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Abstract

Vitrimers are a novel class of sustainable polymers with dynamics covalent adaptive
networks driven by bond exchange reactions between different constituents, making
vitrimers reprocessable and recyclable. Current modeling approaches of bond exchange
reactions fall short in realistically capturing the complete reaction pathways, which
limit our understanding the viscoelastic properties of vitrimers. This research addresses
these limitations by extending and employing Accelerated Reactive Molecular Dynamics
(ReaxFF) technique, thus enabling a more accurate representation of vitrimer viscoelas-
tic behavior at the molecular level. Bayesian optimization is employed to select force
field parameters within the Accelerated ReaxFF framework, and an empirical function
is proposed to model temperature dependency, thereby controlling reaction probabil-
ities under varying temperatures. The extended framework is employed to simulate
non-isothermal creep behavior of vitrimers under different applied stress levels, heating
rates and numbers of reactions. The simulation results agree with experimental findings

in literature, validating the robustness of the framework.



Introduction

Thermosetting resins are widely recognized for their exceptional mechanical properties,
strong adhesive qualities, and robust chemical resistance, making them indispensable in
numerous industrial applications such as coatings, adhesives, composites, and electronic ma-
terials. > These thermosetting polymers form a highly cross-linked network upon curing,
which imparts their desirable properties. However, this cross-linked structure also leads to
an inability to be reprocessed or recycled, posing significant challenges for sustainability
and end-of-life management.?>® The development of vitrimer polymers represents an excit-
ing advancement in polymer science, addressing the limitations of traditional thermosetting
resins like epoxy. Vitrimers are a class of polymers that combine the mechanical strength of
thermosets with the reprocessability of thermoplastics.%” They achieve this through the as-
sociative covalent adaptive network composed of dynamic covalent bonds that can exchange
with each other without loss of network integrity.® This provides the macromolecular network
adaptive nature and allows the network to rearrange under specific conditions while conserv-
ing its crosslink density. This unique characteristic enables vitrimers to be repaired,® !
reshaped, 1% and recycled, **16 thus offering significant advantages in terms of sustainabil-
ity and lifecycle management.!” 2°

Apart from experimental methods, theoretical models and simulations are exciting tools
to probe fundamental principles that dominate the behavior of these materials.?! Researchers
have used various methods to simulate vitrimers. Continuum and meso-scale models have

23,24

been employed which include theoretical models,?? patchy particle models, and coarse-

grain models.?°2® While these models align well with specific experimental results, they lack
the granularity to capture the heterogeneity and site-specific network evolution during the
healing process. In addition, the commonly adopted approaches to speed up reaction kinetics

use elevated temperatures that can lead to undesirable side reactions. On the other hand,

29,30

methods such as ab initio simulations, and hybrid molecular dynamics (MD) - Monte

Carlo (MC) simulations have been applied to investigate vitrimer behavior as well.3!33



However, while the ab initio methods can simulate only a small number of atoms which
prohibit the simulations of polymer networks, hybrid MD-MC approach is restricted to the
coarse-grained scale and lacks sufficient atomistic details of reactive atoms.

One of the outstanding challenges for vitrimer polymers is understanding their creep per-
formance under different conditions such as elevated temperatures and external stresses.3* 36
To this end, molecular dynamics simulations have shown to be useful for providing molec-
ular insights into the structural, dynamical, and thermodynamical properties of polymer
materials at the atomic level, enabling the prediction and analysis of material behavior un-
der various conditions.?”*® Atomistic simulations have been successful in providing insights
about polymer structure-property relationships.??*? Previous works demonstrated that clas-
sical molecular dynamics can simulate vitrimer behavior using the “cut-oft” method for bond

4347 Tn this method, bonds are formed based purely on the proximity of reacting

exchange.
atoms. However, this approach has limitations as it evaluates the likelihood of reactions
occurring based solely on the distance between reactive sites, without considering the actual
reaction pathway. Additionally, the unbounded number of simultaneous reactions that may
occur results in an indefinite reaction rate and limits the ability to capture the reaction rate’s
dependence on catalyst concentration, as observed in real experiments. Furthermore, this
simulation setup involves frequent equilibration steps after formation of new bonds during
the simulation, which disrupts simulation continuity and may introduce additional artifacts.

