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ABSTRACT: We present an efficient method for the creation of atomistic model structures of cross-linked
polymer matrices. The method consists of preparation of a physical mixture of the monomer and the cross-linker
molecules in the box followed by a single-step polymerization of the entire mixture. For this purpose, the simulated
annealing algorithm is used to identify pairs of reacting atoms that are spatially close. The technique is used
to create five structures of cross-linked epoxy as well as cross-linked epoxy—POSS (i.e., polyhedral oligomeric
silsesquioxane) nanocomposite. The models so generated are characterized with respect to the density,
volume—temperature behavior, and the detailed molecular structure. Our results show that incorporation of
POSS particles (at 5 wt %) in the cross-linked epoxy resin leads to a weak tendency for lowering the coefficient of
volume thermal expansion but does not cause a measurable change in the glass transition temperature.

Introduction

Thermosetting epoxy is widely used in applications in the areas
of aerospace and electronics due to its superior mechanical
properties. However, the development of residual thermal stres-
ses during the curing process poses problems in these applica-
tions, and thus minimization of this effect by, for example,
incorporation of nanofillers in the epoxy matrix remains an
active area of research. The nanocomposites formed by the
incorporation of inorganic nanofillers (e.g., clay, polyhedral
oligomeric silsesquioxane, i.e., POSS) in polymeric matrices have
the potential for the creation of high-performance materials
resulting from the combination of the properties of their compo-
nents.> Theoretical and simulation approaches can be used to
describe the complex physical and chemical interactions in these
systems in order to predict their properties.* POSS nanoparticles
have cage-type structures with a silica-like core to which organic
functional groups can be attached. Properties of POSS particles
can be tailored by chemical substitution of the functional groups
on these side chains that are attached to the central cage. In this
work, we employ the technique of molecular simulation to study
both cross-linked epoxy and a nanocomposite formed by the
incorporation of the POSS nanoparticles into a cross-linked
epoxy matrix via chemical bonding. For over two decades,
molecular simulations have been employed for predicting the
properties of amorphous polymers. Such a simulation approach
consists of generating atomistically detailed model structures of
the polymers of interest and then using statistical mechanics to
determine the thermomechanical properties of these materials.
The specific chemical interactions in the system are accounted
by the force field parameters that have been developed and
fine-tuned over the years.

For linear polymers and polymers with short branches, the
model structures of dense amorphous systems are generated
either by constructing the chains in a bond-by-bond fashion in
the simulation box® or by “melting” an ordered array of chains
(crystal of the polymer, if the crystal structure is known).® The
former method encounters difficulties when the monomer unit to
be added in the chain growth process is large (several intermediate

*To whom correspondence should be addressed.

© 2009 American Chemical Society

Published on Web 05/21/2009

stages are required in that case)”® or for chains with a complex
architecture. The latter method requires that the crystal structure
of the polymer be known or at least that one should be able to
create a reasonable, ordered arrangement of chains which will
serve as the starting point for the “melting” process. For polymers
with large monomer units, alternate approaches such as poly-
merization of the monomer mixture in the simulation box*!'* or
first creating a coarse-grained model structure and then converting
it to an atomistic model have been proposed.'™> Cross-linked
epoxy structure is characterized by both—a large monomer unit
(which is the case for commonly used epoxy materials) and a complex
topology—thus necessitating special considerations for building
atomistic model structures of these systems.

Approaches that have been used in the literature for building
structures of cross-linked matrices can be broadly classified into
two categories: (1) building a cross-linked network structure using
a coarse-grained model and then converting the coarse-grained
model back to the atomistic description'? and (2) starting with a
physical mixture of monomer and cross-linker molecules and then
“polymerizing” the mixture in conjunction with molecular dy-
namics (MD) simulation. The first approach has previously been
used for building model structures of amorphous polystyrene and
cellulose.'"'> Recently, Komarov et al. built a structure of cross-
linked epoxy using a four-step version of this method that
involved creating a cross-linked network using a coarse-grained
model, relaxing this structure using Monte Carlo simulation,
reverse mapping back to atomistic representation, and then
relaxing the atomistic model structure using MD simulation."?

