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Crosslinking remain poorly understood. In this molecular dynamics study, the polarity and internal structure of an epoxy-
ma;;ty based composite matrix was varied through manipulation of crosslink density. A commonly used epoxy-hardener

combination (DGEBA- DETA) was chosen and four different models were created with crosslinking density of
20%, 51%, 65% and 81% respectively. The results indicate that the increase in crosslinking leads to a greater
availability of polar sites with a concomitant rise in available free volume. The rise in network polarity aids the
hydrogen bonding interactions between the absorbed water and the composite matrix, but the greater avail-
ability of free volume also allows water molecules to cluster together through mutual hydrogen bonding activity.
This results in a subsequent decrease in moisture interaction with polar sites at very high crosslink densities. It
was also found that the diffusivity and average dipole moment of the absorbed moisture are correlated with the
state of water molecules and that a greater percentage of network-bonded molecules tends to lower both of these
quantities. These results are consistent with previously published experimental results which have contemplated
the dual nature of water molecules in an epoxy network. The results also highlight the potential of leveraging

Free-volume
Hydrogen bonding

this phenomenon for non-destructive inspection of the physical and chemical state of a polymer network.

1. Introduction

Epoxy-based polymer materials have become a critical component
of many major engineering applications in both structural and non-
structural roles. They find frequent use as encapsulants in the micro-
electronic packaging industry [1,2] and have become an indispensable
part of the automotive and aerospace sectors because of their ubiqui-
tous use as a matrix material in polymer composites [3,4]. Epoxy based
composite materials offer significant advantages over conventional
materials because of their higher strength to weight ratio [5], resistance
to chemical contamination [6], thermal stability and a low dielectric
constant leading to better electrical insulation properties [7]. The low
dielectric constant of epoxy-based composites is especially critical in
radome applications, in which the radar signal must pass unimpeded
through the protective radome structure [4].

Despite the numerous advantages associated with this class of ma-
terials, a major deterrent in their overall performance is their extreme
sensitivity to moisture ingress [4,5,8,9]. Epoxies are known to absorb
anywhere between 1 and 7% of moisture by weight [10]. Absorption of
some degree is generally unavoidable; these materials readily absorb

moisture when exposed to wet or humid environments and are fre-
quently subjected to cycles of fluctuating temperature and humidity
[3,11]. The absorbed moisture significantly impacts the performance of
epoxy-based composite matrices by lowering glass-transition tempera-
ture (Tg) and degrading its thermal and electrical insulation properties.
The electrical properties in particular are significantly degraded by the
presence of water with its high relative permittivity. The extent of
electrical property degradation is especially important in radome ap-
plications, where the volume, distribution, and state of absorbed water
play critical roles in radar transmissivity and performance [4]. From a
structural perspective, degradation of fiber-matrix interfaces [8], de-
lamination [11], matrix swelling [12], and subsequent generation of
micro cracks [5] have also been reported. Multiple studies have given
evidence of matrix plasticization and degradation of the yield strength
and overall mechanical properties of a composite due to moisture
[3,11-15].

A thorough and fundamental understanding of the mechanism of
transport, interaction behavior, and behavioral characteristics of
moisture in an epoxy network is critical to actively mitigating the de-
gradation of these material due to moisture ingress. In an attempt to
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elucidate the behavior of molecular water and its interactions in a
polymer network, many experimental studies have been conducted
using techniques like infra-red spectroscopy (NIR, FTIR), Nuclear
Magnetic Resonance (NMR), and dielectric relaxation. Moy et al. [16]
used broadline NMR spectroscopy to hypothesize the existence of water
molecules bound to the polymer network at low moisture concentra-
tions and secondary water molecules with greater mobility at higher
moisture concentrations. Adamson et al. [17] explained the absorption
phenomenon by attributing it to the free volume content in the epoxy.
They suggested that water molecules first occupied the free volume
“holes” in the network and were subsequently bound to the polar sites
in the vicinity of the holes. Water sorption experiments in epoxy resins
conducted by Apicella et al. [18] identified the presence of three dif-
ferent modes of sorption: (i) solution of water in the network, (ii) ad-
sorption in holes which correspond to the excess free volume in the
network and (iii) adsorption to the hydrophilic polar sites in the net-
work which leads to polymer-water hydrogen bonding. However, a
study by Jelinski et al. [19] which employed quadruple echo deuterium
NMR spectroscopy refuted this hypothesis of the existence of “free” and
“bound” water by concluding that water molecules hop from site to site
in a polymer network with an approximate residence time per site of
7 x 107'° s. Later dielectric relaxation studies by Pethrick et al.
[20,21] were able to conclusively identify different states of water
molecules in the network with distinct relaxation frequencies for the
“bound” and “free” states. Herrera-Gémez et al. [22] and Musto et al.
conducted gravimetric and FTIR spectroscopic studies [23-27] in the
MIR and NIR range to bolster the theory of the dual nature of existence
of water molecules in the polymer network.