Reactive molecular dynamics or ReaxFF is able to bridge the gap between density func-
tional theory (DFT) and MD simulations as it can simulate reactive dynamics in large
systems while being computationally feasible.*® Specially for polymers, ReaxFF has shown
promise for simulating polymer crosslinking,? degradation,*® thermo-mechanical characteri-
zation,?* and adhesion.’® Previous works have used the “cut-off” method to capture polymer
reactions with slow kinetics, ignoring the reaction pathway and may lead to unrealistic

“after-reaction” configurations that would not be feasible in real systems. Vashisth et al.

have developed a new method within the framework of ReaxFF that can simulate slow reac-



tions in computationally feasible time; this method is called Accelerated ReaxFF.°! In this
method, the reactants are monitored until they achieve a configuration conducive to initi-
ating a reactive event. Once this configuration is reached, the reactants are supplied with
energy equivalent to or slightly exceeding the reaction energy barrier. This energy input is
designed to help the reactants overcome the barrier for the bond exchange process and tran-
sition into the desired products. This approach allows for the simulation of bond exchange
reactions (BERs) at realistic, lower temperatures, thus closely emulating actual chemical
reactions while minimizing unintended high-temperature side reactions. This method has
shown to capture the effect of molecular chemistry on crosslink density of thermosets and re-
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sulting thermo-mechanical properties of these polymers,
reactions in polymer networks.

In this paper, we use the Accelerated ReaxFF framework to investigate the non-isothermal
creep behavior of vitrimers. A novel scheme based on Bayesian optimization is developed
to select the appropriate force parameters for the restraint energy. An empirical equation
is further introduced to define force parameters as a function of temperature and achieves
temperature-dependent BER probabilities in ReaxFF simulations. This setup is used to
simulate non-isothermal creep of vitrimers under varying external stimuli, i.e., applied stress,
heating rate, and number of reactions (reflective of catalyst concentrations). Their effect on
creep strain is captured, which is consistent with experimental findings in literature. During
creep, the BERs start to develop between 300 and 500 K, agreeing well with the topology
freezing transition temperature observed in experiments for transesterification vitrimers. In

addition, we analyze the evolution of free volume and distribution of reactive atom towards

providing valuable insights into creep mechanisms at the atomistic scale.



Methods

Accelerated ReaxFF simulations

ReaxFF is a molecular dynamics simulation method incorporating the bond order concept

48,54 This technique ensures a seamless

to account for dynamic interactions between atoms.
transition among non-bonded states and single, double, or triple bonded states, allowing for
the exploration of chemical reactions involving bond formation and dissociation.*® The total

interaction energy in ReaxFF is composed of multiple contributions, which are represented

as

Esystem - Ebond + Eover + Eunder + Eval + Etors + EvdW + ECoulomb + Elp + EH—bond + Erest (1>

The total energy of the system (Esystem) consists of bonded or covalent interactions (which are
bond order dependent) and non-bonded interactions. Bond order dependent terms include
bond energy (Eponq), over coordination (Eyye), under coordination (FEynger) and hydrogen
bond interactions (Ey_ponq). Energy penalty terms include torsion angle energy (Fios),
valence-angle energy (Ey,), and lone pair energy (E,). Non-bonded interactions include van
der Waals (FEyqw) and Coulombic interactions (FEcoulomp). Bond order is calculated based
on interatomic distances and updated at each molecular dynamics or energy minimization
step. Non-bonded interactions, such as van der Waals and Coulomb terms, are considered
for all atom pairs. Atomic charges are derived and updated using the electronegativity
equalization method.? The parameters for the force field, which describe energy terms, are
typically optimized through quantum mechanical calculations and experimental data.

