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Abstract

Many excellent thermal and mechanical performances of cured epoxy resin products can be related to their specific network structure. In this
work, a typical crosslinked epoxy resin was investigated using detailed molecular dynamics (MD) simulations, in a wide temperature range from
250 K to 600 K. A general constant-NPT MD procedure widely used for linear polymers failed to identify the glass transition temperature (Tg) of
this crosslinked polymer. This can be attributed to the bigger difference in the time scales and cooling rates between the experiments and
simulations, and specially to the highly crosslinked infinite network feature. However, by adopting experimental densities appropriate for the
corresponding temperatures, some important structural and dynamic features both below and above Tg were revealed using constant-NVT MD
simulations. The polymer system exhibited more local structural features in case of below Tg than above Tg, as suggested by some typical radial
distribution functions and torsion angle distributions. Non-bond energy, not any other energy components in the used COMPASS forcefield,
played the most important role in glass transition. An abrupt change occurring in the vicinity of Tg was also observed in the plots of the
mean squared displacements (MSDs) of the crosslinks against the temperature, indicating the great importance of crosslinks to glass transition.
Rotational dynamics of some bonds in epoxy segments were also investigated, which exhibited great diversity along the chains between
crosslinks. The reorientation functions of these bond vectors at higher temperatures can be well fitted by KohlrauscheWilliamseWatts
(KWW) function.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Crosslinked epoxy resins, resulting from open-ring copoly-
merization of epoxy resins by ‘‘hardener’’ compounds, are
a major class of thermosetting polymers, which exhibit
many superior performances to the linear polymers, such as
high modulus and fracture strength, low creep and high-tem-
perature performances, etc. In general, these excellent perfor-
mances can be attributed to their specific chemical structure
compared to the linear polymers: highly crosslinked infinite
network, without well-defined main or side chains, or appro-
priate polymer repeating units. The average weight between
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crosslinks Mc, the concentration of elastic chains y, and the
crosslink density n are thus the most important structural pa-
rameters, which have been empirically related to the shear
and tensile modulus [1] and glass transition temperature (Tg)
[2e4]. However, more detailed structural characterization is
required to improve our understanding and even prediction
of those properties or phenomena.

Despite extensive experiments and theories, many com-
puter simulations have been carried out, primarily, including
Monte Carlo (MC) simulations of network formation [5e7]
and molecular dynamics (MD) simulations of network struc-
ture [8]. From the former, the complete topological structure
and the distribution of the molecular weights can be obtained,
which enable Mc, y, n, gel points, number-average molecular
weight Mn, and weight-average molecular weight Mw to be
determined. From the latter, one can study the effects of
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monomer connectivity on those mechanical and thermal prop-
erties. All these simulation methods represent a class of attrac-
tive tools for studying polymer networks because of the ability
to provide control over the details of the network in a much
simpler way than through experimentation [9]. Specifically,
MD simulations allow one to study molecular mechanism of
important chemical and physical processes and to quantify
the effects of variables such as the strand length, extent of re-
action, chain topology and functionality on the physical prop-
erties of the network. These simulations not only can test
theoretical models but also can provide additional insight
into experimentally observed behavior.

However, it should be noted that all those simulations de-
scribed above have been on coarse-grained models, which
completely or partially neglect the chemical details and inter-
actions. In order to study a specific chemical system and some
practical problems, an atomistic model must be employed. To
this end, great complexity coupled with the added computa-
tional cost is expected in modeling the realistic polymer net-
work. A relatively simple model was therefore developed by
us [10] to reduce the impact of them. When appreciate force-
field (COMPASS) was used, molecular mechanics calculation
based on this model was found to reproduce reasonable static
properties (such as density and elastic constants). In this work,
the detailed structure and dynamics of the polymer network
chains were investigated by using MD simulation. The cases
at various temperatures below and above Tg would be com-
pared to each other, with a trial towards understanding the
glass transition occurring in the polymer networks.

