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Chapter 4

Pre-study of Diels-Alder reaction by MD
simulation and outlook for future work

Somewhere, something incredible is
waiting to be known.

Carl Sagan

Abstract

Thermally reversible networks attract enormous attention because of their comparable me-
chanical property to thermosets and the possibility to be recycled or self-healed. The Diels-
Alder (DA)-based reversible reactions are widely applied to synthesize these polymers.
Many theories and chemical computational calculations, such as Quantum Mechanics
(QM) calculations, have been used to study this reaction. However, no Molecular Dynam-
ics (MD) simulation was applied to study the self-healing process of polymeric materials
with the DA reaction as a reversible cross-linking method. The reason is that the small
length and time scales limit the application of QM technique to this area, and that classical
Force Field (FF) is limited to non-reactive descriptions of a reaction. Hence, Reactive Force
Field (ReaxFF) is suitable for this work. NPT ensemble MD simulations were performed
with the C/H-2001-ReaxFF force field for the dimerization of CycloPentaDiene (CPD),
token here as a model system because CPD is in the training set of this force field. Un-
fortunately, no DA reaction but only the decomposition of CPD occurs at high temper-
atures. Therefore, the reactivities and reaction mechanisms of several DA reactions were
studied. The reactivity of the dimerization of CPD is indeed much slower than the others
that involve reactants with oxygen atoms. Unfortunately, we confirmed that using the
C/H/O-2008-ReaxFF force field to study these faster reactions is not possible. In conclu-
sion, the kinetics of the dimerization of CPD is too slow to be captured by MD simulation,
and the C/H/O-2008-ReaxFF force field cannot predict the transition state of the reaction
accurately.
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4.1 Introduction

C
ross-linked polymers have attractive properties such as high modulus, high frac-
ture strength, and solvent resistance. However, these materials could be damaged

irreversibly by high stress due to cracks (Sauer and Hara 1990, White et al. 2001), which
could lead to a dangerous loss in the load-carrying capacity of structural engineering
materials (Talreja 1999, Kinloch 1985). Additionally, it takes an extremely long time to
decompose these polymers naturally. Thermally reversible networks were developed
to solve this problem. Reversible covalent bonds in a cross-linking state have high
bonding strength, which provides mechanical properties comparable to thermosets,
and they also make the polymer easy to be recycled, which is environmentally friendly.
Additionally, thermally reversible networks can be applied to self-healing materials
if they have proper chain mobility and bond reformation ability. A useful review
(Urban 2015) discussed the dynamic bonds and network heterogeneities, such as re-
versible covalent bonds, supramolecular chemistry, and encapsulated components for
self-healing. Using reversible covalent bonds as an example, both the bond dissoci-
ation and association rates and chain mobility are crucial factors in designing self-
healing materials. Generally, reversible reactions are good candidates for developing
self-healing polymeric materials; however, their shortcoming is the high activation en-
ergy required. The Diels-Alder (DA) reaction, one of the most popular reversible cy-
cloaddition reactions, has been applied in self-healing materials for a long time because
of its reasonable activation energies and high reversibility.

A self-healing polymeric material based on the DA-based reversible reaction has a
maximum service temperature and a minimum healing one. These two temperatures
depend on the reaction mechanism. Generally, the DA reaction (forward reaction) oc-
curs at a lower temperature, while the retro-DielsAlder (r-DA) (backward) reaction
occurs at a higher temperature. In reality, the self-healing polymeric material should
have mechanical properties suited to the service purpose, which implies that the r-DA
reaction temperature should be above the service temperature but below the decom-
position temperature of the material. Hence, an accurate prediction of a DA-based
reversible reaction is crucial for synthesizing thermally reversible materials, which de-
pends on a mature understanding of the reaction mechanism. Generally speaking,
Quantum Mechanics (QM) techniques can study the reaction mechanism; however,
they are accurate to study equilibrium states, not kinetics. It means that it is impos-
sible to capture either the reaction kinetics at different temperatures and pressures or
the evolution of the material structure. Hence, Molecular Dynamics (MD) simulations
with a reactive Force Field (FF), Reactive Force Field (ReaxFF), are performed to study
the kinetics of the DA-based reversible reactions.

4.1.1 Introduction to DA reaction

In organic chemistry, the DA reaction involves two reactants as a diene (a molecule
with two alternating double bonds) and a dienophile (substituted alkene) forming a
product as a ring or bicyclic compound. In 1928, Otto Diels and Kurt Alder proposed
this reaction, for which they shared the Nobel Prize in Chemistry in 1950. In the very
beginning, it was popular in the synthetic chemistry community. Mostly because of
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World War II and its aftermath, there was a delay in incorporating the Diels-Alder
cycloaddition into total synthesis (Nicolaou et al. 2002). This gap was filled by R.B.
Woodward later, as clearly known by a review on total synthesis and potential appli-
cations by K. C. Nicolaou et al. (Nicolaou et al. 2002). The study of the mechanism
of DA reactions started around the same time. Molecular Orbital (MO) theory was
used to study the reaction mechanism; later, computational chemistry was applied as
well. The most interesting debate concerned the nature of the DA reaction: concerted
or stepwise. This work assumes the DA reaction is concerted, which means that all
bond breaking and making occurs in a single step.