In the Accelerated ReaxFF framework, the algorithm monitors the distances between
labeled reactive atoms at each time step. Once a group of atoms falls within the predefined
distance ranges, an external restraint energy (Fe), or “bond boost”,%% is added to pairs of

reactive atoms for a designated number of steps N. This additional energy moves the atoms



either closer together or farther apart, facilitating bond formation or dissociation and thereby
accelerating the chemical reactions between reactive species. The number of reactions taking
place simultaneously is limited by a predefined number of boosts. For each atom pair, the

restraint energy added at time step t is expressed as

rest

¢ t )2
Evt — Fl (1 o efFQ(Riijm) > (2>

where Fy and Fj are force parameters, R, is the desired distance and Rj; is the distance
between atoms i and j at time step t. The target distance R!,, calculated by the Accelerated
ReaxFF program and changing at each time step, depends on the initial distance jo and a
predefined final desirable distance R, after N steps, i.e.,

t t
0

When Rj; significantly deviates from Rf,, the resistance of the system to the restraint is
increased, leading to a higher E... This energy is applied to reactive sites to accelerate
bond formation or dissociation, guiding the atoms toward the desired distance R;s within
N steps. For bond formation, Rjs is set to the equilibrium bond length, while for bond
dissociation, it is set to 2.5 A to ensure sufficient separation. Notably, all restraints are one-
sided, acting only to move the atoms towards the target distance R15. If the applied restraint
would otherwise act to deviate the atomic distance away from Rjs, no energy is added. In
this work, we use Amsterdam Modeling Suite (AMS2024),57 and the CHON2017 _weak bb

force field developed by Vashisth et al.® This force field has been widely used to capture

40,51 11

chemical kinetics and thermo-mechanical behavior in epoxies and vitrimers.

Force parameter selection by Bayesian optimization

Selecting appropriate values for the restraint energy force parameters (F; and F; in Equation

2) is essential to ensure realistic and controlled reaction energies. Inappropriate values may
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Figure 1: Accelerated ReaxFF for curing reactions. (a) Scheme of the curing reaction between
a carboxylic acid and an epoxide. (b) Labeled reactive atoms of three applied restraints. (c)
Restraint energy added in each time step during the boost period. The energy values are
running-averaged over windows of 200 data points. (d) Reaction coordinates of the curing
reaction obtained by Accelerated ReaxFF.

result in side reactions or polymer chain scission, leading to unwanted byproducts. During an
Accelerated ReaxFF simulation, we track the amount of restraint energy added at each time
step, with the peak energy serving as an approximation of the activation or barrier energy
for a given reaction. Unlike restraint energy F,.s, the other energy terms in Equation 1 are
not explicitly dependent on force parameters (F} and Fy) and their changes are attributed
to bonded and non-bonded interactions driven by FE,.:. Therefore, these force parameters
are optimized to minimize the peak restraint energy necessary for successful reactions.

In this work, we consider the curing reactions of epoxides with carboxylic acids as well as
the transesterification reactions between two f-hydroxy esters (i.e., bond exchange reactions
of vitrimers), as shown in Figure 1a and 2a, respectively. For the curing reactions, the epoxide
carbon (C,), epoxide oxygen (O,), acid oxygen (O,) and acid hydrogen (H,) are labeled as
reactive atoms (Figure 1b). For the bond exchange reactions, the ester carbon (C,), ester

oxygen (O,), hydroxyl oxygen (Oy) and hydroxyl hydrogen (Hj,) are labeled as reactive atoms
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Figure 2: Accelerated ReaxFF for bond exchange reactions. (a) Scheme of the transesterifi-
cation reaction between two f-hydroxy esters. (b) Labeled reactive atoms of three applied
restraints. (c) Restraint energy added in each time step during the boost period. The energy
values are running-averaged over windows of 200 data points. (d) Reaction coordinates of
the BER obtained by Accelerated ReaxFF.

