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ABSTRACT

Epoxy thermosets are often exposed to high humidity environments in various applications, 

undergoing reversible and irreversible degradation depending on the environment. This study 

presents a reactive molecular dynamics (MD) simulation framework to gain deeper insights into 

the hygrothermal aging process, which is essential to develop a targeted approach to combat water 

assisted degradation in epoxy thermosets. By applying ReaxFF potential, an epoxy–amine network 

is created at low temperatures to avoid unwanted high temperature side reactions, where the water 

molecules are added to achieve the desired degree of moisture contamination. The simulations 

show that in addition to the plasticization effect from the moisture ingress, the epoxy network 

shows recovery in mechanical properties and density due to multi-site interaction of the water 

molecule with the electronegative sites within the network. Moreover, long term exposure to 

humidity or direct exposure due to cracking can induce irreversible changes in the epoxy-amine 

network. The protonation of the water molecule and nucleophilic attack on the C-O bond of the 

ether linkages in the epoxy-amine networks is successfully simulated by applying reactive MD 

simulations. Remarkably, the simulations show that the selectivity of water molecules for 

hydrolysis reaction in the epoxy network depends on the spatial arrangement and the steric 

hindrance of the network. This work provides molecular level insights into hygrothermal aging by 

elucidating the interplay between free volume and polarity of the network in the physical aging of 

the moist epoxy networks, paving a way for advanced design strategy towards better durability 

and performance of epoxy thermosets in humid environments.

Keywords: Hygrothermal degradation, Reactive molecular dynamics, ReaxFF, Epoxy-amine 

network, Polymers, Water absorption 
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1.  INTRODUCTION

Epoxy thermoset exhibits excellent thermal and mechanical properties, good adhesion, and 

resistance to chemicals, as well as anti-corrosion and better electrical insulation properties.1 

Various engineering and technological fields such as aerospace, marine, coatings, adhesives, 

electronic packaging, construction2–5 exploit the excellent performance and characteristics of 

epoxy thermosets. For many of these applications, epoxy polymers are often exposed to high 

humidity environments. The water absorption of epoxy thermoset would typically lead to the 

deterioration of its physical and mechanical properties. Moisture absorption in polymeric 

thermoset obeys Fick's second law of diffusion,6 and the water sensitivity of epoxy thermoset can 

induce reversible and irreversible changes in the crosslinked network.7 The affinity of epoxy 

thermoset with water is associated with polar hydroxyl groups formed during ring-opening 

polymerization of epoxide groups,8 stoichiometric ratio of resin and hardner,9 and the presence of 

other components.10 Besides irreversible processes like hydrolysis11 and photodegradation,12 

epoxy thermoset often undergoes physical degradation with water uptake inducing swelling,13 

deterioration in elastic and fracture properties,14 loss of adhesion in the interface,15 crack 

propagation,16 and depression in its glass transition temperature.17 The underlying chemical and 

physical degradation mechanisms in epoxy thermosets due to water ingression have been studied 

experimentally.18–21 Despite the abundance of experimental studies on moisture ingress in epoxy 

thermosets, the molecular-level mechanism of physical and chemical degradation and associated 

nanoscale dynamics and dynamic evolution of hydrogen bonding in the network is still largely 

elusive. 

To overcome these challenges, molecular dynamics (MD) simulation and other computational 

techniques22–32 are often used to offer molecular-level insights to physical and chemical 
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degradation mechanisms in the crosslinked epoxy polymers. Numerous MD simulations about the 

diffusion behavior of water molecules in epoxy thermoset and the resulting changes in the structure 

and properties have been reported.14,33–36 Most of these MD simulations focused on calculating the 

diffusion coefficient and spatial distribution of water molecules in the epoxy network. Zhou and 

Lucas37  proposed the existence of water in a free and bound state with hydrophilic groups in the 

crosslinked epoxy network and identified two types of bound water (TYPE I and TYPE II) using 

solid-state nuclear magnetic resonance (NMR) spectroscopy. Single site or multi-site interaction 

of water molecules with polar sites of the network differentiates TYPE I and TYPE II bonds. Only 

a few studies of MD simulations37-38,14 are devoted to understanding the dynamic evolution of 

bound water types (TYPE I and TYPE II) and their impact on the physical properties of epoxy 

networks. The type and quantity of hydrogen bonds formed between water and epoxy network 

depend on the polarity and free volume available in the network. An increase in the free volume 

of the network promotes TYPE I hydrogen bonds, and increased network polarity aids in the 

formation of TYPE II hydrogen bonds.38 In a moist epoxy thermoset, TYPE I bonds facilitate 

plasticization, and TYPE II bonds are responsible for anti-plasticization. Plasticization in a 

crosslinked epoxy network often deteriorates thermal and mechanical properties.39,40 However, 

few investigations have reported the recovery in mechanical and thermal properties in epoxy 

thermosets at a certain amount of water content.33,34 T. Cui et al.14 has proposed that the 

plasticization effect is due to volumetric swelling of the network, and decreases the elastic 

modulus and fracture strain. They have shown that the anti-plasticization effect in the network 

generates partial recovery of elastic modulus. However, the nature and types of TYPE II bonds 

formed with epoxy networks during MD simulation have not been explored. 
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Atomistic MD simulation methods can be successfully used to analyze and evaluate the 

different types of TYPE I and TYPE II interactions in the moist epoxy thermosets. It is 

noteworthy that the water absorption in the epoxy-amine network depends on crosslink conversion, 

molecular weight distribution, the presence of unreacted epoxy and amine monomeric units, and 

other complex products.41 The realistic network formation with high crosslink density is important 

for the proper investigation of physical degradation in the moist epoxy network. It is impossible 

to experimentally achieve high crosslink density in epoxy thermosets due to diffusion 

limitation of monomers to the reactive sites after vitrification. To overcome these challenges, 

Vashisth et al.42,43 proposed an Accelerated Reactive Force Field (ReaxFF) framework, which takes 

into account the reaction barrier energy, distances, and orientation reactant molecules. Once the 

reactant molecule satisfies the spatial configuration, the extra potential is provided to stretch and 

compress the bonds at a predefined rate to overcome the barrier energy of the epoxy-amine 

crosslinking reaction. The Accelerated ReaxFF can build an epoxy network with high-crosslink 

conversion and forms a network with the features of an experimentally formed epoxy thermoset.

