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Abstract Recently, great attention has been focused on using
epoxy polymers in different fields such as aerospace, automo-
tive, biotechnology, and electronics, owing to their superior
properties. In this study, the classical molecular dynamics
(MD) was used to simulate the cross linking of diglycidyl
ether of bisphenol-A (DGEBA) with diethylenetriamine
(DETA) curing agent, and to study the behavior of resulted
epoxy polymer with different conversion rates. The constant-
strain (static) approach was then applied to calculate the
mechanical properties (Bulk, shear and Young’s moduli, elas-
tic stiffness constants, and Poisson’s ratio) of the uncured and
cross-linked systems. Estimated material properties were
found to be in good agreement with experimental observa-
tions. Moreover, the dependency of mechanical properties on
the cross linking density was investigated and revealed im-
provements in the mechanical properties with increasing the
cross linking density. The radial distribution function (RDF)
was also used to study the evolution of local structures of the
simulated systems as a function of cross linking density.

Keywords Cross linking . Epoxy polymer .Mechanical
properties . Molecular dynamics . Radial distribution function

Introduction

Epoxies are thermosetting polymers with linear or 3D cross-
linked structures, typically obtained from reaction between
epoxy resins and proper curing agents (hardeners). The main

parameters controlling the polymer structure are the func-
tionality of monomers, the molar ratio between initiator and
monomers, the concentration of species that are involved in
chain transfer steps, and temperature (thermal cycle) that
affects the relative rates of different steps [1]. Among them,
the functionality of reactants, i.e. the number of reactive sites
per monomer, determines whether the final structure of
yielded polymer would be linear or cross-linked. There are
three types of reactants, regarding their functionality:
mono-functional, bi-functional, and multi-functional. The
bi- and multi-functional reactants lead to formation of lin-
ear and cross-linked structures respectively, while the
mono-functional ones produce short discrete chains, and
hence would return relatively weak material properties. To
achieve 3D cross-linked structures, at least one of reactants
(resin or hardener) must be multifunctional.

The cross links are irreversible covalent bonds and the
cross-linked polymers cannot be re-melted and re-shaped.
Epoxies with 3D cross-linked structures have superior prop-
erties, making them attractive materials for different appli-
cations including coatings, composite materials, adhesives,
electronic packaging, etc.

Previously, investigation of the effects of different param-
eters on the final properties of cross-linked polymers was
mainly based on experimental trial and error methods, while
the big challenge in development of polymer-based materials
is to understand the fundamental phenomena in different
length and time scales. In recent years, however, consider-
able attention has been paid to using the predictive modeling
and simulation approaches for development of polymers and
polymer (nano)composites [2], especially nowadays that a
wide range of well-optimized simulation methods in differ-
ent length and time scales are available along with the
powerful computational facilities.
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Among different research aspects related to polymers, few
attempts have been made to study the dynamics of cross
linking process and structure–property relationship of cross-
linked polymers and their composites. For instance, Doherty
et al. [3] developed a polymerization molecular dynamics
(MD) scheme to construct cross-linked poly(methacrylates)
(PMA) networks. By means of large-scale MD simulations,
Tsige and Stevens [4] investigated the effect of cross-linker
functionality and interfacial bond density on the fracture be-
havior of highly cross-linked polymer networks. Komarove
et al. [5] used mapping and reverse mapping of data, and
combined coarse grained Monte Carlo (MC) and atomistic
MD for creating and characterizing the cross-linked polymers.
Employing the MD method, the cross linking of poly(vinyl
alcohol) (PVA) with polyol curing agent was simulated by
Bermegjo and Ugarte [6, 7], and the material properties of the
cross-linked polymer were calculated. Hölck et al. [8] studied
the thermo-mechanical behavior of the polymer obtained from
cross linking between epoxy phenol novolac (EPN) and
bisphenol-A hardener. They also investigated the bulk prop-
erties of the polymer, interfacial properties of the cross-linked
EPN and SiO2 layers, and the mobility of the water molecules
in constructed polymer, by means of MD. Some researchers
studied the epoxy polymers resulted from EPON 862 resin
cross-linked with diethyltoluenediamine (DETDA) [9–13]
and triethylenetetramine (TETA) [14–17] curing agents. Cross
linking of DGEBA resin with isophorone diamine (IPD)
[18–21], trimethylene glycol di-p-aminobenzoate (TMAB)
[22], DETDA [23], diamine [24], diaminodiphenyl sulfone
(DDS) [25], methylenedianiline (MDA) [26], and poly
(oxypropylene) (POP) diamines [27] were simulated and
studied by some others. There are also some studies based
on MD simulations of behavior of cross-linked epoxy poly-
mers reinforced with Al2O3 [15], SiC [16, 17] and poly
(oligomeric silsesquioxane) (POSS) [22] nanoparticles, and
carbon nanotubes (CNT) [28–30]. More research studies re-
lated tomodeling and simulation of cross-linked polymers and
their composites can be found in the literature [31–36].

