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ABSTRACT: In this study, ReaxFF molecular dynamics simulations were
benchmarked and used to study the relative kinetics of the retro Diels−Alder
reaction between furan and N-methylmaleimide. This reaction is very important for
the creation of polymer networks with self-healing and recyclable properties, since
they can be used as reversible linkers in the network. So far, the reversible Diels−
Alder reaction has not yet been studied by using reactive molecular dynamics
simulations. This work is, thus, the first step in simulating a covalent adaptable
network (CAN) using Diels−Alder reactions as reversible linkers. For both endo and
exo, the bond breaking in 40 product molecules was simulated using the bond boost
method and the endo/exo ratio was evaluated. This ratio was benchmarked against
density functional theory (DFT) and experimental results for a changing set of bond
boost parameters. Given their importance to understand how the CAN performs, the
effect of the addition of a polymer backbone and the effect of temperature were
successfully simulated using our newly parametrized reactive force field.

■ INTRODUCTION
Current environmental and resource issues require us to rethink
the way we create, use, and reuse materials. At this moment, no
less than 25% of all polymeric materials in the EU end up in
landfill, indicating the great challenges and opportunities for the
polymer sector.1 Covalent Adaptable Networks (CANs) can
help us transition to a new era for materials scientists, where
products based on polymers have an increased longevity and
reuse is the norm.2

Reversible network materials are polymer networks that use
reversible covalent bonds to cross-link the polymer chains.3−5

Upon damage or heating the materials, these covalent bonds are
preferentially broken and can be restored using a heat treatment.
CANs can therefore “self-heal” and might combine the benefits
of network polymers, with increased strength and longevity, with
recyclability comparable to that of thermoplasts.6

A commonly used reaction for the creation of these CANs is
the Diels−Alder (DA) reaction.7, The relatively low barrier
ensures preferential breaking, and no side products are observed
at temperatures where the CANs would be used (<130 °C).4
Diels−Alder reactions are very versatile, and hundreds of
different combinations of dienes and dienophiles could be used
in these systems. Several of them were already used in self-
healing networks, such as maleimide with furan and maleic acid
with fulvene.9,10 CANs based on furan-maleimide reactions have
already shown their potential for self-healing materials and were
thoroughly studied regarding their kinetics and thermodynamics
byMangialetto and Cuvellier et al.11−15 The CANs based on the

furan-maleimide reaction were already tuned by varying the
stoichiometry of the mixtures, polymer chain length and curing
methods.2,9,16−18

To understand how such a network is formed and how the
resulting self-healing works, in silico modeling can complement
the experimental findings. Importantly, accurate modeling
involves the scrutiny of both kinetic and thermodynamic
properties of these systems. Density functional theory (DFT)
has been shown to be a useful quantum-mechanical method to
study the DA reactivity through the computation of full reaction
paths, which allow to determine forward and retro reaction
barriers, reaction energies, and product stabilities using a
relatively low computational demand. However, the model
systems used in these quantum-mechanical calculations are
often limited in size and therefore do not consider the full effect
of the surrounding polymer network, which includes secondary
interactions, chain mobility, plausible orientation of the DA
components and reaction center accessibility. This, in turn,
influences the observed experimental kinetics and thermody-
namics as it might largely affect the stereoselectivity (endo vs exo
diastereomers).
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Diels−Alder reactions can form an endo or exo adduct, defined
by the overlap of the functional groups on the molecules. For the
cycloaddition between furan and maleimide, the endo adduct is
formed when the carbonyl groups of the maleimide are placed
toward the π bonds of furan, while in the exo adduct, the
carbonyl groups are turned away from furan’s π bonds. Formany
DA reactions, the endo adduct is kinetically favored, while the
exo adduct is thermodynamically favored, as illustrated in Figure
1.
This study focuses on the furan-maleimide reaction, as it is the

most widely studied reversible cross-link in CANs making it
easier to benchmark our molecular dynamics (MD) simulations.
Cuvellier et al. showed the importance of involving endo and exo
selectivity for the furan-maleimide reaction, as the authors found
that the endo adduct is formed first and then gradually
decomposes as the system forms the more stable exo adduct
upon curing.14,15 Adding functional groups, and by extension
polymer chains, can disrupt this preference, as well as the overall
kinetics considering both reactions.19−21 To understand the self-
healing mechanism, it is therefore crucial to look at a larger
system.
Empirical force field-based molecular dynamics (MD) can

help us to attain this goal. However, as the making and breaking
of bonds play crucial roles in the self-healing mechanism,
reactiveMD is required. The ReaxFF reactive force field method
has already been very successful in predicting the cross-linking of
epoxy-amine polymer networks.22,23 ReaxFF MD simulations
can not only provide insights into the mechanism behind the
reaction but can also be used to predict macroscopic properties
such as a glass transition temperature or Young’s modulus using
simulated heating and tensile tests.24,25