The mechanism of the DA reaction and its reactivity is introduced here in two parts:
one is the MO interaction, and the other concerns conformational effects in diene.

The Frontier Molecular Orbital (FMO) theory can describe the reactivity and re-
gioselectivity in the Diels-Alder reaction (Sauer and Sustmann 1980). In this work, the
reactivity is described by the Highest Occupied Molecular Orbital (HOMO)/ Lowest
Unoccupied Molecular Orbital (LUMO) interaction. Based on this theory, the DA re-
action can be classified into three types: normal DA reaction (HOMO of diene reacts
with LUMO of dienophile), neutral DA reaction (HOMO of diene reacts with LUMO
of dienophile and vise versa), and inverse DA reaction (HOMO of dienophile reacts
with LUMO of diene) (Sustmann 1974, Sustmann 1971).

Many factors affect orbital energy, and as a consequence, the HOMO/ LUMO in-
teraction of a reaction changes with these factors. The substituent is one of these fac-
tors (Houk 1973, Houk et al. 1973). There are three types of substituents: conjugating
substituents (C) that compress the frontier orbital separation, electron-releasing sub-
stituents (X) that raise both frontier orbital energies, and electron-withdrawing sub-
stituents (Z) that lower both frontier orbital energies. Additionally, there is another
type of substituents (-COS, -COR, -CN) that are both electron-withdrawing and conju-
gating functional groups. In this case, the overall lowering of the HOMO is much less
than that of the LUMO. Furthermore, HOMO/LUMO interaction is inversely propor-
tional to the HOMO/LUMO separation. As a conclusion, the substituents affect the re-
activity differently for the three types of DA reactions. For a normal DA reaction, using
electron-withdrawing substituents in the dienophile or electron-releasing substituents
in the diene can accelerate the reaction. For a neutral DA reaction, both electron-
withdrawing and electron-releasing substituents in diene and dienophile could im-
prove the reactivity. For an inverse DA reaction, the situation is opposite to that of a
normal DA reaction: using electron-withdrawing substituents in the diene or electron-
releasing substituents in the dienophile contributes to an increase in the reactivity.

Apart from the HOMO/LUMO interaction, the energy hypersurface that connects
reactants with reaction products is crucial to study a reaction mechanism. It can be
calculated by theories, for example, Quantum Chemistry (QC). For example, QM
scanning is one way to study the reaction coordinate (2-Dimensional (2D) of energy
hypersurface). Another way is the thermo-chemical analysis of reactants, transition
state or intermediates, and end products, which determines crucial energy points that
construct the approximate hypersurface.

Conformational effects in diene affect the reactivity of a reaction besides the factors
from the reaction mechanism. If a diene in a DA reaction has both cis- and trans-
structures, the more unfavourable is the energy for the s-cis form, the higher is the
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energy of the transition state. It has been reported that the reaction rate depends on
the 1,4-distance in the diene (Sauer and Sustmann 1980).

Besides all the factors above, solvents, temperature, pressure, and catalysts can also
affect the kinetics of the DA reaction. In this work, only chemical properties, the con-
formation of reactants, temperature, and pressure will be discussed in the context of
simulations.

4.1.2 Introduction to MD simulations

MD simulation is a method to study atomic or molecular kinetics by calculating posi-
tions and momenta of particles in the system. It can provide information on structure,
dynamics, and thermodynamics for atomic or molecular systems.

Alder and Wainwright introduced the molecular dynamics method at the end of the
1950s for the study of interactions between hard spheres (Alder and Wainwright 1957,
Alder and Wainwright 1959). In 1964 Rahman did the first MD simulation for liquid
argon based on a realistic potential (Rahman 1964). Then they extended the applica-
tions for one of the most special molecules, liquid water, three years later (Stillinger
and Rahman 1974). Only another three years later, McCammon et al. published the
first protein simulation (McCammon et al. 1977). Afterwards, the method developed
rapidly, both in its theories and applications.

There are two essential questions in the MD technique:

1. ”How to calculate positions and momenta of particles?” The answer is Newton’s
second law. Because this law belongs to classical mechanics and is not valid at
the quantum mechanics level, MD simulations cannot be used in applications for
light and fast atoms or electrons.

2. ”How to use the information at the microscopic level, such as atomic positions
and velocities?” Statistical mechanics is the tool to connect microscopic and macro-
scopic information. Many software applications were developed to convert struc-
ture or kinetic information into visible pictures or videos. Local and shared codes
can calculate properties at both microscopic and macroscopic levels from the
atomic information.