A common takeaway from these studies is that there are multiple
factors like free volume content, network polarity, and morphology
which determine the characteristics of water behavior and diffusivity in
an epoxy resin, but the conclusions are contradictory. According to Yu
et al. [28], polarity is the primary factor which determines equilibrium
moisture content while free volume content was instrumental in de-
termining diffusivity. Mijovic et al. [29] conducted spectroscopic stu-
dies and concluded that 95% of water molecules reside near polar
groups in epoxies and equilibrium water content is dependent on the
number of available polar groups in the network. Conversely, Soles
et al. [30,31] conducted a detailed study on multiple epoxy resins and
established that as far as moisture-epoxy interactions are concerned,
topology and polarity play a role in tandem with the locations of all the
polar sites being coincident with the nanopores in the network. They
concluded that the absolute zero hole volume had a strong correlation
with the equilibrium moisture content and network polarity was the
rate-limiting factor in moisture transport and diffusivity. Frank et al.
[32] reached similar conclusions with regards to the diffusion coeffi-
cient after studying epoxy blends with different crosslink densities.
They postulated that increasing crosslinking results in a greater number
of polar sites in the network which, in turn, amplifies the tendency of
the water molecules to become “bound” and contribute to slower dif-
fusion rates. Multiple other studies [33-47] have tried to quantify this
relationship between moisture and epoxy networks with differing
characteristics, but a concrete understanding has still not been devel-
oped.

In light of the previous studies, it is clear that irrespective of the
contradictory theories, the phenomenon which governs the interaction
of moisture with an epoxy-amine system occurs at an atomistic scale.
Hence a molecular level study will be very helpful in isolating the key
factors and their respective roles in the moisture uptake characteristics
of a polymer network. Molecular Dynamics (MD) simulation has been
extensively used to study properties of a polymer system and its in-
teractions with penetrant molecules. Yarovsky et al. [48] were among
the first to model the crosslinking reaction in epoxy resins through MD
simulations. Later, Wu et al. [49] and Varshney et al. [50] were able to
develop more refined algorithms for simulating the crosslinking reac-
tion using the Dreiding and CVFF forcefield, respectively. Among the
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many different studies on the structure and thermomechanical prop-
erties of such crosslinked networks [51-55], one article of particular
interest is by Odegard et al. [52] which elucidated the effect of varia-
tion of crosslink density on properties like the glass-transition tem-
perature (T,), thermal expansion coefficients and elastic modulus.

MD simulations are very effective in quantifying non-bonded atomic
interactions between different species. Thus, they have also been used
to study the effect of moisture exposure and diffusing water molecules
on an epoxy system [56-63]. Wu et al. [61] analyzed the effect of
varying moisture concentration on properties like water diffusivity and
fractional free volume in an epoxy network with a fixed degree of cross-
linking. Mijovic et al. [57] conducted a molecular dynamics simulation
to monitor the hydrogen bonds and the dynamics of water molecules in
a fully cured epoxy network. Tam et al. [63] did similar work using the
CVFF force field and bolstered previous results by quantifying H-bond
formation probability at different moisture concentrations. In a recent
work by our group [64] the correlation between secondary bonding
interactions and the average dipole moment of the water molecules in a
network was investigated. Although these studies provide critical in-
formation regarding the nature of interactions between water molecules
and a polymer network, they do not isolate the role of network polarity.
Despite the large volume of literature and relevant experimental work
in the field, a dedicated simulation study which attempts to correlate
the change in physical properties of a polymer network due to the
molecular interactions between moisture and the polar sites is lacking.