It is important to note that the curing and self-healing of these
networks can take up to several hours, even at elevated
temperatures, while ReaxFF molecular dynamics simulations
typically cover only nanoseconds of time. Therefore, an
acceleration technique is required for the ReaxFF simulations.
As specific bonds must be targeted during this acceleration, the
bond boost method as developed by Miron and Fichthorn can
be applied to study reactions within reasonable timeframes.26

This method has been adopted by Vashisth et al. to study the
cross-linking in epoxy-amine systems, a case which is relatively
similar to ours.24,27 In this method, the distance and orientation
of the atoms that participate in the reaction are used to find the
onset to add additional energy to the system, which stretches or
compresses bonds to cross the energy barrier of the reaction.
In this work, the bond boost method will be used to study the

furan-maleimide retro DA reaction, as the difference between
the energy barriers of the different stereochemistries is much
larger for the backward reaction (3 kcal/mol) compared to the
forward reaction (<1 kcal/mol). The ReaxFF force field will be
trained to reproduce the forward and retro DA activation
energies obtained at the density functional theory level. First,
this force field, in combination with the bond boost method, will
be used to study the selectivity of the gas-phase furan-maleimide
retro DA reaction. Second, the effect of the polymer backbone
and an increase in temperature will be evaluated as well as the
bond boost influence on exo/endo selectivity. This proof of
concept will serve as the basis for further studies, where a
combined forward and retro DA reaction will be studied.

■ METHODS
The furan and N-methylmaleimide Diels−Alder reactions were
first studied using density functional theory (DFT) in the gas
phase. The M06-2X28 functional in combination with Grimme
D329,30 dispersion and the cc-pVDZ31 basis set was used to carry
out the geometry optimizations and vibrational frequency
analyses, as implemented in the Gaussian 1631 software. This
functional performs excellent for forward DA activation energies
giving an error of 1−1.5 kcal/mol on average when combined
with a double-ζ basis set32 and for the energetics of pericyclic
reactions in general.33

Every transition state structure was characterized by a single
imaginary frequency, after which an intrinsic reaction coordinate
(IRC) calculation was performed to study the reaction path on
the potential energy surface (PES). Reactant complexes and
products were optimized at the same level of theory. The
Eyring−Polanyi equation was used to approximate the reaction
rate constants at 300 K and obtain estimated endo/exo ratios:

Figure 1. Schematic representation of the different stereochemical adducts of the furan-maleimide reaction (a) and (b) the resulting reaction paths in
Gibbs free energy.
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ReaxFF is a method for performing reactive molecular
dynamics simulations, where a bond order is used to define
interactions between atoms. Bond formation and dissociation
can be analyzed using this method, as the bond order defines a
nonbonded, single, double, or triple bonded state. The total
interaction energy in ReaxFF simulations depends on many
energy contributions (eq 2).34,35

= + + + + +

+ + + +

E E E E E E E

E E E E

system bond over under val tors vdW

Coulomb lp H bond rest (2)

In this equation, the energy of the system (Esystem) is defined by
the bond-order dependent terms such as the bond energy
(Ebond), the overcoordination (Ecoord), undercoordination
(Eunder), and hydrogen-bond interactions (EH‑bond) as well as
energy penalty terms such as the torsion energy (Etor), valence
angle energy (Eval), and lone pair energy (Elp). The van der
Waals (EvdW) and Coulomb (Ecoulomb) energies are contributions
that account for the nonbonded interactions. ReaxFF has been
successfully used to simulate several processes such as thermal
decomposition of polymers and the cross-linking of poly-
mers.23,36

We used ReaxFF to optimize the geometry of several
simulation boxes containing 40 endo and exo products and
later for a similar simulation of 10 products containing the
polymer backbone. MD simulations on these boxes were
accelerated using the bond boost method. When the distances
of the C atoms that participate in the bond formation are within
predefined limits, an additional potential (restrain energy or Erest
in eq 3) is added for a duration of 5000 steps�as discussed in
the Results and Discussion section. The additional potential was
varied through the F1 force parameter, resulting in a change in
the number of “successful events.” The number of successful
events corresponds to the number of product molecules that
were decomposed into their respective reactants.23

= [ ]E F 1 eij
F R Rrest

1
( )ij2 0

2

(3)

In this equation, F1 and F2 are force parameters that can be used
to fine-tune and benchmark the method, Rij is the current
distance between atom i and atom j, and R0 is the targeted bond
distance.