The second approach—polymerization of a physical mixture of
the atomistically modeled monomers—has been applied for
generating structures of polyethylene,” polystyrene,'® ?olymetha-
crylate networks,'* poly(dimethylsiloxane) networks,'” and cross-
linked epoxy.'®""® In this procedure, the polymerization can be
implemented in either a single step”'*'® (where all of the potential
chemical bonds between monomers are formed at the beginning)
or in many steps'*'>!"!® (where the system is relaxed using
molecular mechanics or MD simulation and the reacting atom
pairs that approach within a specified cutoff distance are bonded).

In the multistep process, the local strain generated in the
system due to the creation of the new bonds is relieved by relaxing
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the system using MD simulation in each step. This approach is
thus expected to lead to the creation of a well-relaxed structure.
The multistep process can be implemented by creating only one
new bond per step or iteration. A modification consists of
creating multiple bonds (between all pairs of reactive sites that
are within a chosen cutoff distance) per step; when such a
“dynamic cross-linking approach” was applied to an epoxy
system that could form 256 cross-links, most of the new bonds
were created in 75 iterations.'® The single-step process offers the
possibility for faster generation of the structures but could
potentially be hampered by the large strain created in the system
due to simultaneous formation of the chemical bonds, many of
which will be between atoms that reside at distances much larger
than the bond length. In this work, we have addressed this
problem by extending the simulated annealing polymerization
approach that was previously used by one of us for generating
structures of polystyrene.'” It is shown that the approach can be
used for single-step polymerization for generating structures of
cross-linked epoxy as well as a nanocomposite formed by
chemical incorporation of POSS molecules in an epoxy system.
The rest of the paper is organized as follows. We begin with a
description of the molecular models that are used in this work.
This is followed by a detailed description of the algorithm used
for generating the structure of the cross-linked epoxy as well as
the cross-linked epoxy—POSS nanocomposite. The structures so
built are characterized with respect to the properties such as the
volume—temperature (—T) behavior, glass transition tempera-
ture, and molecular scale packing. We close with a discussion of
our structure building procedure and a summary of the results.

Simulation Method

A. Molecular Models, Force Field, and Simulation Details.
The system studied consisted of diglycidyl ether bisphenol A
(DGEBA) as the epoxy monomer and trimethylene glycol
di-p-aminobenzoate (TMAB) as the cross-linker; the parti-
cular POSS molecule studied is octaglycidoxypropyl POSS.
The chemical structures of these molecules are shown in
Figure 1. The curing reaction consists of the reaction of the
hydrogen atoms in the amine group with the epoxide group
(see Figure 2). In this work, the molecular models were built
using the XLEaP program in the AMBER package.!” The
molecular topology was created using the antechamber?
program in AmberTools 1.2, and the partial charges on the
atoms were assigned using the AM1-BCC method.?"** For
some atoms, large discrepancies were observed between the
values so calculated and the partial charge values in the
literature.>~>° The partial charge values were adjusted to
alleviate these discrepancies and were also symmetrized to
account for the symmetry of the epoxy and cross-linker
molecules. Both molecules were described by the general
AMBER force field (gaff)*®?” supplemented by literature
parameter values.?>?%?° The values of the additional para-
meters as well as the final values of these partial charges are
given in the Supporting Information.

The molecular dynamics simulations and the energy mini-
mizations were carried out using the GROMACS 3.3.3
package.**~*? For MD simulations, a time step of 1 fs was
used. A cutoff distance of 10 A (with the buffer of 1 A) was
used for the van der Waals interactions, whereas the particle
mesh Ewald (PME) algorithm®® was used to handle the
electrostatic interactions. The temperature and pressure va-
lues were controlled using the Nose—Hoover thermostat®**3
and the Parrinello—Rahman’®?7 methods, respectively.