The epoxy resin, diglycidyl ether of bisphenol-A (DGEBA)
also known as EPON 828, can be cross-linked in presence of
diethylenetriamine (DETA) curing agent to yield one of the
frequently used epoxy polymers in structural composites and
coatings. The DGEBA/DETA compound has been recently
used to synthesize the epoxy matrix in self healing polymer
composites [37–43], as a new generation of smart materials.
The more detailed structures of DGEBA and DETA are given
in the next section.

To authors’ knowledge, there is no similar study on mo-
lecular simulation of epoxy EPON 828 cross-linked with
DETA curing agent. Molecular dynamics, as one of the most
effective and popular simulation methods, is used to study
the structure and mechanical properties of the cross-linked
epoxy polymers with different cross linking densities.

Modeling and simulation details

Software and force-field

All simulations were performed using Accelrys Materials
Studio 5.5 software package [44]. The condensed-phase opti-
mized molecular potentials for atomistic simulation studies
(COMPASS) force-field was employed in all molecular me-
chanics and dynamics simulations. COMPASS, as the new
version of polymer consistent force-field (PCFF), is a class II
force-field parameterized for different molecules including
most common organics, small inorganic molecules, and poly-
mers to predict various properties of the materials [45–50].

The total energy function in COMPASS force-field is
composed of 12 terms including valence and non-bonded
interaction terms [45]. Valence terms fall into two catego-
ries: diagonal (bond stretching, bending, torsion, and out-of-
plane potentials), and off-diagonal cross-coupling terms (de-
scribing the interactions between diagonal terms). The non-
bonded interactions, including relatively short range van der
Waals (vdW) and long range electrostatic interactions, are
described by Lennard-Jones (LJ) 9–6 and Coulombic func-
tions, respectively.

In all simulations, the atom-based summation method with
cut-off radii of 12.5 Å was used in calculation of the vdW
interactions. Long range corrections was also applied on the
cut-off radii to smoothly eliminate the non-bonded interac-
tions over a range of distances and avoid the discontinuities
caused by direct cut-offs. The electrostatic interactions, on the
other hand, were dealt with through the Ewald summation
method [51] with the accuracy of 10-4 kcal mol−1.

Molecular structures of DGEBA and DETA before and after
cross linking

The primary molecular structures of DGEBA resin
(C21H24O4) and DETA curing agent (C4H13N3) are schemat-
ically represented in Fig. 1.

DGEBA is a bi-functional reactant with two epoxide groups
at two ends, while DETA has five reactive sites including both

Fig. 1 Molecular structures of EPON 828 (top), and DETA (bottom),
before cross linking

3720 J Mol Model (2013) 19:3719–3731



primary and secondary amine groups, and hence is a multi-
functional (fivefold-functional) reactant. Therefore, DGEBA
and DETA are able to produce 3D cross-linked epoxy poly-
mers, as wasmentioned earlier. EachDETAmolecule can react
at most with five DGEBA molecules, each of which are
capable of being connected to another DETA molecule
through its second epoxide head. Thus, the normal composi-
tion ratio of DGEBA/DETA in the blend is 5/2.

The C−O bond in each epoxide group needs to be broken
in order to form a reactive −CH2 site (Fig. 2), capable of
being cross-linked to DETA molecule.

In the blend of resin and hardener, under appropriate cir-
cumstances, the molecules start tomove around and the curing
sites will have the chance of getting sufficiently close to each
other, so that the covalent bonds could be created between C
and N atoms. A conversion rate of 100 % will be achieved if
all potential covalent bonds are created, though it is rare in
natural conditions. Figure 3 shows a fully cross-linked epoxy
polymer, in which one DETA molecule is connected to five
DGEBA molecules through covalent bonds.

Simulation of cross linking process

In order to obtain cross-linked epoxy polymers from resin
and curing agent using MD method, there are two common
ways: (i) Using a representative cross-linked molecule with a
certain degree of cross linking, either created manually or
extracted from a previously cross-linked structure [15, 16],
then constructing the simulation box with given density and
number of representative molecules, and finally, performing
proper MD runs for equilibration and data collection. (ii)
Creating a simulation box including primary molecules of
resin and curing agent without any cross link, then
performing a cyclic set of minimization, equilibration and
dynamics runs to reach a satisfactory cross-linked structure,
and finally, conducting further MD simulations for obtaining
the properties of interest.

The second method is complicated and time consuming to
establish, especially in the case of large systems. Neverthe-
less, it is more accurate and realistic than the first one, and
hence is recommended to be used rather than the first meth-
od. Moreover, it can be applied flexibly with respect to many
parameters such as, cross linking cut-off distance, content of
curing agent, reaction priorities of the primary and secondary
amines, etc.

