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Abstract: The automobile industry is incorporating more lightweight content in car designs to boost 

fuel-economy. New structural adhesives are needed to mitigate the corrosion and thermal expansion 

issues associated with joining dissimilar lightweight materials, but adhesive developers lack a 

fundamental understanding of the chemistry that occurs in the adhesive as the joint ages. In this study, 

we developed structural adhesive molecular models and applied classical molecular dynamics (MD) 

simulations and Density Functional Theory (DFT) calculations to gain molecular insights into the 

influence of water molecules on the properties of epoxy-based adhesives (DGEBA + Jeffamine 

(JD230)). The simulations were complemented by experimental synthesis and characterization. Our 

work underscores the impact of water molecules on the local structure of the epoxy network as well as 

resulting mechanical properties. Water molecules were mainly coordinated with hydroxyls, primary 

amines and secondary amines, but also weakly coordinated with ether linkages, which were found most 

probable to be labile. Simulated stress-strain data indicates that increasing the water content deteriorates 

the mechanical properties. The Young’s modulus decreased by ~30% when the water content increased 

to 3 wt.%. This integration of molecular-level chemical insights with mechanical property simulations 

of the hydrated epoxy system and experimental validation holds the promise to advance lightweight 

joint technologies.  

Introduction 

Epoxy, a thermosetting polyepoxide with a 3-D network structure, is the product of the 

reaction between an epoxy resin and a curing agent such as a polyfunctional amine [1]. Epoxy 

has attracted a significant amount of attention in electronic packaging, aerospace and automobile 

industries due to its unique combination of properties, such as strength-to-weight ratio, high 

temperature resistance, low dielectric constant and processability [2-7].  Epoxy-based adhesives 

are being used as lightweight joints in automobiles to join dissimilar materials and improve the 

fuel efficiency. For instance, automobile parts such as body panels, powertrains, bumpers, 

exterior panels, chassis, brakes, instrument panels, tires, sensors, suspension, intake manifolds, 



 

steering, leaf springs, fuel tanks, fuel cells, glazing, drive shafts, antiglare coatings, cross-

vehicle beams, wheel covers, filters, valve covers, and other accessories are now being replaced 

with polymer nanocomposite materials [3, 4]. It has been estimated that 10–20 % reduction in 

the weight of the total vehicle improves the fuel economy by 5–10 % [5]. 

The mechanical and chemical properties of epoxy adhesives are strongly related to the 

functionality of the monomers, the molar ratio of epoxy and the curing agent, cross-linking 

density and distribution of the cross-linkers involved in the reaction [8-11]. The cross-linked 

structure of epoxy adhesives provides benefits in increased mechanical strength and makes them 

valuable in different industrial applications [12, 13]. On the other hand, the properties of the 

epoxy adhesives and their interfaces are sensitive to degradation when aging in the presence of 

moisture known as hygroscopic aging [14-17]. For instance, water uptake inside these epoxy 

adhesive matrices is a major concern. Hygroscopic aging in epoxy adhesives introduces 

complications such as interfacial delamination [18, 19], swelling [20, 21], plasticization [22] 

and induced corrosion [23, 24]. Therefore, epoxy degradation processes such as moisture-

induced plasticization and the resulting rupture can strongly affect product performance over 

long timescales. Recently, extensive theoretical and experimental studies on epoxy adhesive 

polymers were carried out to study the fracture mechanics and moisture-assisted aging 

phenomena [25-31]. For instance, Choudhury et al. employed reactive force field (ReaxFF) to 

simulate the impact of molecular weight (MW) of cross-linkers and degree of cure and found 

that the lower MW cross-linker yields higher modulus and yield stress and reduced strain to 

failure and energy absorption than the higher MW cross-linkers [25]. To the best of our 

knowledge, a comprehensive study to integrate the atomic level information with large-scale 

experiments to find the root cause of hygroscopic aging during engineering application i.e in 

presence of mechanical load is missing.  In order to make durable epoxy adhesives, it is essential 

to understand the interactions between the epoxy adhesive structure and water molecules and 

the resulting performance in terms of mechanical properties.  