On the other hand, the irreversible degradation or chemical modification of the epoxy 

thermoset system due to water absorption has gained little attention. The non-reactive force fields 

are inadequate in describing the reactive events during the simulation; this limitation has been 

resolved by the inclusion of connection-dependent terms in the non-reactive force field resulting 

in a reactive force field, ReaxFF. ReaxFF has been successfully applied to simulate many reactive 

degradation events, such as combustion reactions,44 thermal decomposition45 and biodegradation 

of polymers,46 and metal-water reactions.47 The incorporation of connectivity terms in the 

forcefield enables the study of the hygrothermal degradation in the epoxy thermoset. The ether 

linkages in the epoxy thermoset are susceptible to hydrolysis reaction. However, the neutral 
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hydrolysis of ether linkage is rare due to chemical stability. The hydrolysis of ether groups to 

alcohol is induced by a nucleophilic attack on the C-O bond of ether linkages.48 The ab initio 

calculations have shown that the energy barrier for acid hydrolysis of dimethyl ether (DME) is 

~40.0 kcal/mol and can vary depending on catalyst, solvent, size, and configuration.49 The neutral 

hydrolysis study has been conducted using Accelerated ReaxFF on DME shows activation energy 

of 49.0 kcal/mol.46 The ReaxFF framework provides extra energy to overcome the reaction barrier 

energy thereby initiating the hydrolysis and other reactions in the epoxy thermosets. Therefore, a 

knowledge gap exists in the comprehensive understanding of reversible and irreversible 

degradation mechanisms due to water ingress in the epoxy-amine system. This gap can be filled 

by using a reactive potential that can simulate the bond breaking and formation process using bond 

order formalism. Previous reported studies on physical and chemical degradation processes of the 

epoxy-amine system are dedicated to a single type of resin-hardener, which limits the investigation 

on the chemical structure or the variable nature of epoxy-hardener on the hygrothermal aging 

process. In this study, this gap has been addressed by comparing the hygrothermal degradation in 

two different types of epoxy thermoset. The epoxy resin used here is diglycidyl ether bisphenol-A 

(Bis A), which can be crosslinked with aliphatic (JEFFAMINE D-230) and aromatic amine 

(DETDA) curing agent, forming two different epoxy systems: 1) Bis A - JEFFAMINE D-230 and 

2) Bis A - DETDA (Figure 1).

Figure 1. Structures of chemicals used for polymerization of epoxy-amine network: (A) Bisphenol 
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A diglycidyl ether (Bis A); (B) Polyetheramine (JEFFAMINE D-230), (C) Diethyltoluenediamine  

(DETDA).  

In this work the Accelerated ReaxFF applied to study the physical and chemical degradation of 

two different epoxy-amine systems due to water absorption. First, the epoxy-amine crosslinked 

network is created using the ReaxFF framework. Both highly crosslinked epoxy-amine thermosets 

were absorbed with water at five different concentrations, i.e., 1, 2, 3, 4, and 5 wt %. First, we 

analyzed the moisture contaminated crosslinked networks of both epoxy-amine systems for 

physical degradation by subjecting them to mechanical deformation. The transportation 

characteristics of water in both crosslinked epoxy networks are estimated using MD. In addition, 

we explored and compared the spatial distribution and clustering behavior of water molecules in 

both systems. The inclusion of connectivity-dependent terms in the non-reactive force field enables 

us to investigate the hydrolysis reaction and hygrothermal aging in Bis A - JEFFAMINE D-230 

and Bis A - DETDA systems. Importantly, understanding the moisture-induced physical and 

chemical degradation process in crosslinked epoxy polymers can advance the knowledge in 

mechanism of the moisture effect, paving the way for future materials-by-design strategies for 

tailor-made performance and durability.

2. METHODS 

2.1 Overview of Reactive MD Simulation

The MD simulations are performed with the aid of the ReaxFF technique which utilizes the bond 

order formalism to describe reactive events.50 The bond order is calculated from interatomic 

distances updated at every geometry optimization or time step of MD integration. This technique 
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provides a smooth transition between the nonbonded states and single, double, or triple bonded 

states, enabling the simulation of bond formation and breaking during chemical reactions for 

diverse materials. The energy contribution to ReaxFF potential is expressed as follows: 

𝐸𝑠𝑦𝑠𝑡𝑒𝑚=  𝐸𝑏𝑜𝑛𝑑 + 𝐸𝑜𝑣𝑒𝑟 + 𝐸𝑢𝑛𝑑𝑒𝑟 + 𝐸𝑣𝑎𝑙 +  𝐸𝑎𝑛𝑔𝑙𝑒 + 𝐸𝑡𝑜𝑟𝑠 + 𝐸𝑣𝑑𝑊𝑎𝑎𝑙𝑠 + 𝐸𝑐𝑜𝑙𝑜𝑢𝑚𝑏 +𝐸𝑙𝑝 
                                                                                            (1)+ 𝐸𝐻 ― 𝑏𝑜𝑛𝑑 + 𝐸𝑟𝑒𝑠𝑡

The total energy of the system is inclusive of both bonded and nonbonded interactions. 𝐸𝑏𝑜𝑛𝑑 

describes the energy required to form a bond between atoms, whereas over coordination  (𝐸𝑜𝑣𝑒𝑟 )

and under coordination  are listed as bond order and connectivity dependent terms. Energy (𝐸𝑜𝑣𝑒𝑟 )

penalty terms like (valence angle energy), (torsion angle energy), and (lone pair 𝐸𝑣𝑎𝑙 Etors 𝐸𝑙𝑝 

energy) are also included in the total energy of the system. (van der Waals energy) and  𝐸𝑣𝑑𝑊𝑎𝑎𝑙𝑠 