B. Structure Building Procedure. The structures of cross-
linked epoxy and cross-linked epoxy—POSS nanocomposite
were generated in this work by polymerizing the mixture of
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Figure 1. Chemical structures of the (a) DGEBA (epoxy monomer),
(b) TMAB (cross-linker), and (c) the POSS molecule. For the POSS
molecule, carbon, oxygen, silicon, and hydrogen atoms are shown in
blue, red, yellow, and white color, respectively.
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Figure 2. Schematic of the cross-linking reaction.

the epoxy monomers and the cross-linkers in the simulation
box. In order to form an initial structure that is free of large
strain, the bond lengths for the newly created bonds in the
polymerization step must be comparable to the equilibrium
bond lengths. A random choice of bonding pairs breaks this
requirement, and hence in general, one needs to identify pairs
of bonding atoms on the epoxy monomer and cross-linker
molecules that are spatially close to each other. Identifica-
tion of the set of such spatially close pairs of bonding atoms
thus becomes the most challenging task in this process.
Mathematically, this is a multivariable optimization pro-
blem where collectively for all of the newly created bonds a
chosen cost function based on the bond lengths must be at a
minimum. In previous work involving the polymerization
of styrene monomers, such a problem was solved using
the simulated annealing optimization technique.*® In that
work,'? after preparing a physical mixture of styrene mono-
mers in the simulation box, the shortest path connecting
these monomers was obtained using the simulated annealing
optimization technique. Polystyrene model structures
were then created by forming bonds between the spatially
close monomers so identified and relaxing the structures
using a combination of energy minimization and molecular
dynamics simulation. In this work, we have extended this
approach to incorporate the modifications required to
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Figure 3. Outline of the simulated annealing polymerization procedure.

account for the complexities (e.g., the number of connec-
tions) of the unreacted epoxy monomer, cross-linker, and
POSS molecules. A succinct overview of the procedure is
facilitated by presentation in form of a flowchart;'® such a
flowchart for our proposed approach is shown in Figure 3,
and the specific details are given in what follows.

The first step in the process consists of generating a
“reaction mixture” containing the stoichiometric amounts
of the monomer and the cross-linker molecules. For the neat
epoxy system, we prepared an initial mixture consisting of
100 monomer and 50 cross-linker molecules placed in a cubic
box at a low density of 0.1 g/cm?. This system was then
compressed to a density close to 1.0 g/cm® using a short
constant NPT (constant number of molecules, constant
pressure, and constant temperature) MD run at 500 atm
and 300 K. A randomly arranged mixture of these unreacted
molecules was then obtained by further carrying out a 200 ps
long constant NV'T (constant number of molecules, constant
volume, and constant temperature) MD run at 600 K. This
reaction mixture was scanned for determining the spatially
close pairs of bonding atoms on the monomers and cross-
linkers that can potentially form bonds in the polymerization
step. This problem is mathematically analogous to the
traveling salesman problem and is solved here using the
simulated annealing technique.

The simulated annealing algorithm initially picks a ran-
dom path (i.e., sequence of bonds between randomly picked
reacting site pairs) that connects all of the potential reacting
sites in the simulation box. The simulated annealing techni-
que implementation is similar to the constant NV'T Monte
Carlo (MC) simulation in statistical mechanics where the
sum of the bond lengths in our system is analogous to
the energy in MC and a chosen length scale is analogous to
the factor kT, where k is the Boltzmann constant and 7' is
the temperature. In a manner similar to MC simulation,
the algorithm proceeds by proposing a “move” to alter
the initial bonding sequence. In this work, only one type
of move—path reversal—is employed for this purpose.
This move consists of first selecting a segment of a randomly
chosen length and which is at a randomly chosen location
along the chain. The bonding sequence of the molecules
along this path is then reversed. We note that as a result of
this move only the bonds at the two end points of the selected
path segment get altered. This proposed change in the
bonding sequence (analogous to MC move) is either
accepted or rejected using a criterion (which is analogous
to the move acceptance probability in MC simulation) that
utilizes the change in the bond lengths resulting from
the proposed move. The initial value of the length scale
(analogous to the factor £7'in MC simulation) is chosen to be
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2.5 A in this work. The system is annealed by reducing the
length scale value by a factor of 0.95 when either one of the
following conditions gets satisfied:

(no. of attempted moves) =
100 x (no. of reactive pairs in the box)

or

(no. of accepted moves) =

10 x (no. of reactive pairs in the box)

Consecutive application of these path alteration moves in
conjunction with the above annealing schedule leads to a
bond connectivity path that minimizes the sum of lengths of
the bonds formed by joining the unreacted monomer and the
cross-linker molecules. In practice, this simulated annealing
step takes less than 15 min of CPU time for our model
systems.