The characteristic temperature Tg is an important indication
of heat resistance of the polymer materials [11], and it can also
indicate molecular or ion mobility [12,13]. Moreover, Tg can
help assess the interaction strength and miscibility of polymer
blends [14]. Therefore, many experiments combined with
theories were performed previously to understand the structuree
Tg relationship [15e18]. Besides, a variety of atomistic simula-
tion works were also devoted to this topic. However, these
simulations were only carried out on linear polymers but none
on such complex polymers as crosslinked epoxy resins, which
would show very distinct physics and chemistry, has been dis-
covered. It is worthwhile to point out that even the understand-
ing of the glass transition occurring in any polymer is still far
from complete, and this work only presents an initial study
towards a more comprehensive one for the sake of relatively
simpler model employed and current computational power.

2. Simulation procedure

The studied epoxy network system was based on diglycidyl
ether bisphenol A (DGEBA) and isophorone diamine (IPD),
whose important physical properties from the reference article
[19] are shown in Table 1. The amorphous polymer model was
dynamically built by making some reasonable assumptions.
Firstly, 16 epoxy segments and 8 hardener segments containing
reactive sites were packed into a 3D periodic cell box according
to self-avoiding random-walk method of Theodorou and Suter.
This formulation was then mixed by using molecular dynamics
(MD) after initial energy minimization (MM) based on a generic
Dreiding2.21 forcefield. Under close proximity, covalent bonds
were formed between the nearest reactive pairs within the reac-
tion cutoff distance considering the removal of ring catenation
or spearing. Repeating MM and MD to form bonds for several
times, a crosslinked polymer network with a conversion of
93.7% was finally obtained for the following simulations.
This procedure was described in detail in our previous paper
[10]. The resulting model system has a cell dimension
21.55 Å� 21.55 Å� 21.55 Å, depicted in Fig. 1 in two differ-
ent styles. In this model system, there are only two ‘‘free’’ (un-
reacted) hydroxyl groups and one ‘‘free’’ amine group with two
hydrogen atoms. The chemical structures of the resin and hard-
ener segments are also shown in Fig. 1.

After the initial microstructure was generated, the minimi-
zation of the potential energy of the model system was carried
out, where a well-validated COMPASS forcefield [20] was
used. Next, 100 ps constant-NVT MD simulation was per-
formed at 600 K to relax the polymer chains, followed by
500 ps constant-NPT MD simulation to obtain optimized den-
sity. The system was then cooled stepwise to 250 K with the
rate of 50 K/600 ps. At each temperature, a constant-NVT
MD simulation of 100 ps and a constant-NPT MD simulation
of 500 ps with time step 1 fs were carried out. It can be seen
that the time-averaged densities at all temperatures tend to
be in steady states at the latter stage. Finally, the resulting con-
figurations with the experimental densities appropriate for the
temperatures were used to initiate constant-NVT dynamics for
a period of 2e3 ns. For higher temperatures (450e600 K),
2 ns constant-NVT dynamics was performed, whereas for
lower temperatures (250e400 K), 3 ns constant-NVT dynam-
ics was performed. This is due to the fact that the model
system relaxes more slowly to equilibrium at the lower
temperatures. In terms of non-bonding interaction treatments,
separate methods were employed for the van der Waals inter-
actions and Columbic interactions. For the former, atom-based
direct cutoff of 9.5 Å and a buffer of 0.5 Å were used whereas
for the latter Eward summation and CMM were employed for
constant-NVT MD and constant-NPT MD simulations, respec-
tively, depending on the accuracy and efficiency of the compu-
tation. Velocity Verlet algorithm with time step of 1 fs was
used for the integration of the atom motion equations through-
out all MD simulations. Andersen method [21] and Berendsen
method [22] were adopted for controlling the temperature and
pressure, respectively.

In this work, more realistic MD (constant-NPT MD and
constant-NVT MD) simulations were employed for simulating

Table 1

Summary of some important physical properties of the epoxy-amine copoly-

mer network system based on DGEBA and IPD

Physical property Value

Density r at 300 K, g cm�3 1.131

Glass transition temperature Tg, K 436

Volume expansive coefficient aglassy, 10�4 K�1 2.46

Volume expansive coefficient arubbery, 10�4 K�1 5.96

The data were abstracted from Ref. [19].
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Fig. 1. System models of crosslinked epoxy-amine polymer network (top left: unit cell without periodic boundary; top right: same unit cell but with periodic

boundary) and chemical structures of the two main monomer segments.
the motions of all atoms in the studied system over time under
some appreciate thermodynamic conditions. The constant-
NPT MD represented constant number of atoms or molecules,
constant pressure, and constant temperature, which was pri-
marily used to bring the systems into equilibrium suggested
by energy and density stability. And the constant-NVT MD
was performed at constant number of atoms or molecules, con-
stant volume, and constant temperature for further equilibrat-
ing and collecting data for property analysis of structure,
energy, and dynamics. Most simulations described above
were performed using the Materials Studio 4.0 software [23].