In this study, we have modelled a commonly used commercial
epoxy system comprised of Diglycidyl Ether of Bisphenol A (DGEBA)
epoxy and Diethylene Tetra Amine (DETA) hardener to understand how
the polar interactions between the network and absorbed water mole-
cules change with varying crosslink density and, consequently, how
that change manifests itself in the hydrogen bonding activity, diffusion
behavior, and dipole moment fluctuations of the system. Through this
work we aim to better understand the mechanism of moisture inter-
action in an epoxy matrix and the role of matrix polarity in influencing
the nature and strength of these interactions.

2. Methods and simulation details

The two constituents of a polymer composite matrix - epoxy and the
hardener - are in a highly crosslinked state which imparts the network
with the necessary mechanical and thermal stability. In our case, an
uncrosslinked system was modelled using the Amorphous Builder
module in the MAPS platform of Scienomics (Materials and Processes
Simulations Platform, Version 4.2.0, Scienomics SARL, Paris, France).
The system consisted of the epoxy (DGEBA) and the hardener (DETA).
The Crosslinker module in MAPS was used to generate systems with
different crosslink densities and all MD simulations were executed using
the open-source software package, LAMMPS [65]. The Amber Cornell
Extension Force Field (ACEFF) which is a modified version of the
Amber Cornell Force Field [66] was used to describe both the bonded
and non-bonded interactions between atoms. The Gasteiger method
[671, which is a type of electronegativity equalization method (EEM)
was used to assign partial charges to each atom and for the water
molecules the TIP3P model [68] was used. The crosslinker module is
based on an algorithm similar to the one followed by Varshney et al.
[50]. Subsequently, four different systems with varying crosslink den-
sities were generated and each system was equilibrated. Post-equili-
bration, the systems were analyzed prior to moisture contamination and
an effort was made to acquire the total free volume in the networks
with different crosslink densities. This provides a preliminary under-
standing of how the increasing crosslinking would impact the volume
occupied by voids in the network, which may have an impact on the
nature of hydrogen bonding interactions. A fixed number of water
molecules were then inserted into the four systems to obtain the desired
degree of moisture contamination (by wt. %).
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Fig. 1.

2.1. Crosslinking procedure

To execute the crosslinking reaction between the epoxy and the
hardener molecules, 64 molecules of DGEBA and 32 molecules of DETA
were first packed in a simulation cell. The activated DGEBA and DETA
molecules used to construct the cell are shown in Fig. 1. The carbon,
hydrogen, oxygen and nitrogen atoms have been represented by grey,
white, red and blue colors respectively.

Care was taken to maintain the 2:1 ratio between the epoxy and the
hardener molecules because an activated DGEBA molecule is bifunc-
tional with two reaction sites (-CH?>"-) while the DETA molecule is
tetrafunctional with four reaction sites (-N2~-). Therefore, each mole-
cule of DETA is capable of executing four crosslinking reactions while
the DGEBA molecule can execute only two.

Each cycle in the crosslinking process consists of a geometry opti-
mization (500 steps), a short NPT MD relaxation (5 picoseconds, 1000
steps) and then a 5-step algorithm which creates new bonds based on
the distance between reaction centers. At the end of the cycle, if the
target crosslinking percentage is achieved, the process is terminated.
Using this iterative algorithm, four systems were obtained with cross-
link densities of 20%, 51%, 65% and 81% respectively. During the
crosslinking process, all the molecules involved (DGEBA/DETA) were in
the activated state. This was necessary for the execution of the cross-
linking reaction, but once the process was completed for a particular
crosslinking density, the simulation cell was visualized in MAPS and all
the reacted and the unreacted sites were selected. This can be done
through the specific atom-group selection procedure in MAPS.
Subsequently the unreacted CH," groups were located and a bond was
created between CH, " and the neighboring oxygen atom. Once all the
bonds were formed, the hydrogens in the simulation cell was adjusted
so that no atom in the cell was violating its valency. This led to the
creation of crosslinked sites which had neighboring hydroxyl groups
(from the crosslinking reaction procedure) and unreacted epoxy rings
without any hydroxyl groups (from the bond creation process). The
geometry optimization process (described later) was performed after
this so that the structure can be relaxed to its equilibrium state. This
also led to the optimization of bond lengths in the manually created
bonds in the epoxy rings. Because greater crosslinking generates a
larger number of polar hydroxyl sites, the first network with the lowest
crosslink density was the least polar in nature while the final network
obtained had the highest polarity.