(electrostatic energy) are nonbonded interactions calculated regardless of bond order and 𝐸𝑐𝑜𝑙𝑜𝑢𝑚𝑏 

connectivity. The restrain energy  is external energy added to desired atom pairs to drive a 𝐸𝑟𝑒𝑠𝑡

specific reaction. The summation of restrain energy to various pairs of an atom gives total restrain 

energy. Restrain energy is given as:

                                                (2)𝐸𝑟𝑒𝑠𝑡=  𝐹1(1― 𝑒― 𝐹2( 𝑅𝑖𝑗 ― 𝑅12 ) 2)

 is restrain energy between two atom pairs in kcal/mol. and  are force constant 𝐸𝑟𝑒𝑠𝑡 𝐹1 𝐹2 

parameters for restrain energy having units kcal/mol and , respectively.  and  are target Å―2 𝑅12 𝑅ij

distance and the actual distance between the desired pair of atoms in the  unit. The correct Å

selection of the restrain parameters is critically important for driving the reaction between the 

epoxy resin and amine crosslinker to form epoxy thermoset and simulate the hydrolytic 

degradation of epoxy thermoset due to the interaction with absorbed water. The dispersion 

corrected force field dispersion/CHONSSi-lg.ff is utilized to drive the ring-opening of the epoxide 
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group and nucleophilic amine nitrogen attack on the tertiary carbon atom of the epoxide group. 

This dispersion corrected reactive force field (ReaxFF-lg) is developed to improve the long-range 

dispersion to obtain the correct density for molecular crystals and high energetic materials.51 The 

ReaxFF-lg has bonded, nonbonded, and long-range dispersion correction terms. However, the 

ReaxFF-lg is not effective for simulating the water interaction with condensed phases. To model 

the physical interaction and chemical modification of epoxy thermoset due to the water ingression, 

the CHON-2017_weak force field52 is applied. This force field improves the description of 

functionalized hydrocarbon/water weak interactions in the condensed phase. The details of both 

force fields and force constants used to drive the epoxy-amine crosslinking reaction can be found 

in the supporting information (SI) file.

2.2 Simulation of Crosslinking Procedure 

Our research utilized the Amsterdam Density Function (ADF 2019.305) program53 to simulate the 

epoxy - amine crosslinking reaction. The PLAMS (Python Library for Automating Molecular 

Simulation) tools in the ADF program provide a powerful, flexible, and easily extendable python 

interface to molecular modeling programs.54 The epoxy-amine crosslinking reaction workflow 

using python script in PLAMS consisted of the following three steps: 1) Packing the reactants in 

the simulation box; 2) Accelerated crosslinking using bond boosting method; 3) Estimating the 

crosslinking ratio. More details of each step are shown in the supporting information (see section 

S2 in SI).

2.3 Water Absorption in Epoxy Thermoset 

Water molecules were randomly inserted in the epoxy network formed by Accelerated ReaxFF. 

Five crosslinked epoxy-water models from both Bis A - JEFFAMINE D-230 and Bis A - DETDA 

systems were built by inserting 20, 40, 60, 80, 100 water molecules in the epoxy thermoset, which 
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correspond to 1, 2, 3, 4 and 5 wt% shown in Figure 2. The red spots in the epoxy network 

(wireframe model) are water molecules inserted in the interstices of the epoxy network. 

 

Figure 2. MD models of crosslinked epoxy-amine network with varying water content -wireframe 

model represents crosslinked epoxy-amine network and red spheres represent water molecules 

inserted in the interstices of the network.

The details of crosslinked epoxy-water MD models are illustrated in Table 1. This MD 

simulation will help to distinguish the effect of the chemical structure and density on physical and 

chemical degradation due to water absorption.
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Table 1. Details of different MD models created for Bis A - JEFFAMINE D-230 and Bis A epoxy- 
DETDA systems. 

Epoxy-amine thermoset Number of water 
molecules

Number of 
atoms

Water weight 
(%)

Density
(g/cm3)

Bis A- JEFFAMINE D-230 0 5537 0 1.28

Bis A- JEFFAMINE D-230 20 5597 1 1.25

Bis A- JEFFAMINE D-230 40 5657 2 1.20

Bis A- JEFFAMINE D-230 60 5717 3 1.15

Bis A- JEFFAMINE D-230 80 5777 4 1.10

Bis A- JEFFAMINE D-230 100 5837 5 1.04

Bis A - DETDA 0 5369 0 1.19

Bis A - DETDA 20 5429 1 1.16

Bis A - DETDA 40 5489 2 1.08

Bis A - DETDA 60 5549 3 1.10

Bis A - DETDA 80 5609 4 1.01

Bis A - DETDA 100 5669 5 0.96

Water absorption results in volumetric swelling of epoxy thermoset and results in the 

rearrangement of molecular segments36; To simulate this effect, the NPT dynamics simulation is 

carried out at 300 K and 0.1 MPa for 300 ps with 0.25 fs time step to equilibrate the system. The 

NPT dynamics decreases the density of the simulation box sharply and density starts to fluctuate 

about a well-defined mean point during the molecular dynamics time steps. This shows that the 

system attained an equilibrium density for a given temperature and pressure. The time-averaged 

density between 250 ps to 300 ps at five different water concentrations is reported in Table 1. The 

longer NPT dynamics (300 K and 0.1 MPa for 800 ps) was carried out to rule out the densification 

or dramatic evolution of the crosslinked system. The higher conversion ratio in epoxy- amine may 

have restricted further evolution of the system and attains equilibrium configuration in shorter time 

Page 12 of 44

ACS Paragon Plus Environment

ACS Applied Polymer Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



period. The estimation of the equilibrium density of the water-epoxy thermoset model is illustrated 

in the SI (see section S3). The configuration with the density closest to the equilibrium value is 

used for further thermomechanical testing.

