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Epoxy resins are widely used in electronic and structural applications. However, their use at high
temperatures is limited by their glass transition temperature (Tg). Although the addition of multifunctional
resins increases Ty via crosslink density, the molecular-scale contribution of specific intermolecular
interactions, such as m—n stacking, remains poorly understood in multicomponent systems. Here, we
investigated the molecular-level mechanism of T4 enhancement in a multicomponent epoxy resin system
incorporating a triazine-based epoxy resin, tris(2-epoxypropyl)isocyanurate (TEPIC), into a conventional
epoxy resin. The experimental results revealed a non-monotonic dependence of T4 on TEPIC content,
with an initial decrease at low concentration followed by a pronounced increase at higher concentration,
which cannot be explained solely by changes in crosslink density. Structural analysis using wide-angle
X-ray scattering and molecular dynamics (MD) simulations showed that the amorphous halo originating
from intermolecular packing splits into two peaks, suggesting that one of these peaks includes a
contribution from n—n stacking interactions. MD simulations showed that ring pairs with centre-of-mass
distances of 3.4-5.8 A form stable n—n stacking structures, and that the population of these interactions
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correlates strongly with the observed variation in T,. Quantum chemical calculations further demonstrated
that benzene-triazine stacking interactions introduced by TEPIC are significantly stronger than benzene—-
benzene stacking. These results indicate that the enhancement of Ty arises not only from an increase in
crosslink density but also from localized intermolecular constraints induced by strong stacking interactions,
providing a molecular-level design guideline for high-performance epoxy resins.
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1. Introduction

Epoxy resins are widely used in advanced electronic materials,
such as adhesives and semiconductor encapsulants, owing to
their high mechanical strength and excellent heat resistance,
electrical insulation, and adhesion properties. In recent years,
the continual miniaturization of electronic devices and the
increasing demand for high-performance devices have led to
a significant increase in power density and heat generation
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inside these devices. Therefore, the resin materials used for
insulation, protection, and mechanical support in electronic
devices must operate under high-temperature conditions. Epoxy
resins exhibit a marked degradation in their thermal and
mechanical properties at temperatures above their glass transi-
tion temperature (Tg)f’3 so they are usually limited to applica-
tion temperatures below T,. Therefore, it is necessary to increase
the T, of epoxy resins to enable further improvements in the
performance of miniaturized devices.

Diglycidyl ether of bisphenol A (DGEBA) is widely used
owing to its relatively low cost and ease of handling; however,
its relatively low T, limits its use under demanding thermal
conditions. To overcome this drawback, DGEBA is often modified
by incorporating multifunctional epoxy resins to increase its
crosslink density and hence, the T, of the composite system.*”
Despite the wide range of strategies proposed for increasing Ty,
the fundamental details of the resulting crosslinked network
structures remain insufficiently understood because the direct
experimental observation of epoxy networks at the molecular
level is inherently challenging. Therefore, many studies have
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indirectly inferred changes in the internal structure from macro-
scopic properties, such as the T, and elastic modulus.

X-ray scattering methods are effective techniques for evalu-
ating the periodicity of crosslinked structures and intermole-
cular interactions within epoxy resins.'®™*®> Ogawa et al'’
investigated the structural periodicity of epoxy resins using
medium-angle X-ray scattering and revealed that a periodic
structure at ¢ = 1.2 nm™ " centered around the curing agent is
formed as the epoxy-amine curing reaction proceeds. Dwyer
et al.'" analyzed the polymer network structure of epoxy resins
by wide-angle X-ray scattering (WAXS) and reported that the
distance between n-m stacking rings increases upon heating.