The priorities of primary and secondary amines in contri-
bution to cross linking process can be different. There are
two primary amines (−NH2) and one secondary amine
(−NH−) in DETA molecules. The activation energy of the
primary reactions is less than that of secondary ones, espe-
cially in low temperatures [11]. However, in sufficiently high
temperatures, as in this study, the difference in activation
energies of primary and secondary reactions is negligible.
With these considerations in mind, the second method with
the same priority for the primary and secondary reactions was
applied in this study.

Another important concern is final attainable degree of
cross linking, i.e. the ratio of reacted sites to all possible
reactive ones. It can be controlled through the cross linking
cut-off distance, temperature, and to some extent, content of
the curing agent. Cross linking cut-off distance is a crucial
factor in obtaining desirable degrees of cross linking, and
subsequently reasonable cross-linked structures. Taking small
cut-off values will lead to small degrees of cross linking, and
vice versa. In other words, the maximum attainable conver-
sion will be restricted by the cut-off value, as the creation of
covalent bonds can occur solely within a predefined cut-off
distance around the reaction sites. Therefore, in order to
achieve high degrees of cross linking, large or even no cut-
off values must be imposed. In such cases, on the other hand,
the resulted polymer will be excessively strained and difficult
to get equilibrated. These issues should be taken into account
for assigning appropriate cut-off distances.

The attraction force between pair of atoms beyond the large
distances can be ignored. Different cut-off values, e.g. 4–10 Å
[10, 15, 18–20], 5–10 Å [6], 7–8 Å [23] and 6 Å [32], have
been applied in previous studies. Regardless of the attainable

Fig. 2 Conversion of a primary epoxide group to a reactive one through
breaking the C−O bond

Fig. 3 Schematic 2D (top) and 3D (bottom) representations of a fully
cross-linked set of DETA and EPON 828 molecules

J Mol Model (2013) 19:3719–3731 3721



degrees of cross linking, a cut-off value of 6 Å was adopted in
our scheme to avoid highly strained structures.

Based on the given data, a 4-step cross linking procedure
is proposed as follows:

Step 1. construction and energy minimization;
Based on the composition ratio of 5/2, an amor-

phous cell composed of 100 DGEBA and 40 DETA
molecules (the weight fraction of 100:12 for
DGEBA:DETA) with a low density of 0.5 g/cm3

was constructed at room temperature and under
periodic boundary conditions.

The system was subjected to energy minimiza-
tion to reach the nearest local minimum. The min-
imization task employed both steepest descent and
conjugate gradient (Fletcher-Reeves) algorithms,
with the convergence criteria of 1000 kcal mol−1

and 10 kcal mol−1, respectively.
Step 2. pre-equilibration;

Before starting the cross linking process, 500 ps
isothermal-isobaric (NPT) dynamics with time step of
1 fs at 298 K and 1 atm was performed, to reach the
real density and equilibrate the system. The Berendsen
thermostat and barostat [52] were used to control,
respectively, the temperature and pressure of the sys-
tem during the equilibration. The time evolutions of
the potential energy, temperature and density of the
system were monitored during the dynamics, and the
equilibrium state was confirmed as they got stable
with slight fluctuations around constant values. The
final density of blend reached the value of 1.08 g/cm3.

Step 3. creation of covalent bonds;
As a cyclic combination of bonding-minimization-

dynamics, step 3 was performed on the equilibrated
structure. In each stage, the close contacts between
pairs of reactive atoms were identified, and covalent
bonds were created between the nearest pairs (within
the cross linking cut-off distance). Thereafter, a min-
imization task, with the same criteria as in step 1, was
performed, in order to release the stress imposed on
the system. After minimization, the system was
subjected to 300 ps high temperature canonical
(NVT) dynamics at 500 K and 1 atm, in order to give
enough kinetic energy to the molecules and increase
the probability of curing sites to fall within the reac-
tion cut-off distance. Again, the distances between the
pairs of remaining reactive atomswere measured, and
new covalent bonds were created, if possible. After
each bond creation stage, the cross linking density
(conversion rate) was calculated. The above stages
were repeated until almost no new covalent bonds
were possible to be created with the adopted cut-off
distance (6 Å). During step 3, the cross linking

density was controlled in each stage, and seven
cross-linked structures beside the uncured system
were stored individually in order to investigate the
effect of cross linking density on the structure and
properties of the epoxy polymers. Snapshots of the
primary blend of reactants and final cross-linked
structures with different conversion rates are repre-
sented in Fig. 4. The distribution and density of cross
links in different structures is represented through the
green-colored carbon atoms in epoxide groups of
cross-linked chains.

Step 4. post-equilibration and sampling;
The final cross-linked samples were gradually

cooled down to room temperature, at the rate of
20 K/100 ps, in the NVT ensemble, and then equil-
ibrated through 500 ps NPT dynamics with the same
settings as in step 2. Finally, 300 ps NVT dynamics
was performed on the equilibrated systems, and gen-
erated configurations were stored every 1 ps, as the
sampling trajectories for further analysis and calcu-
lation of the properties. The Nose-Hoover method
[53, 54] was applied for controlling the temperature
during sampling stage. The conversion rates and final
densities of all structures are summarized in Table 1.