2.2. Simulations prior to moisture contamination

After the four systems of varying crosslink densities were obtained,
their energies were minimized through a 500-step geometry optimiza-
tion using the Steepest Descent method. In experimental conditions, the
curing reaction between epoxy and hardener molecules is performed at

elevated temperatures and the reaction products are slowly cooled to a
lower temperature in a post-cure process. Similarly, in the crosslinker
module, the simulation temperatures are high and it is critical to slowly
lower the temperature and equilibrate the cell at that temperature be-
fore introducing moisture contamination. A large gradient in tem-
perature in a single simulation will not produce a stable and well-
equilibrated cell, especially if the simulation time period is not suffi-
ciently long. Therefore, a multi-step anneal and equilibrate method was
followed to sequentially lower the temperature and keep the simulation
cell equilibrated. In this method, the temperature of the cell was low-
ered from 600 K to 300 K in six steps. The periodic boundary conditions
were imposed on each simulation cell. In each step, the temperature
was reduced by 50 K through a 100 picosecond (ps) MD simulation
using the constant pressure and temperature (NPT) ensemble. After the
100 ps simulation was completed, the cell was equilibrated at that
temperature using a short 20 ps NPT simulation. The NPT ensemble was
selected because it allowed the pressure to be kept fixed at 1 atm during
the simulation time period; an approximate replication of the actual
experimental scenario. In all simulations, the Nose-Hoover barostat
with a damping of 350 fs (fs) and thermostat with a damping of 10 fs
were used to control temperature and pressure in the ensemble. The
cut-off distance for non-bonded interactions was set at 12 A and the
particle-mesh method with an accuracy of 0.0001 was used to calculate
the summation of the electrostatic forces.

As seen in Fig. 2a, the total energy of the system decreased with
temperature during the 100 ps simulation. In the same simulation
period, there was a gradual but steady rise in the system density — in-
dicating that the volume of the system decreased as the system relaxed.
During the short, fixed-temperature equilibration run the total energy
fluctuated about a mean, as seen in Fig. 2b. A short simulation period of
20 ps which was used for the final equilibration cycle at 300 K was not
sufficient to obtain a conclusive estimate of the accessible free volume
in the system. Therefore, the four systems were further equilibrated for
a longer time period of 1 ns (1000 ps) at the final equilibration tem-
perature (300 K).

2.3. Simulations on moisture contaminated cells

The Amorphous Builder module in MAPS was employed to ran-
domly insert 50 water molecules (corresponding to a moisture con-
tamination of approximately 3.5% by wt.) in the well-equilibrated
crosslinked systems. Fig. 3(a) and (b) show a dry crosslinked system
and a moisture contaminated crosslinked system respectively. A de-
tailed view of one of the unreacted epoxy rings and a crosslinked site in
a dry simulation cell is also shown in the middle of Fig. 3.

Epoxy resins generally absorb anywhere between 3 and 4% of
moisture in the linear region of the absorption curve [17]. For every
system with a particular crosslink density, four representative systems
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Fig. 2. Evolution of - a) Total energy and density in an annealing cycle b.) Total energy in subsequent equilibration cycle.

were created by randomly perturbing the water molecules in the
system. This resulted in 16 different simulation systems; 4 different
crosslink densities and 4 representative systems for each crosslink
density. The creation of multiple systems for a single crosslink density
allowed us to take an average over four different systems and reduce
the probability of an outlier.

Once moisture was introduced in the system, a 500-step geometry
optimization was performed on each system using the Steepest Descent
method as described previously. Post-optimization, the systems were
subjected to a long NPT simulation of 5 ns (5000 ps). It was imperative
to allow sufficient time for the water molecules to navigate the entire
polymer network. Hence, a long simulation time period was chosen to
permit an accurate estimation of the hydrogen bonds formed by the
polar molecules after proper equilibration.

The H-O bond length and the H—O—H bond angle was kept fixed
using the ‘fix-shake’ command in LAMMPS because water molecules
have a fixed bond length and bond angle of 0.96 A and 104.5°, re-
spectively [69]. Allowing the bond length or angles to vary during the
simulation would produce unphysical results.