To obtain a more detailed understanding of the relationship
between the crosslinked structure and macroscopic properties,
structural analysis at the molecular level is essential. Molecular
dynamics (MD) simulations are a powerful technique for repro-
ducing the curing process and network structure of epoxy
resins at the molecular scale. In recent years, MD techniques
have been increasingly used in combination with experimental
techniques such as WAXS.'®'%22 Lj et al*® investigated the
relationship between n-n stacking and the T, of uncured
silicon-containing arylacetylene resins using MD simulations.
They demonstrated that increasing the fraction of aromatic
rings enhances n-n interactions, which in turn contribute to
increasing the T, and viscosity. Yamamoto et al.'® investigated
the correlation between crosslinked structures and physical
properties in epoxy resins with various stoichiometric ratios
using WAXS and MD simulations. They reported that, as the
amine content increases beyond the stoichiometric ratio, the
expansion of the distance between phenyl groups during the
curing reaction is suppressed, providing steric resistance dur-
ing deformation, leading to an increase in Young’s modulus.
Kawagoe et al."” calculated scattering intensities using MD simu-
lations and showed, through comparison with WAXS measure-
ments, that the amorphous halos and peaks emerging during
curing were successfully reproduced by the simulations. Further-
more, Zhao et al.® used MD simulations to demonstrate that a
higher tetraglycidyl diamino diphenyl methane (TGDDM) content
in the DGEBA/TGDDM/4,4’-diaminodiphenyl sulfone (4,4’-DDS)
system increases the number of ring structures, thereby improv-
ing the thermomechanical properties.

Most previous studies primarily interpreted the thermome-
chanical properties of cured epoxy resins in terms of network
formation, via parameters such as the crosslink density and
segmental rigidity (e.g., aromatic versus aliphatic linkages
between junctions). In contrast, fewer studies have leveraged
the richer structural information accessible by WAXS, including
short-range intermolecular ordering, and combined it with
MD simulations to establish structure-property relationships
beyond network connectivity. Therefore, to deepen the under-
standing of structure-property relationships beyond network
connectivity, we investigated a multicomponent epoxy resin
system in which a triazine-based epoxy resin, tris(2-epoxy-
propyl)isocyanurate (TEPIC), is incorporated into a conventional
DGEBA matrix. TEPIC has been widely used as an additive to
enhance thermomechanical properties.”*® In this study, the
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internal structure and thermomechanical properties were pre-
dicted by MD simulations, and the validity of the simulations
was examined through comparison with WAXS measurements.
This study aimed to elucidate the mechanism of T, enhance-
ment induced by the introduction of triazine rings based on the
correlation between the internal structure and thermomechani-
cal properties.

2. Experiments

2.1. Preparation

DGEBA (Mitsubishi Chemical Corporation) and TEPIC (Nissan
Chemical Corporation) epoxy resins and 4,4’-DDS (Tokyo
Chemical Industry Co., Ltd) curing agent were used. The
molecular structures of these materials are shown in Fig. 1.
Specimens were prepared by varying the TEPIC content in the
DGEBA/TEPIC/4,4'-DDS resin system (0, 5, 10, 20, and 30 wt%),
which were experimentally analyzed using thermomechanical
and WAXS techniques.

The cured epoxy resins were prepared as follows. First,
DGEBA and 4,4’-DDS were stirred at 120 °C for 45 min. Subse-
quently, TEPIC preheated to 130 °C was added, and the mixture
was stirred for an additional 10 min under vacuum using a
rotation-revolution vacuum mixer (ARV-310P, Thinky) to obtain
a homogeneous resin mixture. The 0 wt% mixture was prepared
using the exact same procedure, simply omitting TEPIC. For all
component formulations, the mixtures were carefully formu-
lated to maintain a stoichiometric ratio of 1.0 between the total
number of epoxy groups (from DGEBA and TEPIC) and the
amine groups (from 4,4’-DDS). The mixture was poured into a
mold made of glass plates covered with release film, and cured
in an oven by heating from room temperature to 180 °C at a rate
of 1.7 °C min™", followed by holding at 180 °C for 2 h. The
specimen thickness was controlled to 2 mm using polytetra-
fluoroethylene spacers. Various test specimens were prepared
by cutting the cured plates to the required dimensions.
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(b) Curing agent

Fig. 1 Structures of (a) base resins and (b) curing agent.
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2.2. Thermomechanical properties