3. Results and discussion

3.1. Consideration of the simulated model

Following the general procedure widely used for the linear
polymers [24e27], a trial to identify the Tg from the VeT
curve was firstly made. It can be noticed that the calculated
density r at 300 K is 1.122 g cm�3, which compares well
with the corresponding experimental value 1.131 g cm�3

[19]. A steady decrease with temperature is observed in
Fig. 2, but unfortunately, no distinctive changes mark the loca-
tion of Tg. In fact, all eight VeT data can be well fitted as
a straight line, from whose slope the volume expansive coeffi-
cient aP at constant pressure P can be obtained according to

aP ¼
1

y0

�
vy

vT

�
P

ð1Þ

where y is the specific volume at temperature T and y0 is the
specific volume at a reference temperature such as 300 K.
The calculated aP is about 2.53� 10�4 K�1, which is very
close to the experimental value 2.46� 10�4 K�1 at the glassy
region [19]. So all the densities below 450 K compare well
with the corresponding experimental values. However, this
constant-NPT MD procedure fails to reproduce the experimen-
tal aP at rubbery region within the studied temperature range
and thus fails to locate the volumetric Tg. One can speculate to
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obtain Tg from a wider temperature range, which would lead to
the simulated Tg attaining up to above 600 K, much higher
than the experimental value 436 K. As frequently discussed
[28], on one hand, the limited time scale and fast cooling
rate in the simulations were the cause of Tg elevation. On
the other hand, the experimental Tg was frequency and cooling
rate dependent [29,30]. Besides, the highly crosslinked infinite
network can be responsible for this bigger difference. How-
ever, it should be noted that the stepwise polymerization
following minimization can generate physically reasonable
initial configuration. In order to model other structural and dy-
namic properties of the realistic crosslinked system both below
and above Tg, the experimental densities at various tempera-
tures were adopted. These experimental densities were deter-
mined from the density at about 300 K by assuming the
linear relations between the specific volume and temperature
at both the glassy and rubbery regions. This procedure is
also schemed in Fig. 2, where the broken temperature of the
two straight lines with different slopes is Tg, which is actually
the reverse route to predict Tg and aP as discussed above.

3.2. Static structure

3.2.1. Packing modes of the polymer networks
Firstly, the structural aspects of bulk amorphous melts of

the epoxy-amine polymer were examined using radial distribu-
tion functions (RDFs) [31]. Calculated RDFs at two typical
temperatures 300 K and 600 K are shown in Fig. 3(a) for
this bulk system. All atoms and the last 1000 configurations
from constant-NVT MD simulations were included in these
calculations. Common features are demonstrated for the two
different temperatures. The absence of any RDF at the dis-
tance less than 0.9 Å is due to the excluding volume effects.
The first peak at around 1.1 Å corresponds to the bond
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article.)
distance between hydrogen and other atoms. The second
peak at around 1.45 Å comes from the bond distance between
carbon and non-hydrogen atoms. The third peak at around
1.75 Å is attributed to the distance between the two hydrogen
atoms (HeCeH) in the methyl group. The subsequent intra-
molecular peaks result from distances between atoms two
bonds apart, such as hydrogen and carbon in HeCeC se-
quences (w2.16 Å), carbon atoms in CeCeC sequences
(w2.44 Å) [32]. Among these peaks, the atom pairs associated
with polar atoms are not expected to exhibit an important con-
tribution because of the much lower fraction. Other peaks up
to 4 Å are of intramolecular origin and reflect mainly relative
positions and interactions between non-bond atoms separated
by more than three bonds. Note that any sharp peaks at dis-
tances greater than 4 Å are absent and the RDFs tend to 1,
which is generally regarded as the proof of the amorphous na-
ture of the polymer system [33]. The intermolecular contribu-
tions to the total RDFs, shown in Fig. 3(b), provide another
proof in that no sharp peaks are observed in this distance
range, which is consistent with the absence of crystalline-
like order. The presence of some small sharp peaks at distance