The listing 4.1 illustrates the general calculation procedure in MD simulators.

Listing 4.1: outline of code of MD simulation.

program md
c a l l i n i t
t =0
do while ( t<tmax )

c a l l f o r c e
c a l l i n t e g r a t i o n
c a l l sample
t = t + d e l t a

enddo
end md
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The first command is ”call init” which means to set up the initial coordinates and
velocities for all particles in the system. Experimental structures, obtained by X-ray or
Nuclear Magnetic Resonance (NMR) techniques, are generally used as the initial coor-
dinate. Calculated structures or coordinate information from comparative modelling
data can also be used as a starting coordinate. Generally speaking, the initial system
coordinate is crucial for the quality of MD simulations. Particle velocities in the sys-
tem are determined by temperature, and they are chosen randomly from a Gaussian or
Maxwell-Boltzmann distribution. Equation 4.1 exhibits the probability of the velocity
of an atom i in the x-direction at temperature T .

ppvixq �
�

mi

2πkBT


1{2

exp

�
�1

2

miv
2
ix

kBT



(4.1)

where ppvixq is the probability; mi is mass of the atom i; kB is the Boltzmann constant;
T is temperature; vix is velocity of the atom i in x direction.

Additionally, velocities have a constraint: the overall momentum of the system is
zero. After particle velocities are chosen, the temperature can be calculated by equation
4.2.

T � 1

3N

Ņ

i�1

|pi|
2mi

(4.2)

where N stands for the number of atoms in the system; pi is momenta of the atom i.
The initial particle velocities are crucial for a successful simulation, even though

less than initial coordinates.
Then MD simulation starts in the loop. The first step is to calculate the force on

each particle in the system from the potential energy based on equation 4.3.

Fi � �∇iV (4.3)

where Fi is the force on particle i; V is the potential energy of the system.
Force field is the potential energy in chemistry and biology, while it is called the in-

teratomic potential in material physics. Similarly to the multi-scale nature of physics,
specific potential should be chosen for the applications at different levels. If the re-
search topic is at the electronic level, potential should be assessed from the structure
of electron density. At the atomic level, potential parameters are optimized from fully
quantum descriptions, which is under two main approximations. One is the Born-
Oppenheimer approximation that stipulates that electrons can be treated separately
from their nuclei because of their much faster dynamics. The other one treats nuclei
as point particles of which movements obey classical Newtonian dynamics. Gener-
ally, this type of potential is called classical force fields. If the scale is too large or the
time scale is too long, such as in protein folding, liquid crystal phase transition, virtual
cell simulation, and so on, coarse-graining potentials should be used. These potentials
treat a group of atoms as a particle.

This work focuses on chemical reactions in polymers. Hence, there are two choices.
One is hybrid classical/quantum potential that can study research topics include both
atomic and quantum phenomena. The other one is reactive potential, for example,
ReaxFF (Van Duin et al. 2001). Compared to hybrid classical/quantum potential, ReaxFF
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is easier to use and needs less computational resources; therefore, MD simulations here
are performed with the ReaxFF force field.

Combining Newton’s second law, Fi � miai, with equation 4.3 yields equation 4.4.

� dV

dri
� mi

d2ri
dt2

(4.4)

where ri is the position of particle i; therefore, Fi � �dV {dri and ai � d2ri{dt2.
This equation shows the time evolution of particle coordination in the system based

on a specific potential. Theoretically, the velocity and coordinate of each particle at the
next time step can be calculated easily from that at the current time step and the first
derivative of the potential to coordination, shown in equations 4.5 and 4.6, respectively.

vt�δt � vt �
�
� 1

m
∇iV



δt (4.5)

xt�δt � xt � vtδt� 1

2

�
� 1

m
∇iV



δt2 (4.6)

However, in real calculations, it is not possible to use integration algorithms based
on Taylor series expansion as an analytical solution. The expressions for positions, r,
velocities, v, and accelerations, a, are shown in Equations from 4.7 to 4.9, respectively.

rpt� δtq � rptq � vptqδt� 1

2
aptqδt2 � ... (4.7)

vpt� δtq � vptq � aptqδt� 1

2
bptqδt2 � ... (4.8)

apt� δtq � aptq � bptqδt� ... (4.9)

There are four algorithms used frequently: the Verlet, Leapfrog, Velocity Verlet, and
Beemans algorithms. These algorithms share the same expressions, but the accuracies
are different. The Verlet algorithm can calculate positions straightforwardly with mod-
est storage, but its precision is moderate. The Leapfrog algorithm can calculate both
positions and velocities explicitly, but calculated positions and velocities are not for
the same time step. Therefore, the values of velocities have to be approximated. The
velocity Verlet algorithm can calculate positions and velocities of particles at the same
time, but its precision is not as good as the Leapfrog algorithm. Beemans algorithm
can calculate both positions and velocities with higher accuracy, but its expressions are
too complicated; therefore, it requires more computational resources.