Two methods, thermomechanical analysis (TMA) (TMA7300,
Hitachi High-Tech) and dynamic mechanical analysis (DMA)
(DMA7100, Hitachi High-Tech), were used to determine the T,
values of the cured resins. In the TMA measurements, the
specimens were heated from room temperature to a tempera-
ture above the T, at a rate of 2 °C min~' under compression
mode with an applied load of 1 mN. The specimen size was
10 mm x 10 mm x 2 mm, and T, was determined from the
intersection of the linear fits to the temperature-thermal strain
relationship in the glassy and rubbery regions along the 10 mm
length direction. For DMA, the specimens were heated from
room temperature to a temperature above Ty, and T, was
evaluated from the peak position of the loss modulus (E”). E”
was selected over the storage modulus (E') and loss tangent
because it provided superior sensitivity and resolution for dis-
tinguishing the multiple glass transitions observed in the multi-
component systems. The measurements were conducted in
tensile mode with a heating rate of 2 °C min™" and a frequency
of 1 Hz. The specimen dimensions were 30 mm x 10 mm X
2 mm. The gauge length was set to 15 mm, and the displacement
was set to 7.5 um.

2.3. Wide-angle X-ray scattering measurements

WAXS measurements were employed to quantitatively evaluate
the molecular structure inside the resin. WAXS measurements
were conducted using BLOSW at the NanoTerasu synchrotron
facility (Miyagi, Japan). 2D-WAXS patterns were recorded using
a 2D hybrid photon counting detector Eiger2 R (Bruker K.K.,
Japan). WAXS measurements were performed using a camera
length of 80 mm at room temperature and over the range of
80-280 °C in 20 °C increments.

3. Numerical methods

3.1. Quantum-chemical reaction-path calculations

In the DGEBA/TEPIC/4,4'-DDS resin system, the epoxy-amine
network can be formed through six elementary reaction types: (i)
DGEBA reacting with primary amines; (ii) DGEBA reacting with
secondary amines generated after DGEBA addition (DGEBA/
secondary amine/DGEBA); (iii) DGEBA reacting with secondary
amines generated after TEPIC addition (DGEBA/secondary
amine/TEPIC); (iv) TEPIC reacting with primary amines; (v)
TEPIC reacting with secondary amines generated after DGEBA
addition (TEPIC/secondary amine/DGEBA); and (vi) TEPIC react-
ing with secondary amines generated after TEPIC addition
(TEPIC/secondary amine/TEPIC). However, because these six
reaction types occur simultaneously during curing, it is difficult
to experimentally evaluate the relative magnitudes of the activa-
tion energies associated with each reaction. Therefore, only the
reactions that could be evaluated by differential scanning
calorimetry (DSC) measurements were considered in this study,
i.e., DGEBA/primary amine, DGEBA/secondary amine/DGEBA,
TEPIC/primary amine, and TEPIC/secondary amine/TEPIC. The
activation energies and heats of formation, which characterize
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Table 1 Activation energies E, and heat of formation H; obtained by
GRRM

Reaction type E, [kecal mol™']  Hg [keal mol ']

DGEBA/primary amine® 50.01 25.04
DGEBA/secondary amine/DGEBA®  41.10 20.33
TEPIC/primary amine 48.58 18.35
TEPIC/secondary amine/TEPIC 54.90 11.35

the interactions between the base resin and curing agent, are
key factors governing both the curing process and the properties of
the cured resin.””*® These reaction parameters were determined
using the global reaction route mapping (GRRM) method*®>?
combined with density functional theory (DFT) calculations at
the B3LYP/6-31G(d) level.

Table 1 summarizes the activation energies and heats of
formation obtained from the GRRM calculations. Based on the
order of the activation energies, the reaction between TEPIC and
primary amines proceeds first, followed by reactions between
DGEBA and primary amines and between DGEBA and secondary
amines, and finally the reaction between TEPIC and secondary
amines occurs. This reaction sequence is in good agreement with
the results obtained from separately conducted DSC measure-
ments. These parameters were used as input data for the MD
simulations of epoxy curing. For the DGEBA/secondary amine/
TEPIC reaction, the reaction heat and activation energy of the
DGEBA/secondary amine/DGEBA reaction were used, while for
the TEPIC/secondary amine/DGEBA reaction, the corresponding
values of the TEPIC/secondary amine/TEPIC reaction were
adopted. The values for the DGEBA/primary amine and DGEBA/
secondary amine/DGEBA reactions were taken from previous
studies.®

