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The epoxy-based crosslinked polymer with the mesogenic group has been studied as a candidate resin
material with high thermal conductivity due to the ordered structure of the mesogenic groups. In this
study, we conducted all atomic molecular dynamics simulations with iterative crosslinking procedures
on various epoxy resins with mesogenic motifs to investigate the effect of molecular alignment on
thermal conductivity. The stacked structure of aromatic groups in the crosslinked polymer was
analyzed based on the angle-dependent radial distribution function (ARDF), where the resins were
categorized into three groups depending on their monomer shapes. The thermal conductivities of
resins were higher than those of conventional polymers due to the alignment of aromatic groups, but
no distinct correlation with the ARDF was found. Therefore, we conducted a further study about two
structural factors that affect the alignment and the TC by comparing the resins within the same
groups: the monomer with an alkyl spacer and functional groups in hardeners. The alkyl chains
introduced in the epoxy monomers induced more stable stacking of aromatic groups, but thermal
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1. Introduction

There is a growing demand for polymer materials with high
thermal conductivity (TC) as electronic products are getting
smaller, requiring rapid dissipation of the heat generated by
miniaturized electric circuits. Thermosetting epoxy resins
with crosslinked structures are widely used as packaging
materials for electronic devices, due to their ability to insu-
late electrical current, easy processability, chemical resis-
tance, etc.1-3 Conventionally, nano-scale fillers such as
graphene or carbon nanotubes are incorporated into epoxy
resins to enhance their thermal or electric conductivity.*”® As
an alternative approach, mesogenic epoxy monomers were
recently introduced, since they can considerably increase the
TC due to their tendency to be aligned along one direction to
provide an additional route for phonon transfer, in addition
to the transfer along covalent bonds.'** Lin et al. reviewed

“School of Chemical and Biological Engineering, Seoul National University, Seoul
08826, Republic of Korea. E-mail: whlee@snu.ac.kr

*Material Research Center, Samsung Advanced Institute of Technology, Samsung
Electronics Co., Ltd, Gyeonggi-do 16678, Republic of Korea. E-mail: inl.kim@
samsung.com

available. See DOL:

T Electronic  supplementary  information

10.1039/d1na00896j

(ES)

1970 | Nanoscale Adv., 2022, 4, 1970-1978

scale, and also how they have effects on the TC consequently.

a variety of epoxy thermoset resins with mesogenic groups
which can form highly ordered domains, increasing the TC
up to 1.05 Wm ' K 1.

To facilitate the intelligent design of mesogenic epoxy poly-
mers with high thermal conductivity, it is crucial to develop
a microscopic understanding of the correlation between
molecular alignment and the transport of thermal energy.
Molecular dynamics (MD) simulation can be a very advanta-
geous tool to analyze the epoxy-based crosslinked polymers
because it yields the atomistic details in the crosslinked struc-
ture and the macroscopic properties of the materials. A major
obstacle in epoxy MD simulation is the proper construction of
the crosslinked polymer network in a periodic simulation box:
one-shot polymerization of randomly mixed monomers and
hardener molecules might result in an unrealistic structure. In
this regard, several reports suggested simulation procedures to
construct stable atomistic configurations of resins where we
utilized the method described by Varshney et al**'” They
proposed numerical procedures to obtain stable crosslinked
EPON-862/DETDA resin from iterative runs of MD simulations
to gradually equilibrate the system. Furthermore, they showed
the correlation between the TC and the structure in the other
papers.'®* Li et al. performed MD simulation with a similar
procedure to study the thermal conductivities of ordered epoxy

© 2022 The Author(s). Published by the Royal Society of Chemistry
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resin according to external strain.'® In respect of a variety of
chemistry, simulation results from various epoxy resins have
been reported, especially with more attention to the high-TC
epoxy resin-based nanocomposites augmented with fillers
such as graphene and boron nitrate.>*>?

