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A B S T R A C T

Epoxy-based vitrimers represent a promising class of covalent adaptable networks that offer a sustainable 
alternative to traditional thermosets by combining structural robustness with reprocessability and intrinsic self- 
healing. However, the molecular-level mechanisms underlying these dynamic functionalities remain insuf2
ciently understood. In this study, we develop a large-scale molecular dynamics framework to model the curing 
and bond exchange processes in vitrimers synthesized from diglycidyl ether of bisphenol A (DGEBA) and 4-ami
nophenyl disul2de (4-AFD). A custom curing algorithm enables the construction of crosslinked networks with 
controlled crosslink densities (ρcl), allowing us to systematically evaluate the impact of network topology on 
mechanical and thermal properties. Our simulations reveal that increasing ρcl enhances the glass transition 
temperature, elastic modulus, and ultimate strength, due to reduced segmental mobility and a denser network 
structure. Crucially, we show that the incorporation of dynamic disul2de bonds enables thermally activated bond 
exchange reactions that effectively heal both nanovoids and preexisting cracks. The self-healed vitrimer recovers 
over 95% of its original mechanical performance, demonstrating the ef2cacy of network recon2guration at the 
atomic scale. These 2ndings provide mechanistic insights into the interplay between network architecture and 
vitrimer functionalities that are inaccessible by experiment alone. Our computational framework offers predic
tive capabilities for guiding material design and optimizing vitrimer performance for recyclable, reprocessable, 
and damage-tolerant polymer systems.

1. Introduction

Polymers have become indispensable in various industrial applica
tions, serving both as core materials and as matrix phases in composite 
structures due to their outstanding mechanical, thermal, and chemical 
properties [1]. Typically, polymers are categorized into thermoplastics 
and thermosets, each exhibiting signi2cantly distinct characteristics [2]. 
Thermoplastics are well known for their reversible melting capabilities, 
facilitating easy processing, reshaping, and recycling [3,4]. Thermosets, 
in contrast, are characterized by extensive and irreversible cross-linked 
networks, which confer superior mechanical robustness, chemical 
resistance, and thermal stability [5]. These attributes make thermosets 
highly desirable for specialized applications in aerospace, automotive, 
marine, electronics, adhesives, and coating sectors [6–9].

Despite these advantages, the inherent irreversibility of conventional 
thermosets signi2cantly restricts their recyclability, repairability, and 
sustainability [10]. This limitation poses considerable challenges 
regarding environmental sustainability, effective waste management, 

and long-term economic ef2ciency [11,12]. Additionally, traditional 
epoxy thermosets are predominantly derived from nonrenewable fossil 
resources, intensifying concerns related to resource depletion and 
increased carbon emissions [13,14]. Hence, addressing these issues 
through innovative solutions has become increasingly urgent.

Recent advances in dynamic covalent chemistry offer a promising 
pathway to address these constraints by integrating dynamic covalent 
bonds into thermosetting polymer networks, resulting in covalent 
adaptable networks (CANs), notably vitrimers [16]. These networks 
demonstrate the remarkable ability to undergo thermally activated bond 
exchange reactions (BERs), enabling reshaping, recycling, and self- 
healing without sacri2cing mechanical integrity [16–21]. The founda
tional work of Chen et al.,employing thermally re-mendable cross-linked 
polymers through Diels–Alder linkages [22], and subsequent research 
by Montarnal et al. on transesteri2cation-based vitrimers [18], have 
established the conceptual groundwork for these versatile materials. 
Among various dynamic chemistries, disul2de-based vitrimers have 
mainly gained prominence due to their moderate reaction conditions 
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and ef2cient self-healing and recyclability [23–26].
Experimental validations have underscored the signi2cant potential 

of disul2de-containing epoxy vitrimers. For instance, recyclable 2ber- 
reinforced epoxy composites with exchangeable disul2de cross-links 
have been demonstrated [6]. Similarly, aromatic disul2de epoxy ther
mosets have shown ef2cient self-healing and shape-memory properties 
upon heating [27]. Additionally, self-healing properties have been 
further enhanced by integrating graphene oxide nano2llers into vitrimer 
matrices [25].

Complementing these experimental endeavors, molecular dynamics 
(MD) simulations have provided critical insights into the microscopic 
dynamics and mechanical responses of vitrimers. MD simulations 
incorporating dynamic crosslinking have been used to explore self- 
healing behaviors [28]. Other studies have investigated the progres
sive fatigue mechanisms in epoxy thermosets under cyclic deformation 
[29]. These computational efforts have signi2cantly advanced the 
fundamental understanding of how atomic-scale components, molecular 
structures, and dynamic processes collectively inJuence and dictate the 
macroscopic performance of these materials. Nevertheless, considerable 
gaps remain in fully elucidating the molecular-level thermodynamics 
and kinetics underpinning bond exchange reactions, speci2cally their 
roles in governing self-healing. These gaps continue to hinder the full 
exploitation and optimization of vitrimers for high-performance engi
neering applications.

To address this crucial research gap, this study employs large-scale 
MD simulations to elucidate the detailed mechanisms of dynamic 
BERs in epoxy-based vitrimers synthesized from diglycidyl ether of 
bisphenol A (DGEBA) and 4-aminophenyl disul2de (4-AFD). We sys
tematically examine the relationships between crosslink density (ρcl) 
and mechanical response, as well as characterize the self-healing 
behavior. Through controlled molecular damage and subsequent ther
mal treatment simulations, we rigorously evaluate the effectiveness of 
self-healing facilitated by dynamic disul2de exchange reactions. By 
addressing these speci2c aspects, our research provides crucial 
molecular-level insights for the rational design and optimization of 
vitrimers.