After all microscopic states are calculated at time t, sampling is used to calculate
all macroscopic properties of interest, and the thermodynamic states of the system are
checked.

Temperature (T ) is a crucial input parameter for MD simulations, which can be
evaluated from microscopic properties, atomic positions, and momenta based on sta-
tistical mechanics; then, pressure (P ) can be calculated from temperature. Generally
speaking, T , P , and the number of particles (N ) together can derive all other parame-
ters. Hence, it is useful to introduce statistical mechanics here.
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Statistical mechanics in the MD technique is a set of theories to calculate macro-
scopic properties from microscopic information, which are described by rigorous mod-
els that have been implemented in MD software applications. Therefore, thermody-
namic properties and kinetic phenomena can be studied by MD simulations.

Ensemble is an important concept in MD simulations, which is a collection of all
possible systems with different microscopic states but the same thermodynamic state.
Generally speaking, several thermodynamic state variables are crucial to define an en-
semble: the number of particles (N ), the volume (V ), the energy (E), the temperature
(T ), the pressure (P ), and the chemical potential (µ). There are four mostly used en-
sembles. The first one is microcanonical ensemble (NV E). It applies to isolated systems.
The second one is canonical ensemble (NV T ). The third one is isobaric-isothermal ensemble
(NPT ). And the fourth one is grand canonical ensemble (µV T ).

In statistical mechanics, ensemble averages correspond to experimentally observ-
able properties. Therefore, ensemble averages are used to compare with corresponding
experimental data to verify the goodness of MD simulations. The way to calculate en-
semble averages is shown in Equation 4.10

xAyensemble �
» »

dpNdrNA
�
pN , rN

�
ρ
�
pN , rN

�
(4.10)

where xAyensemble stands for the ensemble average of the observable parameter A that
is a function of positions, and momenta of all particles in the system, presented as
A
�
pN , rN

�
in this equation; ρ

�
pN , rN

�
is the probability density of this parameter that

is related to the Hamiltonian (H), temperature (T ), and Boltzmann’s constant (kB) by
Equation 4.11:

ρ
�
pN , rN

� � exp
��H �

pN , rN
� {kBT �³ ³

dpNdrN exp r�H ppN , rNq {kBT s (4.11)

However, this calculation is too complicated. Therefore, time averaging is used
instead in MD simulations, which is shown in equation 4.12

xAytime � lim
τÑ8

1

τ

» τ

t�0

A
�
pNptq, rNptq� dt � 1

M

M̧

t�1

A
�
pN , rN

�
(4.12)

where τ stands for the simulation time; M stands for the number of time steps in the
simulation.

This replacement is based on the ergodic hypothesis. Therefore, enough represen-
tative conformations have to be sampled to make sure that the values of two averages
equal to each other. For more detailed information about these properties, please refer
to any MD software introductions such as Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS).

After all microscopic states and thermodynamic states are explored at time t, the
simulation goes to the next time step. The whole loop with information of microscopic
states and thermodynamic states at each time step is called a trajectory.

MD simulations can be applied in a wide range of areas, such as reaction path
(Michalak and Ziegler 2001), nanotubes (Zhou and Shi 2002), amorphous materials
(Chen et al. 2006), drug design (Alonso et al. 2006), non-equilibrium process (Lorenz
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et al. 2010), and cross-linked polymers (Yang and Qu 2012). Additionally, many soft-
ware applications have been developed to execute these simulations. Currently, there
are two main limitations in MD simulations:

1. time and size scale. This limitation depends on current computational tech-
niques. By now, parallel Central Processing Unit (CPU), Graphics Processing
Unit (GPU), and special chips for MD simulation have been developed to solve
this problem.

2. accuracy of force field. This limitation needs more attention, and researchers are
trying to develop more accurate force fields. High precise experimental data is
necessary to increase the accuracy of MD simulations.

4.1.3 Introduction of ReaxFF

The first paper that described a reactive force-field for hydrocarbons was published in
2001 (Van Duin et al. 2001). After further development for 7 years, a description of the
functional form of the ReaxFF potential was published in 2008 (Chenoweth et al. 2008).
This force field was developed by studying the bond dissociation energy, the energy
for bonded and torsional angles, and the reaction process between ReaxFF and QM
calculations (B3LYP (Becke 1993, Lee et al. 1988), hybrid DFT function, and the Pople
6-311G** basis set (Krishnan et al. 1980)) and comparing the calculated total energy
with experimental data of formation enthalpy.

Energy contributions in this force field are shown in Equation 4.13.