■ RESULTS AND DISCUSSION
Training the Force Field/Comparing to QM Data. The

initial ReaxFF force field was based on the force field from

Kowalik et al. 2019,37 and was retrained against quantum
chemical data. Using M06-2X-D3/cc-pVDZ, we computed (1)
the forward and retro activation barrier as well as the reaction
energy (Table 1) and (2) the geometries of the studied
molecules along the full reaction path. Subsequently, the force
field was trained to reproduce these barriers. A comparison
between the energy profiles as computed by DFT and ReaxFF
using the retrained force field is shown in Figure 2.
The force field clearly approximates the DFT energies well, as

differences in energy are on average 0.4 kcal/mol, with only the
retro reaction barrier and the reaction energy of the endo
reaction showing slightly larger deviations (0.8 and 0.7 kcal/
mol). From the difference between the endo and exo adduct
decomposition barriers, 2.2 kcal/mol for the DFT calculations
and 2.7 kcal/mol for ReaxFF, the endo/exo ratio can be
estimated by using the Eyring−Polanyi equation. Note that
these differences are in line with earlier experimentally derived
retro barriers for the furan-maleimide system as part of CANs
(2.51 kcal/mol).38 The expected ratio for the endo and exo
reaction rate for bond breaking in the adduct at 298.15K using
DFT is equal to 41, while the ratio for ReaxFF is expected to be
95, with the experimentally measured ratio of 69 nicely in
between. Note, again, that a factor of 2 corresponds to a
difference of merely 0.5 kcal/mol, so well within the chemical
accuracy. This ratio will be used to verify the validity of the
ReaxFF simulations, as it can be calculated from the actual
concentrations of reactants and adducts in the reactive MD
simulations. In a later stage, this ratio could be used to compare
the simulation results to the experimental findings.

Reverse DA Reaction: Decomposing Endo and Exo
Adducts. The bond boost method was applied to the furan/N-
methylmaleimide system to decompose endo and exo adducts
into their respective reactants. The targeted atoms are the four C
atoms involved in the formation of new bonds during the
(forward) Diels−Alder reaction, as shown in Figure 3, together
with their possible estimated distance ranges and target
distances, as used in the tracking.in file. The target distance
for the bond boost was set to 3.0 Å, as this is the distance for
which the reaction path is the steepest toward the reagents. This
distance therefore ensures conversion of the product into
separate reactants. The actual cutoff for measuring bond
breakage is set at a bond order of 0.3, which corresponds to a
distance of 2.45 Å, making 3.0 Å a good target. The F2 force
constant was kept at 0.25, as preliminary tests showed that this
resulted in a system where the bond boosts were most sensitive
to changing the F1 parameter. The F1 force constant was varied
between 90 and 130 and the resulting concentrations of endo and
exo reagents were evaluated. Figure S1 shows that having an F1
factor higher than 130 is not useful, as all bond boosts are
successful, leading to a total lack of stereoselectivity. The
simulation boxes contained 40 endo product molecules and 40
exo product molecules, respectively.
Figure 4 shows the result of a simulation when the F1

parameter is varied from 90 to 130. The accommodating
snapshots show endo and exo products before and after a
successful bond boost. The snapshot gives an idea of the density
of the simulation box and the increased distance between the
separated molecules after the entire simulation. Clearly, the endo
product decomposes more easily than the exo product, which is
in line with the reverse barrier found using both DFT and
ReaxFF. Naturally, an increasing F1 factor leads to a higher
added potential during the bond boost and should, therefore,
result in more successful bond boost attempts. This increase in

Table 1. Forward and Reverse Energy Barriers and Reaction
Energies Based on Electronic Energies for the PESs in Figure
2

stoichiometry
forward activation
barrier (kcal/mol)

reverse activation
barrier (kcal/mol)

reaction energy
(kcal/mol)