2. Molecular modeling and simulation setup

2.1. Vitrimer chemistry

DGEBA is one of the most commonly used epoxy resins, well known 
for its excellent mechanical strength, ease of processing, and well- 
understood molecular structure [30]. In this study, DGEBA serves as 
the base resin, while 4-aminophenyl disul2de (4-AFD) is used as the 
curing agent. The introduction of disul2de bonds via 4-AFD enables 
dynamic bond exchange reactions (BERs), which are thermally activated 
and reversible. These dynamic covalent bonds are crucial for imparting 
vitrimer functionalities such as self-healing, recyclability, and thermal 
malleability. Additionally, the aromatic structure of 4-AFD enhances the 

thermal and mechanical stability of the resulting network.
Vitrimers leverage multiple classes of dynamic covalent reactions, 

including transesteri2cation, disul2de exchange, and imine-based ex
changes, enabling tailored network structures and functional adapt
ability based on speci2c chemical mechanisms [31–35]. The 
crosslinking in the DGEBA/4-AFD vitrimer system investigated in this 
work is based on the classic epoxy–amine reaction: the primary amine 
on 4-AFD reacts with the epoxide group on DGEBA, leading to ring 
opening, formation of a C–N bond, and generation of a secondary 
alcohol. Each amine group on AFD can react with two epoxide groups, 
resulting in a highly crosslinked network. This DGEBA–AFD system thus 
provides an ideal platform for investigating the inJuence of cross- 
linking density and network architecture on the thermo-mechanical 
and dynamic properties of epoxy-based vitrimers. A schematic of the 
chemical structures and reactive sites of the monomers is provided in 
Fig. 1.

2.2. Model construction

The simulation workJow begins with the construction of an amor
phous cell representing the uncrosslinked resin. An amorphous cell, 
comprising 298 DGEBA and 149 AFD monomers to reJect a stoichio
metric 2:1 epoxide-to-amine ratio, was generated using the Amorphous 
Cell module in the Materials Studio software package [36]. The initial 
DGEBA-AFD system is shown in Fig. 2.

The polymer consistent force 2eld (PCFF) [37], which has been 

Fig. 1. Chemical structures of the monomers of (a) diglycidyl ether of bisphenol A (DGEBA) and (b) 4-aminophenyl disul2de (AFD). Red dashed circles highlight the 
reactive epoxide and amine groups responsible for crosslink formation.

Fig. 2. Initial con2guration of the uncrosslinked polymer network, constructed 
by randomly distributing a stoichiometric amount of DGEBA and 4-AFD mol
ecules. Atom types are distinguished by color. This structure represents the 
precursor prior to curing reactions.
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widely used and validated for simulating polymers [38,39], was used to 
describe atomic interactions, including bonded terms (bond stretching, 
angle bending, dihedral and improper torsions) and non-bonded in
teractions modeled via Lennard-Jones and Coulombic potentials with a 
10 Å cutoff. Prior to MD simulations, the monomer geometries were 
optimized using the conjugate gradient algorithm [40], and initial ve
locities were assigned according to a Maxwell–Boltzmann distribution at 
300 K. The system then underwent a two-stage equilibration process. 
First, the structure was relaxed in the NPT ensemble at 300 K and 1 atm, 
allowing the simulation cell to compress or expand to reach the target 
density. Once the desired density was achieved and volume-induced 
stress was relieved, the simulation transitioned to the NVT ensemble 
to maintain a constant volume. Temperature regulation was achieved 
using a Nose–Hoover thermostat [41] to ensure a stable kinetic energy 
distribution. Upon completion of equilibration, the relaxed con2gura
tions were exported to LAMMPS [42,43] for cross-linking and further 
dynamic simulations. This modeling protocol provides a reliable and 
experimentally relevant starting point for subsequent vitrimer network 
formation and property analysis.

2.3. Cross-linking simulation

The formation of a polymer network from monomers in epoxy vit
rimer systems proceeds via cross-linking, a process that fundamentally 
determines the 2nal mechanical and thermal properties of the material. 
In MD simulations, this process typically involves two sequential stages: 
a “linking” stage, where monomers are covalently bonded based on 
proximity or energy criteria, and a “relaxation” stage, where high- 
temperature MD cycles relieve the arti2cially induced strain and pro
mote network reorganization.

Due to computational constraints, atomistic MD simulations cannot 
replicate the long timescales and moderate temperatures used in 
experimental curing (e.g., ~140 ◦C for hours), where diffusion-limited 
reactions often lead to kinetic traps and heterogeneous network for
mation. To overcome this, simulations are typically performed at 
signi2cantly elevated temperatures (e.g., 600–700 K) to accelerate 
molecular motion, enhance diffusion rates, and increase reaction prob
abilities, enabling high conversion levels (e.g., ~90 % cross-linking) 
within feasible simulation timescales of nanoseconds to microseconds. 
The selection of these temperatures was optimized to achieve a crosslink 
density comparable to experimental values (~85–95 % conversion in 
DGEBA/4-AFD systems [6]), while minimizing unphysical artifacts like 
bond strain. However, this high-temperature acceleration impacts the 
network structure by promoting more uniform topology and reduced 
heterogeneity compared to experimental conditions, where slower ki
netics at lower temperatures can result in localized defects, chain en
tanglements, or incomplete reactions, leading to a more irregular and 
heterogeneous network. Consequently, simulated networks may exhibit 
slightly overestimated mechanical properties (e.g., 10–20 % higher 
modulus or strength) and Tg due to idealized homogeneity. Limitations 
include the potential oversight of temperature-dependent side reactions 
(e.g., oxidation or degradation not captured in classical MD) and the 
inability to model exact kinetic pathways, which restricts direct com
parisons to equilibrium properties (e.g., density, Tg) rather than tran
sient or defect-sensitive ones (e.g., fatigue or fracture behavior). Despite 
these disparities, the resulting network density and overall structure 
closely resemble those of experimentally cured epoxies, with the degree 
of curing quanti2ed by the fraction of newly formed C–N bonds relative 
to the theoretical maximum, validating the approach for predictive 
material design.

3. Results and discussion

3.1. Curing reaction modeling

To model the curing process of the DGEBA–AFD vitrimer system, we 

employed a distance-based cross-linking algorithm that mimics the 
epoxy–amine reaction mechanism, as shown in Fig. 3a. Reactive centers 
were assigned to the epoxide carbon atoms of DGEBA and the amine 
nitrogen atoms of 4-AFD. Bond formation occurred when a reactive pair 
approached within a prede2ned cutoff distance, resulting in the creation 
of a C–N bond and implicit ring-opening of the epoxide group, as illus
trated in Fig. 3b–e. The curing reaction proceeds through a two-step 
mechanism. First, a primary amine attacks the epoxide, generating a 
secondary amine and a hydroxyl group. The secondary amine can then 
further react with another epoxide to form a tertiary amine and an 
additional hydroxyl. Each nitrogen center is permitted to form up to two 
C–N bonds, while each epoxide carbon can react only once, consistent 
with the expected reaction stoichiometry.