(Figure 2b), and O, and Oy, are labeled as the same type to make the reaction reversible. For
each reaction, we carry out an Accelerated ReaxFF simulation with two monomers and apply
three bond boosts to three pairs of reactive atoms for N = 10,000 steps. The simulation is
performed under NVT ensemble at 423 K (150 °C) for curing and 500 K (227 °C) for BER
using Berendsen thermostats with a damping constant of 100 fs. The peak restraint energy
is calculated if the reaction is successful, i.e., two old bonds are broken, and two new bonds
are formed. To find the 6 force parameters (F; and Fy for three restraints) that give the
minimum peak restraint energy, we employ the Bayesian optimization method, which is an
iterative algorithm to optimize black-box functions.?® Other optimization methods, such as
grid search or gradient-based optimization, are not feasible due to the high-dimensional and
non-differentiable nature, respectively, of our optimization objective. A schematic workflow

of Bayesian optimization is presented in Supporting Information (Figure S1). We start with



20 random sets of force parameters as initial guesses and calculate their corresponding peak
restraint energy using Accelerated ReaxFF simulation. The data is used to train a surrogate
Gaussian process model, which predicts the probabilistic distribution of peak energy as a
function of force parameters. The next set of force parameters to probe is predicted by the GP
model based on the expected improvement acquisition function, and the corresponding peak
energy is calculated and added to the training data for the next iteration. For each reaction,
five random initial configurations close to the transition state that satisfy distance ranges are
selected, and 100 iterations of Bayesian optimization are performed on each configuration.
The force parameters that give the lowest peak restraint energy are adopted for simulations

of larger systems to model curing and transesterification reactions.

Preparation of a vitrimer specimen

To cure epoxides with carboxylic acids and create a vitrimer virtual specimen, 150 adipic
acid and 150 bisphenol A diglycidyl ether (DGEBA) molecules (1:1 molar ratio) are placed
in a cubic simulation box of 70 x 70 x 70 A’ Using the optimized force parameters for the
curing reaction, we apply restraint energy to the reactive atoms labeled in Figure 1a. The
restraint energy is applied to only one group of reactive atoms at the same time (i.e., number
of boosts is 1) and lasts for N = 10,000 steps of 0.25 fs. The curing simulation is performed
under NVT ensemble at 423 K and is terminated when no new bonds between acids and
epoxides are formed for 15 ps. Next, the cured system is annealed cyclically between 100
K and 800 K to remove local heterogeneities. More specifically, the cured specimen is first
cooled down to 100 K from 423 K (curing temperature) in 25 ps. The subsequent annealing
cycles involve heating up to 800 K and cooling down to 100 K with 100 K increments under
NPT ensemble. Each cycle takes 155 ps, and the simulation is stopped when the densities

of the last two cycles converge.



Temperature-dependent bond exchange reactions

The force parameters for BERs are optimized at 500 K (Figure 2); however, to better sim-
ulate temperature-dependent behavior (e.g., non-isothermal creep), we have to make BERs
dependent on temperature. To this end, we develop and tune an empirical equation for F}

force parameter for each pair of reactive atoms:

Fy

_ —aF,/RT
50— Fpe /BT (4)

where FP% is the optimized parameter at 500 K, Fy and « are empirical parameters,
E, = 14.6 kcal/mol is the activation energy for transesterification reactions obtained from
a previous DFT study,” R is the ideal gas constant and T is temperature. At 500 K,
Fy = F}, which makes o the only tunable parameter. Equation 4, derived from the
Arrhenius equation, allows us to capture the probability of chemical reactions at different
temperature in ReaxFF simulations.

To verify the effect of temperature-dependent F; parameter on probability of reactions,
we carry out a series of ReaxFF simulations with different a@ and temperature. For each
simulation, 100 bond boosts are allowed simultaneously to apply restraint energy to reactive
atoms, i.e., there are 100 reactions happening in each boost period for N = 10,000 steps.
Each simulation takes 10 boost periods (25 ps) and the reaction probability is calculated as
the ratio of total number of successful BERs to the maximum number of possible reactions
(i.e., 1000). For each « value, we check the reaction probability as a function of temperature
and select o that gives the most reasonable probability-temperature profile for the non-

isothermal creep simulations (discussed later).