0 1 2 3 4 5 6 7 8
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

R
D

F

r, A

 300
 600

(a)

0 1 2 3 4 5 6 7 8
r, A

(b)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

R
D

F

300
600
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contributions (b) for all the atoms involved in the cured epoxy system at the

two typical temperatures 300 K and 600 K.
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less than 4 Å is due to the artificial treatments of constructing
the model, i.e. some chemical bonds in the central cell cross-
over the periodic boundary with those in the image cells. As
far as the temperature dependence is concerned, the total
RDFs only exhibit slight variations in the height of the first
and second peaks: the RDF at 600 K is slightly higher than
that at 300 K. As depicted in Fig. 3(b), the intermolecular
RDF at 600 K is slightly lower than that at 300 K, which
reveals the change in density of the polymer system.

For the epoxy systems containing hydroxyl and amine
groups, there would be great possibility for hydrogen bonding,
which is very important to glass transition. Actually, the H-
bonding interactions have been attempted to estimate Tg of
a linear epoxy system [34]. In that work, a simple forcefield
Dreiding2.21 was used to directly calculate hydrogen bonding
interaction energies. Since the forcefield COMPASS was used,
where hydrogen bonding interactions were implicitly consid-
ered, this method is not applicable to our system. On the con-
trary, we examined these interactions by comparing RDFs of
polar atom pairs at the two different temperatures (300 K
and 600 K). The presence of three classes of hydrogen bonds
(H-bonds) in this studied system was confirmed: hydroxyle
hydroxyl, hydroxyleether, and hydroxylenitrogen, as shown
in Fig. 4. It can be seen that the sharp peaks associated with
regular (2.75 Å) and twist (3.15 Å) H-bonds at 600 K are gen-
erally lower in intensity than those at 300 K, indicating that
the H-bonds decrease with increasing temperature as expected.
Moreover, the three RDFs exhibit more structural features at
lower temperature than at higher temperature. Specially, at
distances greater than 4 Å, some broad peaks are observed
at 300 K whereas these broad peaks at the same distance are
reduced or smoothed at 600 K because of the superposition.
Similar phenomena have been observed by Bennemann and
coworkers [35].

3.2.2. Interaction energies and torsion distributions
Various interaction energies can also be used to analyze

glass transition occurring in the polymer systems. On this
point, Soldera [36] has performed energetic analysis of the
two PMMA chain tacticities on glass transition. Before this
work, he [37] reported a break in the plots of total, intramolec-
ular, and intermolecular potential energies versus temperature
of this PMMA system near Tg. Fried and Ren [24] also found
a break in the plots of internal energy versus temperature of
PuBuP system in the vicinity of Tg. In fact, for our simula-
tions, it is more convenient to analyze the roles of energy com-
ponents in glass transition. The simulated results of bond
energy, angle energy, torsion energy, and non-bond energy
against the temperature are plotted in Fig. 5. It can be seen
that only in the plot of non-bond energy versus temperature
is there a break present, indicating the occurrence of glass
transition. At both below and above Tg, non-bond energy
increases almost linearly with increasing temperature with
a break at Tg. But for the other energy components, they con-
sistently increase almost linearly with increasing temperature
in the whole temperature range. These results show that the
non-bond energy plays an important role in the glass transition
process of the polymer system. However, we noticed that Li’s
group [38,39] performed the same analysis on PHB/PEO blend
system [38] and POM system [39] and drew a different con-
clusion from ours: both torsion and non-bond energy played
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Fig. 5. Plots of some energy components versus temperature for the cured epoxy system: bond energy (a), angle energy (b), torsion energy (c), and non-bond energy

(d).
important roles in glass transition. This difference can be asso-
ciated with the fact that the torsions are significantly restricted
in the polymer network.