In the present work, we have performed classical molecular dynamics (MD) simulations and 

density functional theory (DFT) calculations with varied water content to mimic different states 

of hygroscopic aging. In addition to simulations, empirical characterization utilizing vibrational 

spectroscopy has been performed to investigate the adhesive-water interactions and their impact 

on mechanical properties. Our results from simulations and experiments indicate the presence 

of locally active sites for water association that can act as potential sites for scission during the 

early stages of hygroscopic aging in the presence of mechanical loads. Overall, the molecular 

modeling and experimental results presented in this study provide guidelines for understanding 

the complex hygroscopic aging effects in epoxy adhesives.   

 



 

 

Methodology 

Computational 

We considered bisphenol A diglycidyl ether (DGEBA) epoxy with Jeffamine (JD230) curing 

agent as a model epoxy adhesive, presented in Figure 1 (a) and (b). A representative epoxy 

adhesive model was created by employing the COMPASS [32] force field with Materials Studio 

software [33]. Two different cross-linked (CL) epoxy networks, including 63% CL and 72% CL 

structures, were generated. To model the cross-linking process that usually occurs during the 

curing of the material, the following steps were taken to build the structure of the polymer:  

(1) Geometry optimization of DGEBA and JD230 monomers was carried out using Materials 

Studio. The monomer optimized structures were randomly spread into a cell with the ratio of 

2:1, respectively. We chose this ratio because every nitrogen atom has the potential to react with 

two ending carbons in the epoxy molecule. At this stage, 25 different configurations were 

generated and optimized. The configuration with the minimum total energy was chosen as the 

acceptable conformation for subsequent ambient temperature and pressure equilibration 

simulations using the NVT and NPT thermodynamic ensembles. 

(2) Whenever the reactants from amine groups and epoxy rings came close to each other, the 

epoxy ring was opened and a bond was created between the nitrogen and the carbon to imitate 

the curing chemistry process. At the same time, the oxygen from the epoxy ring absorbs the 

hydrogen from the amine group to form the secondary hydroxyl group as presented in Figure 1 

(c). In this regard, the minimum and maximum cut-off distances for creating the bond between 

carbon in the epoxy group and nitrogen in the amine group were 4 Å and 6 Å, respectively [34, 

35]. The number of iterations in each radial distance was 5. All the crosslink simulations were 

carried out at 160˚ C and 1 atm pressure.  

This process was iterated until either the maximum number of iterations was reached, or the 

algorithm could not find any possible pairs for bond creation. Thereafter, the cut-off distance 

was increased with a step size of 1 Å. The algorithm stopped the process when the maximum 

cut-off length was reached or when the desired degree of crosslinking was obtained. The 

crosslink percentages were calculated as the ratio of reacted atoms to the total of reactive atoms 

in the epoxy monomers. In this way, two cross-linked structures, 63% CL and 72% CL, were 

generated. The density of the equilibrated crosslinked structure and the glass transition 

temperature (Tg) were 1.10 g/cc and 88˚ C, respectively. The step-by-step techniques to 

equilibrate the crosslinked epoxy structures, density and Tg calculation are provided in Figures 

1 and 2 in the supplementary section. These structures were further used to study the interactions 

with water molecules and resulting mechanical properties. 