Creep simulations of vitrimers

With the annealed virtual specimen and temperature-dependent force parameters, we pro-

ceed to carry out non-isothermal creep simulations of vitrimers. Starting with 100 K, we
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heat the specimen at a constant rate up to 800 K while applying a constant stress in z
direction. The simulation box dimensions in y and z directions are allowed to change under
the NPT ensemble. Periodic boundary conditions are applied in all three directions. During

the simulations, we monitor the strain in = direction, i.e.,

€x = l:c(t)/la:(0> -1 (5)

where [,(t) and [,,(0) are simulation box dimension at time ¢ and initial dimension at 100
K, respectively. We also track the number of successful BERs occurring throughout the
simulations. Simulations are performed with different applied stress levels, heating rates and
numbers of boosts to uncover the effect of external stimuli on creep behavior of vitrimers.
Due to the large discrepancies in length and time scales between MD simulations and ex-
periments, more significant external stimuli are typically used to accelerate the kinetics in
MD simulations. 45569 In this work, the range of applied stress levels are selected to en-
sure observable creep strain responses. It is also notable that the applied heating rates in
ReaxFF simulations are significantly higher than those of experiments to ensure simulations
can be completed using the computational resources available. As a result, while some de-
gree of localized chain relaxation is captured, modeling long-range chain relaxation requires
coarse-grained simulations which are beyond the scope of this work.?®3! By controlling the
number of boosts, we can regulate the number of simultaneous reactions and effectively sim-
ulate the effect of catalyst concentration on reaction rate, and correlate these findings with
experiments.

To investigate the structural evolution during creep, we calculate the fractional free vol-
ume (FFV) from the MD trajectories at different temperatures. Multiwfn is employed to
calculate FFV of vitrimer samples by first dividing the three-dimensional simulation box
into small voxels.®! A voxel is considered free if it is not within the van der Waals radius of

any atom and FFV is defined as the number of free voxels divided by the total number of
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Table 1: Distance ranges and optimized force parameters (highlighted in bold) for curing
reactions.

Atoms Distance range (A) Ryy (A) Fy (kcal/mol) Fy (A?)

Ce - Oe 1.0-1.8 2.50 70 0.25
Ce - O, 3.0 - 10.0 1.40 210 0.95
O. - H, 2.5 -10.0 0.95 90 0.30
O, - H, 0.8-1.1 None None None

voxels.

The spatial distribution of reactive atoms is essential to reaction dynamics. To this end,
we extract the coordinates of all ester carbon atoms from the MD trajectories and quantify
their spatial distribution by the normalized average nearest neighbor distance (NND). NND

is calculated by
l
- Zi:l d;
NND="2— (6)

()

where n is total number of ester carbon atoms, d; is the distance between atom ¢ and its

W=

nearest neighbor, and V' is volume of the simulation box. The average nearest neighbor
3
distance is normalized by <—) to remove the effect of box size and number of atoms. A
n

larger NND indicates more dispersed atoms with respective to the simulation box.

Results

Parameters for Accelerated ReaxFF reactions

The optimized parameters that give the smallest restraint energy for curing reactions are
listed in Table 1. The total restraint energy of three applied restraints added in each time
step is presented in Figure 1c. The peak restraint energy at each Bayesian optimization

iteration is shown in Figure S2a (Supporting Information). For each restraint between each

t

pair of reactive atoms, the evolution of the interatomic distance Rj;, the target distance Ri,

12



Table 2: Distance ranges and optimized force parameters (highlighted in bold) for bond
exchange reactions.

Atoms Distance range (A) Ry (A)  Fy (kcal/mol) F, (A?)

Ce - Oe 1.0-1.8 2.50 50 0.25
Ce - Oy 5.0-8.0 1.40 205 1.00
O, - Hy 5.0-8.0 0.95 250 0.25
Oy, - Hy 0.8-1.1 None None None

and the restraint energy are presented in Supporting Information (Figure S3a). At 1.5 ps,
the distance between C, and O, rapidly increases to the final target distance Ry, = 2.5 A,
indicating the dissociation of the bond in the epoxide ring. The distance between C, and
0, decreases to 1.5 A and the distance between O, and H, decreases to 0.95 A, which
demonstrates that new ester bond and hydroxyl bond are formed. The epoxide-carboxylic
acid reaction is thereby complete and little restraint energy is added afterwards. Three
snapshots of the system showing the reactants, transition states and reaction products are
presented in Figure 1d.