Calculation of the mechanical properties

There are three main approaches, static (constant − strain mini-
mization) [57], dynamics (constant − stress molecular dynam-
ics) [52, 58], and fluctuation formula [59–61], for calculation of
the mechanical properties using MD simulations.

Fixed bond length and angle during deformation, and neg-
ligible effects of configurational entropy on the elastic constants
are the main assumptions in static method [57, 62]. Neverthe-
less, reasonable results have been achieved using this method,
making it more popular and frequently used than the dynamics
and fluctuation methods. In contrast to static method, the dy-
namics approach brings the advantage of taking account of the
entropic effects, and also making it possible to study the yield-
ing of the material. However, it is a time consuming approach,
and suffers from uncertainties in the results due to the strain
fluctuations. The fluctuation method yields relatively reason-
able results. However, slow convergence of elastic constants is
the main drawback of the method, although it can be improved,
to some extent, through the alternative fluctuation expression,
developed by Gusev et al. [61].

The static method was used in current study to estimate
the mechanical properties of the simulated systems. In the
case of linear elastic materials, the stress–strain behavior can
be described by generalized Hooke’s law:

σij ¼ Cijklεkl ð1Þ
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where i, j, k, l=1, 2, 3. σij,Cijkl and εkl are stress, stiffness and
strain tensors, respectively. The forth-order stiffness tensor
has, in general, 81 components. The symmetry property of
the stress and strain tensors (σij = σji and εkl = εlk) leads to
minor symmetries of the stiffness tensor, i.e. Cijkl=Cjikl and
Cijkl=Cijlk, and consequently, results in reduction of inde-
pendent components to 36. On the other hand, major sym-
metry of the stiffness tensor, resulted from strain energy [63],
further reduces the number of independent components to
21. Therefore, Eq. (1) can be written in a second-order form,
using Voigt notation:

σi ¼ Cijε j ð2Þ
where σi and εi are the 6-dimensional stress and strain
vectors, and Cij is the 6*6 stiffness matrix.

Calculation of the mechanical properties was initiated by
pre-minimization of the structures, to make sure that the
calculations are based on the most stable configurations.
The pre-minimization was carried out using conjugate gra-
dient algorithmwith the convergence criteria of 2.0*10-5 kcal
mol

−1
for energy, 0.001 kcal mol−1 for force, and 10-5 Å for

displacement. The minimized structures were strained under
a set of 12 deformations (three pairs of uniaxial
tension/compression and three pairs of pure shear), con-
trolled by the corresponding strain vectors, with one compo-
nent taking a tiny value, while the others kept fixed at zero,
and then re-minimized without any change in cell parame-
ters. The maximum strain amplitude was set to 0.001.

The elastic stiffness constants could then be obtained
either using the energy approach, i.e. the second derivative
of the deformation energy (U) per unit volume (V) with
respect to strain:

Cij ¼ 1

V

∂2U
∂εi∂ε j

ð3Þ

or alternatively through the virial theorem approach, i.e. the
first derivative of the virial stress with respect to the strain,
∂σ /∂ε, in which the stress components are obtained from the
so-called virial expression:

σij ¼ −
1

V

X
k

mkuki u
k
j

� �
þ 1

2

X
l≠k

rkli
� �

f lkj Þ ð4Þ

where V is the volume, mk and uk denote the mass and
velocity of the kth particle, respectively, rkl stands for the
distance between kth and lth particles, and f lk is the force
exerted on lth particle by kth particle. In static conditions, as
in our case, the stress tensor is given by Eq. (4) with the first
term on the right hand side omitted.

The virial theorem approach was used in this study,
due to its accuracy over the energy approach. In other
words, the full 6*6 stiffness matrices were built up from
the slopes ∂σ/∂ε in tension and shear. The Lamé

Fig. 4 Snapshots of the
simulated polymer at different
cross linking densities. The
cross links are represented
through the green-colored
particles

Table 1 Densities of the simulated structures with different conversion
rates

Structure Cross linking density
(conversion rate)

Density (g/cm3)

Simulation Experiments

EP0 0 % 1.08

EP1 5 % 1.10

EP2 16 % 1.11 1.16 [38]

EP3 25 % 1.11 1.19 [55]

EP4 37 % 1.12 1.13 [56]

EP5 51 % 1.13

EP6 64 % 1.14

EP7 81 % 1.15

J Mol Model (2013) 19:3719–3731 3723



coefficients, λ and μ, can be calculated using any two
of the following equations:

λ ¼ 1

6
C12 þ C13 þ C21 þ C23 þ C31 þ C32ð Þ ≈ 1

3
C12 þ C23 þ C13ð Þ

ð5aÞ

μ ¼ 1

3
C44 þ C55 þ C66ð Þ ð5bÞ

λþ 2μ ¼ 1

3
C11 þ C22 þ C33ð Þ ð5cÞ

On the other hand, the stress–strain behavior of isotropic
materials can be fully described using two independent Lamé
coefficients:

λþ 2μ λ λ 0 0 0
λ λþ 2μ λ 0 0 0
λ λ λþ 2μ 0 0 0
0 0 0 μ 0 0
0 0 0 0 μ 0
0 0 0 0 0 μ

0
BBBBBB@

1
CCCCCCA

ð6Þ

The particular combination of the zero and nonzero com-
ponents in Eq. (6), and the symmetry of the matrix along the
diagonal components are the main characteristics of an iso-
tropic material. The other material properties can be simply
calculated from the Lamé coefficients, as follows:

E ¼ μ 3λþ 2μð Þ
λþ μ

ð7aÞ

K ¼ λþ 2

3
μ ð7bÞ

G ¼ μ ð7cÞ

ν ¼ λ
2 λþ μð Þ ð7dÞ

where E, K and G stand for Young’s, bulk and shear moduli,
respectively, and ν denotes the Poisson’s ratio.

Results and discussion

Mechanical properties

Presented here, are the 6*6 elastic stiffness matrices for
uncured epoxy (EP0) and cross-linked EP7, calculated based
on the procedure described in the previous section and aver-
aged over the sampling trajectories:

CEP0
ij ¼

4:11 1:67 1:65 −0:02 −0:08 −0:04
1:67 4:09 1:83 0:00 −0:06 0:03
1:65 1:83 4:23 −0:02 0:04 0:02
−0:02 0:00 −0:02 1:01 0:04 −0:02
−0:08 −0:06 0:04 0:04 1:10 −0:04
−0:04 0:03 0:02 −0:02 −0:04 1:02

0
BBBBBB@

1
CCCCCCA
GPa

CEP7
ij ¼

5:09 2:53 2:28 −0:08 −0:15 0:24
2:53 5:16 2:30 0:00 −0:05 0:07
2:28 2:30 4:97 −0:03 0:34 −0:01
−0:08 0:00 −0:03 1:63 0:01 0:02
−0:15 −0:05 0:34 0:01 1:26 −0:07
0:24 0:07 −0:01 0:02 −0:07 1:54

0
BBBBBB@

1
CCCCCCA
GPa

Comparing the calculated stiffness matrices with Eq. (6),
the isotropy condition of the simulated systems can be in-
vestigated. Although, those components of achieved matri-
ces equivalent to zero components of Eq. (6) are not strictly
zero, they are absolutely dominated by other components,
and the deviations of the estimated elastic constants from the
values suggested by Eq. (6) are negligible. Furthermore, the
entire stiffness matrices are symmetrical with respect to their
diagonal components. Therefore, the calculated elastic stiff-
ness constants are reasonable and imply, with good approx-
imation, the behavior of isotropic amorphous materials. The
elastic stiffness constants of the other samples have similar
characteristics. The averaged mechanical properties of all
simulated structures, together with their standard deviations,
are provided in Table 2, in comparison to some experimental
values. As can be seen, there is good agreement between the
simulations and experimental results, and increasing the
cross linking density improves the mechanical properties of
epoxy polymers.

As was pointed out earlier, the weight fraction of
DGEBA:DETA and cross linking cut-off distance were con-
sidered 100:12 and 6 Å, respectively. It is evident that
changing the content of hardener and cut-off value can
influence the properties of yielded polymers, as they would
change the attainable degrees of cross linking.

Local structures

Radial distribution function (RDF), also known as pair cor-
relation function, g(r), can be defined as the probability of
finding a given particle at a distance r from a reference

3724 J Mol Model (2013) 19:3719–3731



particle. In order to study the local structures of the yielded
polymers and investigate the influence of the cross linking
density on the structure and properties of the epoxy poly-
mers, RDFs of different pairs of atoms for equilibrated
structures were calculated and averaged over the sampling
trajectories at T = 300 K.

All-atom pair correlation functions of the EP0, EP1 and
EP7 are plotted in Fig. 5. The RDF curves of all three models
are similar, having a value of zero within short ranges due to
excluded volume effect [7, 65], and smoothing at distances
beyond 4–5 Å as a proof of lack of long-range order in the
systems. Furthermore, at sufficiently far distances, inter-
molecular RDFs approach unity, implying the behavior of
amorphous materials in all cases. Generally, the peaks in the
RDF curves within 3.5 Å are mainly due to hydrogen and
chemical bonds between atoms, whilst those beyond 3.5 Å
correspond to the van der Waals and electrostatic interactions
[66, 67].

The peaks at distances around 0.9-1.1 Å are attributed to the
direct chemical bonds between hydrogen and other atoms. The
peaks at distances from 1.4 Å to 1.45 Å correspond to the direct
C−N and C−O bonds, whilst those at around 1.75 Å come
from the correlation between hydrogen atoms in the methyl
(−CH3) and methylene (−CH2−) groups, and the subsequent
intra-molecular peaks result from distances between atoms two
bonds apart, such as hydrogen and carbon in H−C−C se-
quences (r=2.16 Å) and carbon atoms in C−C−C sequences
(r=2.44 Å) [20]. The interactions between atoms separated by

more than three bonds are represented by the farther minor
peaks on intra-molecular RDFs.