 

  

 

We used Packmol software [36] to insert 1, 2 and 3 weight percentage (wt%) of water 

molecules in the epoxy network to represent different stages of hygroscopic aging. A 

representative snapshot of the hydrated epoxy network is presented in Figure 1(d). Furthermore, 

we used the LAMMPS [37] code to perform MD simulation in order to observe the epoxy water 

association. In this MD study, we utilized the standard OPLS-AA (optimized potentials for 

liquid simulations-all atom) force field parameters to model bonded and non-bonded 

interactions in the epoxy network [38]. It is important to mention that we switched from 
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Figure 1: a) Molecular structure of DGEBA epoxy polymer, b) molecular structure of JD230 as curing 

agent, c) a cross-linked fragment showing the newly formed C-N (green box) and –OH groups (orange 

box), d) a representative epoxy network of 72% CL with inserted water molecules. The system is periodic 

in all directions. The system dimension: 38.10 Å × 38.10 Å × 38.10 Å and the total number of atoms are 

5843. e) a larger system of the epoxy network to perform the tensile test of dry epoxy sample. The system 

is periodic in all directions. System dimension: 76.16 Å ×76.16 Å ×114.242 Å and the total number of 

atoms are 68640. 

c 

H 
N 

O 

C 

O (H2O) 

H (H
2
O) 



 

COMPASS to OPLS-AA force field because the OPLS-AA parameters are publicly and widely 

available and the functional forms are simple. For water, we used the F3C force field, which 

was widely used to capture the dynamics of water molecules in polymeric membranes as well 

as nano-channels [39-41]. The equations of motion were integrated using the velocity-Verlet 

algorithm [42] with a time step of 0.5 fs at 300K temperature. For the NVT and NPT MD 

simulations, the Bussi thermostat and Nose–Hoover barostat were used [43-45]. For the tensile 

test, we considered a larger system to reduce the boundary effects as presented in Figure 1 (e). 

We used the “fix deform” command in LAMMPS to perform tensile tests with a strain rate of 

109 s-1.  

To determine the bond breaking sites of the epoxy network, density functional theory (DFT)-

based molecular dynamics (DFT-MD) simulations were performed. These DFT-MD 

simulations studied a 37-atom simplified model of the polymer solvated with 64 water 

molecules for a total of 229 atoms. The polymer consisted of a single chain connected to itself 

through periodic boundary conditions in one direction and contained at least one instance of 

each reactive site of interest, including amines, C-O-C ether linkages, and aromatic rings. In 

doing so, we have used this ideal system to help bound the energetics of polymer chain scissions 

at different reaction sites. In addition, use of periodicity allowed the imposition of arbitrary 

strain on the polymer. The DFT-MD simulations were performed with the VASP code [46-48] 

using projector-augmented wave function (PAW) pseudopotentials [49, 50] and the Perdew-

Burke-Ernzerhof (PBE) exchange correlation functional [51]. We have sampled the -point of 

the Brillouin zone, only, with normal planewave accuracy settings. The total imposed strain on 

the system was up to 20% using a timestep of 0.25 fs.  

For our DFT-MD calculations, we estimated the work function of hydrolytic scission by 

performing NVT-MD simulations where we imposed a fixed strain on the system with one water 

molecule constrained to a distance between 1.15-4.0 Å from a given reaction site. These 

calculations were performed in the NVT ensemble with the temperature set to 400 K to help 

promote efficient sampling. In each simulation cell, all the atoms were free to move except for 

the oxygen atom of the closest water molecule and one of the atoms of the polymer reaction site 

(e.g., the O in the C-O-C linkage or nitrogen in the primary amine group). The DFT-MD 

simulations were run for a total of 2 ps each and average values were obtained over the last 1.5 

ps to evaluate the average energy of the system.   

Experimental 

DGEBA polymerization in experimental samples 

DGEBA-based epoxy resins were synthesized via the addition of epichlorohydrin and 

bisphenol A. Therefore, oligomers with a relatively narrow distribution of polymerization 

degrees were frequently obtained with a polymerization degree that was typically 0.2. On this 



 

basis and considering that the average degree, n, is in the range of 0.1-0.2 in experimental 

research, a value of n=0 is a reasonable approximation. To further justify the DGEBA molecular 

model adopted with n=0, thermoset samples were prepared using a commercially available resin 

with n=0.1. The bulk samples were then used to measure the glass transition temperature (Tg) 

by employing dynamic mechanical analysis (DMA) analyses. The DMA analysis plot is 

provided in Figure 3 in the supplementary section. The experimentally observed Tg was 91.1° 

C.  