2.4 Property Calculations

Elastic properties of epoxy thermoset are calculated by applying tensile deformation in MD 

simulation.55,56 Higher strain rates between 107/s to 1010/s are commonly employed in the MD 

simulation to compute the elastic modulus of epoxy thermoset in dynamic methods.39,57 Strain rate 

of 2 x 108 s-1 is used in this study to deform the simulation box unilaterally with the constraint that 

the box shape remained cuboidal to calculate the elastic properties of the thermoset system. The 

faces of the cuboidal box parallel to the strain axis could approach each other due to the poison 

effect. The NPT Bredesen dynamics were carried out for 2 ns with a 0.25 fs time step at 300 K 

temperature and 0.1 MPa. The stress-strain response fluctuates due to the significant vibration of 

atoms on an atomistic scale. The elastic modulus is calculated from the slope of a linear fit to the 

small strain regime (< 0.05) in the stress-strain curve. The cuboidal box is strained in all three 

directions and the average value mechanical properties are reported.

The diffusibility of the water molecules can provide insights into the structure-property 

relationship of polymeric networks. The dynamics of water molecules in the epoxy thermoset were 

quantified by calculating the mean square displacement (MSD) of the water molecules in the 

network. It is a two-dimensional function defined as the square of the average distance that the 

water molecule has moved away from its starting point within the time interval τ as given by 

Equation . This function contains the diffusivity of observed molecules; the steeper they raise  (3)

to higher values faster the observed particle diffusing in the system. The slope of the MSD will 

yield the diffusion coefficient of the observed particles as Equation  (4)
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                                                        𝑀𝑆𝐷 (𝜏) =  ⟨ ⎸𝑟𝑖(𝑡+ 𝜏)―  𝑟𝑖(𝑡)⎹ 2⟩  (3)

                                                    𝐷 (𝜏) =  lim
𝜏→∞

1
6𝜏⟨ ⎸𝑟𝑖(𝑡+ 𝜏)―  𝑟𝑖(𝑡)⎹ 2⟩ (4)

For studying the MSD of water molecule in epoxy thermoset, firstly we carried out the NPT 

ensemble dynamics for a period of 500 ps with 0.25 fs time step at 600 K. The equilibrium density 

is estimated from the time-averaged densities (the last 200 ps out of all 500 ps). The configuration 

with the density closest to the equilibrium value was then used to initiate NVT ensemble dynamic 

for 600K for 2 ns with 0.25 fs time step.

The MSD of water molecules through the interstice of epoxy thermoset is  evaluated using 

Trajectory Analyzer and Visualizer (TRAVIS).58 The diffusion coefficient of water molecules is 

calculated by plotting a log (MSD) vs. log(t) plot, where the slope = 1 marks the true diffusive 

region. The estimation of the true diffusive region and diffusion coefficient is depicted in 

supporting information (see section S5). To speed up the kinetics of the diffusion and better 

statistical sampling, we simulate the epoxy-water models at elevated temperature.

2.5 Bond Boost Method for Accelerated Hydrolysis 

Analogous to Accelerated ReaxFF for crosslinking, the hydrolysis reaction of epoxy thermoset can 

be simulated using the bond boost method. CHON-2017_weak force field is used to model the 

hydrolysis reaction of the crosslinked epoxy network. Respective atoms were tagged for boosting 

the hydrolysis reaction, once the distance criterion is satisfied, the extra potential is applied. The 

NVT simulations were performed to find the reaction energy barrier for the hydrolysis reaction 

using two water molecules and an amine-cured epoxy backbone. The reactive regions of the two 

water molecules and the amine cured epoxy backbone are highlighted and marked as shown in 

Figure 3. The force parameters reported for ether hydrolysis in the later work46 are used to 
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investigate the hydrolysis reaction of the epoxy thermoset. These force parameters used for 

hydrolysis reaction of ether linkages which can correctly capture the reactive events as seen 

thorough QM calculations. The oligomer (Bis A – DETDA) selected for simple hydrolysis have 

only two ether linkages due to the formation of only primary amines. The formation of secondary 

amines in epoxy-amine reaction needs higher restrain energy due to spatial constraints and steric 

hindrance42.   The force parameters for the hydrolysis of epoxy-amine thermoset are given in the 

SI, see section S1).  

Figure 3. Assigning the regions for epoxy-amine thermoset backbone (Bis A - DETDA) and two 

water molecules for hydrolysis using the accelerated bond boosting method. The highlighted 

regions are O1 (oxygen atom of water molecule -1), H2 (hydrogen atom of water molecule -1), O3 

(oxygen atom of ether linkages in epoxy - amine thermoset), C4 (carbon atom of ether linkages in 

epoxy - amine thermoset), and O5 (oxygen atom of water molecule -2).

Once the reactive barrier is estimated by simulating the simple hydrolysis reaction using two water 

molecules on the amine cured epoxy backbone, the same force parameters are used to study the 

bulk hydrolysis. To study the response of aromatic and aliphatic amine cured epoxy backbone to 
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hydrolysis reaction the bulk hydrolysis reaction is carried out for both epoxy thermosets. Both 

systems were inserted with 20 water molecules and non-reactive NVT simulation is carried out for 

the random distribution of water inside the interstices of the network. Subsequently a reactive NVT 

simulation at 500 K for 500 ps with a time step of 0.25 fs is performed using the  same force 

constants obtained from simple hydrolysis. 
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3. RESULTS AND DISCUSSION 

3.1 Epoxide-Amine Thermoset Formation. The non-catalyzed epoxide-amine crosslinking 

reaction was driven by the correct selection of force parameters  and target distance . F1 , F2,  R12

This enabled us to calculate the approximate barrier energy for the crosslinking reaction. Vashisth 

et al.42 compared the different sets of force parameters for non-catalyzed, water-catalyzed, and 

self-promoted epoxy-amine crosslinking reactions and found a good agreement between ReaxFF 

and quantum mechanics (QM) energy barriers. As discussed previously in the bond boosting 

method (see in SI section S2), both crosslinking and compression of the cuboidal box are done 

simultaneously to adjust the density to a realistic density of 1.2 ± 0.05 g/cm3. The final molecular 

structure of Bis A - DETDA and Bis A - JEFFAMINE D-230 consists of 5369 and 5537 atoms, 

respectively. Figure 4 (A) shows the distance between the atom pairs (nitrogen atom ‘N’ of amine 

and terminal carbon atom ‘C’ of epoxide molecule) decreases during the simulation and achieves 

a fixed distance of 1.5  at 6 ps. This result indicates that extra potential applied in restrain energy Å

overcomes the barrier energy to open up the epoxy ring and form an N-C covalent bond. 