However, there are few computational studies focusing on the
thermal conductivity of the epoxy resins generated from meso-
genic monomers. Skacej et al. conducted Monte-Carlo simulation
studies with the coarse-grained model to investigate the structure
of a liquid crystal elastomer but did not deal with its thermal
conductivity.”** Koda et al. compared experimental TC data of
epoxy resin and intentionally ordered structures of liquid-
crystalline epoxy monomers from MD simulation.”® However,
their study lacks an explanation about how the MD configuration
represents the microscopic structure of the material from which
the TC results were measured. Especially, as Varshney et al
showed, generating structures by iterative crosslinking proce-
dures is crucial for the accurate evaluation of thermal conduc-
tivities but the process was omitted in the previous reports.”* To
the best of the authors’ knowledge, there is no systematic study
correlating the mesogenic structures and the resultant thermal
conductivities in crosslinked polymer resins.

In this paper, we studied various kinds of cross-linked
polymers using all-atomic MD simulation to reveal the effect
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of their molecular architectures on the TC. We performed iter-
ative annealing and crosslinking simulations to generate real-
istic network structures. Then, we investigated the aligned
structure of cross-linked polymers by calculating the angle-
dependent radial distribution function (ARDF) among
aromatic groups and measuring the thermal conductivities
using the Green-Kubo relation. As aligning behavior showed
distinct characteristics according to chemical motifs, we clas-
sified the studied epoxy resins into three different groups.
Meanwhile, the TCs of resins were higher than that of conven-
tional polymer materials as expected from the aligned structure
noticed in the ARDF but no quantitative correlation was found
between them. Therefore, two additional structural factors were
studied by comparing resins within the same group; the first is
a flexible alkyl chain that is introduced into monomers as
a spacer and the second is the functional groups in hardeners
whose polarity affects interaction with monomers. The results
indicated that the aligning behavior of epoxy monomers and
the TC of resins were both affected by those geometric factors
complicatedly. Consequently, the detailed atomistic investiga-
tion by MD simulation gives a direction to enhance the thermal
conductivities by exploiting the relationship between the
chemical structure of molecules, the resultant aligned struc-
ture, and the thermal conductivity.

Dimer

Make crosslink bond

Fig. 1 Algorithm flow chart for constructing the crosslinked structure from the EH mixture configuration (a) and converting procedure
presentation of functional groups to crosslink bonds which are within the cut-off distance (b).
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2. Computational methods
2.1 Crosslinked polymer construction

The crosslinked polymer structure was constructed from the
epoxy and hardener molecules where the overall procedure is
presented in Fig. 1(a). The initial mixture of the epoxy (E) and
hardener (H) was made by randomly distributing the molecules
with the Packmol software package to get an initial coordinate of
the amorphous structure.” The molecular representations of the
studied EH pairs are listed in Table 1. The number of the total
molecules was determined so that the initial density would be 1 g
mL " in a cubic simulation box with a side length of 50 A where
the E : H ratio was set to 2 : 1 to consume all reactants when the
reaction is completed. The initial configuration of the EH mixture
was equilibrated by following several steps of procedures as
explained in the next section.

To generate epoxy crosslinking from an equilibrated EH
mixture, all pairs of epoxy and amine functional groups were
scanned, and the pairs closer than a prescribed cut-off distance
were converted to crosslink bonds. The cut-off distance for the
reaction was initially set to 4 A but if no functional group pair
was found the cut-off was increased by 1 A. In addition, to
prevent the formation of unphysically long bonds with extreme
forces, the cut-off distance was not increased beyond the
maximum cut-off of 6 A. The positions and interaction param-
eters of atoms in the selected functional groups were modified
to make a crosslinked bond structure mimicking the real ring-
opening reaction of epoxy and amine groups as depicted in
Fig. 1(b). The equilibrating MD procedures were then con-
ducted again to stabilize the modified configuration. The MD
simulation and crosslink formation with adaptive cut-off were
iterated until the target crosslink ratio (pearger) Was reached,
where the crosslink ratio p was defined by the ratio of the
number of the reacted epoxy groups, 7.ross, to the entire initial
number of the epoxy groups, 7epoxy (1)-

Paper

ncmss
pP= 1)