For the uncured resin, EP0, and cross-linked EP1 and
EP7, the inter-molecular interactions appear from 2 Å, and
since gtotal(r) = ginter(r) + gintra(r), within the distance of 2 Å,
gtotal(r) and gintra(r) are equal. The role of inter-molecular
interactions becomes significant at farther separation dis-
tances. As can be seen in Fig. 5, with increasing the cross
linking density, the intra-molecular RDFs approach zero in
farther distances (7.5 Å for EP0 in comparison to 45 Å for
EP7). This can be served as a measure of created cross links,
and consequently the growth of polymer networks. The short
chains of DGEBA and DETA in EP0 show short-range intra-
molecular interactions, as is expected. In the case of cross-
liked structures, however, it is revealed that longer chains are
created, especially in the case of EP7.

There are four different atoms and more different atom
types in the system, and since different atom types have
individual roles in pair correlation functions, they were iden-
tified and labeled with their force field types using COM-
PASS notation, as is shown in Fig. 6a for DGEBA, DETA
and cross-linked molecules. Some atom types are changed
during the cross linking process. Breaking the C−O bonds in
epoxide groups results in formation of hydroxyl (−OH) and
methyl (−CH3) groups, and changes the atom types of oxy-
gen and carbon from o2e and c4o to o2h and c4, respectively.
Creation of C−N bonds between DGEBA and DETA mole-
cules changes the atom types of nitrogen in primary (−NH2)

Table 2 Mechanical properties of the simulated systems (T = 300 K, DETA content = 12 pph) beside some experimental values (all moduli are in GPa)

Property Simulation results Experimental data

EP0 EP1 EP2 EP3 EP4 EP5 EP6 EP7

Elastic modulus (E) 3.4±0.1 [38]

2.88±0.27 [39]

3.57±0.08 [40]

2.78 2.95 3.18 3.31 3.58 3.64 3.67 3.82 2.54±0.1 [43]

(±0.18) (±0.21) (±0.23) (±0.32) (±0.13) (±0.29) (±0.31) (±0.23) 2.6−3.9a [53]

2.55±0.11 [54]

3.86±0.06b [64]d

3.05±0.12c [64]d

Bulk modulus (K) 2.75 2.79 2.84 2.86 2.92 3.06 3.09 3.11 −

(±0.20) (±0.24) (±0.26) (±0.23) (±0.27) (±0.28) (±0.30) (±0.26)

Shear modulus (G) 1.04 1.11 1.21 1.26 1.38 1.40 1.41 1.48 −

(±0.06) (±0.10) (±0.16) (±0.12) (±0.05) (±0.10) (±0.13) (±0.08)

Poisson’s ratio(ν) 0.33 0.32 0.31 0.31 0.30 0.30 0.30 0.29 0.36±0.06 [64]d

(±0.02) (±0.03) (±0.02) (±0.01) (±0.03) (±0.02) (±0.02) (±0.01)

a the lowest and highest values at 298 K for DETA content of 12 pph
b nanoindentation test
c tension test
d the values are for DETA content 14 pph
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and secondary (−NH−) amines from n3h2 and n3h1 to n3h1
and n3, respectively.

Newly born n3h1 atom types may be changed to n3 atom
types as the cross linking proceeds. As a consequence, in-
creasing the cross linking density always decreases the num-
ber of o2e, c4o and n3h2 atom types and increases the number
of o2h, c4 and n3 ones. Successive birth and death of the n3h1
atom type results in the growing trend of this atom type for the
cross linking densities up to 37 %, and then decreasing trend
for conversion rates of 51%, 64% and 81% (Fig. 6b). In other
words, the conversion of n3h2 to n3h1 for cross linking
densities up to 37 %, and the conversion of n3h1 to n3 for
higher cross linking densities are the dominant events.

Figure 7 shows the inter- and intra-molecular RDFs of N−O
correlation. Three sharp peaks appear in intra-molecular RDFs
at around 3 Å, 3.8 Å and 4.3 Å (Fig. 7a). Before cross linking,
the nitrogen and oxygen atoms can be found solely in DETA
and DGEBA molecules, respectively. Therefore, in the case of
EP0, there is no intra-molecular relationship between N and O
atoms in whole separation distances. After cross linking as a
result of bond creation between C atoms of DGEBA and N
atoms of DETA, there would be no direct bond between O and
N atoms. Hence, for cross-linked structures (EP1 to EP7), the
intra-molecular N−O RDF peaks appear in far distances. Ac-
tually, the appeared peaks are mainly due to correlations be-
tween N and O atoms three or four bonds apart, such as in O−
C−C−N and O−C−C−C−N sequences. Furthermore, all
peaks are enhanced with increasing the cross linking density.
Both o2h and o2e atom types, depending on the spatial orien-
tation of the DGEBA and connected DETA molecules, con-
tribute in appeared peaks.