The bonding sequence suggested by simulated annealing is
assessed for viability of creating bonds that will result in a
well-relaxed cross-linked structure. For this purpose, ideally,
the distance between these potential bonding sites should be
close to the C—N bond length, i.e., 1.364 A. However, in the
unbonded state, the closest distance of approach between
these atoms is governed by the van der Waals diameter of
these atoms (~3.4 A). In practice, most potentially reacting
pairs in the initial configuration reside at even greater
distances which, if connected, lead to severe problems during
the process of relaxation of the generated cross-linked
structures. This issue was addressed by using the following
procedure. These structures were subjected to two NVT MD
runs of 50 ps duration at 300 K; harmonic distance restraints
(8 A for the first run and 3 A for the second run) were applied
to the identified reactive pairs during these MD runs in order
to bring these in close spatial proximity. We note that such a
step was not required in the application of simulated poly-
merization approach to polystyrene'® but is required here for
the cross-linked epoxy systems. Following these MD runs,
the structures were again scanned to check if the separation
distance between all of the reacting atom pairs is less than
4 A. If this were not to be the case, the structure would be
subjected to another simulated annealing sequencing step
(see the possible iteration loop in Figure 3). In practice, such
iteration was not required for any of the cross-linked epoxy
structures that were generated in this work. In the final step,
chemical bonds were created between the identified reacting
sites. The final structure thus obtained was relaxed by energy
minimization using the conjugate gradients method which
usually converged within 200 steps, although up to 600 steps
were required in some cases. The structures were further
relaxed by subjecting these to NPT MD simulation at 600 K
for 3 ns, followed by stepwise cooling down to 300 K at a rate
of 15 K/200 ps.

The same approach was used for building structures of cross-
linked epoxy—POSS nanocomposite. In this case, the simulated
system consisted of 200 epoxy monomer, 108 cross-linker, and
4 POSS molecules; this corresponds to 5 wt % POSS in the
system while maintaining the stoichiometric ratio of epoxide
groups and amino hydrogen atoms in the system. The epoxide
groups on both the epoxy monomers and the 8 arms of
the POSS cage participate in the cross-linking reaction
with the amine groups on TMAB cross-linker molecules. An
additional consideration needs to be accounted for in this
case—a cross-linker molecule can form bonds with the epoxide
groups on the two arms of the same POSS cage, thus leading to
the formation of “intramolecular” or short loops in the system.
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In order to judge the possibility of occurrence of such
“intramolecular” loops, we calculated the radial distribution
function (RDF) for the end carbon atoms of the epoxide groups
on the arms of the same POSS cage and the RDF for the
nitrogen atoms of the amine groups of the same cross-linker
molecule in the unreacted state at 433 K (Figure 4), which is in
the range of temperatures where the curing reaction is typically
carried out. As can be seen, the carbon atoms of the epoxide
groups on the same POSS cage predominantly reside in a
separation range of 0.3—2.0 nm, whereas the distribution of
the separation distance between the N atoms of the two amine
groups of the cross-linker is bimodal with peaks around 0.5 and
1.5 nm. The significant overlap between the distances spanned
by these two distributions indicates a possibility for the forma-
tion of at least a few of these intramolecular loops during the
cross-linking reaction. A systematic study of such intramole-
cular cross-links and their effect on the properties (if any) is a
separate topic of study in itself; in this work, our algorithm
explicitly precludes the formation of such intramolecular
cross-links. With this exception, the rest of the simulated
annealing and structure building procedure is the same for
the epoxy—POSS structures as for the neat cross-linked epoxy
structures. The only other difference we note is that while no
iterations (see Figure 3 and earlier text) in the structure
generation process were required for cross-linked epoxy, up
to three iterations were required in the building process for
epoxy—POSS nanocomposite structures that we built. The
simulated annealing step itself required 30 min of CPU time
for the cross-linked epoxy—POSS system. Figure 5 shows a
snapshot of an atomistic model structure of an epoxy—POSS
nanocomposite that was built using the above procedure.