ESystem � EBond � EOver � EAngle � ETors � EvdWaals � ECoulomb � ESpecific (4.13)

where EBond describes the energy between a pair of atoms when they are forming
a bond, and it is a continuous function of interatomic distance. EAngle is the energy of
valence angle strain for three bodies, andETors is the energy of torsional angle strain for
four atoms. EOver is a type of correction energy that prevents the coordination of atoms
to be larger than the number calculated from their valence rules. EvdWaals and ECoulomb
are non-bonded energy terms. ESpecific is a kind of energy that is rare in the calculation
unless for special cases. For example, lone-pairs for atoms such as O, N, e.t.c., hydrogen
binding that is quite common in reality, and conjugation, a phenomenon occurring in
many organic molecules. For more detailed information about the formulas of ReaxFF,
please refer to literature (Chenoweth et al. 2008).

4.2 Method

Three sets of MD simulations were performed by using LAMMPS (https://lammps.
sandia.gov/) in this chapter.

Energy Minimization: this method can obtain the energy of the ground state of
reactants, reactant-complex (the state where reactants interact with each other before
bond-forming) if it exists in the reaction, and products. Each reactant has been min-
imized separately before performing the energy minimization. The initial molecular

https://lammps.sandia.gov/
https://lammps.sandia.gov/
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distances for the endo reactant complex, the exo reactant complex, and the products
are 2 , 2.1 , and 1.9 Å, respectively.

NVE MD simulation: this method is supplementary for energy minimization as it
is possible to show the dynamic behavior of a reaction. In this method, the distance
between molecules increases with time, and the total energy is averaged over 10 fs.

Normal MD simulation: an NVT ensemble simulation is performed firstly for 100 ps
with a timestep of 0.1 fs, a temperature of 300 K, and a temperature damping param-
eter of 0.1 ps. Then an NPT ensemble simulation is performed with a timestep of
0.1 fs, a temperature of 300 K, a temperature damping parameter of 0.1 ps, a pressure of
2000 atm, and a pressure damping parameter of 1 ps. Afterwards, another NPT ensem-
ble simulation with the same simulation parameters as the previous NPT simulation
except for temperature input parameter (temperature increases linearly with time here
instead of constant) to determine the value of temperature input for the next step. In
the end, this temperature value replaces that in the first NPT simulation to form a new
NPT ensemble simulation, which is performed to capture DA reactions.

The structures of snapshots in this work are visualized by the Open Visualization
Tool (OVITO) (https://www.ovito.org/).

4.3 Results and discussion

The purpose of this work is to study the kinetics of thermally reversible polymers
based on furan-maleimide DA-based reaction by MD simulations with ReaxFF. The
kinetics of the DA reaction should be analysed first before implemented to the back-
bone. However, there is no corresponding ReaxFF force field for it. The dimerization
of CycloPentaDiene (CPD) is studied then under the consideration of the accuracy of
the ReaxFF force field. This reactive force field, not like the classical force field, has a
certain force-field for a specific application (detailed information is in chapter 1.). CPD
is in the training set of C/H-2001-ReaxFF (Van Duin et al. 2001), which makes the MD
simulations with ReaxFF more reliable.

4.3.1 MD simulation of the system

The system with 54 CPD molecules is built by using a single CPD molecule as a tem-
plate and then replicating it into 54 copies in LAMMPS (Plimpton 1995). Figure 4.1
shows the 3-Dimensional (3D) view of this initial structure.

This initial structure is not stable for an NPT ensemble simulation because pressure
might push molecules too close to each other to form covalent bonds. Hence, an NVT
simulation was performed at 300 K as the first step to equilibrium the system. Figure
4.2 shows the temperature (T), pressure (P), and total energy (E) of this simulation. The
fluctuation of pressure is quite large. This phenomenon is reasonable as the number of
atoms in this system is only 594 that is too small to show a light fluctuation of pressure.
Figure 4.3 illustrates the configuration of the structure produced by this simulation.
The void shown in this figure implies that the structure is not stable to be used as an
initial equilibrium structure yet.

NPT simulation was performed then to remove this void with a temperature of
300 K and a pressure of 2000 atm. Figure 4.4 exhibits the system structure after this

https://www.ovito.org/
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Figure 4.1: Initial structure of the system.

Figure 4.2: Temperature, pressure, and total energy in NVT ensemble simulation at 300
K.

simulation, which implies the simulation successfully removed the void. Additionally,
Fig. 4.5 shows temperature, pressure, and total energy in this simulation, which means
that the system has achieved its equilibrium. The fluctuation of pressure increased
compared with the previous NVT simulation, which is reasonable as it is smaller for
constant volume than constant pressure in small systems.

After the system is equilibrated, another NPT simulation is performed to study the
reaction kinetics with the same simulation pressure as the previous NPT simulation
except for its temperature parameter that increases from 300 to 2000 K linearly at two
heating rates. They are 0.467 K/ps from 300 to 440 K, and 2.11 K/ps from 400 to 2000 K.
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Figure 4.3: Final structure of NVT ensemble simulation at 300 K.

Figure 4.4: Final structure of NPT ensemble simulation at 300 K.