It is important to mention that we also performed classical MD simulations to model the 

change of the thermoset’s density as a function of temperature as presented in Figure 2 in the 

supplementary section. To ensure that the cross-linked model system sampled both glassy and 

rubbery states, the modeling temperatures ranged from 200 to 600 K.  The MD simulated T g 

was 88 °C for the cross-linked adhesive modeled structure, which is very close to the 

experimental value of 91.1 °C. Therefore, we can say that our choice of a DGEBA monomer, 

n=0, is justified. 

Vibrational spectroscopy 

In addition to atomistic simulations, we performed near-infrared spectroscopy (NIR) and 

mid-infrared spectroscopy (MIR) on experimentally synthesized epoxy adhesive films to gain 

physical insights on interactions between epoxy adhesive and water molecules. NIR spectra 

were acquired using a commercial FT-NIR instrument equipped with a diffuse reflectance fiber 

optic probe. A resolution of 16 cm-1 between 12000-4000 cm-1 was chosen with a 40 kHz 

velocity scanning rate over 128 scans for each acquired spectrum.  Raw spectra were pre-

processed using extended multiplicative scattering correction (EMSC) in the wavelength region 

between 7600-5500 cm-1. An additional 5-point Savitzky-Golay second-derivative treatment 

was used to improve resolution of the amine region between 6650-6250 cm-1. Spectra provided 

in this work (Figure 3) represent an average of 10 measurements collected across various regions 

of the epoxy adhesive sample (pre-soaked and soaked) as described above in order to improve 

the representativeness of the acquired data. For the MIR measurements, both the presoak and 

post soak samples were analyzed using the Perkin Elmer Spectrum One C20470 instrument with 

Durascope accessory and a diamond crystal. All background and sample spectra were acquired 

using 16 scans and scanning from 4000-650 cm-1 with a resolution of 4 cm-1.  

Experimental tensile tests  

We performed tensile tests on the epoxy adhesives under dry and wet conditions to study the 

mechanical properties. After curing, the synthesized adhesive films were cut to 12.7mm x 

177.8mm strips using a diamond cutter.  Prior to submerging the samples in DI water, each was 

measured for weight, thickness, and width. The averages of these values were recorded as 2.5g 

in weight, 1.06 mm in thickness, and 13.3 mm in width. The length of prepared specimens was 



 

assumed to be an average of 178 mm. Samples were grouped into quadruplicate sets, labelled, 

and then submerged in a sealed container of ambient temperature DI water. To obtain tensile 

properties of the adhesive (in both dry and wet stages), the specimens were removed from the 

water, padded dry and then weighed using an analytical balance. Samples were then tested at 

room temperature using an INSTRON model 5567 universal test machine with a load cell 

capacity of 30 kN, a constant pull rate of 12.5 mm/min and a 127 mm gauge length.  

As a summary of the methodology section, it is important to mention a few limitations of the 

simulated systems with respect experimental samples. In general, very high cross-link 

conversions (> 85%) are less likely to occur in experiments due to topological and viscosity 

constraints. Therefore, we simulated two epoxy systems that can tentatively mimic the higher-

end cross-linked structures for instance ~70% cross-linked structures. Two different cross-link 

numbers were chosen in the higher end, such as 63% and 72% to see the impact of cross-linking 

percentage with water molecules association and corresponding diffusion behavior. The cross-

linked simulated structure and experimental samples are not completely identical, but they were 

not too far apart, though as suggested by the Tg number and density. On a different note, if we 

had the same cross-link percentage both for simulated and experimental samples even though 

they will not be identical samples. For instance, in the experimental sample there will be the 

presence of defects but in the simulated sample, there were no defects. Therefore, it is important 

to mention that there are some discrepancies between the experimental and simulated samples. 