3. Results and discussion
3.1. Mechanical properties

Before exploring the nature of interactions between the water mo-
lecules and the network, it was critical to validate the equilibrated
models with different crosslink densities prior to moisture contamina-
tion. For this purpose, the mechanical properties of the dry crosslinked
cells obtained from our simulations were compared with the results
from the literature in which thermomechanical properties of a cross-
linked epoxy resin were evaluated through MD simulations.

To calculate the Young’s modulus for our epoxy models, a constant
stress method was employed. A 1 ns (1000 ps) NPT simulation was
conducted on the equilibrated systems. During the simulation period a
constant stress of 1000 atm was applied in the x-direction. To prevent
the simulation from becoming unstable, the applied stress must be
carefully selected. The shear rate produced in the system due to the
stress should be small enough for it to deform in the direction of the
force. In general, a stress rate of 1 atm/ps is appropriate. Once the si-
mulation was complete, a Python post-processing script was used to
calculate the Young’s modulus from the linear region of the stress—
strain curve. As seen in Fig. 4, at low crosslink densities of 20% the
Young’s modulus is very low (~0.3 GPa). As the crosslink density
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increases, the Young’s modulus of the epoxy network likewise in-
creases. This trend is consistent with known behavior; greater crosslink
density results in a higher number of covalent bonds in the network,
which results in improved strength and better mechanical properties.
Another interesting observation is that there is no significant im-
provement in Young’s Modulus when the crosslink density increases
from 65% to 81%. This might indicate diminishing gains in increased
stiffness with an increasing degree of crosslinking beyond 80%. This
trend is consistent with the results of Odegard et al. [52] where the
mechanical properties plateaued when the crosslink density increased
from 63% to 76%.

An experimental study conducted by Littell et al. [70] on a fully
cured DGEBF/DETDA resin at different strain rates in both tension and
compression yielded values for Young’s modulus in the range of
1.66-2.89 GPa, (consistent with the values derived from this simula-
tion). Multiple MD studies have been performed on different epoxy
systems with a variety of forcefields. The results of these studies are
summarized in Table 1 and are consistent with the values obtained in
our simulations. Based on the agreement between the simulations and
results reported in the literature, it is reasonable to assume that the
equilibrated models obtained in our simulations were valid and can be
used to study the effect of moisture contamination.

3.2. Free volume evolution

The moisture uptake in any epoxy network is correlated with the
amount of fractional free volume available in the system [32]. As
mentioned in the works of Soles et al. [30,31], the equilibrium moisture
uptake in an epoxy resin is dictated primarily by two factors: the vo-
lume occupied by nanopores at absolute zero (V,) and the overall po-
larity of the network. With respect to the latter, the role of polarity will
be explored in subsequent sections through the investigation of sec-
ondary bonding between water and the polar sites in the network. With

Table 1
Comparison of mechanical properties with previous results.
Epoxy/Hardener Crosslinking E(GPa)

Arab [51] DGEBA/DETA 0%-81% 2.8-3.8
Beni [52] DGEBA/DETA 50% ~2.8
Strachan [53] DGEBF/DETDA 78% 3.2-35
Odegard [54] DGEBF/DETDA 54-76% 0.4-23
Masoumi [55] DGEBA/D-230 0-100% 2.6-3.9
Current study DGEBA/DETA 20-81% 0.3-3.1
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respect to the former, the free volume of the system was evaluated at
different crosslink densities prior to contaminating the epoxy networks
with moisture. This was done by executing an additional NPT simula-
tion of 1 ns at 300 K after the final equilibration cycle was completed.

The analyzer was then used to calculate the free volume at every
picosecond over this simulation period of 1 ns (1000 ps) and a total
average free volume was calculated between 200 ps and 1000 ps which
gave a measure of the fractional volume occupied by voids and nano-
pores in the network. The first 200 ps was neglected to allow the system
to fully equilibrate and neglect any transitional states in the system. As
observed in Fig. 5, the total free volume increased as the crosslink
density increased — indicating greater availability for water molecules
in the system. The same trend was seen when the free volume available
for spherical probes of different radii was evaluated as seen in Table 2.
This was consistent with previous experimental results [30,32] and the
MD results obtained by Strachan et al. [71] and Zhang et al. [72]. The
behavior can be explained by the directional nature of covalent bonds.
As crosslink density increases, the number of covalent bonds formed
between the epoxy and the hardener molecules also increase. Due to the
directional nature of the newly formed bonds, their bond length and
angles are fixed, which reduces the molecular degrees of freedom. The
lack of mobility in the network leads to a lower packing efficiency and
hence a greater fraction of free volume.