Nepoxy

For all the EH pairs studied in this work, the pi,rgec Was set
as 0.6 to compromise computational cost and also to be
above the percolation threshold, p. = 0.577, of the epoxy
resins made from diamine and diepoxide assuming
a random reaction.”” As expected, the TC was affected by the
crosslink ratio as represented in Fig. S4f and it is noteworthy
that the TC went up rapidly after p = 0.7. It also corresponds
with the previous study by Vasilev et al. about TC of cross-
linked polyisoprene and polybutadiene.”® However highly
cross-linked polymers are considered to have unstable
structures from the unphysically connected topology as most
reaction sites are exhausted in the later stages of cross-
linking iterations. Therefore, it is reasonable to set the parget
to be just above the p. to prevent numerical artifacts in
calculating TC. The supplementary simulation results for
choosing parameters other than the crosslink ratio can be
found in the ESI.t

2.2 MD simulation

The initial configuration of the E and H mixture was equili-
brated before going to the iterative MD simulation step to make
the crosslinked structure. First, energy minimization was per-
formed to adjust the positions of atoms, bond lengths, angles,
and dihedrals. The steepest descent and the conjugate gradient
method were conducted consecutively. Then we performed
annealing MD simulations in the NPT ensemble, with the
thermostat and barostat set to 500 K and 1 atm, respectively, for
250 ps. The system was further equilibrated at the decreased
temperature of 300 K for an additional 100 ps. The high
temperature of 500 K was to relax the internal constraints from
the unstable location of molecules.

Table 1 The list of EH pairs in our study with molecular structure representation

Hardener (H)

Epoxy (E)
EH2 WA/\/\/\N7
EH4 VAO @< 4@7)@70/\7
EH5
OO0y
o V\/\/\OO)CLOOOJLQO/\/\/V
EHS8
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During the crosslinking iterations, a similar series of
simulations were conducted to equilibrate the mixture con-
taining newly formed crosslinking bonds. After searching for
the epoxy-amine pairs and generating the crosslink bonds,
the energy minimization was conducted with the steepest
descent, conjugate gradient, and fire algorithms, consecu-
tively.”® Then five steps of NVT simulations were followed: the
system was equilibrated at 300 K, 400 K, and 500 K, where the
temperature was linearly ramped between the equilibration
runs, where each equilibration and ramping stage was 10 ps
long. Finally, we conducted two rounds of NPT simulations at
1 atm, each 20 ps long, with the thermostat temperature set to
500 K and 300 K.

Starting from the equilibrated network structure, the TC of
the crosslinked polymer was calculated using the Green-Kubo
equilibrium simulation. The network was initially equilibrated
for 200 ps in the NPT ensemble, and the production NVE
simulation was conducted for 1 ns. The heat flux was computed
and saved at every step to calculate the thermal conductivity
from its time correlation function. The heat current autocorre-
lation function (HCACF) was obtained from 10 repeated inde-
pendent runs with different initial velocities to get proper
statistics.

The TC of the crosslinked polymer, «, could be calculated by
integrating the HCACF over the lag time ¢ according to the
Green-Kubo relationship where the heat flux J was from the
history of energy flow (2).

V

K= ST

|, vosana @)
where kg is the Boltzmann constant, and 7 and V are the
temperature and volume of the system, respectively. The term
J(0) J(t) is called the HCACF where heat flux J is defined as

ZE[V,' - ZS,’V,':|

where e;, v; and S; are the per-atom energy, the velocity, and
atomic stress of the ith atom, respectively. The HCACF of EH1 in
Table 1 according to lag time is shown in Fig. 2 as an example to
show the convergence of the simulation.

All simulations were conducted using LAMMPS software.*®
The timestep of integration was set to 1 fs in the crosslinking
step and 2 fs in the TC calculation step. All bonds associated
with hydrogen atoms were constrained by the SHAKE algo-
rithm.** The OPLS-AA forcefield with 1.14*CM1A partial
atomic charges was used to describe interactions among the
atoms as obtained from the LigParGen server.*’7** Moltem-
plate software was used to tabulate interaction parameters
from LigParGen and the initial system topology file.** The
interaction parameters for the crosslinked structure were from
the topology files of monomer, hardener, dimer (one epoxy
monomer + one hardener), and trimer (two epoxy monomers +
one hardener) molecules where the original monomer and
hardener parameters were replaced with the crosslinked
structure. We assumed that the reaction changes only the
interaction parameters related to crosslinking bond groups;