However, they are not too far off to capture the physics of the early stage of hygroscopic aging 

and their impact on mechanical properties.  

 

Results and Discussion 

Diffusion and Transport of Water Molecules into Polymer Networks 

When water molecules penetrate the bulk interior of cross-linked polymers, they produce 

certain physical and chemical changes to the polymer. Moisture, therefore, poses a great 

challenge to epoxy resin-based adhesives and understanding the dynamics of water molecules 

entering the epoxy matrix is pivotal. The diffusion coefficient (D) of water molecules inside the 

epoxy network was calculated from the mean square displacement (MSD) curve by employing 

the Einstein equation [52]. The MSD curve of water molecules on different hydrated systems is 

presented in Figure 4 in the supplementary section. Table 1 contains the D values of water 

molecules in epoxy adhesive as a function of water content. Our calculations show that the water 

diffusion coefficient was approximately two orders of magnitude lower than the bulk diffusivity 

of water. The movement of bulk water molecules and water molecules inside the cross-linked 

polymer network are significantly different. For instance, water molecules stay in the free 

volume of the cross-linked polymer network. Therefore, water molecules face steric hindrance 



 

due to the presence of polymer chains and different functional groups present in the chain [53]. 

There might be a possibility that the water molecules may form hydrogen bonds with the 

functional groups i.e, hydroxyl groups and amine groups and hence the D values of water 

molecules become lower compared to bulk water molecules. Water immersion gravimetric 

experiments were performed to acquire an empirical diffusion coefficient of 8.84×10 -10 cm2/s. 

The experimentally measured diffusion coefficient is three orders of magnitude lower compared 

to simulated diffusion coefficients. These discrepancies might be due to the nature of the 

complex cross-linked structures presented in real life experimental samples, which is difficult 

to mimic exactly by employing classical MD force fields. However, the employed force field 

can capture the slower dynamics of water molecules inside cross-linked epoxy networks. 

Additionally, the D values increases with increasing water content for both cross-linked 

structures except for 1wt% water content for 72% cross-linked structure. Limited water-polymer 

interaction sites in capable of forming hydrogen bonds in the MD systems might be the reason 

for this type of inconsistent trends in the D values.  

Table 1: Diffusion coefficients for water molecules in epoxy adhesive systems. For comparison, 

the bulk diffusivity of water molecules is 2.9 ×10-5 cm2/s at room temperature [54]. 

 

 

 

 

 

 

 

 

 

Hydrogen-Bonding Interactions between Water and Epoxy Adhesives  

Water uptake introduces changes to the epoxy structure and loss of mechanical strength [55-

57]. In order to characterize structural changes, we determined the radial distribution function 

(RDF) among key atoms of the epoxy network and water molecules as presented in Figure 2. 

Additionally, to study the hydrogen-bonding environments in soaked and presoaked epoxy 

network and to compare our conclusions from the calculated RDFs, we utilized empirical NIR 

and MIR spectroscopy. The spectra are presented in Figure 3. To obtain meaningful physical 

insights regarding the structural changes due to water uptake by comparing experimental 

samples and epoxy model systems, the two systems have to be similar enough. The extent of 

the conversion depends very much on the curing protocol, time and temperature. In general, 

very high cross-link conversions (> 85%) are less likely to occur in experiments due to 

%CL %Water D (10-7 cm2/s) 

63 

1 0.54 

2 1.45 

3 1.61 

72 

1 2.07 

2 1.26 

3 1.57 



 

topological and viscosity constraints. In our particular experimental case, thermosets were cured 

at 70°C for about 2 hours in order to make bulk adhesive samples for mechanical and moisture 

uptake tests. On this basis, it is reasonable to expect that some epoxy groups did not react.  This 

is in agreement with the characteristic absorption of C-O-C for epoxy groups observed at 930 

cm-1 as presented in Figure 3 (a). Similar to the experimental sample our cross-linked molecular 

epoxy models had small amounts of unreacted epoxy groups. In addition to that the simulated 