For bond exchange reactions (i.e., transesterification reactions between two [-hydroxy
esters), the optimized parameters are presented in Table 2. The peak restraint energy as
a function of optimization iteration is shown in Figure S2b (Supporting Information). The
total restraint energy is plotted in Figure 2c and distance between reactive atoms is presented
in Supporting Information (Figure S3b). The bond between C, and O, is broken near 2.5 ps
and the reaction is complete near the end of the boost period. The peak restraint energy is
15.96 kcal/mol, which is comparable with the activation barrier (14.6 kcal/mol) calculated
by Bhusal et al. using DFT.% The snapshots in Figure 2d indicate a smooth transition state

from reactants to products.
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Figure 3: Preparation of the vitrimer virtual specimen. (a) Curing ratio during the Accel-
erated ReaxFF curing simulation. Inset shows that the curing ratio converges in the end of
the simulation. (b) Number of molecules during the simulation simulation time. Inset shows
that the number of molecules converges in the end of the simulation. (c) Radial distribu-
tion functions between acid oxygen and epoxide carbon atoms during curing simulation. (d)
Snapshots of the monomer system, cured system and annealed system. The local hetero-
geneities are removed by the annealing procedures.

Preparation of vitrimer virtual specimen

With the optimized parameters for Accelerated ReaxFF, we proceed to create a vitrimer
virtual specimen. 150 pairs of adipic acid and DGEBA molecules (with 1:1 stoichiometric
ratio of epoxides and carboxyl groups) are placed in a simulation box and restraint energy
is successively applied to one group of reactive atoms. The curing ratio (defined as the ratio
of number of formed ester bonds to the maximum number of theoretical bonds between
C. and O,) and number of molecules are presented in Figure 3a and 3b as functions of
simulation time. Both values converge in the last 15 ps of the simulation, which indicates

that no new bond is formed and the system is reacted thoroughly. The cured system has
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Figure 4: Bond exchange reactions in the vitrimer system at different temperature. (a)
Normalized F; parameter as a function of a parameter and temperature. (b) Probability
of successful BERs as a function of o parameter and temperature. (c¢) Radial distribution
functions between ester carbon and hydroxyl/ester oxygen atoms during the simulation with

a = 0.2 at 500 K. (d) Snapshots of the vitrimer system highlighting reactive atoms of a
successful BER.

a final curing ratio of 92%. The radial distribution functions between acid oxygen and
epoxide carbon atoms are presented in Figure 3¢ and the increasing peak intensity at 1.4 A
indicates the formation of new C,-O, bonds during the simulation. Movie S1 (Supporting
Information) provides a comprehensive view of the entire curing simulation. To remove the
local heterogeneities and prepare a homogeneous specimen for further simulations, we anneal
the cured structure in cycles between 100 K and 800 K. The density converges by fifth cycle

(Figure S4) and local heterogeneities are greatly reduced (Figure 3d).

Temperature-dependent bond exchange reactions

Next we examine the variation of Fj as function of temperature and « (see Equation 4),
and resulting reaction probabilities in Accelerated ReaxFF simulations. The F; parameter

normalized by FP% (optimized F; parameters at 500 K as presented in Table 2) based on
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different o parameters and temperature according to Equation 4 is presented in Figure 4a.
At low « values, F is approximately equal to F7% and barely changes with temperature.
At high « values, F; ~ 0 at low temperature but rises quickly at higher temperature. The
probability of BERs as a function of o and temperature is presented in Figure 4b. Across
a broad range of « values, the BER probability varies significantly and a reasonable value
is selected for simulations based on the reaction probability as per reported experimental

6116264 At o = 0.001 where I} barely changes with temperature, reaction

observations.
probability is maintained at a high level (larger than 0.9) regardless of temperature and the
lowest probability is observed at 100 K due to limited mobility of atoms and polymer chains.
At a > 0.05, the reaction probability shows a gradual transition from 0 to 1 with increasing
temperature and the transition range increases with . Specifically, at a = 0.2, the transition
happens between 300 K and 500 K, which agrees well with the experimental observations for