1
J=—
V
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Fig. 2 Convergence of HCACF presentation on a long time scale (a)
and zoomed short time scale (b).

therefore, only the products from one amine reaction site,
which are a dimer with a secondary amine and an alcohol, and
a trimer with a tertiary amine and two alcohol groups, were
considered. The Nose-Hoover thermostat and MTK barostat
were used to maintain the system temperature and pressure at
the desired value.***°

3. Results and discussion
3.1 Monomer effect

Before delving into the analysis of thermal conductivities, we
first examined the molecular alignment of the crosslinked
polymers at the molecular level. We calculated the pairwise
distances r and the mutual angles 6 between all aromatic group
pairs in the system including both monomer and hardener
molecules, where r is the Euclidean distance between the
centers of mass of the phenyl groups, and ¢ is defined as the
angle between the normal vectors of the 6-carbon planes. As
shown in Fig. 3(a), we plot the angle-dependent radial distri-
bution function g(r,6),

<Zé(r,- —r 0, — a)>
(r,0) = 1A
TR
where N is the number of aromatic groups and p is the number
density of aromatic groups.
The peaks near » = 4-7 A and # = 0-40° were observed
commonly throughout different resins, implying that there exist

27tr? sin 0
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runs. (b).

aligned structures in constructed crosslinked polymer MD
configurations where the representative snapshot of the aligned
aromatic group is inserted in Fig. S5.1 The specific structure of
the r — 6 distributions differed among the choices of monomers
and hardeners, which can be attributed to the chemical envi-
ronment of the aromatic groups in each molecule. Merging the
information of Fig. 3(a) and chemical features of the monomers
and hardeners, the EH pairs in Table 1 were classified into three
groups for explanation based on the connection group between
two aromatic groups in monomers: first, monomers with
biphenyl groups (EH1, EH2); second, monomers with imine
groups (EH3, EH4, EH5); third, monomers whose aromatic
groups are separated by ester groups (EH6, EH7, EHS8). On the
other hand, the hardeners have similar structures connected
with two or three bonds which have fewer effects on the ARDF
results compared to the monomers.

First, EH1 and EH2 resins with biphenyl groups in the
monomer exhibited a single peak as shown in Fig. 3(a) near r =
4 A, whereas all other resins showed a separation of the peak,
which also featured a broad-angle peak in the narrow distance
area. The narrow distance peak distribution is attributed to the
similar inter-distance of two aromatic groups of the biphenyl
group and hardener. Whereas the angular distribution can be
explained by the structural mismatch of the straightly con-
nected biphenyl groups and the two aromatic rings connected
by two bent bonds in the hardener, where one pair of aromatic
rings in the hardener and monomer should be stacked
obliquely when the other pair is stacked in parallel.

EH3, EH4, and EH5 showed two vividly split peaks along the
distance axis in r — ¢ distribution which is attributed to the
imine group among the three aromatic groups in the monomer
where it is also non-rotatable but the distance between two
aromatic groups is farther than the biphenyl group. This
difference in the inter-distance between aromatic groups also

1974 | Nanoscale Adv., 2022, 4, 1970-1978

affects angle distribution; if one pair of aromatic groups of
a monomer and a hardener are staked, the other aromatic
group in the hardener should be located at a farther distance
from another aromatic group of the monomer obliquely.
Therefore, the former pair is comparatively stable due to less
competition with the latter pair which results in contributing to
the first narrow peak in the 6 axis, while the second peak comes
from the latter pair with broad-angle distribution due to their
mismatch of the connected bond angle between the monomer
and hardener like EH1 and EH2.

Finally, the aromatic groups in EH6, EH7, and EH8 mono-
mers are separated by ester groups which have similar struc-
tures to imine groups resulting in double peaks in the distance
axis in the same manner as in EH3, EH4, and EH5. A distinct
characteristic of this third group was the intense peak near r = 4
A which is attributed to rotatable bonds in ester groups, unlike
biphenyl or imine groups. Without planar restriction, the
aromatic groups could be stacked easily in parallel by changing
configurations.