Tg value ( 88°C) was very close to the experimental Tg value (91°C).  Therefore, we believe the 

molecular model with some unreacted epoxy groups presented in this work is representative of 

a cross-link conversion for this particular combination of resin, curing agent, and processing 

conditions. It is important to mention that there is a short absorption band around 3450 cm-1 

displayed in Figure 3a. This short broad band is assigned to O-H stretching of water hydroxyl 

groups [58], revealing the presence of some moisture after the drying process, where we used 

rather conservative temperatures due to the relatively low Tg. We are not ruling out any presence 

of OH groups in the resin’s backbone. We rather assume very low numbers of those OH groups 

considering the average polymerization degree as well as the experimental conditions of 

temperature.       

From the RDFs it is clear that for all cases (Figure 2 (a-j)) there is an association between 

water molecules and parts of the epoxy polymer around 2 Å distance. This association is 

comparable to hydrogen bonding between the epoxy polymer and water. In the epoxy model 

system, the hydrogen bonding acceptor can be either nitrogen or oxygen and the donor can be 

any hydrogen atom linked to an electronegative atom, such as nitrogen or oxygen (e.g., amine 

or hydroxyl). The RDFs calculated from MD clearly show a strong association with hydroxyl 

groups (Figure 2 (b, g)), as well a small probability of water at the C-O-C ether site, (H-OS RDF 

at Figure 2 (e, j)). This ether interaction is consistent with the decreased intensity of MIR bands 

centered at 1230 and 1030 cm-1 in the spectra presented in Figure 3 (a) [59]. Additionally, it is 

evident that water molecules are strongly associated with nitrogen atoms in the epoxy system as 

presented in Figure 2 (a, c, f, h). The nitrogen atoms are divided into three groups, namely 

primary amine (-0.893e), secondary amine (-0.727e) and tertiary amine (-0.561e). Differences 

in partial charges on nitrogen atoms should have an impact on the RDF with water molecules. 

Therefore, we further studied the RDF between different nitrogen atoms and water molecules 

as presented in Figure 4. From Figure 4 it is clear that mainly primary and secondary amines in 

the epoxy polymer strongly coordinate with water molecules. In the experimental adhesive 

samples, these amines are also observed to participate in hydrogen bonding interactions with 

water molecules as evident from the NIR spectra (Figure 3b). For this epoxy adhesive system, 

the spectral region from ~7600-6200 cm-1 contains intensity from C–H second-order 

combination bands (~7400-6800 cm-1), the secondary hydroxyl O–H overtone from reacted 



 

epoxy groups (~7000 cm-1) [60, 61], and primary/secondary amine N–H overtones (~6470 cm-

1) [62]. A broad combination band from water O–H symmetric and asymmetric stretches (ν1 + 

ν3) is also convoluted in this region. In order to more clearly observe the water-amine 

interactions, second-derivative (d2/dλ2) spectra of the amine region were calculated in Figure 

3b. Upon soaking, the d2/dλ2 spectra clearly illustrate a red-shift of the higher-energy amine 

stretches at ~6510 cm-1, leading to greater intensity in the lower-energy ~6460 cm-1 band. 

Although interactions between hydroxyl and water are also anticipated, these vibrational shifts 

are challenging to deconvolute without overfitting, given the overlap of multiple vibrational 

contributions. 
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Figure 2: RDF between epoxy polymer and water. a) O-HN, b) O-HO, c) H-N, d) H-OH and 

e) H-OS coordination for 63% cross-linking system. f) O-HN, g) O-HO, h) H-N, i) H-OH and 

j) H-OS coordination for 72% cross-linking system. Here, H = H atom in water, O = O atom 

in water, N = N atom in polymer, HN = H atom of amine group in polymer, HO = H atom of 

hydroxyl group in polymer, OH = O atom of hydroxyl group in polymer, OS = O atom of 

ether group in polymer. 