To gradually achieve high cross-link density while preserving 
structural integrity, the reaction cutoff distance was incrementally 
increased by 0.5 Å in each cycle. After every round of new bond for
mation, the system was subjected to energy minimization and short NPT 
equilibration steps to redistribute local strain and maintain realistic 
network geometry. This process was repeated until the target ρcl of 
approximately 90 % was reached. Further details are provided in 
Fig. S1.

Following the completion of the cross-linking phase, the system was 
subjected to post-curing thermal annealing to eliminate residual stress 
and reach thermodynamic equilibrium. This was achieved through 
repeated heating and cooling cycles between 1 K and 600 K under NPT 
conditions (1 bar), with each cycle lasting 50 ps (See Fig. S2). Density 
convergence was used as an indicator of equilibration. This annealing 
step is particularly important in vitrimers, where stress relaxation and 
structural reorganization contribute to the long-term mechanical sta
bility and are critical for accurately assessing dynamic bond exchange 
behavior, such as self-healing [44].

The curing process was monitored through the temporal evolution of 
cross-link formation, as monomers with reactive functional groups 
progressively formed new bonds and developed into a rigid network. As 
the simulation advanced, the system approached a quasi-equilibrium 
state with a stabilized ρcl. While the simulations focused on structural 
outcomes, it is important to note that real vitrimer curing is inJuenced 
by various kinetic factors such as temperature, mechanical stress, and 
the surrounding chemical environment [45], which modulate the rates 
of bond formation, cleavage, and exchange.

3.2. Crosslinked structure validation

Crosslinking density (ρcl) is a critical parameter governing the me
chanical strength, thermal stability, and chemical durability of polymer 
networks [46–50]. A densely crosslinked structure restricts molecular 
mobility and reduces the presence of free chain ends, thereby enhancing 
the resistance to deformation and dissolution. In the DGEBA–AFD vit
rimer system, the ability of each 4-AFD molecule to form up to four 
covalent bonds with epoxide groups enables the creation of a highly 
interconnected, load-bearing network.

To evaluate the formation and quality of the network, we analyzed 
the bonding con2gurations of 4-AFD molecules throughout the curing 
process. As shown in Fig. 4, the number of epoxide connections per 4- 
AFD molecule varies from zero to four, representing different levels of 
crosslinking saturation. Fully saturated 4-AFD units (four epoxide link
ages) contribute most effectively to mechanical reinforcement, while 
underutilized molecules (with one to three linkages) represent network 
imperfections that may result in local Jexibility and reduced load 
transfer ef2ciency.

Initially, a signi2cant fraction of 4-AFD molecules remains unreac
ted, but as curing progresses, the population shifts toward higher de
grees of connectivity. At intermediate conversion levels (20 %, 50 %, 
and 70 %), the fractions of 4-AFD molecules with one, two, and three 
linkages, respectively, reach their maximum. This reJects the progres
sive nature of bond formation and the emergence of a complex polymer 
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Fig. 3. (a) The curing algorithm between the epoxy resin and the amine curing agent is modeled as a stepwise mechanism. (b) Each epoxy group is initially attacked 
by a primary amine, (c) yielding a secondary amine and a hydroxyl group. (d) The secondary amine subsequently reacts with another epoxy group. (e) Generate a 
tertiary amine and a second hydroxyl group.

Fig. 4. Representative con2gurations illustrate the potential connectivity of a 4-AFD molecule with epoxide groups during curing. Subpanel (a–f) shows 4-AFD 
molecules bonded with 4, 3, 2, 1, or 0 epoxide groups, respectively, reJecting the possible crosslink states and network topologies in the cured vitrimer system.
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network. When the conversion reaches 90 %, the crosslinked architec
ture becomes signi2cantly more saturated: nearly all 4-AFD molecules 
participate in network formation, with ~65 % achieving full fourfold 
connectivity (Fig. 5). This high level of saturation indicates a robust 
network with enhanced stiffness and thermal resistance (Further 
computational details are provided in Figs. S3–S6).

The data obtained from our simulations show strong agreement with 
the predictions derived from statistical analysis. This correlation un
derscores the reliability of our models in capturing the interaction 
behavior between 4-AFD and epoxide groups during the crosslinking 
process. The accuracy of these models is crucial for designing polymers 
with tailored properties, as they allow for precise control of crosslinking 
density and network structure. The expected number of curing agents 
with four occupied active sites (E) is determined using the combinatorial 
framework [51]. The derivation proceeds as follows: 

E =
∑

N

i=1
P(The ith curing agent isfully saturated) (1) 

where N is the total number of curing agent molecules in the system, 
each with four independent active sites, and P represents the probability 
that a given curing agent has a speci2c number of active sites occupied, 
as de2ned by combinatorial arrangements. To evaluate the probability 
that a speci2c curing agent has all four sites occupied, we consider the 
selection of occupied sites among all available sites. The probability is 
given by: 

P =
C4

4C4Np−4
4N−4

C4Np
4Np

(2) 

where Ckn = n!
k!×(n−k)! denotes binomial coef2cient. Expanding the bino

mial coef2cients yields: 

E = N ×

(4N−4)!
(4Np−4)!(4N−4Np)!

4N!

4Np !(4N−4Np)!
(3) 

where p is the occupation fraction, the fraction of all active sites that are 
occupied (0 ≤ p ≤ 1). With further simpli2cation, we have: 

E = Np
(4Np − 1)(4Np − 2)(4Np − 3)
(4N − 1)(4N − 2)(4N − 3) (4) 

These parameters provide a quantitative basis for characterizing the 
distribution of crosslinking states and evaluating network saturation at 
the molecular level. The expected number of curing agents with four 
occupied reactive sites is computed by multiplying the total number of 
curing agents by the combinatorial probability that all four sites are 
occupied, as described above. This framework accounts for the sto
chastic nature of site occupation in the network formation process and 
provides a quantitative measure of network saturation at the molecular 
level.