In summary, it was presented from the ARDF results the
aligning behavior of aromatic groups in crosslinked polymers
and how it was affected by the molecular structure. As a next
step, we tried to correlate the microscopic stacked structure of
aromatic groups with the TC results as shown in Fig. 3(b). The
thermal conductivities of the resins were from 0.62 to 0.85 W
m ' K" and were higher than those of commonly used polymer
materials which can be expected from the alignment peaks in
Fig. 3(a). It is also in accord with well-known physics that
crystalline likelystacked aromatic groups contribute to faster
phonon transport than those stacked through the bond of
polymers.** However, any aligning parameter that quantitatively
correlates the TC and the ARDF was not found and quite large
deviations in the TC were noticed even in the same group. This
is because different molecular structures other than the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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connecting parts of aromatic groups in epoxy monomers also
affect the crosslinked polymer complicatedly. Therefore, we
conducted further comparative analysis for several cases
affected only by each factor which resulted in finding two
structural factors affecting TC; one is flexible chains included in
the epoxy monomer as spacers and the other one is the func-
tional groups of hardeners connecting two aromatic groups. In
the following sections, it is described how the molecular motifs
affect TC considering their chemical properties from further
analysis.

3.2 Flexible chain spacer effect

Among the molecules in Table 1, EH2 and EH7 are modifica-
tions of EH1 and EH6 molecules, respectively, introduced to
study the effect of alkyl spacers. In our results as presented in
Fig. 3(b), the TC of EH2 was 0.64 W m ™' K, lower than that of
EH1 which was 0.72 W m~ ' K~ whereas the EH6/EH7 cases
showed the same trend for TC where the TC of EH7 was 0.62 W
m~ ' K™ ' and the TC of EH6 was 0.66 W m ™! K™'. Otherwise, in
respect of alignment it was noticed that the spacer increased
stacked structures of aromatic groups as presented in Fig. 4; the
g(r,0 = 0) peaks have higher values as shown in Fig. 4(a) and (b)
which means there are more stable stacked aromatic group
pairs in parallel, and also the zoomed ARDF heatmaps in
Fig. 4(c) indicate that overall aligning behavior was facilitated
by alkyl spacers. Unfortunately, the TC results seemed to
contradict the previous reports that the spacers in an epoxy
monomer with mesogenic groups derive an ordered phase
which could increase the TC.*** The difference could result
from the small length scale of the MD simulations which is
about a few nanometers long, whereas the size of the ordered
domains in experiments was an order of magnitude larger than
our MD simulation box. Therefore, it can be said that the flex-
ibility of the spacer gives more chance for a stable alignment of
the mesogenic groups, but in the MD scale without large
ordered domains, the contributions from the alkyl spacers
dominated the stability of the alignments, resulting in an
overall lowering of TC. Furthermore, the connecting group
chemistry among epoxies also affected the opposite trends in
the molecular alignment of spacers depending on their types.
The monomer of EH7 including ester groups that can rotate
freely makes it relatively easy to be entangled with the alkyl
chain resulting in fewer effects on aligning behavior but the
EH2 biphenyl occupied linear volume straightly which prevents
the structure from being disordered. The results give a micro-
scopic understanding of how a spacer can be used to enhance
the TC of a crosslinked polymer. In other respects, it is
remarkable that the spacer can also increase the processability
of polymer resin by decreasing glass transition temperature
which broadens the applicability of our results.*®

3.3 Hardener effect

As shown in Fig. 3(b), the TC of EH5 was much lower than that
of EH3 and EH4 by about 0.2 W m ™' K~ ' which was a distinctly
large deviation considering the similarity of the molecular
structures of the epoxy and hardener in this group. Because the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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difference between them is mainly from the connecting parts
of hardeners it can be inferred that the properties of the con-
necting motifs affect the structure and TC of the crosslinked
polymer. Therefore, in this section, the effect of the hardener
structure was investigated in detail. In Fig. 5(a), EH3, EH4, and
EH5 feature two peaks in g(r,§ = 0) nearr = 4 Aand r = 7 Ain