3.2. Molecular dynamics simulations

3.2.1. Curing simulation. A curing MD simulation frame-
work developed by Okabe et al>® effectively predicted the
crosslinked structures and properties of epoxy resins formed
through chemical reactions. This framework employs a reac-
tion model derived from quantum chemical calculations and
has been successfully applied to a wide range of resin systems,
demonstrating high accuracy in predicting thermomechanical
properties.®'7**9 In this study, DGEBA, TEPIC, and 4,4’-DDS
molecules were randomly placed in a simulation box of 200 A x
200 A x 200 A at 300 K, with the total number of atoms set to
approximately 40 000. Periodic boundary conditions were imposed
in all directions, and the simulation box was isothermally com-
pressed at 300 K until the system density reached 0.9 g cm™>.
Subsequently, a 300 ps NPT simulation was performed at 300 K
and 1 atm to obtain the initial uncured structure.

Curing MD simulations were then performed by applying
the following reaction model to the initial structure. Two
criteria were applied to the reaction model. The first criterion
was a distance condition, which determines candidate reactive
pairs. When the distance between the representative atoms of
two functional groups falls below the reaction cutoff distance
R., the pair is considered a reaction candidate. In this work, the
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terminal C atom of the epoxy group and the N atom of the
amine group were defined as the representative atoms, and the
cutoff distance was set to R. = 5.64 A. The second criterion was
the reaction probability condition, which determines whether a
candidate pair will react. The reaction probability p for pairs
satisfying the distance condition was calculated using the
Arrhenius equation:

p=4 exp(— IfT) 1)

here, E, is the activation energy obtained from the GRRM
calculations, R is the universal gas constant, T is the local
temperature at the reactive site obtained from the MD simula-
tion, and 4 is an acceleration factor, which was set to 10'* (ref. 40)
to allow the curing reactions to be completed within a realistic
computational time.

If the calculated p exceeds a uniformly generated random
number a in the range from 0 to 1, a crosslinking reaction is
assumed to occur between the corresponding functional
groups. After each reaction event, structural relaxation was
performed using the conjugate gradient method, followed by
an NPT simulation (15 ps, 1 atm) and an NVT simulation (1 ps).
Finally, the atomic velocities in the reaction region were scaled
so that the kinetic energy satisfied Kuger = Kpefore + Hy, Where
Kpefore and Kigeer are the total kinetic energies of the reactive
atoms before and after the reaction, respectively, and H; is the
heat of formation obtained from the GRRM. The curing simu-
lation was repeated until no further reactions occurred.

Before evaluating the thermomechanical properties of the
cured models obtained from the curing simulations, annealing
was performed following the methodology reported in previous
studies.*>*® The annealing process consisted of an NVT simu-
lation in which the temperature was cyclically varied between
300 and 1000 K, followed by an NPT simulation for equili-
bration. All MD simulations in this study were performed using
the LAMMPS MD simulator,”* and the crosslink-formation
procedure was implemented using in-house code. Interatomic
interactions were described using the DREIDING force field,**
and partial charges were assigned using the charge equilibrium
(QEq) method*? at each cycle. The QEq parameters reported by
Zhang et al.** and Demir and Walsh*® were employed. The van
der Waals interactions were modeled using a Lennard-Jones
potential with a cutoff distance of 12 A, and electrostatic
interactions were calculated using the particle-particle-
particle-mesh method.*® The r-RESPA algorithm®” was used
for time integration, with different timesteps assigned to spe-
cific interactions: 0.2 fs for bond and angle interactions, and
1.0fs for dihedral, van der Waals, and electrostatic interactions.
For both NVT and NPT simulations, temperature and pressure
were controlled using the Nosé-Hoover thermostat and baro-
stat, respectively.*®

3.2.2. Evaluation of glass transition temperature. The
cured resin models after annealing were used to evaluate Ty,
which was determined from stepwise cooling simulations in
the NPT ensemble. The simulation box was first heated to 700 K
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and subsequently cooled in steps of 20 K to 200 K. At each
temperature step, the system was equilibrated for 500 ps, after
which the volume was recorded. The T, was defined as the
intersection of the linear fits to the temperature-volume rela-
tionship in the glassy and rubbery regions.