3.3. Glass transition temperature (Tg) prediction

Tg is a fundamental thermal property of polymers that marks the 
transition of polymers from a rigid, glassy state to a soft, rubbery state 
[52–54]. Below Tg, molecular mobility is signi2cantly restricted, while 
above Tg, the chains gain suf2cient thermal energy to move more freely, 
resulting in increased Jexibility and elasticity [52,54]. This transition 
signi2cantly affects the mechanical and thermal properties of polymers, 
making Tg an essential parameter for understanding and predicting the 
behavior of polymeric materials in various applications [55].

Understanding Tg is crucial for selecting suitable polymers for spe
ci2c service conditions. For instance, polymers used in high-temperature 
environments must have a Tg above the operating temperature to 
maintain their structural integrity. Conversely, for applications that 
require Jexibility and impact resistance at lower temperatures, poly
mers with a lower Tg are more suitable [56]. Thus, Tg plays a vital role in 
material selection and designing materials with desired properties.

The glass transition is typically accompanied by changes in physical 
properties, such as speci2c volume and density, as well as thermal and 
mechanical behavior. In MD simulations, Tg is usually obtained by 
analyzing variations in density or speci2c volume as a function of 
temperature. In this study, MD simulations were conducted in the NPT 
ensemble at a cooling rate of 1 K/ps to calculate Tg. The temperatures 
and densities of the models were recorded for further analysis. Fig. 6a
shows temperature-dependent density curves for different crosslinking 
densities, and Fig. 6b presents the speci2c volume of the 90 % cross
linked system. A clear turning point in slope was observed around 390 K, 
which indicates the Tg and has a good alignment with reported values in 
the literature [6]. Below 390 K, the polymer exhibits a lower speci2c 
volume, indicative of a denser and more rigid structure. Above this 
temperature, the speci2c volume increases more rapidly, indicating a 
transition to a more Jexible and less dense state. To accurately identify 
the Tg, a piecewise linear function was used to 2t the temper
ature–density data.

3.4. Temperature-driven bond exchange

In this study, we modeled the dynamic bond exchange processes in a 
vitrimer system, recognizing that these reactions exhibit sluggish ki
netics at ambient temperatures but accelerate signi2cantly as the tem
perature approaches or exceeds the topological freezing transition 
temperature (Tv) of the vitrimer [57]. Tv is a crucial parameter for vit
rimers, marking the threshold above which dynamic covalent bonds 
become highly active [58]. When the temperature exceeds Tv, the ma
terial exhibits signi2cant bond exchange activity, enabling the network 
to Jow and behave as a viscoelastic liquid [59]. This facilitates 
reprocessing, recycling, and self-healing capabilities. Conversely, below 
Tv, the exchange reactions are effectively frozen, and the vitrimer be
haves as a rigid thermoset with limited molecular mobility [60]. 
Importantly, Tv generally occurs at temperatures above Tg, distinguish
ing the onset of dynamic network rearrangement from the transition 
between glassy and rubbery states [61]. Near Tv, the modulus of material 
decreases, and the mobility of polymer chains increases in a sigmoidal 
manner corresponding to a higher likelihood of transesteri2cation or 
other bond exchange reactions. To capture this behavior, we imple
mented a temperature-dependent sigmoidal function centered at Tv to 

Fig. 5. Statistical distribution of 4-AFD molecules linked to 0, 1, 2, 3, or 4 
epoxide groups at various curing stages, represented by different conversion 
percentages. The data quanti2es the cross-linking evolution, with a marked 
decrease in unreacted 4-AFD molecules and a corresponding increase in highly 
linked molecules as curing proceeds, reJecting the formation of a denser 
polymer network.
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enhance the kinetics of the bond exchange in our model.
Given that the experimentally observed time scales of bond exchange 

are relatively long, we accelerated the reaction rates in our MD simu
lations to effectively capture the thermomechanical behavior of the 
vitrimer within computationally feasible timeframes [62]. The dynamic 
bond exchange was represented using a two-step reaction framework, 
involving the pre- and post-reaction templates, along with a reaction 
map that governed exchange events. The temperature-dependent 
probability of the bond exchange, p(T), was de2ned by the following 
sigmoidal equation [28]: 

p(T) = 1
exp

(

− a(T − Tv) − ln
(

pTv
1−pTv

))

+ 1
,where a =

2pTv
w(1 − pTv)

(5) 

Here, w represents the width of the transition window around Tv. It is 
determined from the modulus-temperature relationship; in this study, 
we set w = 40 K. The parameter pTv = 0.9 reJects the probability of 
bond exchange occurring at the transition temperature Tv, implying that 
a majority of exchange reactions occur around this point. At the onset of 
the transition window (i.e., Tv–w), the probability is p(Tv-w) = 0.1, 
ensuring a smooth increase in the reaction rate. When reactive sites, 
such as pairs of sulfur (S–S) atoms from different polymer chains, 
approach within a designated cutoff distance (4.12 Å, twice the typical 
S–S bond length of 2.06 Å), bond exchange reactions may occur. As 
temperature increases, the frequency of these reactions rises due to 
enhanced atomic mobility, reaching a maximum once the temperature 
surpasses Tv. This increase is primarily driven by the increased fre
quency of collision events between reactive atoms. Such a modeling 
approach aligns well with experimental observations and effectively 
captures the thermomechanical behavior of the vitrimer system under 
varying temperature conditions.

Fig. 7 depicts the inJuence of temperature on both the bond ex
change probability and the total number of bond exchange reactions 
within the system. A clear trend is observed: as the temperature in
creases, the number of reactions also increases. Notably, surpassing the 
threshold temperature (Tv), the reaction probability reaches 1.0, indi
cating near-complete bond exchange activity. This phenomenon is 
attributed to the increased frequency of collisions among bonding atoms 
at elevated temperatures. These characteristics are obtained by formu
lating a reaction probability centered around the topological freezing 
transition point, informed by experimental data. We calculated Tv = 410 
K as a reference point to assess the temperature-dependent probability of 
bond exchange reactions.

