
and the harmonic bonds, respectively. The lines are drawn to guide
the eye. The error bars are the standard deviations calculated from
the κ values obtained from the six independent simulation runs.
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FENE bonds, see the comparison between the black solid and
open ◦ data sets in Fig. 4. See also the comparison between
the red solid and open � data sets in Fig. 4.

A closer look at the data sets corresponding to the FENE
bond further reveal that κ remains almost invariant with �b, see
the data sets corresponding to the open ◦ and � in Fig. 4. This
is predominantly due to the fact that the competing effects,
i.e., the reduction in ρb with �b that reduces κ (see part a of
Fig. 2) and the decrease in vvoid with �b that increases κ [see
Fig. 3(e)], cancel each other. The latter also induces a more
homogeneous bond formation within the network.

It is also important to discuss how vvoid influences the κ

behavior. In these network structures, the protovoids usually
act as the scattering centers for the heat flow, where the most
preferred heat propagation pathway is the bonded monomers
along the circumference around the protovoids. The larger the
fraction of vvoid, the larger the hindrance to the heat flow, and
thus the lower the value of κ .

In the case of the harmonic bonds, both trifunctional and
tetrafunctional networks show a 5–10% increase in κ with
�b, see the data sets corresponding to the solid ◦ and � in
Fig. 4. It is worth noting that a stiffer bond strength plays an
additional positive contribution to the κ behavior. To further
illustrate that the bond stiffness is the key factor for the above
mentioned increase in κ , we have performed one more set of
simulations where ε/2s2 is reduced by a factor of 6. Here,
κ/κlinear � 1.81 for all four �b, which is comparable to the
FENE bond data for n = 4, see the open black ◦ data set in
Fig. 4.

C. Thermal conductivity, heat capacity and sound wave velocity

So far we have discussed the behavior of κ with respect
to the network microstructure and bond stiffness. Moreover,
it has been shown that κ is related to the velocity of sound
wave v and the volumetric specific heat cv [15]. Therefore, in
this section we will discuss the possible influence of the net-
work microstructure on v and its correlation with κ . For this
purpose, we have used the simplified estimate v = √

K/ρm,
where K is the bulk modulus. Here, K is calculated using the
fluctuation of volume V in the isobaric ensemble following
the relation,

K = kBT
〈V〉

〈V2〉 − 〈V〉2
. (6)

The volume fluctuation is sampled over a time 5 × 104τ with
a time output interval of 0.5τ . Since we are performing clas-
sical simulations, we estimate cv using the Dulong-Petit limit
3ρmkB. Note that while we report cv using a simple estimate,
we have also calculated cv using dE/dT for a couple of
configurations that show only about 2% variation from 3ρmkB

values (data not shown).
In Fig. 5 we show the variation in κ with cv and v. It can be

seen that, while these data sets overall show a rather nontrivial
functional dependence (as also experimentally reported for
HCP [26]), κ values show on average a consistent increase
with increasing v for the the individual sets. More specifi-
cally, going from the linear chains to a trifunctional system
and then to a tetrafunctional system, we observe κ ∝ v, see
Fig. 5(b). However, within a given system with varying �b,

4.0 6.0 8.02.0 3.0 4.0
0.5

1.0

1.5

2.0

2.5

3.0

3.5

FIG. 5. The normalized thermal transport coefficient κ/κlinear as
a function of the volumetric specific heat cv (a) and the sound
wave velocity v (b). The data is shown for different functionality
n, bond length �b, and for both bonds. The data is normalized with
respect to the linear chain connected by the harmonic springs, giving
κlinear = 5.4 ± 0.3 kB/τσ . Here, the linear chain lengths are chosen
as N� = 50. The open and the solid symbols are for the FENE and the
harmonic bonds, respectively. The error bars are the standard devia-
tions calculated from the κ values obtained from the six independent
simulation runs.

several competing factors contribute to the nontrivial func-
tional dependence, i.e., the delicate balance between ρb, ρm,
vvoid, and bond stiffness dictate the κ behavior. For example,
when n = 4 (or the tetrafunctional HCP) and the bonds are
harmonic, κ increases with decreasing v. This is an effect
of decreasing ρm and homogeneous bond formation in the
networks that induces a rather void-free sample, see the black
solid ◦ data set in Fig. 5.