C. Structure Relaxation and Determination of Volume—
Temperature Behavior. The cross-linked epoxy and cross-
linked epoxy—POSS structures prepared using the above
method are at a temperature of 300 K, which is below the
glass transition temperature of these materials. In order to
obtain well-relaxed structures, we used MD simulation
to heat these to a temperature of 600 K, which is well above
the glass transition temperature. These structures at 600 K
were then cooled in a stepwise fashion to 300 K. For this, the
temperature was lowered in steps of 15 K and at each
temperature; the system was relaxed by constant NPT MD
simulation for 2 ns duration. An inspection of the density of
the system during these MD runs indicated that at each
temperature the system density reached a new average value
(started fluctuating about a new average value) within the
first 500 ps of MD simulation. In addition to obtaining the
well-relaxed structures at 300 K, such a procedure also yields
information on the volume—temperature (V'—7') behavior of
these systems. Both the glass transition temperature and the
coefficient of thermal expansion (for both glassy and rubbery
states) are also evaluated from these V'—T data.

Results

The simulated polymerization approach was used to generate
five structures for cross-linked epoxy as well as POSS—epoxy
nanocomposite. These structures were characterized with respect
to volumetric and structural properties.

A. Volumetric Properties. Figure 6 shows the temperature
dependence of the specific volume of the cross-linked
epoxy structure. As described earlier, the structures were
subjected to MD simulation at each temperature for 2 ns; the
specific volume was determined from the second half of this
duration. The uncertainties were determined from simula-
tions on the five structures that were generated and are also
shown in the figure. As can be seen from the figure, the
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specific volume shows a linear relationship with temperature
at temperatures both higher (rubbery region) and lower
(glassy region) than the glass transition temperature. The
glass transition temperature (7,) can be determined from
the point of intersection of the linear fits to these J’'—T'data in
the rubbery and glassy regions. Given the uncertainties in the
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Figure 4. Radial distribution functions for end carbon atoms of the
arms of the POSS (solid line) and end nitrogen atoms of the cross-linker

molecules (dashed line).
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simulated values of specific volume, we determined the
uncertainty in the 7, by creating a large number of data sets
in which specific volume at each temperature was sampled
from a range around the mean value bound by the uncer-
tainty®® and then determining the point of intersection of the
linear fits in the glassy and rubbery regions. The T, obtained
using this procedure for cross-linked epoxy is 480 £+ 17 K.
This value is about 27 K higher than the experimental value
of 453 K for the same system.**~** When making this
comparison, we also note that although the experimentally
measured glass transition temperature is oftentimes the 77,
i.e., the limiting fictive temperature determined from DSC;*!
this T¢ is expected to be a very close approximation to the
Tg.43 The larger value of T, in simulations is to be expected
given that the cooling rates employed in the simulation are
orders of magnitude higher than those used in a typical
experimental determination of T,. In addition, the density of
the cross-linked epoxy at 300 K is 1.187 # 0.008 g/cm®. Exp-
erimentally, the density of this cross-linked epoxy system has
been reported to be either in the range of 1.21—1.225%0:4244:45
or 1.35 g/em®.*! The density of cross-linked epoxy predicted
from simulation is within 3% of the former value. The lower
value of the density observed in the simulations is consistent
with the higher glass transition temperature that is observed
in the simulations since early formation of glass upon cooling
is expected to yield a glass with a lower density.
The dependence of specific volume on the temperature
for the cross-linked epoxy—POSS structures is shown in
Figure 7. Once again, the data show a linear dependence of