To elucidate the molecular mechanisms governing disul2de bond 
exchange in the DGEBA/4-AFD vitrimer system, we employed a 
sigmoidal probability model, centered at the topological freezing tran
sition temperature Tv = 410 K, with a transition window width w = 40. 
The temperature sensitivity of disul2de exchange in our sigmoidal 

model is consistent with reported activation energies for aromatic di
sul2de metathesis. Quantum chemical (DFT) and experimental studies 
have estimated the activation energy (E_a) of disul2de bond exchange to 
be in the range of 50–70 kJ/mol [63–65]. According to transition state 
theory, the reaction rate follows the Arrhenius equation, which is 

k = Aexp(− Ea
RT) (6) 

where at Tv = 410 K, the thermal energy (RT ≅ 3.4kJ/mol) enables a 
signi2cant fraction of molecules to surpass the energy barrier, resulting 
in a high bond exchange probability (pTv = 0.9). This is consistent with 
experimental observations of stress relaxation in disul2de-based vitri
mers, with relaxation times decreasing from 3 h at 130 ◦C to 20 s at 
200 ◦C, enabling ef2cient reprocessability and self-healing at elevated 
temperatures [6]. The sigmoidal model effectively approximates the 
rapid increase in reaction rate near Tv, driven by enhanced molecular 
collisions, although external mechanical stimuli can further modulate 
the effective barrier, as indicated by DFT studies on similar disul2de 
systems. However, the classical MD framework simpli2es quantum 
mechanical transition states, potentially underestimating local steric or 
electronic effects, which could be addressed in future quantum–classical 
hybrid simulations. The sigmoidal model thus provides a phenomeno
logical yet effective representation of the rapid increase in bond 

Fig. 6. (a) Speci2c volume as a function of temperature plot used to determine the glass transition temperature (Tg). (b) A noticeable turn point in slope was observed 
near 390 K for the system with ρcl = 90 %, indicating the onset of Tg.

Fig. 7. Temperature dependence of the reaction probability (right vertical axis) 
for dynamic disul2de exchange and the corresponding number of S–S bond 
rearrangements (left vertical axis). The reaction probability features a 
sigmoidal increase near Tv, highlighting the sharp enhancement in bond ex
change activity at elevated temperatures.
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exchange activity near Tv, driven by enhanced molecular mobility and 
collisions. While mechanical stimuli and local steric or electronic effects 
may further modulate the effective barrier—as suggested by DFT stud
ies—these subtleties are not fully captured in a classical MD framework. 
Incorporating quantum–classical hybrid approaches in future work 
could help address such limitations and re2ne the accuracy of reaction 
dynamics in vitrimers.

3.5. Effect of crosslink density (ρcl) on mechanical behavior

Crosslink density (ρcl) plays a crucial role in determining the me
chanical behavior of amorphous polymers, including vitrimers [66,67]. 
To understand this impact, 2ve polymer samples with varying crosslink 
densities, ranging from 50 % to 90 %, were constructed and subjected to 
tensile loading. Each sample was 2rst relaxed for 1 ns at 300 K under 
atmospheric pressure, followed by a uniaxial tension test with a strain 
rate of 109/s. The resulting stress–strain responses, presented in Fig. 8, 
reveal clear trends correlating ρcl with the mechanical performance of 
vitimers.

As ρcl increases, the peak stress rises accordingly, indicating that 
polymers with a higher ρcl enhance the resistance of the material to 
mechanical deformation. Speci2cally, the sample with ρcl = 90 % 
exhibited the highest peak stress (~160 MPa), while samples with ρcl 
values of 80 %, 70 %, 60 %, and 50 % showed progressively lower peak 
stresses. This trend is attributed to the increased number of covalent 
crosslinks at higher ρcl, which restricts the movement of polymer chains, 
thereby enhancing network strength and rigidity.

Further analysis, depicted in Fig. S7, illustrates the dependence of 
Young’s modulus, yield stress, and ultimate stress on ρcl. Young’s 
modulus, a measure of material stiffness, exhibits a positive correlation 
with ρcl, as higher densities limit chain mobility and form more rigid, 
load-bearing networks [66,68]. These results align well with both MD 
predictions and experimental measurements, such as the reported 
modulus of 2.4 GPa for similar epoxy systems [6]. At low crosslink 
densities (e.g., 50 %), polymer chains retain considerable Jexibility, 
allowing for more sliding and deformation, which results in reduced 
stiffness and lower Young’s modulus values. As the density increases to 
intermediate levels (60–70 %), the network becomes increasingly rigid, 
improving load transfer and stress distribution. At high crosslink den
sities (80–90 %), the material becomes signi2cantly stiffer and more 
brittle, with a tightly crosslinked architecture that strongly resists 
deformation and yields the highest Young’s modulus among the 
considered samples.

As summarized in Table 1, the simulated results from this work show 
good alignment with experimental data for the DGEBA/4-AFD epoxy 
vitrimer system, with Tg values of 117 ◦C closely matching the reported 
130–131 ◦C (DSC) and 127 ◦C (DMA) from experiments, con2rming the 
model’s ability to predict thermal transitions despite a slight underes
timation due to idealized simulation conditions and accelerated kinetics. 
Young’s modulus (2.2 GPa) aligns well with experimental ranges of 
2.6–3.0 GPa (DMA/tensile), validating enhanced stiffness from crosslink 
density, while tensile strength is overestimated in simulations (155 MPa 
vs. 88–93 MPa experimentally) owing to the absence of real-world de
fects, voids, or heterogeneity; overall, these alignments substantiate the 
MD framework’s predictive accuracy for material design.

3.6. Mechanism and kinetics of bond exchange

To accurately capture the self-healing behavior of vitrimers in MD 
simulations, it is essential to incorporate a mechanism that mimics the 
dynamic exchange of covalent bonds. In this work, a BER algorithm was 
implemented to replicate the associative bond-swapping characteristic 
of disul2de-based vitrimer networks. The core principle of this BER al
gorithm is to simulate the continuous breaking and reforming of disul
2de bonds, enabling polymer network recon2guration while 
maintaining the overall ρcl [25].