3.2.3. Evaluation of structural properties. To evaluate the
atomic-scale structure, the partial radial distribution function
Zup(r) was calculated for the annealed structure (300 K) as

£ () = o @)
here, N,4(r) denotes the number of a—f atomic pairs within the
distance range from r to 7 + dr, and ng is the number density of
species .

The coherent scattering intensity was then evaluated from
the Fourier transformation of g,s(r). Because the transforma-
tion was performed over a finite range (0 < 7 < ryay), @a window
function was applied to suppress termination ripples. In this
study, the Lorch window function,

W(r) = sin(nr/rmax)’ 3)

T [ Finax

was employed, where ry,,x Was set to half of the MD simulation
cell length. Using this window function, the coherent scattering
intensity I, was calculated from the partial radial distribution
functions as

Ico;lv(q) _ icﬁ(q)

i=1

+ i: i: cicifi(@)fi(q)no (4)
=1 j=1

X Jmux41tr2 [g,vj(r) — 1} W(r)—sm(qr)dr.
0 qr

here, N is the total number of atoms, ¢; = N;/N is the atomic
fraction of the ith species, fi(g) is the atomic scattering factor of
the ith species in X-ray scattering, and n, denotes the average
total number density. In addition, g= 4nsin /4 is the magni-
tude of the scattering vector, where 1 is the wavelength of the
incident X-ray radiation and 20 is the diffraction angle.

3.3. Quantum-chemical evaluation of fragment interaction
energies

Quantum-chemical calculations were performed using the
Gaussian program package to evaluate interaction energies
between selected fragment pairs. Geometry optimization steps
were performed at the MP2/6-311G(d,p) level. Single-point
interaction energies were then computed at the MP2/aug-cc-
pVDZ level with basis set superposition error correction using
the counterpoise method,*® and the resulting interaction ener-
gies are presented in the subsequent sections.
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4. Results and discussion

4.1. Thermal properties

Fig. 2 shows the results of the DMA and TMA measurements
and summarizes the T, values for each resin determined from
these measurements and MD simulations. The DMA results
show that, compared with the unmodified system (0 wt%),
adding 5 wt% TEPIC decreases T, which then increases mark-
edly when the TEPIC content exceeds 10 wt%. Similarly, the
TMA results indicate lower T, values for the 5 wt% and 10 wt%
TEPIC systems compared to that of the unmodified system,
whereas a pronounced increase in T, is observed upon the
addition of 20 wt% or more TEPIC. Thus, both DMA and TMA
measurements consistently reveal a characteristic behavior in
which a decrease in T, is observed with the addition of low
TEPIC concentrations. This trend is also supported by the T,
values obtained from MD simulations. In contrast, an exam-
ination of £’ measured by DMA at temperatures above the T,
shows that the crosslink density increases monotonically with
increasing TEPIC content. In general, the incorporation of
resins with higher density of functional groups increases the
crosslink density, thereby increasing T,;>° however, this effect
alone cannot sufficiently explain the observed decrease in T, at
low TEPIC additions. Supporting this interpretation, Downey
et al.”>® showed that adding an aliphatic trifunctional epoxy
without benzene rings to a DGEBA/amine curing agent system
led to a decrease in T, with increasing additive content despite
increased crosslinking. Therefore, the mechanism underlying
this behavior was further investigated by analyzing temperature-
dependent WAXS patterns and their correlation with the simu-
lated internal structures.