The structural difference between glassy and rubbery states
was further examined for this polymer system by calculating
the torsion distributions of some typical segments. Four types
of torsions (bonds 2, 3, 4, 5 as shown in Fig. 1) of epoxy seg-
ments between crosslinks were studied. These torsion angle
distributions at 300 K and 600 K obtained as ensemble aver-
ages of all those types are shown in Fig. 6. Generally, these
distribution functions exhibit same peak positions at the two
different temperatures. For examples, the end (denoted by
bond 2 in Fig. 1) and second (denoted by bond 3 in Fig. 1) tor-
sion angles of epoxy segments are peaked around 0� (trans),
þ120� ( gaucheþ) and �120� ( gauche�); the fourth (denoted
by bond 5 in Fig. 1) torsion angle connecting ether oxygen and
phenyl carbon prefers the trans and cis conformations (�180�

and þ180�). Due to incomplete averaging, especially at low
temperature [32], it is hard to draw a clear conclusion for
the temperature dependence of these distribution functions.
With a bit of exception, the torsion angle (denoted by bond
4 in Fig. 1) formed between methyl and ether represents
only one favorable configuration (trans) at 600 K but three fa-
vorable configurations (0�, �70�) at 300 K. This phenomenon
that more structures are represented at lower temperature than
at higher temperature is consistent with previous RDF results.
The fourth torsion angle with better statistics seems to repre-
sent wider distribution at higher temperature than that at lower
temperature as expected. It is worthwhile pointing out that the
corresponding torsion angles of epoxy segments in a linear
epoxy system represent populated conformations significantly
different from these results reported here [40].

3.3. Dynamic properties

3.3.1. Translational dynamics of crosslinked nitrogen
The presence of crosslinks in the cured epoxy resins makes

significant differences in structure and properties from the
other linear polymers. It is instructive to analyze the motion
of these crosslinks in the model systems as a function of tem-
perature. Because of incomplete reaction, nitrogen atoms on
the polymer chains can be classified as crosslinked and free
ones. Generally, the crosslinked nitrogen atoms exhibit much
lower mobility than the free nitrogen atoms due to topological
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Fig. 6. The distributions for the end (a), the second (b), the third (c) and the fourth (d) torsion angles corresponding to positions 2, 3, 4, and 5 in Fig. 1, respectively,

along the epoxy segments between the two crosslinks in the polymer network.
constraints. These differences can be characterized by calcu-
lating mean squared displacements (MSDs) according to the
following relation

MSD¼ 1

3N

XN�1

i¼0

�
jR!iðtÞ � R

!
ið0Þj2

�
ð2Þ

where R is the position of the atom, N is the total number of
the atoms of a given type, and the broken brackets denote
averaging over all choices of time origin.

The motion of those crosslinks can be expected to be quite
different from that of the free Brownian particle where Ein-
stein formula is valid [41]. Fig. 7 displays the temperature
and time dependences of the MSD for the crosslinked nitrogen
atoms. Only the first 100 ps out of 1000 ps was plotted be-
cause of two reasons: the motion was generally very slow
and most movements were finished in the former several hun-
dred picosecond interval; the short-time dynamics of the cross-
links was more accurate due to more time origins averaged (as
shown in the Eq. (2)). The motion of crosslinked nitrogen
atoms increases consistently with the increasing temperature
(the diffusion behavior of uncrosslinked nitrogen atoms is
anomalously temperature dependent due to poor statistics,
which is not shown here). It is interestingly noted that mobility
of crosslinked nitrogen atoms is distinctly different for lower
temperatures (not higher than 400 K) and higher temperatures
(not lower than 450 K). This abrupt change between the two
temperature regions can be seen more clearly in Fig. 7(b),
where the MSDs are replotted as a function of temperature
at 10 ps long time. The change in the curve slope of MSD
of segments versus T has been employed to identify the Tg

of the general polymer surface [42], where the specific vol-
umes are not defined and specific volume versus temperature
cannot be used for the same purpose. Similarly, Tsige and
Taylor used the constant-NVT ensemble dynamics procedure to
locate the Tg of poly(methyl methacrylate) [43], where the
model system was maintained at a constant volume at various
temperatures. Differently, our work adopted realistic density
values at the temperatures studied towards understanding mo-
lecular mechanism of glass transition. The translational behav-
ior of crosslinks is similar to the averaged one of all atoms in
the whole polymer segment although the former is about 3e4
times slower than the latter, as shown in Fig. 7(c). It is noted
that uncrosslinked chains can affect the motion of crosslinked