Figure 4. (A)  Distance between the nitrogen atom (N) of amine and the terminal carbon atom (C) 

of Bisphenol A diglycidyl ether during MD steps; (B) Intermolecular radial distribution functions 

between nitrogen atoms of amine and the carbon atom of Bisphenol A diglycidyl ether. The 
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intermolecular radial distribution function (RDF) gives valuable insight into the structure of the 

system as it represents the probability of two atoms being at a specific distance from each other. 

The presence of a sharp peak as shown in Figure 4B at 1.5  in the RDF of the pair of interest (N  Å

atom of amine and the terminal C atom of the epoxide molecule) indicates a covalent bond 

formation between N and C atoms. The final crosslink conversion for Bis A - JEFFAMINE D-230 

and Bis A - DETDA is 70.5 % and 71% respectively, calculated by dividing the number of C-N 

bonds formed by the possible C-N bonds. The vitrification of the system restricts the unreacted 

monomers and small fragments to react with reactive sites of the growing chain due to diffusion 

limitation.59,60 This has resulted in 40 ps more needed time for Bis A - JEFFAMINE D-230 system 

to reach the same conversion percentage of Bis A - DETDA  systems. This difference in the time 

can be attributed to the diffusion limitation of JEFFAMINE D-230 to the reactive epoxy sites due 

to the longer aliphatic chain structure. The details of the final structure and crosslink conversion 

of both Bis A - JEFFAMINE D-230 and Bis A - DETDA can be found in the SI file (see section 

S2). 

3.2 Physical Degradation in Thermosets. To study the physical degradation of epoxy thermosets, 

five different epoxy-water MD model was created for each epoxy-amine system (Table 1). The 

water molecules were inserted in the final structure of the epoxy-amine thermoset at varying 

concentrations of 1, 2, 3, 4, and 5 wt %. The MD simulations were carried out under NPT ensemble 

for 300 ps with 0.25 fs time step at 300K to attain the equilibrium density of the system. We 

observed that density decreases substantially within 100 ps, due to the increase in the simulation 

box volume. This increase in the box size is attributed to the interaction of water and epoxy 

networks, which led to subsequent swelling. The major density adjustment of the simulation box 
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happened within the first 100 ps and fluctuated around a well-defined mean point between 100 to 

250 ps. The system attains an equilibrium density between 250 to 300 ps at a given temperature 

and pressure. The time-averaged density at this time scale range was reported as the final density 

of the epoxy-water MD model for both  Bis A - JEFFAMINE D-230 and  Bis A - DETDA at all 

water concentrations shown in Table 1. The density vs time plot of Bis A- DETDA system with 5 

wt % of water content is shown in Figure S3 of SI. The final network structure for further 

thermomechanical testing and degradation study is selected from the equilibrium density region. 

This confirms that greater affinity of water with polar epoxy-amine network results in 

plasticization of the network due to volumetric swelling. The swelling of the network can increase 

the distance between the chains in the network, which results in lower intermolecular interactions. 

The impact on elastic modulus due to the swelling of the network is illustrated in Figure 5A. The 

Bis A - DETDA network has shown a decreasing trend in elastic modulus and density with the 

increasing water content. However, at 3 % water content, the elastic modulus and density of the 

Bis A - DETDA system exhibits a recovery trend. In the upcoming session, we will explore the 

molecular-level mechanism responsible for the recovery of elastic properties and density of the 

epoxy-amine network.
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Figure 5. The normalized elastic modulus and density change in epoxy - amine thermoset with 

varying water content in (A)  Bis A - DETDA and (B) Bis A-JEFFAMINE D-230.

As discussed previously, the bound water in the epoxy thermoset is classified as TYPE I and 

TYPE II, depending on their activation energy for desorption. The studies have shown that the 

desorption of bound water molecules expends energy between 5 to 20 kcal/mol.37 This means that 

the water interacts with the epoxy network via hydrogen bonding mechanism, rather than physical 

interaction like Vander walls or dipole-diploe interactions.61 The activation energy difference for 

desorption in TYPE I and TYPE II hydrogen bonding is related to its ability to form single or 

multi-site hydrogen bonds with the network. Rishabh et al.38 calculated the number of TYPE I and 

TYPE II hydrogen bonds in the epoxy - amine thermoset with different crosslinking conversions. 

They argued that the polarity of the system and free volume are two competing factors that 

determine the formation of one type of hydrogen bond over the other. Type II hydrogen bond 

formation is favored by the higher polarity of the network, and TYPE I hydrogen bond formation 

is favored by a larger free volume for a water molecule to form a cluster. 

Figure 6A illustrates the dynamic evolution from TYPE I bond to the TYPE II hydrogen bond at 

3% water content in the  Bis A - DETDA system. The distance between the H atom of the hydroxyl 

group and O atom of water was tracked simultaneously with the distance between H atom of water 

with O atom of another neighboring hydroxyl group. We observed that the presence of TYPE I 

bond in the first 50 ps of MD simulation time scale, where the distance between the O atoms of 

the neighboring hydroxyl group is increased up to 4.8 . Above 75 ps the water molecule interacts Å

with both hydroxyl groups in the epoxy network to form TYPE II hydrogen bonds. This multi-site 

interaction results in an anti-plasticizing effect and decreases the hydroxyl group distances from 
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4.8  to 3.4 . These increased intermolecular interactions promote the recovery of the elastic Å Å

properties and density in the epoxy-amine system. The recovery in properties of moist epoxy -

amine network depends on the rate of the dynamic evolution of  TYPE I  to the TYPE II hydrogen 

bond in the network. The moist network of  Bis A - DETDA system with 3% water content 

provides a conducive environment for the faster transformation of the TYPE I to the TYPE II 

hydrogen bond. In other words, the rate of transformation of TYPE I to the TYPE II hydrogen 

bond in the network. The balance between the polarity and free volume of the network might have 

facilitated this transformation and thereby contributed to the recovery in the elastic properties and 

density. 