Furthermore, the DMA results indicate that some composi-
tions exhibit two T, values. In particular, the system containing
20 wt% TEPIC shows the coexistence of clearly distinguishable
rigid and soft regions. Importantly, this behaviour is unlikely to
originate from mesoscopic phase separation into DGEBA-rich
and TEPIC-rich phases: despite the TEPIC content being at
most 30 wt%, the lower-temperature peak significantly weakens
when the TEPIC content is increased from 20 to 30 wt%,
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rather than persisting as would be expected for stable phase
coexistence. Instead, the results are consistent with network
heterogeneity, i.e., coexistence of (i) three-component regions
(DGEBA/TEPIC/4,4'-DDS) where TEPIC effectively contributes
to local motion restriction and (ii) two-component regions
(DGEBA/4,4’-DDS) where the constraint effect is weaker. This
interpretation is further supported by the MD results in the
following section, which show the same qualitative tendency
without indications of large-scale demixing. Furthermore, sepa-
rate small-angle X-ray scattering measurements showed no
scattering peaks indicative of phase separation.

4.2. Internal structure indicated by WAXS

Fig. 3 shows experimental and MD-simulated WAXS patterns.
For all resin systems, the experimental WAXS patterns show
four major peaks, which are henceforth called peak 1, peak 2,
peak 3, and peak 4, in order from the low-angle side. Fig. 3(c)
shows that the MD simulations successfully reproduced three
of the four peaks (peaks 2-4) observed in the experimental
WAXS patterns. In addition, the simulations captured both the
temperature-induced shift of peak 2 and the attenuation of the
shoulder with increasing temperature. The good agreement
between the experimental and simulated patterns indicates
the reliability of the simulated structures for interpreting the
molecular origin of peaks 2-4. The absence of peak 1 in the
simulated patterns is likely due to the limited simulation box
size (approximately 70 x 70 x 70 A), which is insufficient to
represent the larger-scale correlations (approximately 18 A) that
give rise to low-angle scattering. Previous studies have reported
that peak 4 originates from the average C-C distance,"" while
peaks 2 and 3 correspond to the amorphous halo originating
from intermolecular correlations®**”** or n-n stacking.'’ For
the material system employed in this study, peak 1 is thought to
originate from the distance between the sulfur atoms of 4,4’
DDS molecules connected by a DGEBA unit (see SI Section S1).

Peaks 2 and 3 overlap, making it difficult to directly observe
how each peak responds to changes in composition or tempera-
ture. Therefore, in this study, peak separation was performed
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Fig. 2 Thermal properties of each resin. (a) Temperature dependence of the storage modulus (E’) and loss modulus (E”) measured by DMA. Markers on
the E” indicate Tg. (b) Temperature dependence of the thermal strain obtained by TMA. Markers indicate T. (c) T4 as a function of TEPIC concentration
measured by DMA, TMA, and MD simulations. For the 0 wt% sample, TMA data measured by Odagiri et al.*® are shown.
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Fig. 3 X-ray scattering intensities obtained from WAXS measurements and MD simulations. (a) WAXS profiles at 33 °C. (b) Temperature-dependent
WAXS profiles. (c) Scattering profiles calculated from MD simulations for O wt% and 30 wt% TEPIC, which are vertically shifted to avoid overlap.
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Fig. 4 Peak separation of the scattering profile for the 0 wt% TEPIC sample at (a) 33 °C and (b) 280 °C. The profiles obtained from experimental WAXS

measurements were fitted using Gaussian functions.

using Gaussian functions in the amorphous halo region, allow-
ing the two peaks to be deconvoluted, as shown in Fig. 4. Fig. 5
shows the temperature dependence of the structural periods
calculated from the position corresponding to the peak max-
imum as d = 2n/q for peaks 2 and 3. Both peaks 2 and 3 exhibit
an increase in the corresponding structural periodicity with
increasing temperature, and the slope of the temperature
dependence shows an inflection point near T,. This is in good

Phys. Chem. Chem. Phys.

agreement with the linear thermal expansion behavior observed
from the TMA measurements, suggesting that these peaks
reflect structural information originating from intermolecular
correlations. Fig. 6 shows the temperature dependence of the
area ratio of peak 3 relative to the total area of the amorphous
halo. The area of peak 3 normalized by the total amorphous
halo area decreases with increasing temperature. This decrease
becomes more pronounced around Ty. This suggests that some

This journal is © the Owner Societies 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cp01039c

Open Access Article. Published on 15 May 2026. Downloaded on 5/16/2026 12:28:14 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP
53
(a) Peak 2

=

z

Ss2 ¢

2

o)

o

I

2 ——0 Wt%

st —— 5 Wt%
——10 wit%
——20 Wt%
——30 wt%

5 1 1
0 100 200 300

Temperature [°C]

View Article Online

Paper
4.8
(b) Peak 3
<
=47}
z
Q
2
L
246 |
% —— 0 Wt%
8 ——5 Wt%
P 45 b —o— 10 wt%
——20 wt%
——30 wt%
44 s :
0 100 200 300

Temperature [°C]

Fig. 5 Temperature dependence of the structural periodicity of (a) peak 2 and (b) peak 3 derived from experimental WAXS profiles. The structural period

values were calculated from the position of each peak top.