Figure 4.6 exhibits the information of temperature, pressure, and total energy in this
simulation, which implies that the heating rate affects the fluctuation of both tempera-
ture and pressure. A fast heating rate depresses both temperature and pressure fluctu-
ation; moreover, the heating rate affects the latter more. Additionally, particles could
explore more velocities and positions if the temperature is higher, which increases the
fluctuation of temperature and total energy.

By checking the structure of molecules in the system during this process, molecules
break at the longest C-C bond, which occurs at a temperature that is slightly higher
than 1300 K firstly. Therefore, an NPT simulation was performed at 1300 K and 2000 atm
for 200 ps to study this further. However, molecules breaks in this process, which
means that the decomposition temperature is lower than 1300 K. Hence, another NPT
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Figure 4.5: Temperature, pressure and total energy in NPT ensemble simulation at 300
K.

Figure 4.6: Temperature, pressure and total energy in temperature-increasing NPT sim-
ulation.

simulation is performed at 1100 K under the same pressure as the previous one. Unfor-
tunately, no reaction was detected. Figure 4.7 illustrates three state parameters in this
simulation: temperature, pressure, and total energy.

The question now is why no reaction occurs in the simulations. The reason that
comes first is the low reactivity of the dimerization of CPD, which could lead to a
small possibility of capturing a reaction in an MD simulation. Therefore, reactivity
will be discussed in sections 4.3.2 and 4.3.3 from an experimental and a theoretical
aspect, respectively.
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Figure 4.7: Temperature, pressure and total Energy for NPT MD simulation at 1100 K

and 20000 atm.

4.3.2 Reaction rate: experimental data

The reaction rate is a parameter describing the speed of a reaction. CPD is special in
DA reactions because it could be both diene and dienophile. For comparison, furan
and Maleic Anhydride (MA) are chosen as diene and dienophile, respectively, because
they are highly reactive reactants in DA reactions. Figure 4.8 shows the chemical for-
mulas of these three types of molecules. There can be three types of furan by changing
substitutes, labelled as 1a, 1b, and 1c.

O

R
S

a, R=S=H

b, R=H, S=CH3

c, R=S=CH3

O
O

O

1 2 3

furan MA CPD

Figure 4.8: Chemical formulas of three reactants in this work.

Figure 4.9 shows the schemes of three types of DA reactions with furan, MA, and
CPD as reactants. Table 4.1 exhibits the experimental reaction rates of some of these
reactions. The symbol in the Reaction term of this table, 1a + 2, means that this reaction
uses molecules 1a and 2 as reactants, for example. Other symbols in this term have a
similar meaning. Comparing the data of the reaction rate k in this table, the reactivity of
Reaction A is much higher than that of Reaction C. Generally speaking, MD simulations
are not suitable for the low reactive system such as Reaction C because of their time-
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scale limitation.

Figure 4.9: The schemes of DA reactions with furan, MA, and CPD as reactants.

Table 4.1: Reaction rates of the DA reactions at different temperature.

Reaction Temperature (°C) k (1e�6 kg mol�1 min�1) Reference

A

1a + 2

49.5

6,540.00

(Dewar and Pierini 1984)1b + 2 40,140.00

1c + 2 67,200.00

C 3 + 3

15 1.17

(Li et al. 2011)

20 1.94

25 2.83

30 5.13

35 13.74
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4.3.3 Reactivity: theory

Molecular Orbital theory for reaction

MO theory is a method to calculate the molecular structure in which electrons move
in the environment of the whole molecule but are not assigned to individual covalent
bonds. This theory is similar to the atomic electron orbital theory but much more
complex because of the presence of more than one nucleus. HOMO/LUMO interaction
was introduced based on the MO theory to describe the reactivity (detailed information
is in section 4.1.1.). The results here were calculated by Chem3D 16.0 (https://www.
perkinelmer.com/Product/chemoffice-professional-chemofficepro).

Figure 4.10 illustrates the energies of the HOMO and LUMO of the reactants and
products of the three DA reactions. Based on the introduction in section 4.1.1, this
figure implies that Reaction A and Reaction B belong to normal DA reactions, and
Reaction C is a neutral DA reaction. Dewar and Pierini claimed that the reactivity is
inversely proportional to the difference of the bonding HOMO/LUMO pair (Dewar
and Pierini 1984). Therefore, the sequence of reactivity of the three types of reactions is
Reaction A (1c +2) > Reaction A (1b +2) > Reaction A (1a +2) > Reaction B > Reaction C.
This trend is the same as what Dewar and Pierini (Dewar and Pierini 1984) observed
for the three reactions in Reaction A (see Fig. 4.9). Table 4.2 lists the numerical values
of the bonding HOMO/LUMO gap calculated in this work and equilibrium constants
in literature.

Table 4.2: HOMO/LUMO difference and equilibrium constant of reactions.