72% CL 



 

 

Figure 4: RDF between N atoms of epoxy polymer and hydrogen atoms of water. a) N1-H, b) 

N2-H and c) N3-H coordination for 63% cross-linking system. Here, N1 = primary nitrogen, 

Figure 3: Infrared spectra of presoaked and soaked epoxy adhesive, (a) MIR spectra, (b) NIR 

spectra with Extended Multiplicative Scattering Correction (EMSC) treatment, (c) additional 

second-derivative (d2/dλ2) treatment of the primary and secondary amine overtone region to 

elucidate subtle redshift from hydrogen-bonding. 
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N2 = secondary nitrogen and N3 = tertiary nitrogen. Not shown here, N atoms of 72%CL 

epoxy system have similar RDF with water molecules. 

Degradation of Epoxy Adhesive Cross-Linking with Hygroscopic Aging   

Based on RDFs and vibrational spectra, the functional groups in epoxy adhesives, including 

hydroxyls, primary and secondary amines, and ether groups, were all found to participate in 

hydrogen-bonding interactions with absorbed water molecules. We hypothesize that, due to 

hygroscopic aging, these associations with water molecules can introduce hydrolysis into the 

epoxy network, which will increase with temperature. Hydrolysis can lead to the production of 

small molecules and cleavage/fracture of backbones depending on the location of the reaction. 

From a polymer design perspective, it is important to understand which sites in the epoxy 

network are labile over long-term hygroscopic aging. Insights from the RDFs and vibrational 

spectra served as inputs for DFT-MD based calculations of the local chemistry.  

Constrained reaction site DFT-MD simulations between a water molecule and both the ether 

and the amine sites (mainly primary amine) were performed. Our efforts with DFT have been 

focused on determining local chemical effects that will pertain to bond scission specifically. It 

was reported that the initial chain scission chemistry is largely local, and depends on the nearest 

neighbor interactions, only [63]. Hence, in turns of initial chemistry such as chain scissions 

short-length chains ( i.e only 37 atoms chain in this case) are very reasonable representations of 

larger systems. As such, we choose to approximate chain scission as a function of tensile load 

by our small chain studies. This also helps to alleviate the computational burden associated with 

DFT calculations. It is important to mention that we imposed a fixed strain on the system with 

one water molecule constrained to a distance between 1.15-4.0 Å from a given primary amine 

and ether site. Previous literature has shown controlling the water-chain moiety distance is 

sufficient for computing reliable work functions for chain scission [63]. This is in part because 

our calculations are not static, but rather are run at finite temperature (400K). Thus, additional 

degrees of freedom in the system such as those of the polymer backbone are averaged over 

during the DFT-MD simulation. Here, we saw no strong difference in chemical rupture reactions 

for highly strained systems and we thus limit our discussion to strains of 10% only for the sake 

of brevity. We note that, in our calculations, chain scission did not occur at 10% strain in the 

absence of water. For the NH site, chain scission only occurred when the N-O distance was at 

its sampled minimum of 1.15 Å. This resulted in a spike in the energy (~ 10.5  eV) for the 

smallest constrained distance as presented in Figure 5. As indicated by the RDF, such a close 

approach is highly improbable and occurs with high energy cost, which appears to indicate that 

the primary amine is an unlikely rupture site. In contrast, for the C-O-C site, the polymer 

fragment broke when at constrained distances between 1.76 and 2 Å (in Figure 5 this is the 4th 

smallest distance). Results shown in Figure 5 combined with the RDFs shown in Figure 2 



 

indicate that these bond distances, as well as the energetics, make the C-O-C ether site much 

more likely to be involved in chain scission.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Energy vs. constrained distance from DFT-MD simulations. Error bars were 

computed as the standard deviation over each constrained simulation. Arrows indicate points 

at which chain scission occurred. 