3.3. H-bonding activity

The state of water molecules and their mobility in an epoxy network
is primarily dictated by the type of H-bonds formed by the molecules
and their respective concentrations. In an epoxy network there are
multiple polar sites which are partially charged due to the electro-
negativity differences between the participating atoms in a covalent
bond of the network. Additionally, water itself is a highly polar mole-
cule due to the large electronegativity difference between hydrogen and
oxygen. Table 3 summarizes the different polar species in the epoxy-

Table 2
Comparison of accessible free volume using spherical probes of different radii.

Crosslink Free volume Free volume Total free volume (no
density r=1 f\.) (r=15 f\] probe)

20% 226.67 A® 8.87 A? 13351.17 A®

51% 341.43 A3 17.72 A? 13573.79 A3

65% 505.80 A3 49.99 A® 13791.91 A®

81% 762.82 A® 101.24 A® 14469.68 A®
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Table 3
Partial charges assigned to all polar atoms in polymer network.

Polar species Description Partial charge

Oow Oxygen in water molecule —0.8300
Hw Hydrogen in water molecule +0.4150
OH Oxygen in Hydroxyl group of epoxy —0.3882
HO Hydrogen in Hydroxyl group of epoxy 0.2099

Oe Oxygen in Ether group of epoxy —-0.3421
Ou Oxygen in unreacted ring of epoxy —-0.3694
N1 Primary Nitrogen atom in hardener —0.3283
H1 Hydrogen atom connected to Primary Nitrogen +0.1183
N2 Secondary Nitrogen atom in hardener —0.3136
H2 Hydrogen atom connected to Secondary Nitrogen +0.1220
N3 Tertiary Nitrogen atom in hardener —0.2961

water system of our study and the respective partial charges assigned to
them. All the polar species which have a partial negative charge are
potential acceptors while the hydrogen atoms with a partial positive
charge are donors. In our study, the H-bond was calculated based on a
geometric criterion, i.e. if the distance and the angle between a donor-
acceptor pair was found to be below a certain threshold, then it was
assumed that a H-bond was present at that site. We used a Python script
in MAPS for counting the number of H-bonds with a cut-off distance of
2.5 A and a cut-off angle of 90° [72]. For a selected group of atoms, the
H-bonds were counted over the entire simulation period of 5 ns
(5000 ps) and then an average value was calculated over the last 1 ns of
the simulation time frame. This was done to ensure that the H-bond
values are calculated only after the system has been well equilibrated.
As discussed earlier, this procedure was repeated for all four simulated
systems created at a particular crosslink density and the average value
of the four systems was considered for any further analysis.

Before exploring the relationship between crosslinking density and
secondary bonding interactions between water and the network, the H-
bonding activity within the polar sites of the network was investigated.
In our epoxy system the carbon atoms in the network had negligible
charge (< =+ 0.1) and were considered non-polar. As seen in Fig. 6, the
average number of H-bonds formed by the polar sites in the network
increased with increasing crosslinking, which is a direct result of the
increased number of hydroxyl groups in networks with higher crosslink
densities. A greater number of hydroxyl groups would lead to a higher
number of HO sites which can act as donors for forming an H-bond with
the other polar acceptor groups (like N1/N2/N3, OH, Oe and Ou).

The first step in understanding the nature of interactions between
moisture and the network is to understand the different types of H-bond
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Fig. 6. Variation of H-bonds formed between polar sites in the network.
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a water molecule can form within the network. A random water mo-
lecule in the polymer network can form a hydrogen bond with another
water molecule. In this scenario, the oxygen atom of one water mole-
cule (Ow) will act as an acceptor while the hydrogen atom of another
water molecule will be the donor (Hw) and these H-bonds are denoted
as Type-I H-bonds. The water molecule can also form an H-bond with
the polar atoms in the polymer network - denoted as Type-II H-bonds.
This nomenclature is consistent with our previous work [64]. The cal-
culation of the Type-I H-bonds was straightforward, with the script
calculating the number of H-bonds only over the selected water mole-
cules.