Values Computed Using DFT
endo 18.9 28.9 −10.0
exo 19.5 31.1 −11.6

Values Computed Using PES in ReaxFF
endo 18.9 28.1 −9.3
exo 19.1 30.8 −11.7
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the number of successful attempts, however, is not the same for
endo and exo adducts. For large values of F1, we expect it to lead
to a decrease in stereoselectivity (Table 2).
The simulations were run for 2,800,000 steps, or a duration of

700 ps, and repeated three times, resulting in 96 CPU hours for
each simulation. The results of the separate trials are shown in
Table 3. The different runs for a given parameter setting yield
(slightly) different numbers of successful endo and exo retro DA
reactions, as for each run the starting geometry was changed.
The ratio between the number of dissociated endo and exo
adducts (here defined as endo/exo) was determined at different
points during the simulation, being 25, 50, and 75%
decomposition of the 40 endo products used in the simulation.
The highest ratio that was found was 20 for an F1 factor of 95.
When the F1 factor equals 90, no exo reactions were observed
throughout the simulation for geometry 2, which made that the
endo/exo ratio could not be determined. As F1 increases, the
selectivity is gradually reduced until there is no difference
between endo and exo adducts (endo/exo ratio equal to 1 for F1 =
130).
Figure 5 plots the F1 factor against the endo/exo ratio for the

second simulation, indicating an exponential relationship. The
error bars show a large variation in the ratios for small F1 values,
which is to be expected, as the number of successful attempts is
then very low. For an F1 value of 95, for example, the number of
successful attempts for the exo system is as low as one, which
means that an additional successful attempt can lead to a 50%
reduction in the endo/exo ratio. Despite these larger variations in
endo/exo ratios, the plot demonstrates that we can successfully
tune the system to reflect measurable properties by using the

bond boost method. The exponential nature of this curve reflects
the Arrhenius relations that govern the activation barriers, which
are themselves related to the Maxwell-Botzmann velocity
profiles. The latter ones are Gaussians, decaying exponentially.
Similar plots for the other simulations are shown in Figure SI.1−
3.

Effect of Polymer Side Chain. The power of these MD
simulations lies in the possibility of simulating what is happening
inside a polymer network. To this end, the side chains used in a
three-dimensional (3D) self-healing polymer network were
added to the furan-maleimide moieties and their effect on the
endo/exo ratio was studied. First, the system was optimized to
obtain a realistic starting geometry. The F1-factor was fixed at 95,
as this turned out to be the optimal value for this system in the
previous results. The simulation was performed for a set of 10
endo or exo products, containing side chains as illustrated in
Figure 6. This polymer backbone was based on CANs made by
Mangialetto et al.13 To form a cross-linked network, one DA
component should be at least trifunctional. However, since we
do not yet focus on the forward barrier, it is difficult to construct
such a full network. Therefore, we decided to approximate the
network by selecting 10 furan-maleimide products containing
chains closely resembling chains as side groups but without
intermolecular connections to other DA adducts present in a
network. Nonetheless, the chemical composition and bulkiness
are rather similar, which allows us tomake a good first estimation
of the effect of the polymer surrounding on the DA reaction.
The simulated time was 100 ps instead of 700 ps, as the larger

number of atoms requires a larger CPU time. Figure 7 shows the
evolution of the number of FM products over time using the

Figure 2. Energy profile on the potential energy surface (PES) for the endo and exo reactions between furan and N-methylmaleimide referenced to
their separate reactants using (left) density functional theory and (right) ReaxFF. Forward and reverse energy barriers as well as reaction energies based
on electronic energies are given in the adjoined table.

Figure 3. Transition state structure of the exo adduct, indicating the atom couples that participate in the bond boost and their interatomic distances
(dependent on endo or exo), being minimal distance (MINdist), maximal distance (MAXdist), and target distance (Targetdist), given in Å.
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bond boost method and an F1 force factor equal to 95 for the
substituted system compared to the unsubstituted system. The
snapshots show the preferential breaking of an exemplary endo
product, before and after a bond boost took place. The
stereoselectivity is clearly lower than that of the unsubstituted
case. In previous work,12 we studied similar substituted systems

both experimentally and computationally using DFT. While the
Gibbs free energy barrier of the retro DA reaction of the
unsubstituted furan-maleimide reaction is equal to 25.2 and 27.5
kcal/mol for the endo and exo reaction, respectively, the barriers
for the substituted reaction are 25.6 and 26.8 kcal/mol. The
difference in retro activation energy is therefore 1.3 kcal/mol for

Figure 4.Number of products over time for simulation 1, while varying the F1 force constant from (a) 90, (b) 95, (c) 100, (d) 110, and (e) 120 to (f)
130. Green refers to the endo adducts, whereas blue indicates exo adducts. The used box size is 50 Å × 50 Å × 50 Å, 298 K. We used a Berendsen
thermostat, a canonical ensemble and a damping constant of 100 fs. The snapshots show a random endo and exo product that underwent a successful
bond boost at the beginning and end of the simulation.