The BER algorithm operates by iterative “bond break/create” cycles, 
beginning with an initially well-crosslinked polymer network (90 %) 
equilibrated at 300 K to ensure structural stability. During each cycle, a 
substantial fraction of existing disul2de bonds, 80 %, are randomly 
broken, generating free sulfur atoms that serve as reactive sites. This 
random selection is crucial to avoid any bias in network topology and to 
provide opportunities for the network to explore new con2gurations. 
The 80 % break probability was tuned for DGEBA-AFD to achieve 

Fig. 8. (a) Stress–strain curves of vitrimer systems with varying ρcl (50 % to 90 %) subjected to uniaxial tension at 300 K. (b) Deformed con2guration of the vitrimer 
with ρcl = 90 % at a strain of 100 %, showing a well-connected network. (c) Con2guration with ρcl = 50 % at the same strain, revealing increased disruption and 
larger void formation.

Table 1 
Comparison of simulated and experimental thermomechanical properties of the 
studied vitrimer.

Property This 
work

Experiment [6] Experiment [15]68]

Tg (oC) 117 ◦C 130 ◦C (DSC) 
127 ◦C (DMA)

131 ◦C (DSC)

Young’s 
Modulus 
(GPa)

2.2 GPa 2.6 GPa (DMA at 
25 ◦C)

3.03 ± 0.03 GPa (tensile 
test, ASTM D638)

Tensile Strength 
(MPa)

155 
MPa

88 MPa (at 7.1 % 
strain)

92.8 ± 0.2 MPa
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healing ef2ciencies of more than 95 %. Lower probabilities (e.g., 50 %) 
underpredict healing; higher probabilities (90 %) cause unphysical 
network disruption.

Following the bond-breaking phase, the algorithm initiates a bond 
formation phase, in which new disul2de bonds are created between 
available sulfur atoms. To ensure a realistic representation of bond dy
namics and to prevent the immediate reformation of previously broken 
pairs, a distance criterion is applied. Only when two unbonded sulfur 
atoms fall within a cutoff distance of 4.12 Å, then they are eligible to 
form a new bond. For each eligible pair, a new S–S bond is formed with a 
probability of 50 %. This probability-based approach is key to capturing 
the stochastic nature of chemical reactions and ensuring the diversity of 
crosslinking patterns throughout the simulation.

To govern the number of bond-breaking and bond-forming opera
tions, two parameters, commonly denoted as “a” and “b”. In this study, a 
= 10 (the total bond cuts in the BER loop) and b = 50 (the maximum 
number of bond formation attempts per cycle) were chosen. These 
values are selected based on prior work to balance computational ef2
ciency with the need for thorough network rearrangement, and they can 
be adjusted according to the degree of healing or network evolution 
desired in the simulation [25]. Between each bond-breaking and bond- 
formation phase, the system undergoes a relaxation period, allowing 
polymer chains and reactive sites to diffuse and reposition, thus further 
enhancing the probability of successful crosslinking.

The effectiveness of the BER algorithm is particularly evident when 
simulating the healing process of a damaged vitrimer. A controlled “cut” 

is introduced by selectively breaking backbone bonds in a localized re
gion of the polymer network. The BER algorithm then enables refor
mation of new disul2de bonds across the damaged interface, restoring 
structural connectivity and facilitating recovery of mechanical integrity. 
This healing process is highly temperature-dependent, as elevated 
temperatures enhance atomic mobility and thus accelerate both bond 

breaking and reforming, which thereby enhances the healing rate. 
Throughout the simulation, the total number of disul2de bonds may 
Juctuate slightly, but it remains close to the original value, reJecting the 
associative mechanism of bond exchange that distinguishes vitrimers 
from dissociative dynamic networks.

By carefully tuning the parameters that govern the BER algorithm, 
speci2cally, the probabilities of bond breaking and formation, the cutoff 
distance for new bond formation, and the numbers of cycles and at
tempts, the simulation can accurately mimic and reproduce the dynamic 
network restructuring and self-healing phenomena observed experi
mentally in vitrimers. This modeling approach not only allows for 
quantitative evaluation of healing ef2ciency and mechanical recovery 
but also provides molecular-level insights into how variations in 
network architecture, temperature, and nano2ller content can inJuence 
the dynamic response of these advanced polymer systems.

The Jowchart in Fig. 9 illustrates an iterative algorithm designed to 
simulate the dynamics of disul2de bond exchange within a polymer 
network, which is implemented in LAMMPS. The process starts by 
initializing the molecular structure and setting two counters, a and b, to 
zero. The optimal values and tuning of these parameters were investi
gated by Park et al. [25]. The system is 2rst equilibrated for 10,000 steps 
under the NVT ensemble. In each cycle of the algorithm, existing di
sul2de (S-S) bonds are evaluated with an 80 % probability of being 
broken; each successful bond cleavage increments counter a by one. 
Following the bond-breaking phase, counter b is reset to zero, and a 50 % 
probability is applied to form new disul2de bonds between available 
sulfur sites, incrementing b with each new bond created.

The dynamic disul2de bond exchange process in polymer networks is 
governed by the spatial proximity of reactive groups. When the distance 
between two S-S bonds from different polymer chains decreases below 
4.2 Å, the system reaches a con2guration that facilitates bond exchange. 
This process begins with the cleavage of the original S-S bonds, 

Fig. 9. (a) Flowchart of the “bond break/create” algorithm used to model disul2de bond exchange. The iterative procedure involves: (b) identifying existing S–S 
bonds that are probabilistically cleaved under speci2c probabilities. (c) subsequent formation of a new S–S bond with a neighboring chain. The iterative procedure 
involves probabilistic cleavage and reformation of S–S bonds, facilitating network rearrangement and enabling the modeling of self-healing behavior.

A. Kuhzadmohammadi and N. Zhang                                                                                                                                                                                                      European Polymer Journal 239 (2025) 114273 

8 



producing free sulfur atoms. Subsequently, the exchange proceeds 
through two sequential reactions: in Reaction (1) (R1), a sulfur atom 
from one chain forms a new bond with a sulfur atom from a different 
chain. Reaction (2) (R2) follows, wherein the remaining free sulfur 
atoms from different chains also bond, completing the exchange cycle.