Figure 6. (A) Dynamic distance between a single water molecule and two hydroxyl groups (OH) 

of the Bis A - DETDA system during MD steps at 300K ; (B) The probability distance distribution 

function of a given water molecule and two hydroxyl groups (OH) of the  Bis A - DETDA system.

The sharp peak at 2.1   in the probability distance distribution function plot (Figure 6B) shows  Å

that the oxygen atom of water forms a strong hydrogen bond with the H atom of the hydroxyl 

group. Similarly, the H atom of the water molecule forms a hydrogen bond with the O atom of the 
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neighboring hydroxyl group at 2.1 . The water molecule bridges between two hydroxyl groups  Å

and acts as a secondary crosslinker. After all available hydrogen bonding sites in the epoxy 

network are saturated, further water ingression can decrease the elastic modulus and density of the 

network. In the Bis A - JEFFAMINE D-230 system, elastic modulus recovery happens at 4% water 

content, whereas the same happens at 3% for the  Bis A - DETDA system. This difference in the 

water concentration on the elastic modulus recovery may have accounted for the chemical structure 

of the JEFFAMINE D-230 crosslinker. The long aliphatic amine crosslinker has two additional 

oxygen atoms in the monomeric unit, which contributes to more available hydrogen bonding sites 

and total polarity in the system. Thus, for saturating all available sites, more water content is 

needed in Bis A - JEFFAMINE D-230 system compared to the Bis A - DETDA system at the same 

crosslink conversion level. Like the  Bis A - DETDA system, further water ingression can lead to 

a drastic decrease in elastic modulus and density in the  Bis A - JEFFAMINE D-230 system. TYPE 

II hydrogen bonds are not restricted to only the hydroxyl groups in epoxy - amine, but can also 

form multi-site interaction with one hydroxyl group and H atom of the polymeric backbone. The 

details of this interaction are shown in supporting information (see section S4 in SI). 

3.3 Diffusion and Spatial Distribution of Water Molecules in Thermosets. The study of 

diffusion of a water molecule in a polymeric network matrix provides useful information about the 

water and polymer interaction. Figure 7A and B illustrates the mean square displacement (MSD) 

of water in the Bis A - DETDA and Bis A - JEFFAMINE D-230 systems at varying water contents. 

The previous studies showed that the mobility of water molecules in epoxy thermosets increases 

with increasing water content and temperature.62 The Bis A - JEFFAMINE D-230 system shows 

a lower MSD of water at all investigated water contents than the Bis A - DETDA system. The Bis 

A - JEFFAMINE D-230 system has a higher density (as seen in Table 1) at all corresponding 
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water content and higher polarity than the  Bis A - DETDA system. The polarity of the network is 

classified by its ability to form strong and weak hydrogen bonds with water molecules. 

Figure 7. The mean square displacement of water in epoxy - amine thermoset at varying water 

content at 600K (A)  Bis A - JEFFAMINE D-230 and (B) Bis A-DETDA. (C) The number of 
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strong hydrogen bonds formed during MD in  Bis A - JEFFAMINE D-230 and Bis A - DETDA 

thermoset at 2 wt % water content.

Figure 7C shows the number of strong hydrogen bonds formed by both systems at the same water 

content of  2%. The range of hydrogen bond distance for strong and weak hydrogen bonding is 

observed to be about 2 - 3.2  and 3.3 - 4 , respectively.63 The Bis A - JEFFAMINE D-230 Å Å

system forms more strong hydrogen bonds than the  Bis A - DETDA system. This plot estimates 

the cumulative sum of hydrogen bonds formed in each system in MD steps due to interactions 

between epoxy thermoset and water. The chemical structure of the JEFFAMINE D-230 

crosslinking agent facilitates more sites for hydrogen bonding than the DETDA crosslinker in the 

epoxy system. In other words, the increased polarity in Bis A - JEFFAMINE D -230 system results 

in a lower MSD of water than the  Bis A - DETDA system. The synergy of lower free volume and 

higher polarity impedes the mobility of water. Sylvian et al.64 proposed that when the interaction 

sites in the polymer are saturated with water, the absorption reaches quasi-equilibrium.  Further 

incoming water is occupied in the microvoids to form a cluster and reaches equilibrium after filling 

all microvoids. Figures 8A and B illustrate the pair correlation function between oxygen atoms of 

a water molecule in both systems. This can elucidate the spatial distribution of water molecules in 

the network and their interaction with the network The intermolecular RDFs between oxygen 

atoms on water molecules at all concentrations show a sharp peak at 2.9  for both systems. This  Å

indicates the water molecules can form hydrogen bonds with each other, but the probability of 

forming a hydrogen bond at a distance of 2.9  decreases with the increased water concentration. Å

This is in agreement with previous MD simulations reported on other polymeric systems,65,66 as 
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well as for DGEBA epoxy cured with cyclic amines.36 This is due to the ability of water molecules 

to cluster (collection of small aggregate) each other at high concentrations. 

Figure 8 Intermolecular radial distribution functions between oxygen atoms of water molecules  

from NVT dynamics at 600K for 2 ns  (A)    Bis A - JEFFAMINE D-230 and (B)  Bis A - DETDA 

systems with water concentration. Intermolecular radial distribution functions between polar 

atoms of epoxy network and water molecules from NVT dynamics at 600K for 2 ns   (C) The Bis 

A - JEFFAMINE D-230 system and oxygen atoms in water molecules with varying water content. 

(D) The  Bis A - DETDA system and oxygen atoms in water molecules with varying water content.