6,11,62-64 Therefore, we select o = 0.2 for non-isothermal creep

transesterification vitrimers.
simulations later. Figure 4c presents the radial distribution functions (RDF) between ester
carbon and hydroxyl/ester oxygen atoms (hydroxyl oxygen and ester oxygen are treated as
the same type for reversible BERs, as described in Methods) with during the simulation with
o = 0.2 at 500 K. The RDF peak intensity stays constant around 1.4 A and demonstrates the
preserved carbon-oxygen bonds and integrity of the associative covalent adaptive network
with the ongoing BERs. Figure 4d shows the relevant atoms of a BER and validates the

capability of the Accelerated ReaxFF setup to simulate multiple chemical reactions in a large

polymer system.

Creep behavior of vitrimers

We next examine the strain-temperature behavior for non-isothermal creep on virtual vit-
rimer specimens with varying external stimuli (see also Movie S2-4 in Supporting Informa-
tion). The top row in Figure 5 shows the evolution of strain during non-isothermal creep

of vitrimers and the effect of stress level, heating rate and number of boosts. The insets
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Figure 5: Creep strain (top) and number of reactions (bottom) at different temperature
during non-isothermal creep simulations with (a) varying stress, (b) varying heating rate
and (c) varying number of boosts. The insets show the creep increase rates with respective
to temperature.

present the derivative of strain with respect to temperature, i.e., the strain increase rate.
Note that the number of bond boosts controls the maximum number of BERs taking place
simultaneously and simulates the effect of catalyst concentration in actual experiments. It
is observed that increasing stress leads to larger creep strain accumulated at a higher rate.
Lower heating rate and larger number of boosts have a similar effect by increasing BERs
(see Figure 5 bottom row), thereby making vitrimers more malleable to external stress. By
contrast, higher applied stress has little effect on number of BERs or probability of successful
reaction, which is governed by F} parameter and Equation 4. In all cases, the strain and
number of reactions start to develop after 300 K which is the defined onset temperature of
BERs (see Figure 4b). This indicates that the effect of all three external stimuli is driven
by BERs simulated using Accelerated ReaxFF. All three trends presented in our ReaxFF
simulations agree well with experimental results by Hubbard et al. who observed an increase
in creep strain with increasing applied force from 0.5 to 1 N, decreasing heating rate from 10

to 2 °C/min and increasing catalyst concentration from 1 to 3 mol%.%> Similar observations
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Figure 6: Fractional free volume (FFV) in the vitrimer during non-isothermal creep simula-
tions with (a) varying stress, (b) varying heating rate and (c¢) varying number of boosts. (d)
Snapshots of the simulation box at different temperature from the simulation with 50 MPa
applied stress, 4 K/ps heating rate and 50 boosts. The FFV values are normalized by the
FFV of initial configuration at 100 K.

were reported by other previous experimental studies.?6:%

To verify the capabilities of Accelerated ReaxFF in reducing side reactions and unwanted
bond dissociation, we calculate the fraction of intended bond dissociation events (i.e., the
ratio of number of bond dissociation events between reactive atoms to the total number
of bond dissociation events), as presented in Figure S5 (Supporting Information). Most of
the bond dissociation events (over 99%) involve reactive atoms in bond exchange reactions,
demonstrating the ability of the Accelerated ReaxFF framework to suppress side reactions
even at high temperature.

The evolution of fractional free volume (FFV) normalized by the FFV at 100 K is pre-

sented in Figure 6. Similar to creep strain results, higher applied stress and more bond
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Figure 7: Average normalized nearest neighbor distances of all ester carbon atoms in the
vitrimer during non-isothermal creep simulations with (a) varying stress, (b) varying heating
rate and (c) varying number of boosts. (d) The spatial distribution of ester carbon atoms at
different temperature from the simulation with 50 MPa applied stress, 4 K/ps heating rate
and 50 boosts. The ester carbon atoms involved in BERs are highlighted in red.

boosts lead to larger free volume. However, no significant effect of heating rate below 4 K/ps
is observed. This can be attributed to the fact that the vitrimer chains under lower heating
rates are given more time to adapt themselves, thereby balancing the effect of increasing
strain induced by more BERs. Visualizations of free volume for the simulation with 50 MPa
applied stress, 4 K/ps heating rate and 50 boosts are presented in Figure 6d. Large pores
start to develop around 600 K and lead to final rupture at 800 K.