Reaction HOMO/LUMO difference (ev) Equilibrium Constant (L{mol) [45 °C] �

A

1a + 2 5.461 1.237

1b + 2 4.738 0.967

1c + 2 4.079 0.683

B 2 + 3 6.236 —

C 3 + 3 10.49 —

— means that there exists no value for that term.

� reference: (Dewar and Pierini 1984)

Conformation of diene

The conformation of diene affects the reactivity of a DA reaction through the percent-
age of cis-configuration in all configurations. Generally, the larger the percentage of cis-
configuration, the higher the reactivity. For example, molecule 1 and molecule 3 are more
reactive than 1,3-Butadiene with the same dienophile in a DA reaction. Additionally,
1,4-distance of diene affects the reaction rate, see Fig. 4.11 (Sauer and Sustmann 1980).
They concluded that the shorter is the 1,4-distance of diene, the higher is the reactivity.
Table 4.3 exhibits the calculated 1,4-distance of diene in several DA reactions in this
work. It implies that molecule 1 is more reactive than molecule 3, and three substitutions
of molecule 1 are comparably reactive when the 1,4-distance of diene is the only factor.

https://www.perkinelmer.com/Product/chemoffice-professional-chemofficepro
https://www.perkinelmer.com/Product/chemoffice-professional-chemofficepro
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Figure 4.10: HOMO and LUMO energy for the three DA reactions. Yellow arrows refer
to electron pairs. Horizontal lines with arrows are for the energy levels of HOMO, and
lines without arrows are for those of LUMO: black for reactants; blue for products (left
for exo-isomer and right for endo-isomer); red, blue and green in subfigure reaction A
for molecules 1a, 1b, and 1c, respectively, or their products. Gray lines connect HOMO
and LUMO of reactants: solid lines for bonding interaction; dash lines for un-bonding
interaction.
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Based on this theory, Reaction C has lower reactivity than Reaction A or Reaction B. This
conclusion is consistent with the experiments shown in Table 4.1.

Figure 4.11: Dependence of log k values on the 1,4-distance of dienes in the reaction
with tetracyanoethylene (Sauer and Sustmann 1980).

Table 4.3: 1,4-distance of dienes.

Diene 1,4-distance (Å)

1a 1.992

1b 2.000

1c 2.008

3 2.372

4.3.4 Reaction coordinate

The reaction coordinate is widely applied to describe how energy changes along a
reaction pathway. It can be illustrated in 3D form, for example, Fig. 4.12 or a 2D one,
for example, Fig. 1.14 in chapter 1 that is the lowest energy reaction pathway derived
from its corresponding 3D energy surface (Caramella et al. 2002, Ramı́rez-Gualito et al.
2013).

Table 4.4 exhibits energies of the reactants Ereact, transition state Etrans, and prod-
uct Eprod in a reaction coordinate. The energy reference in this table is the state in
which reactants are dissociated. Generally speaking, there are two types of Ereact. If
the reactant-complex does not exist, Ereact is the energy of dissociated reactants that is
zero; if it exists, Ereact is the energy of the reactant-complex that is negative. There are
two sets of energy parameters in this table, which are for the endo and exo stereoiso-
mers.

Table 4.4 also shows that QM calculations based on different methods could lead
to quite different energies or structures for the same reaction. Therefore, it is crucial
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Figure 4.12: 3D picture of the energy surface of dimerization of CPD (Caramella et al.
2002).

Table 4.4: Energy values for three points in a reaction coordinate: reactants, transition
state and product. The unit of energy is Kcal{mol.

Reaction
Ereact Etrans Eprod Method

endo exo endo exo endo exo

A
1a + 2

0.00 0.00 6.02 6.86 -20.65 -22.56 m1 (Rulisek et al. 2005)

0.00 0.00 — — -12.00 -13.90 m2 (Zhao and Truhlar 2011)

-7.45 -6.92 8.32 8.68 -12.56 -14.94 m4 (Ramı́rez-Gualito et al. 2013)

1c + 2 0.00 0.00 18.50 18.40 -16.2 -18.0 m3 (Taffn et al. 2010)

B 2 + 3

0.00 0.00 0.17 2.49 -37.67 -38.15 m1 (Rulisek et al. 2005)

0.00 0.00 — — -31.00 -31.4 m2 (Zhao and Truhlar 2011)

-7.19 -6.18 -0.29 1.82 -33.81 -34.19 m4 (Ramı́rez-Gualito et al. 2013)

-1.79 -1.89 14.17 15.09 -16.17 -16.98 m5 (Ramı́rez-Gualito et al. 2013)

-0.76 -0.88 18.05 19.14 -9.90 -10.63 m6 (Ramı́rez-Gualito et al. 2013)

0.00 0.00 21.00 23.90 -11.80 -12.80 m7 (Caramella et al. 2002)

C 3 + 3 -3.59 -3.65 6.67 10.70 -27.87 -28.48 m4 (Ramı́rez-Gualito et al. 2013)