Figure 5. A built cross-linked epoxy—POSS nanocomposite structure at a density of 1.188 g/em?. The simulation box size is 5.31 nm. For the epoxy,
carbon and nitrogen atoms are shown in blue color while oxygen atoms are shown in red color, and the hydrogen atoms have been removed for the sake

of clarity. POSS particles are shown in the CPK representation.
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Figure 6. Volume—temperature behavior of the cross-linked epoxy
structures. The linear fits to the rubbery and glassy regions are also
shown.
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Figure 7. Volume—temperature behavior of the cross-linked epoxy—
POSS structures. The linear fits to the rubbery and glassy regions are
also shown.

the specific volume on the temperature both above and
below the glass transition temperature. The T, of the cross-
linked epoxy—POSS system is 477 £ 5 K. The lower un-
certainty of the measured values for cross-linked epoxy—
POSS can be partly attributed to the larger size of these
structures (14916 atoms compared with 6950 atoms for
cross-linked epoxy). These values lead us to conclude that
for the POSS loading studied in this work incorporation of
the POSS molecules in the cross-linked epoxy structures does
not changeits 7}, (or the change is very small and is within the
statistical uncertainties of the simulations). This observation
is to be compared with the experimental measurements for 7,
of nanocomposites consisting of DGEBA and POSS con-
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Table 1. Comparison of the Coefficient of Volume Thermal
Expansion (CVTE) for the Cross-Linked Epoxy and Epoxy—POSS
Systems As Determined from Simulation and Experiments*'

structure CVTE-glassy [1/K] CVTE-rubbery [1/K]

(1.65+0.49) x 10~* (3.43+£0.78) x 1074
1.86x 107* N/A

epoxy (sim)
epoxy (exp)

epoxy—POSS (1.54+0.31) x 107* (2.79 £ 0.66) x 1074
(sim, 5 wt %)

epoxy—POSS 1.76 x 107* N/A
(exp, 2 wt %)

epoxy—POSS 1.88 x 107* N/A

(exp, 10 wt %)

taining eight side chains; these studies have reported that the
incorporation of POSS leads to either a decrease in 7, g,46‘47 a
very small chan{ge (or slight lowering) in T, or a very small
increase in 7, g.4 We further note that this comparison with
experiments should be considered keeping in mind that when
compared to the specific chemical system studied in this
work, these experimental studies have either used a different
cross-linker, used a different weight percent of POSS, or used
a different chemistry of POSS (e.g., different functional
group on the side chains or a mixture of POSS particles that
contained oligomers such as dimers of POSS). The density of
the cross-linked epoxy—POSS structure as determined from
simulation at 300 K is 1.188 + 0.006 g/cm>. Once again, we
conclude that incorporation of the POSS particles (at the
level of 5 wt %) in the cross-linked epoxy structure does not
cause a measurable change in its density.

The VV—T data were also used to determine the coefficient
of volume thermal expansion (CVTE), which is defined as

Vo \oT /),

where P, V, and T are the pressure, volume, and temperature
of the system, respectively, and ¥ is the volume at a specific
temperature. Table 1 compares the simulated values of
CVTE with those obtained from experiments for both
cross-linked epoxy and the epoxy—POSS nanocomposite.
The simulated values of CVTE were obtained from the slope
of the V—T graph over a temperature range (300—390 K for
the glassy state and 510—600 K for the rubbery state) with 7/,
being the volume of the system at temperature of 300 K. The
experimental values used for comparison were taken as three
times the coefficient of linear thermal expansion (CLTE); the
CLTE values were determined in these experiments from the
length change over a temperature range of 333—373 K
(glassy state only) and using the length (analogous to V)
ata temperature of 298 K.*' For both cross-linked epoxy and
the epoxy—POSS nanocomposite in the glassy state, the
CVTE values predicted from simulations are lower than
the corresponding experimental values. The degree of
cross-linking in the simulated system is 100% whereas highly
cross-linked experimental systems do not reach 100% con-
version due to topological constraints; this factor could
contribute to the lower CVTE in the simulated model
systems as compared with the experimental systems. We also
note that previous simulations of cross-linked epoxy systems
have observed the simulated CVTE or CLTE values to be
lower than,'® in close agreement with,**>® or larger than'?
the experimental values. For both glassy and rubbery states,
the mean values of CVTE for the epoxy—POSS nanocom-
posite obtained from simulations are lower than the mean
values of CVTE for the neat cross-linked epoxy. However,
the statistical uncertainties on these CVTE values as deter-
mined from the simulation data are large.
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Figure 8. Radial distribution function for the DGEBA (epoxy mono-
mer) and TMAB (cross-linker) molecule pairs. For this purpose,
r denotes the distance between the central carbon atoms of the
molecules.