Figures 8C and D show the RDFs between a pair of oxygen atoms (oxygen atom in the water and 

oxygen atom in the polymer network) in five different moist networks of both systems. In the  Bis 
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A - JEFFAMINE D-230 system, two different peaks at distances of 2.2  and 4.2  are shown at Å Å

all water content levels. The sharp peak at 2.2  indicates the presence of a hydrogen bond between Å

water and polar groups of backbone. The broad peak of 4.2   is associated with the symmetry of Å

polar groups in the network.28 Similarly, in  Bis A - DETDA system, we observed sharp and broad 

peaks at distances of 2.9  and 3.7  respectively. In Bis A - JEFFAMINE D-230 system, the Å Å,

water tended to be located in the proximity of the polar group at an average interatomic distance 

of 2.2 , but  Bis A - DETDA system water tends to be located at 2.9 . The difference in the Å Å

hydrogen bonding distance of both systems can be related to the rigidity of the backbone. The 

previous MD study shows that the dynamic mobility of polymer chains facilitates the ingress 

pathway for moisture in the epoxy network.67 The flexible backbone of the Bis A - JEFFAMINE 

D-230 system decreases the average hydrogen bond distance between polar groups and water 

compared to the rigid backbone in the  Bis A - DETDA system. In both systems, the change in 

water content does not change the interatomic distance (peak position), but the peak height changes 

with water content. In Bis A - JEFFAMINE D-230 system (Figure 8C), we observed that the peak 

intensity at 2.2  (indicating the strength of forming hydrogen bond) has a non-monotonic trend. Å

It first increases with water content, and after 2 wt% it reduces sharply. This can be due to the 

saturation of hydrogen bonding sites in the network with water; after saturation, the additional 

water tends to cluster around each other (as described in the previous section). In other words, 2% 

water content is required for this system to saturate with all accessible hydrogen bonding sites in 

the network. However, in the  Bis A - DETDA system, 1% water content is required for saturation 

of all accessible polar sites in the network, and further addition of water forms clusters. This trend 

is visible in Figure 8D, as the increasing water content does not contribute to hydrogen bonds with 
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the network. It should be noted that the number of polar groups in each system for hydrogen 

bonding is constant at all levels of water content.

3.4 Chemical Degradation in Epoxide-Amine Thermosets. The long-term exposure of epoxy 

thermoset to water leads to irreversible (chemical) degradation. For example, several studies 

emphasize the chemical degradation of anhydride cured epoxy thermoset with water.11,68–70 The 

neutral ester hydrolysis reaction using ab initio calculations and continuum solvation model was 

investigated using different mechanisms.79 Unlike the ester linkages in anhydride cured epoxy 

thermoset, the amine cured epoxy thermoset has ether linkages in the backbone. A good agreement 

has been found between quantum mechanical (QM) and ReaxFF data for energy barrier for ester 

and ether hydrolysis.46 The neutral hydrolysis of ether linkages in the epoxy thermoset is less 

favorable due to chemical stability. However, acid-catalyzed hydrolysis of dimethyl ether in the 

presence of water and hydronium ions was studied.49 The neutral water acts as an acid and 

protonates oxygen, leaving a strong nucleophile.48 The liberation of strong nucleophiles for the 

cleavage of ether linkage in epoxy-amine thermoset is a highly energetic process. To overcome 

this energy barrier for ether hydrolysis, high restrain energy is required in the ReaxFF framework. 

The average restrain energy for ester hydrolysis and ether hydrolysis were reported as 53 and 77 

kcal/mol, respectively.45  

3.5 Simple Hydrolysis The elementary hydrolysis reaction of  Bis A - JEFFAMINE D-230 and  

Bis A - DETDA were studied using two water molecules on the epoxy thermoset backbone. Figure 

9A illustrates that the two water molecule approaches the ether linkages (C-O-C) to meet the 

spatial configuration for a steering hydrolysis reaction. Once the equilibrium configuration is 

satisfied, the extra potential was applied to stress and compress the C-O bond of the ether linkage. 

The water reacts with the carbon atom of the C-O bond to form a transition state structure as shown 
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in Figure 9B. The unstable transition state structures form desired products or revert to reactants 

depending on the success of the reaction. Figure 9C shows the successful hydrolysis reaction of 

the ether backbone to form two alcohols.

 

Figure 9. Snapshots of the elementary hydrolysis reaction of Bis A - DETDA: (A) Before 

hydrolysis, (B) Transition state, and (C) After hydrolysis.

It is evident from the restrain energy calculation that the spatial arrangement of atoms and 

steric hindrance plays an important role in the hydrolysis reaction of C-O bonds in ether. The 

energy barrier for hydrolysis reaction of  Bis A - DETDA  is higher than Bis A - JEFFAMINE D-

230  system. The details of restrain energy for both systems can be found in the supporting 

information (see section S6). The aromatic amine crosslinking agent in  Bis A -  DETDA  may 

provide higher steric hindrance and thereby reducing the rate of hydrolysis reaction with ether 

groups. The radial distribution function plot for the O atom of ether and the H atom of water, as 
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well as the C atom of ether and the O atom water in the  Bis A - DETDA system, is shown in 

Figure 10A. The sharp peaks at 0.95  and 1.5  indicate O-H and C-O bond making by breaking Å Å

ether linkages (C-O-C) in the Bis A -  DETDA network. The O-H and C-O bond formations 

indicate the protanation of the oxygen atom and strong nucleophile attack on the ether linkages to 

form alcohol groups. 

 

Figure 10. (A) The radial distribution function of O-H and C-O bond in  Bis A - DETDA system. 

The molecular weight distribution of the  Bis A - DETDA system (B) before hydrolysis and after 

hydrolysis. (C) The number of water molecules consumed during hydrolysis reaction of epoxy-

amine thermosets in MD simulation using ReaxFF. (D) The molecular weight reduction of the 
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largest fragments in epoxy - amine thermosets during the hydrolysis reaction in MD simulation 

using ReaxFF.