Table 2. Endo/Exo Ratios for Different Simulations and at Different Degrees of EndoConversion for a Range of F1 Force Factors

% endo decomposed F1 = 90 F1 = 95 F1 = 100 F1 = 110 F1 = 120 F1 = 130

Simulation 1
25 5 10 2 2 1
50 7 3 3 2 1
75 6 3 2 2 1

Simulation 2
25 10 5 2 1 1
50 7 4 2 2 1
75 6 4 2 1 1

Simulation 3
25 10 10 5 2 1
50 20 20 2 2 1
75 15 4 2 2 1
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the substituted case, compared to 2.3 kcal/mol for the
unsubstituted case. Clearly, ReaxFF reflects this smaller
difference in energy barrier, as the number of successful events
is almost equal for endo and exo reactions. The higher barrier for
the exo reaction in the unsubstituted case leads to no successful
events, while the lower barrier in the substituted case leads to
four successful bond boosts within the first 70 ps of the
simulation.
The fact that it is possible to add a polymer backbone without

reparametrizing will be mostly interesting in follow-up studies,
where a forward DA reaction will be studied. This way, a unit cell
that represents the macroscopic structure can be constructed,
allowing for simulated heating and tensile tests on the formed
polymer. This will allow one to relate the healing characteristic

to the macroscopic properties and for a design support of self-
healing and recyclable polymers.

Simulations at a Higher Temperature. Increasing the
temperature leads to an increase in available energy in the
system, which allows for the molecules to overcome the
activation barriers when going more easily from the formed
product to the reactants. In Figure 8, two cases are shown for the
unsubstituted adducts, at a temperature equal to 300 and 500 K.
The plots clearly show that an increase in temperature leads to a
larger number of successful bond boost attempts and a lower
stereoselectivity, as the endo/exo ratio lowers from 7 to 3 at a
50% decomposition of the endo adducts (Table 3). This shows
that ReaxFF can predict temperature effects, which is very
important since the studied reactions are thermoreversible.

■ CONCLUSIONS AND FUTURE WORK
ReaxFF was used to simulate successfully the retro Diels−Alder
reaction between furan andN-methylmaleimide. It allowed us to
evaluate the endo/exo ratio and concentrations of remaining
adducts over time and therefore to evaluate the kinetics of the
reaction. Furthermore, the effect of adding a polymer backbone
to these components was scrutinized, as well as the effect of
temperature on the relative kinetics and stereoselectivity. It was
shown that the F1-force factor within the bond boost method
showed the best balance between speed of the simulation and
the stereoselectivity when it was equal to 95. This is a very
important first step toward simulating reversible cross-links in
polymer networks and thus toward the development of future
sustainable materials. It opens pathways to varying the Diels−
Alder components acting as linkers in the network, and
evaluating the effects they have on the kinetics of the system
and its self-healing capacities, something which is sometimes
difficult to study using conventional experimental methods.
Given the possibility to perform simulated tensile and heating
tests within ReaxFF, macroscopic properties of such networks
could also be studied using reactive molecular dynamics.
However, to study a full network, the forward reaction must
also be simulated and benchmarked against experimental results
in future studies.
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Table 3. Endo/Exo Ratio for the Simulation of Furan-
Maleimide Products Using F1 = 95 for Different
Temperatures andDifferent Degrees of EndoDecomposition

endo/exo ratio for F1 = 95

% endo decomposed 300 K 500 K

25 5
50 7 3
75 6 3

Figure 5. Average endo/exo ratio for several F1 force factors obtained
during the simulations and their respective error bars for simulations 1,
2, and 3.

Figure 6. Furan and maleimide, functionalized similarly to actual systems within self-healing polymer networks.
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Trained force field, the system coordinates of the
transition states for furan-N-methylmaleimide and the
tracking.in file, as well as simulations for F1 = 150 and 200
and simulations with different starting geometries (PDF)
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