Fig. 10 schematically depicts the bond exchange process. It begins 
with an initial disul2de bond, highlighted within a green dashed circle. 
Upon cleavage, the sulfur atoms become available to form new bonds. 
The left-hand sulfur atom forms a new S-S bond with the sulfur atom on 
a different chain, as indicated by a blue dashed circle. This is followed by 
a similar reaction involving the left-hand sulfur atom, thereby 
completing the disul2de bond exchange and forming new crosslinks (red 
dashed circle in Fig. 10).

3.7. Temperature effects on bond exchange

This study explores S-S BERs in a vitrimer polymer matrix under two 
different temperature conditions, 400 K, which is near Tv, and 450 K, 
which is above Tv, to assess the inJuence of thermal energy on reaction 
dynamics. The BERs proceed through two distinct mechanisms: Reaction 
(1) (R1) and Reaction (2) (R2). The progression of these reactions is 
quanti2ed using the BER, which is tracked as a function of time (t), 
measured in nanoseconds (ns), capturing the rate and sequence of R1 
and R2 throughout the simulation. As illustrated in Fig. 11, the BER 
curves clearly demonstrate a strong temperature dependence of the 
bond exchange process. Both R1 and R2 exhibit signi2cantly higher 
reaction rates at 450 K compared to 400 K, indicating that elevated 
thermal energy facilitates faster bond cleavage and reformation by 
overcoming activation barriers more readily. R1 progresses more 
rapidly than R2 at both temperatures, suggesting that the initial 

formation of new S–S bonds is kinetically more favorable. The near- 
linear increase in BER over time reJects steady-state reaction kinetics, 
with steady-state conditions reached more quickly at higher tempera
tures due to enhanced molecular mobility and collision frequency.

These 2ndings provide important molecular-level insights into the 
dynamic behavior of sulfur-containing vitrimer systems. Understanding 
the temperature sensitivity of bond exchange kinetics is crucial for 
designing responsive polymer networks with tunable mechanical prop
erties, self-healing capability, and thermal reprocessability tailored to 
diverse industrial applications.

3.8. Crack self-healing

Traditional composites, while exhibiting tailored stiffness and 
strength, are often limited in their ability to autonomously recover from 
crack or notch-induced damage [69]. Self-healing capabilities provide a 
promising way to overcome such limitations by enabling the recovery of 
mechanical properties after damage through thermally activated bond 
exchange reactions. This is a critical functionality in vitrimers, enabling 
the autonomous repair of damage and thereby extending the lifespan of 
the material while maintaining its mechanical integrity. This self- 
healing behavior in vitrimers is attributed to the dynamic nature of 
sulfur-sulfur (S-S) bonds, which undergo reversible exchange reactions 
when thermally activated. Upon heating, these bonds rearrange, 
allowing the polymer network to recon2gure and restore continuity at 
damaged sites.

To explore the self-healing mechanism, a controlled crack with a 
width of 10 Å was introduced by severing central S-S bonds in the 
polymer network, simulating structural damage (Fig. 12). This model 
served as the damaged state for subsequent analysis. To assess recovery, 
MD simulations were conducted under two scenarios: one without dy
namic S–S bond exchange (damaged) and one with the bond exchange 
mechanism activated (healed).

The healing process was initiated by heating the vitrimer to 450 K for 
250 ps, enabling dynamic disul2de bond exchange, followed by cooling 
and relaxation to 300 K. After thermal treatment, the vitrimer regained 
its mechanical integrity. Tensile tests were performed to evaluate the 
stress–strain behavior across three states: pristine, damaged, and healed.

As shown in Fig. 13a, the pristine vitrimer exhibits a typical elas
tic–plastic response, characterized by a high Young’s modulus of 
approximately 2.2 GPa and an ultimate tensile strength of 155 MPa. In 
sharp contrast, the damaged vitrimer, in which a central network crack 
is introduced, displays a markedly reduced Young’s modulus of 0.9 GPa 
and a tensile strength of only 60 MPa, reJecting the substantial loss of 
network connectivity and mechanical integrity. Following the healing 
process enabled by dynamic disul2de bond exchange, the vitrimer 
demonstrates signi2cant mechanical recovery. The healed model ach
ieves a Young’s modulus of 2.1 GPa and an ultimate tensile strength of 
150 MPa. These values represent a recovery of over 95 % of the original 
stiffness and the tensile strength relative to the pristine sample. This 
near-complete restoration of mechanical performance provides 
compelling molecular-level evidence that dynamic bond exchange re
actions can effectively re-establish both the elastic and strength prop
erties of epoxy vitrimer networks after damage. Such high healing 
ef2ciency underscores the potential of disul2de-based vitrimers for use 

Fig. 10. Schematic representation of the two-step dynamic disul2de bond exchange reactions: (a, b) cleavage of an existing S-S bond in R1 and (c, d) formation of a 
new S-S bond through bond exchange in R2.

Fig. 11. BER curves as a function of time for R1 and R2 at two temperatures 
(400 K and 450 K). Elevated temperature signi2cantly accelerates the bond 
exchange process, as evidenced by the steeper slopes for both reaction path
ways at 450 K compared to 400 K.
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in durable, self-healing polymeric materials for advanced structural 
applications.

The molecular con2gurations of the vitrimer in pristine, defective, 
and self-healed states across different levels of tensile deformation were 
compared in Fig. 13b-d. These structural snapshots complement the 
mechanical analysis by illustrating the microstructural evolution under 
deformation. In the pristine state, the polymer network remains 
continuous and well-connected, enabling uniform deformation and 
effective stress distribution. The damaged model, featuring an intro
duced 10 Å-wide crack, exhibits pronounced voids and network dis
continuities, as indicated by the white regions representing broken 
bonds. This localized structural failure leads to stress concentration 
along the crack and results in premature fracture under loading.