5809C. Wu, W. Xu / Polymer 48 (2007) 5802e5812
nitrogen atoms. However, these effects can be reduced when
using larger size of system and higher conversion. Judging
from these results, segment motions due to crosslinks can be
related to the glass transition behavior of the whole polymer
network. Specifically, it is highly desirable that the Tg of the
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polymer network with the full conversion can be obtained
by short-time dynamics of the crosslinks with a lower conver-
sion, such as MSD versus T.

3.3.2. Rotational dynamics of chemical bond vectors
The value of Tg is well known to correlate closely to the

chain flexibility. In molecular simulations, this flexibility can
be conveniently quantified by vector autocorrelation functions
(VACFs) of various bonds or segments along the polymer
chain [24,25]. Some ‘‘backbone’’ and ‘‘side’’ bonds along
the epoxy segments between crosslinks were studied here,
whose notations are described in Table 2. Because of the an-
isotropy of the system, the second term, instead of the first
term, of the Legendre polynomial is computed [44]:

P2

�
t
�
¼

3
�
ðuðtÞ$uð0ÞÞ2

�
� 1

2
ð3Þ

where u(t) and u(0) represent the unit vector at time t and time
0, respectively, and h i denotes the ensemble average over all
such vectors and starting times.

Fig. 8(a) displays the evolution of these reorientation func-
tions with time for some backbone bonds at the highest tem-
perature (600 K). For the same two reasons noted above as
for MSDs, only the first 100 ps is plotted in this figure. Addi-
tionally, due to more topology constraints, bond reorientation
motion in polymer network perhaps shows more obvious an-
isotropy than that in linear polymers [45]. That first fast and
then slow decrease in the vector orientation is observed from
the crosslinks to middle phenyl rings. So the whole epoxy seg-
ments exhibit great diversity of dynamics. Similar results are

Table 2

Description of bond vector codes in Figs. 8 and 9, referred to Fig. 1

Code Description

1NC Bond vector at position 1, connecting nitrogen atom with

neighboring carbon along epoxy segment

2CC Bond vector at position 2, connecting carbon atom with

neighboring carbon along epoxy segment

3CC Bond vector at position 3, connecting carbon atom with

neighboring carbon along epoxy segment

4CO Bond vector at position 4, connecting carbon atom with

neighboring oxygen along epoxy segment

5OC Bond vector at position 5, connecting oxygen atom with

neighboring carbon along epoxy segment

6CC Bond vector at position 6, connecting carbon atom with

neighboring carbon along epoxy segment

12CH Bond vector between positions 1 and 2, connecting bone carbon

atoms with side hydrogen atom

23CH Bond vector between positions 2 and 3, connecting bone carbon

atoms with side hydrogen atom

34CH Bond vector between positions 3 and 4, connecting bone carbon

atoms with side hydrogen atom

56CH1 Bond vector 1 on phenyl group, connecting bone carbon atoms

with side hydrogen atom

56CH2 Bond vector 2 on phenyl group, connecting bone carbon atoms

with side hydrogen atom

23CO Bond vector between positions 2 and 3, connecting bone carbon

atoms with side oxygen atom

660CC Bond vector between positions 6 and 60, connecting bone carbon

atoms with side carbon atom
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applicable to other temperatures, but less clearly. It is noticed
that the bonds 4CO (position 4 in Fig. 1) reorient the fastest
among the studied backbone bonds. The reorientation func-
tion versus time of this fastest bond is plotted in Fig. 8(b)
at various temperatures. This function increases with decreas-
ing temperature at the same observation time interval, mean-
ing that the chain segments are more mobile at higher
temperatures. This behavior is in agreement with the general
experimental observation. Further analysis indicates that
these time-correlation functions of bond reorientation are
not simple exponential ones but can be fitted well by the
stretched exponential function, KohlrauscheWilliamseWatts
(KWW) function [44,46]:

f
�
t
�
¼ exp

�
� ðt=tÞb

	
ð4Þ

where t is the average relaxation time, and b is between 0 and
1 and represents the departure from a simple exponential
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Fig. 8. The reorientation functions for some bonds along the epoxy segments

as a function of simulation time at 600 K (a) and the fastest bond 4CO as

a function of simulation time and temperature where black solid lines are

KWW fitting at four higher temperatures (b). (For interpretation of the refer-

ences to colour in this figure legend, the reader is referred to the web version of

this article.)
decay. This good fit has also been reported for backbone Ce
C bond vectors of the polyethylene liquids [45]. This is very
true especially for the cases of higher temperatures. For the
polymer network system studied here, the fitting parameters
of the fastest backbone bond 4CO at the four higher

Table 3

The fitting parameters of KWW to the reorientation functions for the fastest

backbone and side bonds at the four higher temperatures

Temperature, K Backbone bond vector 4CO Side bond vector 34CH

t, ps b t, ps b

450 1454.5 0.225 1102.3 0.179

500 90.9 0.376 65.1 0.268

550 35.1 0.388 27.4 0.250

600 22.3 0.337 12.3 0.243
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Fig. 9. The reorientation functions for some side bonds along the epoxy seg-

ments as a function of simulation time at 600 K (a) and the fastest bond 34CH

as a function of simulation time and temperature where black solid lines are

KWW fitting at four higher temperatures (b). (For interpretation of the refer-

ences to colour in this figure legend, the reader is referred to the web version of

this article.)
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temperatures are shown in Table 3. Similar results were ob-
tained for the side bonds attached to backbone atoms of epoxy
segments, as shown in Fig. 9(a). The fastest bond vector is
34CH between positions 3 and 4, connecting backbone carbon
atoms with side hydrogen atom, whose dependence of temper-
ature is reported in Fig. 9(b) and the fitting parameters at four
higher temperatures are also shown in Table 3. All the average
relaxation times are found to increase with the decreasing
temperature. Especially at 450 K, this parameter increases by
almost one order of magnitude. This can also be associated
with glass transition of the polymer system. Because of the
limited simulation time employed in this work, these short-
time dynamical results cannot apply to the Williamse
LandeleFerry (WLF) or VogeleFulchereTammann (VFT)
equations occurring in glass transition [46].

4. Conclusions

Detailed MD simulations using COMPASS forcefield
have been performed on a relatively simple polymer net-
work model of a typical epoxy-amine system based on
DGEBA and IPD. This model with highly crosslinked infin-
ite network feature showed the difficulty in obtaining volu-
metric Tg by a general stepwise cooling constant-NPT MD
procedure within the studied temperature range. But by
adopting initial configurations appreciate for the experimen-
tal densities, constant-NVT MD simulations at the nanosec-
ond scale can really reveal many interesting results on local
structure and short-time dynamics associated with the cross-
links. The polymer system exhibits more structural features
in case of below Tg than above Tg suggested by some typ-
ical radial distribution functions and torsion angle distribu-
tions. Specially, the calculated results of energy components
and mean squared displacements (MSDs) also indicated the
important roles of the non-bond energy (not torsion energy)
and crosslinks in the glass transition of this polymer network
system. A big great diversity was found in dynamics of polymer
segments, and the reorientation functions can be well fitted by
KohlrauscheWilliamseWatts (KWW) functions. A side result
from these simulations is that to prepare the model system at
the corresponding experimental density is very important to
simulate (structure and dynamics of) a realistic polymer net-
work. It is worth noting that 1 ns was long enough to obtain
accurate relative results of local structure and short-time dy-
namics from the equilibrated initial configurations. According
to our best knowledge, for the first time, these results have
been reported for a polymer network. Because of the presence
of the incomplete reactions, the effects of the uncrosslinked
parts on the local structure and short-time dynamics of the
simulated crosslinked parts reported in this work cannot be
completely neglected. Further work is required in exploring
these simulated results presented here using bigger size of
system and higher conversion. Moreover, it is greatly desirable
to compare these simulated results to the corresponding experi-
mental data in the future.
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