The inter-molecular correlations between N and O atoms
are plotted in Fig. 7b. The first peaks at around 3.1 Å corre-
spond to hydrogen bonds between polar atoms in distinct
chains, and the second peaks at around 4.9 Å correspond to
non-bonded inter-chain interactions, i.e. van der Waals and
electrostatic. Inter-molecular RDFs decrease with increasing
the cross linking density, indicating that the cross linking
reduces the inter-chain interactions, as is expected.

The RDFs of the C−C, C−N and C−O pairs were also
calculated for distances up to 20 Å. Similar to N−O pair, the
inter-molecular RDFs of these pairs decrease with increasing
the conversion rate as a consequence of reduced non-bonded
interactions between the individual chains.

The intra-molecular RDFs of C−C, C−N and C−O pairs
are plotted in Fig. 8a–c. In all three cases, no considerable
intra-molecular correlation was found at distances farther
than 5 Å, and hence RDFs are plotted in Fig. 8a–c for
separation distances up to 5 Å. The first sharp peak at around
1.4 Å in Fig. 8a corresponds to partial double bonds between
carbon atoms in the benzene rings of DGEBA and also C−C
bonds in unreacted epoxide groups of DGEBA. The second
peak at around 1.55 Å covers the remaining direct C−C
bonds in either DGEBA or DETA molecules. The subse-
quent intra-molecular peaks are attributed to correlations of
the carbon atoms two or more bonds apart, such as those
in C−C−C and C−N−C (2.4 Å to 2.6 Å), C−C−C and
C−C−O−C (2.8 Å), C−N−C−C (3.8 Å), and C−C−C−O−C
(4.3 Å) sequences. Another noticeable point in Fig. 8a is the
dependence of the RDFs on the cross linking density. The
height of all peaks increase with increasing the cross
linking density, except for those at around 1.4 Å and
2.8 Å. As the cross linking does not affect the bond length
in benzene rings, the change in height of the peaks at
around 1.4 Å comes from the variation of C−C bond length
in epoxide groups. Before the reaction, the C−C bond

Fig. 5 Total, inter- and intra-molecular RDFs of all atoms for: a EP0, b
EP1, and c EP7
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length in epoxide group is about 1.4 Å, while the length
of the same bond increases to 1.6 Å, upon cross linking.
In other words, as cross linking proceeds, the contribution of
C−C bonds of epoxide groups to RDF plots shifts from
the first peak to the second one. This is why the first
peaks decrease and the second ones increase in magnitude

with increasing the cross linking density. Similarly, dif-
ference in some bond lengths and spatial orientation of
chains before and after cross linking cause the forth
peaks show opposite trend with increasing the cross
linking density.

The intra-molecular RDFs of C−N correlation are plot-
ted in Fig. 8b. Two major peaks are observed in gintra(r).
The first one at around 1.45 Å belongs to direct C−N
bonds and enhanced with increasing the conversion rate,
proving the creation of new C−N bonds upon cross
linking. The second one at around 2.55 Å attributes to
correlations between atoms two bonds apart in C−C−N
sequences either in DETA molecules (c4−c4−N) or be-
tween connected DGEBA and DETA molecules
(c43o−c4−N), where N can be one of the n3h2, n3h1
and n3 atom types. By addition of the cross links, the
correlation between non-adjacent C and N atoms increases
and consequently enhances the magnitude of second RDF
peaks, as is shown in Fig. 8b.

Represented in Fig. 8c, are the intra-molecular RDFs of
C−O pair. The first peak at around 1.4 Å comes from direct
C−O bonds and decreases with increasing the conversion
rate, because of breaking the C−Ο bonds in epoxide groups
upon activation (Fig. 2). The second peak at around 2.45 Å
attributes to correlations between atoms two bonds apart in
C−C−O sequences in DETA molecules. The magnitude of
the second peak increases with increasing the cross linking
density, due to conversion of the C−Ο direct bonds in
primary epoxide groups to the C−C−O sequences in acti-
vated and reacted ones. In other words, the interaction be-
tween the C and O atoms in the epoxide groups (direct or two
bonds apart) affects the magnitude of the first and second
RDF peaks in a contrary manner. The last minor peaks are
because of correlation between C and O atoms four bonds
apart in C−N−C−C−O or C−O−C−C−O sequences, and

Fig. 6 a Representative DGEBA, DETA and cross-linked chains with typical atom types, labeled with COMPASS notation. b variation in the
number of different atom types with respect to the cross linking density

Fig. 7 a Intra- and b inter-molecular N−O pair correlation functions, at
different cross linking densities
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are enhanced with increasing the conversion rate because of
the activation of epoxide groups and connection of DETA
molecules, both of which increase the number of above
sequences.