In contrast, the healed vitrimer shows a reformed and more homo
geneous network structure after thermal activation of dynamic disul2de 
exchange. The bond distribution is restored, and the voids present in the 
damaged state are largely eliminated. Notably, both the pristine and 
healed models display more uniform deformation and fracture behavior 
throughout the entire structure, while the damaged model exhibits 
localized failure along the pre-existing crack due to stress concentration. 
These visualizations reinforce the conclusion that dynamic bond ex
change effectively restores the vitrimer’s structural integrity and me
chanical performance following damage.

3.9. Nanovoid self-healing

To further investigate the self-healing capability of vitrimers under 
severe damage conditions, a cylindrical through-hole defect was intro
duced into the polymer matrix using a strategy adapted from previous 
studies [70,71]. Speci2cally, A single-walled carbon nanotube (CNT) 
with a radius of 10 Å and a length of 60 Å, positioned along the out-of- 
plane direction, was embedded to delineate the void geometry. After 
curing and equilibration, the CNT was removed, creating a well-de2ned 
cylindrical hole that extended through the thickness of the vitrimer 
model. Subsequently, the damaged system was then annealed at 450 K 
for 250 ps to activate dynamic S–S bond exchange and promote network 
reformation. Following thermal treatment, the system was cooled and 
equilibrated at room temperature for mechanical evaluation. Fig. 14
presents a sequence of snapshots taken during the healing process. The 
images clearly show the progressive closure of the cylindrical void as the 
dynamic S–S bonds recon2gure, resulting in a reconstructed and 
continuous polymer network, further supporting the effectiveness of 
vitrimer-based self-healing strategies (A video illustrating the healing 
process is provided in the SI).

The mechanical response and failure modes of the pristine, defective, 
and healed vitrimer were illustrated in Fig. 15a. The stress–strain curves 
show that the healed vitrimer exhibits a substantial recovery in me
chanical performance compared to the void-containing case. Notably, 
the stiffness of the healed vitrimer matches that of the pristine sample, 

Fig. 12. Illustration of a “crack” introduced by deleting the sulfur-sulfur bond in the region between the two black dashed lines, as illustrated in the insets to mimic a 
localized damage. By breaking one link in the network, the capability for self-healing via bond exchange can be tested.

Fig. 13. (a) Stress–strain curves of the vitrimer in pristine, defective (with a 10 Å-wide crack), and thermally self-healed states under uniaxial tension at 300 K. The 
self-healed vitrimer recovers over 95 % of the original mechanical performance after thermal activation of dynamic bond exchange. (b–d) Representative molecular 
snapshots at strains of 0.0 and 0.5 for each condition, highlighting the restoration of network connectivity in the self-healed state compared to pronounced voids and 
disrupted connectivity in the damaged state.
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indicating a full recovery of elastic properties. Although the ultimate 
strength is slightly reduced, this can be reasonably attributed to the 
removal of a substantial number of atoms during the creation of the 
cylindrical defect, which lowers the total load-bearing capacity. Despite 
this, the healed vitrimer exhibits uniform deformation and delayed 
fracture, highlighting the effectiveness of dynamic disul2de bond ex
change in restoring structural integrity and mechanical resilience. Visual 
comparisons in Fig. 15b-d of the failure modes reveal that the pristine 
and healed systems undergo uniform deformation and delayed fracture, 
whereas the void-containing sample fails prematurely along the defect 
site.

4. Conclusions

In this work, we developed a comprehensive MD framework to un
cover the molecular-level mechanisms governing curing, deformation, 
and self-healing in epoxy-based vitrimers. By implementing a novel al
gorithm to simulate crosslink formation and dynamic disul2de bond 
exchange, we constructed polymer networks with controlled ρcl and 
systematically quanti2ed their mechanical and thermal responses. Our 
2ndings reveal that increased ρcl enhances stiffness, strength, and glass 
transition temperature by forming denser, more rigid networks, while 
the presence of cracks or voids severely degrades mechanical integrity 
due to disrupted connectivity.

Importantly, we demonstrate that thermally activated disul2de bond 
exchange enables ef2cient network recon2guration and repair. The 
vitrimer recovers over 95 % of its original Young’s modulus and tensile 
strength following self-healing, as evidenced by the restored stress–
strain behavior and the closure of nanoscale damage. These results 
provide direct, atomistic-level validation of associative bond exchange 
as a powerful mechanism for healing damage in vitrimer systems, which 

are capabilities that remain dif2cult to resolve experimentally.
Beyond revealing critical structure–property relationships, this study 

contributes a predictive computational toolset to guide the rational 
design of recyclable, reprocessable, and damage-tolerant polymers. By 
offering mechanistic insight into bond exchange and network evolution, 
our work bridges the gap between molecular simulation and experi
mental vitrimer development. Future efforts will focus on optimizing 
network topologies, exploring alternative dynamic chemistries, vali
dating simulation predictions through experimental collaboration, as 
well as integrating machine learning techniques to accelerate the 
screening and discovery of vitrimer formulations with tailored 
performance.
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Fig. 14. Sequential molecular snapshots during the self-healing of a cylindrical void in the vitrimer network at relaxation times of (a) 0 ps, (b) 50 ps, (c) 100 ps, and 
(d) 200 ps. The images illustrate progressive closure of the defect via dynamic S–S bond exchange and network recon2guration under thermal activation.

Fig. 15. (a) Stress–strain curves of the vitrimer in pristine, void-introduced, and thermally healed states under uniaxial tension at 300 K, illustrating the mechanical 
recovery achieved through dynamic bond exchange. (b–d) Corresponding molecular snapshots at selected strain levels, showing (b) the intact network in the pristine 
sample, (c) disrupted connectivity and void growth in the damaged sample, and (d) restored structural integrity in the self-healed system.
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[4] A. Bîrcă, O. Gherasim, V. Grumezescu, A.M. Grumezescu, Introduction in 

thermoplastic and thermosetting polymers, Mater. Biomed. Eng. Elsevier (2019) 
1–28.

[5] M. Biron, Thermosets and Composites, Elsevier, 2003.
[6] A.R. de Luzuriaga, R. Martin, N. Markaide, A. Rekondo, G. Cabañero, J. Rodríguez, 
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