B. Structural Properties. In addition to the volumetric beha-
vior, molecular simulations also yield detailed information on
the molecular level structure in the system. Figure 8 shows the
radial distribution function (RDF) for the epoxy monomer—
cross-linker pairs in the system. For the purposes of this
calculation, the distance between these molecules is taken to
be the distance between the central carbon atoms of the mole-
cules. As can be seen from the figure, even in the unreacted
mixture, the RDF shows occurrence of a well-defined first peak
at a distance of 0.53 nm and a weak second peak. Upon cross-
linking, the height of the first peak in DGEBA—TMAB RDF
shows a small increase at 300 K; however, the second peak wea-
kens as well as broadens considerably. In both unreacted and
reacted states, the RDF approaches a value of unity at longer
distances, thus indicating a lack of long-range order in the sys-
tem. We also note that the height of the first peak in the reacted
state decreases with an increase in the temperature; we attribute
this behavior to the reduction in the density of the system.

Figure 9 shows the RDF for the epoxy—epoxy pairs in the
system. The RDF shows a strong first peak around 0.63 nm
for both unreacted and reacted states. For the unreacted
state, the RDF approaches a value of unity around a distance
of 0.9 nm, whereas for the reacted state, this occurs at a
longer separation distance of around 1.15 nm. We attribute
this to the presence of larger amounts of cross-linker
molecules near the epoxy at a distance of around 0.75 nm
(see Figure 8) in the reacted state. Again, the greater height
of the first peak in the reacted state at 300 K as compared to
600 K is attributed to the higher density of the system at the
lower temperature.

The effect of POSS particles on the molecular structure of
the system can be determined by focusing on the RDF of the
POSS cage and the cross-linker molecules. Figure 10 shows
the RDF for the POSS—cross-linker pairs in the epoxy—
POSS nanocomposite structure. The technique described by
Theodorou and Suter® is used to calculate the RDF for
distances beyond half the box length. The RDF curve for
the unreacted state shows a depletion of the cross-linker
molecules within 2 nm of the center of the POSS cage. Upon
reaction, owing to the bond formation between the epoxy
groups on the POSS arms and the amine groups on the
cross-linker molecules, the local density of the cross-linker
molecules in the vicinity (at ~0.65 nm) of the POSS cage
increases. The POSS—epoxy RDF (not shown) does not
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Figure 9. Radial distribution function for the DGEBA (epoxy mono-
mer) molecule pairs. For this purpose, r denotes the distance between
the central carbon atoms of the DGEBA molecules.
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Figure 10. Radial distribution function for POSS and TMAB (cross-
linker) molecule pairs. For this purpose, r denotes the distance between
the geometric center of the POSS cage and the central carbon atom of
the TMAB molecule.