Nanoscale Adv., 2022, 4,1970-1978 | 1975
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common, whereas another small peak was observed in EH5
between the two peaks. As explained in the previous section,
the common two peaks are from the two pairs of aligned
aromatic groups such that one is stacked straight up and the
other is distanced relatively far; therefore, another peak in EH5
implies a hardener can be located at the intermediate position
which makes aromatic group pairs be distanced farther than
the former pair and closer than the latter pair (Fig S67). This
coordination of the hardener to the epoxy in EHS5 is attributed
to the strong polar interaction between the sulfone group in
the hardener and the imine group in the epoxy which is
noticed from Fig. 5(b) as sulfur atoms were coordinated near
the nitrogen atoms in imine groups. Consequently, the lower
TC of EH5 is explained as a result of the polar interaction
between polar connecting groups in the hardener and epoxy
which hinders the aligning tendency by competing with the pi-
pi interaction of aromatic groups.

In the same manner, the ester groups of the hardener in EH3
and the EH8 were also expected to have polar interaction with
the imine group and the ester group in epoxy. In the case of
EH3, the g(r,0 = 0) at » = 5.5 A which is the location of the peak
in EH5 derived by the polar interaction was even higher than the
peak value though there was no distinct peak as presented in
Fig. 5(a). Also, from Fig. 5(b), it was observed that carbon atoms
in the hardener also coordinated to nitrogen atoms in the

1976 | Nanoscale Adv, 2022, 4, 1970-1978

epoxy. However, as the TC of EH3 was not as low asthat of EH5,
it can be inferred that the polar interaction between the ester
and the imine groups is not enough to affect heat transport.
Furthermore, the ester-ester interaction which is included in
EHS8 had more subtle effects on the crosslinked polymer; a lower
value at the first peak in g(r,§ = 0) and slightly higher value of
the g(7)center between the carbons in ester group are noticed as
presented in Fig. 5(b) and (d). As the small disadvantage of the
polar interaction is offset by the structural similarity between
the epoxy and hardener, the TC of EH8 was a little higher than
that of EH7. Conclusively, it was noticed that the chemical
structure of the hardener also has effects on the aligning
behavior of mesogenic groups but is less important than other
factors except for the EH5 case where there is strong polar
interaction. This result suggests that it is important to take into
account the characteristics of chemical motifs in monomers
and hardeners carefully since they affect the alignment and TC
of the crosslinked polymer complicatedly.

4. Conclusions

The TC of various epoxy-based crosslinked polymers with
mesogenic motifs was studied to elucidate the relation between
the structural alignment of the aromatic groups and the
enhancement of thermal conductivity. A stable atomistic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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configuration of crosslinked polymers was constructed by
gradually converting pairs of epoxy and amine functional
groups to crosslink bonds, followed by extensive equilibration.
The structural analysis provided microscopic evidence that
there exists molecular alignment regardless of the EH pairs
used, where the aromatic groups were aligned with the most
probable pair distance and angle of r = 4-7 A and § = 0-40°.
Furthermore, the EH pairs were categorized into three groups
by analyzing the ARDF peaks which explains how the molecular
structure of mesogenic groups affects aligning behavior. Due to
the contribution of stacking of aromatic groups, the TCs of
resins were higher than those of conventional polymers, but no
distinct overall correlation with the aligned structure was
found. However, by comparing EH pairs within the same
groups, two structural factors were found to affect the aligning
behavior of crosslinked polymers: a flexible chain spacer in the
monomer and a chemical motif in the connecting part in the
hardener. First, the flexible chains improved the stability of the
stacked structure while decreasing the TC of the crosslinked
polymers on the MD scale. This result seems to originate from
the limited length scale of the MD simulation, where the
contribution of alkyl chains dominated the gain of TC from the
ordering of mesoscopic domains as reported in experiments.
Second, the polar group in the hardener lowered the TC of the
resin when it has strong interaction with other polar groups in
the monomer as the interaction competes with the pi-pi inter-
action. These computational results provide a physical under-
standing of the high-TC crosslinked polymers with mesogenic
groups, especially in respect of the microscopic length scale that
is accessible by atomistic MD simulation. It could give insights
into the efficient design of thermosetting polymers with supe-
rior thermal dissipation performance by modifying the molec-
ular structure.
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