91

0
=]
T

——0 wt%
——5 wt%
——10 wt%
——20 wt%

g3 L =30 W%, ,

0 100 200 300
Temperature [°C]

Area ratio of peak 3 [%]
o]
~

o
[
T

Fig. 6 Temperature dependence of the area ratio of peak 3 relative to the
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The amorphous halo area is defined as the sum of the integrated areas of
peaks 2 and 3 obtained by Gaussian fitting.

of the structures contributing to peak 3 may weaken as mole-
cular mobility increases at higher temperatures.

4.3. n-rn stacking

The WAXS results suggest the presence of ordered structures
that weaken with increasing temperature. In epoxy systems
containing aromatic rings, such thermally unstable ordered
structures are often associated with n-r interactions. Therefore,
MD simulations were used to examine the presence and
quantify the number of n-n stacking pairs for each composi-
tion. The structural reliability of the MD models was verified in
the previous section through comparison with experimental
WAXS. In the present resin system, n-n interactions can occur
between benzene rings and between electron-rich benzene
rings and electron-deficient triazine rings.>>">*

For each composition, NPT simulations were performed for
400 ps and trajectories were recorded every 10 ps. From the
obtained trajectories, ring pairs were considered to be in a n-n
stacked state if they satisfy the criteria of a center-of-mass
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Fig. 7 Number of n—n stacked rings as a function of TEPIC content,
classified into total, benzene—benzene, and benzene-triazine. The num-
ber of rings was normalized by the total number of rings within the
simulation box to enable comparisons between systems with different
compositional ratios. The inset shows a schematic of two aromatic rings
and the geometric criteria of their relative position and orientation used to
define n—mn stacking.

distance d < 6 A and an angle « < 30° between the normal
vectors of the two ring planes (see Fig. 7). Only pairs that met
these criteria throughout the entire 400 ps trajectory were
counted as stacked pairs. The analysis results were averaged
over N = 10 independent simulations.

Fig. 7 shows the total number of stacking pairs, as well as
the numbers of benzene-benzene and benzene-triazine stack-
ing pairs, for each TEPIC content. The number of pairs was
normalized by the total number of rings within the simulation
box to enable the comparison of systems with different com-
positional ratios. Fig. 8 shows simulation boxes in which only
n-n stacked ring structures are shown for each TEPIC content.

For compositions containing >10 wt% TEPIC, both benzene-
triazine and benzene-benzene stacking were observed. In con-
trast, triazine-triazine stacking was not identified based on our
criteria for any of the compositions investigated. Interestingly,
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although the concentration of benzene rings in the system
decreases with increasing TEPIC content, the number of
benzene-benzene stacking pairs does not decrease. This behavior
is attributed to the addition of the relatively short-chain TEPIC
molecules, which facilitate configurations in which benzene rings
can approach each other more closely, thereby promoting stacking
interactions. Fig. 9 shows the distribution of the center-of-mass
distances for stacked ring pairs. The stacked-pair center-of-mass
distances span a range of 3.4-5.8 A, which is comparable to the
real-space correlation lengths derived from peak 3.

Furthermore, the composition dependence of the total
number of stacking pairs reveals an initial decrease from 0
wt% to 5 wt%, followed by a monotonic increase for TEPIC
contents of >10 wt%. This trend agrees well with the composi-
tion dependence of Ty, suggesting that, in addition to network
connectivity (crosslink density), n-n stacking provides local
intermolecular constraints that contribute to the observed
behavior of the T, of the epoxy network. The minimum T,
observed at 5 wt% TEPIC addition is attributed to the low
TEPIC content, which is insufficient to form benzene-triazine
stacking or promote closer approaches between benzene rings.
Therefore, the introduction of 5 wt% TEPIC simply reduces the
number of benzene-benzene stacking interactions.