display such a large change in the packing of the epoxy
monomers around the POSS cage in the reacted and
unreacted states. In both cases, the RDF shows nonzero
values beyond a steric depletion layer of about 0.55 nm,
eventually reaching a value close to unity at separation
distances of about 1 nm. There are only four POSS particles
in each of the five nanocomposite model structures that we
generated. Furthermore, owing to their large mass as well as
cross-linking, these do not exhibit large displacements dur-
ing the simulation run. As a result, the RDF for the POSS—
POSS pairs (not shown) is very noisy. This RDF indicates
that the distance of closest approach of two POSS particles
(note that each has eight side chains attached to them) is
around 0.9 nm, and there is a significant probability of
finding POSS pairs in the separation range of 1—1.5 nm.
Finally, for both the reacted and unreacted states, the
orientational order in the system was characterized by
calculating the orientational order parameter P,(r) =
15(3(cos® 6) — 1), where 6 is the angle between the two
vectors associated with the molecules of interest (end-to-end
vectors were used in this particular analysis) that are
separated by a distance r. An inspection of this order
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parameter for the various pairs of molecules in the system
(i.e., epoxy monomers and cross-linkers) indicated lack of
any noticeable orientational order in the system with respect
to the end-to-end vectors.

Summary and Discussion

We have presented an efficient approach for generating
atomistic model structures of cross-linked epoxy as well as a
nanocomposite formed by the incorporation of POSS particles in
cross-linked epoxy. Five model structures for each of these two
systems were prepared using this method. The procedure did not
require any iterations for the cross-linked epoxy system whereas
for the system with additional architectural complexities (POSS
particles that are connected with the cross-linkers via eight
functionalized arms), very few iterations were required in the
bond creation step.

In the stepwise cross-linking approaches in which the epoxy
monomers are cross-linked in steps (as they approach within a
certain reaction radius after a MD simulation run), in the late
stages, the rate of the structure generation process is controlled by
the diffusion of the monomers in a partially cross-linked matrix to
reach the remaining reactive sites. With an increase in conversion,
the fraction of remaining active sites in the system decreases,
whereas the rate of diffusion slows down even further due to
increased degree of cross-linking, thus causing a further slow-
down of the process. We have circumvented this problem by
achieving the polymerization of the entire set of monomer and
cross-linker molecules in a single step. In this approach, the
diffusion of the monomer and the cross-linker occurs in the initial
molecular mixture, thus avoiding the need for diffusion through a
partially cross-linked matrix.

We have not optimized the force field parameters to obtain
exact agreement with the experimental data for the volumetric
properties of the systems studied. In spite of this, we are
encouraged with the level of agreement that is observed
with respect to the glass transition temperature and the room
temperature density. Specifically, the glass transition temperature
of the cross-linked epoxy matrix determined in our simulations
is about 27 K higher than the experimentally measured value.
This observation is consistent with the rate of cooling in our
simulations being about 11 orders of magnitude higher than that
in a typical experiment. The density of the cross-linked epoxy
matrix at room temperature as determined in our simulations is
found to be lower than the experimental value. Again this
observation is consistent with the glass transition temperature
in simulations being higher than the experimental one due to
the very high cooling rates. Such a glass formed at a higher
temperature is expected to have a lower density.

Our simulation results indicate that incorporation of functio-
nalized POSS particles at 5 wt % in the cross-linked epoxy matrix
does not lead to a measurable change in the glass transition
temperature or the room temperature density of this nanocom-
posite as compared with the neat cross-linked epoxy. The POSS
containing epoxy resin shows a tendency for lower values of
CVTE in both the rubbery and the glassy states than the neat
cross-linked epoxy. Such lower values of CVTE could potentially
help reduce the thermal stresses in the resin. The relative
magnitude of the uncertainties (as a fraction of the mean) in
the CVTE values is larger compared with the uncertainties in the
T, values. Simulations on much larger systems will be required to
reduce these uncertainties; this will be one of the goals of the
future work.

The method presented in this work for building models of
cross-linked polymer matrices and their nanocomposites is gen-
eral and can be applied for the generation of atomistic model
structures of other polymer nanocomposite systems. In our

Lin and Khare

current implementation, we explicitly prevented formation of
intramolecular loops in the epoxy—POSS nanocomposite. This
restriction can be relaxed in future work to quantify the effects of
such loop formation on the mechanical properties of the system.
Furthermore, by construction, our cross-linked systems exhibit
100% conversion. In future work, the method can be readily
modified to control the degree of cross-linking to a specified level
and determine the effect of network defects such as dangling
loops on the properties of the system.
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