For calculating the number of Type-II H-bonds, the following ap-
proach was chosen. First, the total number of H-bonds in the system was
calculated, i.e., all the polar species in the system were selected in-
cluding the water molecules. The number of H-bonds formed by polar
sites in the network (Fig. 6) and the Type-I H-bonds formed by the
water molecules were then subtracted from the total number of H-
bonds formed. This gave a measure of the number of H-bonds formed
between the water molecules and the polar sites in the network.

The variation in the number of Type-I and Type-II H-bonds with
increasing crosslinking is shown in Fig. 7. The increase in crosslink
density has opposing effects on the trends followed by the Type-I and
Type-1I H-bonds. We can observe that an initial increase in crosslink
density is associated with a rise in the concentration of Type-II H-bonds,
while the Type-I H-bonds in the system decrease. However, as the
crosslink density further increases, the trend reverses and the con-
centration of Type-II H-bonds gradually falls with a simultaneous in-
crease in the number of Type-I H-bonds.

It has been mentioned in multiple previous studies [10,30-32,36]
that the nature of interaction between the epoxy and the water mole-
cules entrapped within the network is dictated not only by the polarity
of the network but also by the free volume available within the net-
work. In the epoxy systems simulated in this study, as the crosslink
density of the system increases from 20% to 51%, the polarity of the
system increases with a greater availability of polar sites for the water
molecules to participate in a Type-II H-bond. As the number of water
molecules present in all the systems is the same, this results in a drop in
the average number of Type-I H-bonds in the system. But as the
crosslink density further increases, the rise in polarity is also accom-
panied by a rise in total free volume in the system as seen in Fig. 5.
These two effects of increasing polarity and free volume are in com-
petition regarding the formation of one type of H-bond over the other.
The greater polarity drives the water molecules to participate in a Type-
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Fig. 7. Types of H-bonds formed by water molecules and their variation with
increasing crosslink density.
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I H-bond, while the increased free volume provides opportunities for
the water molecular to form clusters (Type-I H-bonds). We hypothesize
that the trend observed in Fig. 7 is due to the combination of these two
effects with the rise in polarity dominating in the initial increase of
crosslink density and the rise in free volume having a more pronounced
influence at higher crosslink densities.

3.4. Mean squared displacement (MSD) and diffusion coefficient

The diffusion coefficient (D) of the water molecules in the different
epoxy systems with varying crosslink densities provides an estimate of
the mobility of moisture in the individual networks. In MD simulations,
D can be calculated from the mean square displacement (MSD) curves
of the water molecules during the simulation time period. The MSD of
thermally-excited water molecules can be defined as its trajectory with
time as it randomly traverses the polymer matrix [56] and is given by
Eq. (1) :-

N
iy L () — ()
MSD(t = 1) = — ; (1) = 1) o

where r;(t) is the position of the ith water molecule at time t. The dif-
fusion coefficient can be estimated from the MSD curve by finding the
slope in the initial linear region [58,73] as shown in Eq. (2):-

D= limdiMSD(t —ty = (%MSD(E — 1))

t—oodl

(2)

The initial part of the MSD curves is generally neglected because
these regions are mostly non-linear. Fig. 8 shows the MSD curves for the
water molecules in one of the models at different crosslink densities. As
inferred from the Figure, the best time period where all the four curves
are reasonably linear is between 500 and 1000 ps and this window was
chosen for applying Eq. (2) to calculate D.

It is observed in Fig. 9 that the diffusion coefficient is correlated
with the state of water molecules in the system. At lower crosslink
densities, when the polarity of the system is low and the water mole-
cules have a higher tendency to form Type-I H-bonds, the diffusion
coefficient (D) is comparatively high. But as the polarity of the system
increases with crosslinking, the water molecules start forming Type-II
H-bonds resulting in lower diffusion coefficients. This is consistent with
previous results [32] where it was postulated that the tendency of water
molecules to become “bound” to polar sites may contribute to slower
diffusion rates in epoxies with higher crosslink densities. When a
random water molecule is traversing in a polymer network with high
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Fig. 8. MSD curves for water molecules (Model-1) with increasing crosslink
densities.
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Fig. 9. Correlation between diffusion coefficient and Type-lI H-bonds at dif-
ferent crosslink densities.

crosslink density, there is a greater probability for it to encounter a
polar site, which impedes the molecule’s mobility. As discussed in the
previous section, at very high crosslink densities the higher free volume
in the network aids the clustering of water molecules and increases the
number of Type-I H-bonds, which manifests in the gradual rise of the
diffusion coefficient from 65% to 81%.