4.4. Evaluation of n-r interaction energies

Finally, quantum-chemical calculations were performed for
benzene-benzene and benzene-triazine ring fragments to

Phys. Chem. Chem. Phys.

Table 2 Calculated stacking energies, center-of-mass (CoM) distances,
and preferred configurations for different ring pairs

Type Energy [keal mol '] CoM distance [A] Configuration
Benzene- —4.03 3.38 Slip

benzene

Benzene-triazine —7.26 3.28 Face-to-face

evaluate their n-n stacking interaction energies. In Fig. S3 of
the SI, benzene-benzene stacking adopts a slipped configu-
ration, whereas benzene-triazine stacking forms a face-to-face
configuration. Table 2 summarizes the interaction energies,
center-of-mass distances, and configuration for each stacking
structure. Benzene-triazine stacking exhibits a stronger inter-
action energy than benzene-benzene stacking, suggesting that
benzene-triazine stacking is more resistant to thermal disrup-
tion and more effectively constrains the molecular motion of
rings. The stacking distances between ring pairs obtained from
quantum chemical calculations are shorter than those obtained
from MD simulations. This is attributed to steric hindrance
induced by the crosslinked structures in the MD simulations,
which prevents the rings from approaching as closely as they
would intrinsically prefer.'®

The MD simulation results indicate that a higher number of
n-m stacking pairs correlates with an increase in T,. Further-
more, the quantum chemical calculations reveal that benzene-
triazine stacking introduced by TEPIC addition suppresses
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molecular motion more strongly than benzene-benzene stacking.
Taken together, these findings suggest that the increase in T,
upon sufficient TEPIC addition is not governed solely by cross-
link density, but also by strong, localized intermolecular interac-
tions associated with ring stacking within the network structure.

5. Conclusions

A multicomponent epoxy resin system was investigated in
which a triazine-based epoxy resin, TEPIC, was added to a
DGEBA/4,4’-DDS system. By combining WAXS, thermomecha-
nical analysis, and MD simulations, the relationship between
the internal structure and the glass transition behavior was
systematically examined.

Experimental thermal characterization revealed a character-
istic decrease in T, with the addition of a low TEPIC concen-
tration, followed by a steady increase in T, at higher TEPIC
contents. This non-monotonic behavior cannot be explained
solely by an increase in crosslink density induced by the addi-
tion of TEPIC.

The origin of the peaks observed in the WAXS measurements
was clarified by comparison with MD simulation results. The
amorphous halo originating from intermolecular packing was
found to split into two peaks, suggesting that one of these peaks
includes a contribution from n-r stacking interactions. Detailed
MD simulations revealed that a subset of ring pairs with center-
of-mass distances in the range of 3.4-5.8 A participates in n-n
stacking. Furthermore, the total number of such stacking pairs
showed a trend consistent with the observed variation in T.
Accordingly, n-n stacking interactions play a key role in deter-
mining the glass transition behavior of the epoxy network.

At high TEPIC contents, stacking between benzene and
triazine rings occurs, and quantum chemical calculations
revealed that benzene-triazine stacking exhibits stronger stack-
ing energies than benzene-benzene stacking. These strong
stacking interactions remain relatively stable against thermal
fluctuations and strongly restrict the motion of rings. Such
suppression of molecular mobility throughout the network
induced by stacking interactions is considered to be responsi-
ble for the increase in T, observed at high TEPIC contents.

In conclusion, the mechanism underlying the enhancement
of T, upon the introduction of triazine rings is attributed to
both an increase in crosslink density and the introduction of
localized intermolecular constraints arising from stacking
interactions. This study presents a molecular-scale mechanism
that rationally explains the experimentally observed character-
istic Ty behavior and clarifies the role of n-r interactions in
determining the thermal properties of epoxy resins. These
findings provide a molecular-level design guideline for high-
performance epoxy resins.
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