D. Possible comparison with the realistic systems

The generic simulation data presented in this study high-
lights the importance of bond engineering and network
microstructure on the heat management in HCP. However,
the major question still remains if the results presented here
can be compared with the experimentally relevant realistic
systems. In this context, it is important to mention that the
increased bonding in HCP ideally provides a suitable pathway
for the faster heat flow. This would therefore mean an increase
in κ by a large fraction compared to the linear polymeric
materials. Here, however, we only find an increase in κ of
about a factor of 1.5 for the trifunctional and 1.7–2.7 for the
tetrafunctional HCP, see Fig. 4. Now, considering the standard
linear polymeric materials such as PMMA or PS that has
κ � 0.1 − 0.2 W/Km [17,18,20] and the experimental data
for HCP in Ref. [26], we find that κ/κlinear ∼ 1.1 − 2.0 for
different crosslinkers. This range is consistent with all the data
sets presented in Fig. 4 except for the tetrafunctional HCP
with the harmonic bonds, see the black solid ◦ data set in
Fig. 4. Furthermore, the most common HCP are synthesized
either with fluffy bonds and monomers [32] and/or with fluffy
monomers and stiff crosslinkers [26]. In our model, the FENE
bond type mimics these conditions closely and thus shows
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reasonably good agreement with the experimental observa-
tions [26].

In some cases, crosslinking can also decrease κ compared
to the linear chains, such as the crosslinked PAA system com-
pared to the linear PAA [17]. Here, however, the length of the
crosslinkers are rather large and thus can have large entropic
fluctuations. Recent all-atom simulation results have shown
that the length of the crosslinkers significantly contribute to
the observed trends in κ behavior [38]. For example, when
a long PAA chain system is blended with PAM trimers that
can form hydrogen-bonded crosslinking between two PAA
monomers of the different chains, κ can slight enhance in
comparison to a pure PAA [38]. These trends, observed in
experimental and all-atom simulation data, that κ is closely
impacted by the length of the crosslinkers are also consistent
with the generic simulations [27].

Another possible route for the synthesis of HCP might
be to use the linear polymer chains, either homopolymer
or copolymer, and crosslinking them using the stiff N,N’-
methylenebis(acrylamide) (BIS) [42]. In this system, it has
been shown that a crosslinked microgel of P(NIPAM-co-AA)
with only about 5% BIS can significantly increase its elastic
modulus [43]. It would therefore be interesting to experi-
mentally investigate a system with a large degree of BIS
crosslinking that may give a further increase in κ for network
structures.

Lastly, we would also like to comment on the tunability
in κ . For example, while it is always desirable to increase κ

of materials for their possible use under the high temperature
conditions [5,7], crosslinked thermoelectric materials [9,10]
require an ultralow κ for better device performance. Here, the
fraction of engineered protovoids within the cured network
may provide an additional pathway for the tunability in κ . In
this context, as discussed in the Sec. III A, the generic features
of the network microstructure naturally emerge because of
the thermodynamic reasons. In experiments, the engineered
protovoids with different fractions can be incorporated by
including a nonreactive solvent (such as tetrahydrofuran or
dichloromethane) during the network curing stage. Inclusion

of a nonreactive solvent facilitates the bond formation around
a solvent bubble [32]. Here, the change in nonreactive solvent
content is then expected to change the protovoids fractions
within a sample, and thus κ . The encapsulated solvents can
then be extracted during a post-cure procedure following an
earlier treatment [32].

IV. CONCLUSIONS

We have performed large scale molecular dynamics simu-
lations of two different generic polymer models to study the
thermal transport in the highly crosslinked polymers (HCP).
We emphasized the importance of engineered crosslinking
bond types that in turn gives an additional pathway to intro-
duce a tunability in the thermal transport coefficient κ of HCP.
These results show that the spontaneous formation of molec-
ular scale voids/protovoids during the curing procedure, the
bond density, the bond length, and the bond stiffness, together
with the delicate balance between these competing effects,
ultimately dictate the behavior of κ . While our simulation
data sets present a generic physical picture and the importance
of the underlying network microstructure, we also present a
comparative discussion in the context of the different exper-
imentally relevant systems. Based on our analysis, we also
sketch a set of directions that may be useful for the design of
future materials for their possible uses in advanced functional
applications.
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