3.5. Average dipole moment fluctuations

The static dielectric constant has a strong correlation with the total
dipole moment of the system. This has previously been explored in MD
simulations to estimate static permittivity [74,75]. For our study, we
attempted to understand the influence of the increasing polarity on the
dipole moment fluctuations of the epoxy systems. Under the application
of an electromagnetic field, the water molecules which are bound at the
polar sites will have restricted dipolar rotations due to its secondary
interactions with the network. These water molecules will have a lower
dipole moment when compared to bulk water molecules in the system
with negligible interactions with the epoxy. If the moisture concentra-
tion is kept constant across the systems, then the increasing polarity
should have an impact on the average dipole moment of the water
molecules.

To investigate this phenomenon, the dipole moment fluctuations of
the water molecules in all four moisture-contaminated systems over the
simulation period of 5 ns were evaluated using the MAPS analyzer and
an average dipole moment was calculated over the simulation period.
As seen in Fig. 10, there is a decreasing trend in the dipole moment
fluctuations averaged over four models at a particular crosslink density.
This supports the hypothesis that the increasing polarity of the epoxy
networks leads to a greater tendency of the water molecules to engage
in H-bonding with the polar sites in the network (Type-II H-bond). As
the moisture concentration across all systems was held constant, the
number of water molecules that had dipolar characteristics similar to
bulk water decreased and the average dipole moment of the water
molecules in the system went down. These results also suggest that
water molecules in moisture contaminated composites which are not
residing in micro-cracks and voids will have suppressed dipolar rotation
as highly crosslinked matrices are used almost exclusively in polymer-
based composites.

4. Conclusions

The nature of interactions between an epoxy system and ingressed
moisture molecules is complex and depends on multiple factors like
cure temperature, network structure, chemical constituents, ambient
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Fig. 10. Variation of average dipole moment with increasing crosslink density.

conditions, and exposure time. In this study, an attempt was made to
isolate the role of network structure and polarity on the molecular in-
teractions between moisture and polar sites in an epoxy network. We
were able to conclude that both the free volume and the network po-
larity play a critical role in determining the H-bonding state of a
random water molecule in an epoxy network. The increase in free vo-
lume (13351.17-14469.68 A‘q’) and network polarity with the in-
creasing crosslink density (20-80%) suggests that the type and number
of H-bonds formed were dependent on both these factors. The increase
in free volume promoted the clustering of water molecules and an in-
crease in the number of Type-I H-bonds, while the increase in network
polarity aided the formation of Type-II H-bonds. These effects on the
hydrogen-bonded state of the water molecules also had a bearing on
physical properties like the diffusion coefficient and the average dipole
moment fluctuations, with the former having a correlation with the
Type-I H-bonds formed by the water molecules and the latter having a
decreasing trend with increasing polarity.

The findings also have direct implications for practical applications
of epoxy resins, which are common among polymer-based composites.
In particular, the state of the absorbed water molecules and the re-
sulting dielectric behavior, which is directly correlated with the po-
larity of the network, has substantial implications for electrical appli-
cations such as composite radomes or other structures which require a
low dielectric constant. While other material properties (such as hy-
drophobicity) may ultimately govern the design and composition of a
radome, an epoxy matrix with greater polarity may be preferable due to
its ability to restrict dipolar rotation of absorbed moisture and maintain
high radar transmissivity in the presence of absorbed moisture.

The difference in the nature of secondary interactions of the water
molecules with the network depending on free volume also has prac-
tical implications. The results show that increasing free volume has an
impact on these interactions. Thus, physical damage that generates new
free volume through micro-cracks and voids is likely to influence the
dielectric behavior of the bulk composite due to the altered interaction
between moisture and the polymer network in damaged areas. This
phenomena may be useful in non-destructive detection of damaged
areas through experimental methods like infrared spectroscopy and
dielectric resonance.
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