Figure 10B illustrates the molecular weight distribution before and after the ether hydrolysis 

in the  Bis A -  DETDA system. Before the hydrolysis reaction was triggered, the system has only 

two types of molecular weights, which correspond to 18 g/mol (water) and 859.5 g/mol (two Bis 

A  molecules crosslinked with a DETDA crosslinker). Hydrolysis results in the fragmentation of 

crosslinked molecules to produce lower molecular weight fragments with molecular weights of 

285.2 g/mol and 592.3 g/mol. The nucleophile-assisted hydrolysis of the C-O-C bond in ether is 

possible, due to the formation of strong nucleophiles from water dissociation. The participation of 

one water molecule in the hydrolysis reaction reduces the probability of water molecules’ presence 

in the final products. The same pattern of hydrolysis is observed in the  Bis A - JEFFAMINE D-

230 system.

3.6 Bulk Hydrolysis. To understand the extent of hydrolysis in the  Bis A - JEFFAMINE D-230 

and  Bis A -  DETDA systems, we carry out the bulk simulation of the hydrolysis by inserting 20 

water molecules inside both epoxy thermosets, as mentioned in the method section. The 

accelerated ReaxFF simulation for both the  Bis A - JEFFAMINE D-230 and  Bis A -  DETDA 

systems were performed with the same force constants. Figure 10D shows the amount of water 

consumed during NVT dynamics at 500 K for 500 ps for a timestep of 0.25 fs in both systems. 

Initially, 20 water molecules are present inside both the aliphatic and aromatic amine cured epoxy 

thermoset. As the time proceeds in MD simulations, the number of water molecules decreases as 

they dissociate to form OH and H ions. This strong nucleophile ( ) attack on the C-O bond of OH―

ether linkage results in the cleavage of  C-O bonds to form alcohol. The number of water molecules 
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consumed during accelerated ReaxFF hydrolysis in  Bis A - JEFFAMINE D-230 is 11, whereas, 

in the  Bis A - DETDA system, 14 water molecule is consumed at the end of the simulation. The 

higher consumption of water molecules and lower restrain energy in  Bis A - JEFFAMINE D-230 

can be related to a high rate of hydrolysis compared to Bis A - DETDA system. The diffusion of 

a water molecule to the C-O bond to participate in ether hydrolysis reaction might be impeded by 

a bulky aromatic ring of DETDA amine crosslinker in the Bis A - DETDA system.  The Figure 

10C illustrates  the molecular weight reduction of the largest fragments in both epoxy thermosets 

during the hydrolysis reaction corroborates faster hydrolysis of the Bis A - JEFFAMINE D-230 

than the Bis A - DETDA system. This can be due to the easy accessibility of water molecules to 

the vulnerable C-O bonds of ether linkages in the aliphatic amine cured epoxy network. whereas, 

the bulky aromatic rings in Bis A - DETDA system inhibit the mobility of water molecules to 

hydrolyzable C-O bonds in the ether linkages.

It is worth noting that the presented ReaxFF modeling framework can induce a paradigm shift 

in the modeling of destructive mechanisms of water-induced degradation in epoxy thermosets. In 

this study, we analyzed physical and chemical degradation in moist epoxy-amine thermosets 

separately. This modeling framework can be improved further in future studies by treating the 

physical and chemical degradation as a 'combined effect' in MD simulation to deconvolute the 

individual impact on hygrothermal degradation of the epoxy thermosets. We believe that the 

results of the current study will pave a way for future steps in investigating the hydrothermal 

degradation process using reactive forcefield, not only for epoxy thermosets but for other classes 

of crosslinked polymers as well.
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4. CONCLUSIONS 

In this study, the reactive force field (ReaxFF)-based molecular dynamics simulations are applied 

and used to provide the reactants with enough energy slightly larger than their lowest reaction 

barrier energy to overcome the barrier for crosslinking reaction. The ReaxFF method allows to 

build a realistic network at low temperature at a computationally accessible time scale and to avoid 

unwanted side reactions. This framework is implemented to crosslink the diglycidyl ether 

bisphenol-A (Bis A) with aliphatic amine (JEFFAMINE D -230) and aromatic amine (DETDA) 

to achieve a reasonably high crosslink percentage (70%). The effect of water absorption on thermo-

mechanical properties of epoxy networks is systematically investigated. The interplay between 

free volume effects and hydrogen bonding interactions is analyzed for the decrease and recovery 

of elastic modulus in the epoxy networks. It is observed that water molecules tend to locate within 

the proximity of polar groups of epoxy networks and have a propensity to aggregate when exposed 

to higher water content. The ReaxFF framework is also utilized to investigate the chemical 

degradation of the crosslinked epoxy network. The JEFFAMINE D -230 cured epoxy network is 

found to be more susceptible to hydrolytic degradation than DETDA cured epoxy network. This 

lower hydrolytic degradation of DETDA cured epoxy polymers is accounted for in the 

inaccessibility of water molecules to interact with ether linkages in the DETDA cured epoxy 

network. Our results provide new insights to the reversible and irreversible hygrothermal aging 

process in the epoxy network and inform us about the new design criteria for broadening the 

application of epoxy materials, particularly in humid environments. 

SUPPORTING INFORMATION 

Force parameters examined for non-catalyzed reaction between epoxide and ammonia. Units 

for F1 are kcal/mol and for F2 are Å-2. Force parameters examined for non-catalyzed ether 
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hydrolysis reaction. Units for  F1 are kcal/mol and for F2 are Å-2. Detailed information on the 

epoxy-amine systems packed in the simulation box, assigning regions model for distinguishing 

reactive atoms during chemical reaction,  crosslink conversion of Bis A- JEFFAMINE D-230 and 

Bis A-DETDA. Final structure of (B) Bis A - JEFFAMINE D-230 (C) Bis A – DETDA, The density 

vs time plot of Bis A- DETDA system  with 5 wt.% of  water content, Water interact with one 

hydroxyl group and H atom of the polymeric backbone to form TYPE II interactions, Log MSD -

log t plot vs MD simulation time for water molecules in the Bisphenol A epoxy-DETDA system 

at varying water contents at 600 K, The restrain energy plot against C−O reaction coordinates for 

hydrolysis of the Bis A -JEFFAMINE D-230 and Bis A -DETDA systems.
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