Intra-molecular correlations of C−H, N−H and O−H
were also considered in this study. Investigation of intra-
molecular hydrogen bonding between polar atoms is possi-
ble using the plotted RDFs (Fig. 9). As is illustrated in
Fig. 9a, two major and some minor peaks appear in gintra(r)
of C−H correlation. The first peak at around 1.1 Å is attrib-
uted to direct covalent bonds between carbon and hydrogen
atoms, and decreases with increasing the conversion rate

because the number of hydrogen atoms covalently bonded
to carbon atoms decreases upon cross-linking. Since the
number of carbon atoms contributing in the cross linking
process is very small in comparison to the whole, the varia-
tion in the magnitude of first peaks with respect to the cross
linking density is not noticeable. The second peak in Fig. 9a,
ranging from 2 Å to 2.35 Å, attributes to correlations two
bonds apart in C−C−H and C−N−H sequences, and again
decreases with conversion rate, due to formation of cross
links and reduction of hydrogen atoms bonded to carbons
and nitrogens.

Figure 9b illustrates the intra-molecular pair correlation
function of the N and H atoms. Again, the first peak at 1 Å

Fig. 8 Intra- molecular correlation functions of: a C−C, b C−N, and c
C−O pairs, at different cross linking densities

Fig. 9 Intra-molecular RDFs of: a C−H, b N−H, and c O−H pairs, at
different cross linking densities
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corresponds to the direct covalent bonds between the N and
H atoms. Similar to the C−H correlation and for the same
reason, the magnitude of the first peak decreases with in-
creasing the cross linking density. However, because all
nitrogen atoms can contribute in cross linking process, the
variation in the peak height with respect to the conversion
rate is considerable. The second peak in Fig. 9b, ranging
from 2 Å to 2.3 Å, corresponds to the correlations two bonds
apart in N−C−H sequences, either in DETA molecules or
between connected DGEBA and DETA molecules, and in-
creases with conversion rate due to formation of cross links
and creation of new N−C−H sequences. The second peak
can also be associated with the intra-molecular hydrogen
bonding between the adjacent polar groups in the same chain
(N as acceptor and C as donor), and increases directly as a
function of conversion rate because the cross linking leads to
connection of methylene (−CH2) groups as new donors to
acceptor N atoms. The subsequent broad minor peaks at
around 2.75 Å and 3.4 Å correspond to correlations between
N and H atoms three or four bonds apart in N−C−C−H,
N−C−C−N−H atoms and N−C−C−O−H sequences. The-
ses peaks are enhanced with increasing the cross linking
density due to formation of hydroxyl and methylene groups
upon cross linking.

The intra-molecular RDFs of O−H pairs are represented
in Fig. 9c. Direct covalent bonds between O and H atoms
results in the first peak at around 0.95 Å. Owing to lack of
any direct O−H bond in the primary structure of DGEBA,
there is no peak for EP0 at 0.95 Å. For other structures, the
appeared peaks are considerably enhanced with increasing
the conversion rate, since the activation of epoxide groups
leads to formation of new hydroxyl groups. The next peak at
distances ranging from 2 Å to 2.3 Å corresponds to pair
correlations between O and H atoms of the adjacent methy-
lene bridges. Upon cross linking and due to changing the
bond angles in epoxide groups, the distances between hy-
droxy oxygens and H atoms of the adjacent methylene
groups increase and cause reduction in magnitude of the
second peak. Moreover, the intra-molecular hydrogen bonds
between the acceptor O atoms and donor C atoms contribute
in formation of the second peak, and reduce its magnitude
with increasing the conversion rate, because the cross linking
leads to lack of adjacent donor C atoms in the same chain. The
subsequent peaks, attributed to those atoms on the third or
farther coordination circles of the oxygen (more than two
bonds apart), are enhanced with increasing the cross linking
density due to connection of newmethylene and amine groups.

Conclusions

In this study, the molecular dynamics method with COM-
PASS force-field was successfully utilized to simulate the

cross linking of DGEBA (epoxy EPON 828) with DETA
curing agent, yielding polymer networks with different cross
linking densities. The constant strain (static) approach was
then adopted to calculate the mechanical properties of uncured
and cross-linked structures. The simulation results revealed
dependency of the mechanical properties on the cross linking
density of the polymers. It was confirmed that increasing the
cross linking density leads to improvements in the material
properties. It can also be concluded that the material properties
would be further enhanced by increasing the conversion rate
through assigning larger reaction cut-off distances.

Comparing the simulation results with experimental data
demonstrated the validity and accuracy of the presented
cross linking scheme and modeled structures.

Finally, the radial distribution functions (RDFs) were used
to study the local structures of the simulated polymers and
investigate the structure evolution of the simulated systems
with increasing the cross linking density. Moreover, RDFs
revealed inverse relationship between the cross linking density
and intensity of hydrogen bonds in the polymer networks.
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