The goal of our efforts here is to compare the likelihood qualitatively that the C-O-C moiety 

will experience chain scission before the NH moiety discussed in the manuscript. In our 

calculations, we observed that the C-O-C moiety exhibited a net increase in system energy and 

bond breaking at relatively larger distances from the incoming water molecule, and the NH 

moiety appeared to require a much closer approach for a similar effect. This indicates the 

possibility that C-O-C is a more likely source for scission reactions. We plan to compute these 

interactions with ensemble averaging and advanced sampling approaches [63] (e.g., steered 

MD) in future work. From this discussion, it is evident that adhesive designers should pay 

attention to ether sites as a potential weak point for introducing chain scission during 

hygroscopic aging. 

 

Molecular Dynamics of Tensile Properties in Epoxy Adhesives 

In experiments, water uptake swells polymers, which weakens the intermolecular 

interactions. This is known as the plasticization effect and is known to lead to polymer 

degradation [64]. In the polymer membrane industry, it is understood that separation membranes 



 

lose their molecular sieving ability because of the plasticization effect [64]. In the packaging 

sector the problem is delamination and induced corrosion. Water absorption degrades the 

mechanical strength of epoxy adhesives. To study the impact of hygroscopic aging on epoxy 

adhesive, we performed MD simulations of tensile tests of 63% cross-linked epoxy structure 

without water and hydrated epoxy structure with 1, 2 and 3 wt.% water contents. The simulated 

stress strain curve is presented in Figure 5 in the supplementary section and the calculated 

Youngs’ modulus of dry and hydrated epoxy is presented in Figure 6.   

 

 

The simulated Young’s modulus of the dry 63% cross-linked structure is ~5 GPa, whereas 

the experimentally measured Young’s modulus is 2.26 GPa. We need to bear in mind that the 

simulation cell was a simplified and ideal representation of the experimental samples.  

Additionally, the simulation used a strain rate that was many orders of magnitude higher than 

the experimental rate. Moreover, there is a possibility of the presence of humidity to the “dry” 

experimental sample, whereas the MD sample is by construction truly dry in the case of 0 

%water. As a result of these discrepancies, we might indeed expect differences in the magnitude 

of mechanical properties. Our simulated Young’s modulus value is comparable with a 

previously published value of 4.72 GPa where ReaxFF force field was used by the authors [25]. 

 



 

Despite these differences, the primary value of these simulations lies in identifying trends in the 

performance of the epoxy under different conditions and the underlying mechanisms. The 

decreasing trend of Young’s modulus with increasing water content agrees with the 

experimental results. Our simulated stress-strain data indicates that increasing water content 

degrades the mechanical properties as presented in Figure 6. For instance, the Young’s modulus 

decreased by ~30% with increasing water content up to 3 wt.%. It is important to mention that 

The degradation of mechanical property with water uptake illustrates that mitigation strategies 

must be considered during design of epoxy adhesive for long-term retention of adhesive 

properties for engineering applications. 

 

Conclusions 

We developed a molecular model to capture the dynamics and association of water molecules 

in epoxy adhesive. Water movement was hindered by the presence of functional groups in the 

epoxy polymer network. By characterizing the RDF between epoxy and water molecules, we 

found that hydroxyl groups, primary amines and secondary amines were the most active sites 

for hydrogen bond formation. The absorbed water molecules around these groups can introduce 

hydrolysis with hygroscopic aging. DFT-based MD simulations indicated that the ether site is 

likely to be the site where the chain breaks under hydration. To examine the hygroscopic aging 

effect on mechanical properties, we simulated tensile tests for different water content. The 

Young’s modulus decreased by ~30% with increasing water content up to 3 wt.% in agreement 

with experimental data. Finally, we recommend that epoxy adhesive designers should pay 

attention to the percentage of cross-linking, amount of unreacted primary/secondary amines and 

ether groups/ethoxylated amines to prevent hygroscopic aging for long term engineering 

applications. This integration of high-performance computing and experiments to connect 

molecular level chemistry with mechanical property changes in the hydrated epoxy system 

presents a new direction in developing better water-resistant epoxy adhesives.   
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