We select the ester carbon atoms as a representative of the reactive atoms and quantify
their spatial distribution by normalized average nearest neighbor distance (NND), which
is plotted in Figure 7. NND the is largest for the initial configuration at 100 K, which is

attributed to the short-range and long-range interactions between atoms in polymer chains
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which prevent the atoms from clustering (Figure 7a-c). As temperature increases, NND in all
cases decreases and follows the exact opposite trend to free volume. The correlation between
NND and fractional free volume is shown in Supporting Information (Figure S6). When
there is free volume in the system, atoms are confined in specific regions in the simulation
box while absent in the voids (Figure 7d). Therefore, the atoms are more clustering and lead
to a lower NND. The NND of ester carbon atoms that are involved in activated BERs (i.e.,
the ester carbon atoms which the restraint energy is added to) is presented in Figure S7.
The trends are much less significant with large fluctuations since these atoms are changed
every boost period for N = 10,000 steps.

The distribution of successful BERs between ester carbon and hydroxyl oxygen atoms
is presented in Supporting Information (Figure S8). Most atom pairs never satisfy the
distance requirements through the whole simulation while five reactions occur between a
pair of atoms (see Figure S8a,b in Supporting Information). The positions of that atom
pair when the reaction is activated is shown in Figure S8c, presenting the varying relative
orientations of the reactive atoms from successful BERs at high temperature. The number
of atom pairs involved in 1 to 6 successful BERs during each creep simulations is presented
in Figure S9, which appears to decrease with increasing number of reactions. The applied
stress has no effect on the atom pair number, whereas decreasing heating rate or increasing
number of boosts increases the number of atom pairs by increasing the total number of

successful BERs in the simulation.

Conclusion

In this work, we applied the Accelerated ReaxFF framework to simulate curing and bond
exchange reactions in vitrimers with associative covalent adaptive network, and investigated
non-isothermal creep behavior of vitrimers. Unlike traditional cutoff-based methods in MD

which ignore the reaction dynamics, the Accelerated ReaxFF method can capture the reac-
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tion pathways during MD simulations by providing an additional restraint energy to reactive
atoms. Bayesian optimization was employed to identify the appropriate force parameters by
minimizing the peak restraint energy added during the bond boost. The optimized param-
eters were utilized to carry out curing reactions of carboxylic acids and epoxides to form a
vitrimer system with a realistic curing ratio. To capture the temperature-dependent BERs
in vitrimers, we introduced an empirical equation for force parameter F; with respective to
temperature. The developed framework was utilized to model non-isothermal creep behav-
ior of vitrimers. The effect of varying applied stress, heating rate and number of boosts
was investigated and the findings align well with experimental results. In addition, this
study provides insights on evolution of bond exchange reactions and free volume, spatial
distribution of reaction sites and localization of reactions at different temperature during
non-isothermal creep. The proposed framework, with Bayesian optimization to select pa-
rameters for curing and bond exchange reactions, can be applied to other classes of vitrimers

and provide atomistic insights into vitrimer behavior under various conditions.

Supporting Information

Schematic workflow of Bayesian optimization; evolution of peak restraint energy during
Bayesian optimization; distance between reactive atoms and corresponding restraint energy
during bond boost; density of the system in the last three cycles of annealing simulations;
fraction of intended bond dissociation from non-isothermal creep simulations; correlation
between normalized fractional free volume and nearest neighbor distance of all ester car-
bon atoms from non-isothermal creep simulations; nearest neighbor distance of ester carbon
atoms involved in bond exchange reactions from non-isothermal creep simulations; distri-
bution of successful BERs between each pair of ester carbon and hydroxyl oxygen atoms;
number of atom pairs involved in 1 to 6 successful BERs during non-isothermal creep simu-

lations; movies of the curing and creep simulations.
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