— means that there exists no value for that term.

m1: coupled cluster, CCSD(T) values Aug-cc-pVDZ basis set;

m2: M05-2X;

m3: M05-2X/cc-pVTZ//B3LYP/6-31G**;

m4: MP2/6-31G(d,p);

m5: B3LYP/6-31G(d,p);

m6: B3LYP/6-311++G(2d,2p);

m7: B3LYP/6-31G*.

to choose the proper QM method to verify the energies calculated by MD simulations
with ReaxFF. L. Rulisek et al. claimed that the coupled cluster-CCSD(T)-method is
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highly accurate, which has a chemical accuracy of around 1.91 Kcal/mol in reaction
energies and of 0.48 Kcal/mol in the energy differences across the set of reactions they
studied (Rulisek et al. 2005). Furthermore, Y. Zhao and D. G. Truhlar tested these func-
tions using in Density Functional Theory (DFT) method (Zhao and Truhlar 2011). Com-
paring the values in this table, energies calculated by method m4 (Ramı́rez-Gualito
et al. 2013) are comparable to other methods, and method m4 calculated energies for
reactant-complexes. Additionally, this table implies that the Becke, 3-parameter, Lee-
Yang-Parr (B3LYP) methods overestimate the energy barrier for these three DA reac-
tions.

Table 4.5 exhibits the energies calculated by MD simulations with ReaxFF for the
three reactions. However, some of the calculations are incorrect. For example, Eprod
of the exo-product of Reaction C is positive, which is wrong because DA reactions are
exothermic generally. Hence, the structure of exo-DiCycloPentaDiene (DCPD) was
picked out and observed, see Fig. 4.13. This figure shows that the configuration of the
upper molecule is incorrect because its atoms connecting to the carbon-carbon double
bond should be on the same plane, but they are not. It could be the reason for the too
high energy observed for the exo-DCPD. Additionally, this incorrect structure implies
the force field is not correct for this compound.

Table 4.5: Energy values calculation by MD simulations with C/H/O-2008-ReaxFF for
two points in a reaction coordinate: reactants, product. The unit of energy is Kcal{mol.

Reaction
Ereact Eprod

endo exo endo exo

A

1a + 2 -5.86 -3.50 15.38 17.60

1b + 2 -7.44 3.31 17.03 25.80

1c + 2 -8.22 -7.46 17.17 20.40

B 2 +3 -6.80 -7.30 -10.86 -12.65

C 3 +3 -4.56 -4.42 -22.79 54.24

Table 4.6 exhibits a comparison of calculated energies by MD simulations with
ReaxFF and QM with the m4 method. The relative difference of ReaxFF to m4 for
Ereact of Reaction C is less than 30 %, and that for Eprod is less than 20 %. The excep-
tion is Eprod for exo-DCPD, which has been explained above. It implies that energy
calculations by MD simulations with ReaxFF are consistent with that by QM with m4
method here. MD simulations with ReaxFF can predict Ereact better than Eprod for both
Reaction A and Reaction B. Additionally, the prediction for Reaction B is better than that
for Reaction A, which may because CPD is a molecule in the training set of ReaxFF.
Eprod is positive for Reaction A. Hence, the product structures of this reaction were
picked out and checked; however, they are correct. The error may come from the force
field C/H/O-2008-ReaxFF, of which Molecule 1 and Molecule 2 are not in the training set.
These results imply that C/H/O-2008-ReaxFF is not suitable to study Reaction A.
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Figure 4.13: Structure of exo-DCPD calculated by ReaxFF. Atoms are distinguished by
different colours: Red and blue represent the reactive carbon atoms in two reactants;
cyan-blue is for non-reactive carbon atoms; green represents hydrogen atoms.

Table 4.6: Comparison between method ReaxFF and MP2/6-31G(d,p). Unit of energy
is Kcal{mol.

Reaction
Ereact Etrans Eprod Method

endo exo endo exo endo exo

A 1a + 2
-5.86 -3.50 — — 15.38 17.60 ReaxFF (this work)

-7.45 -6.92 8.32 8.68 -12.56 -14.94 m4 (Ramı́rez-Gualito et al. 2013)

B 2 + 3
-6.80 -7.30 — — -10.86 -12.65 ReaxFF (this work)

-7.19 -6.18 -0.29 1.82 -33.81 -34.19 m4 (Ramı́rez-Gualito et al. 2013)

C 3 + 3
-4.56 -4.42 — — -22.79 54.24 ReaxFF (this work)

-3.59 -3.65 6.67 10.70 -27.87 -28.48 m4 (Ramı́rez-Gualito et al. 2013)

— means that there exists no value for that term.

4.3.5 Structure of transition state

One method to study the structure and energy of a transition state and the process
of a reaction in MD simulation is to perform an NVE ensemble simulation with the
constraint of a controlled distance between two reactants. One NVE simulation was
performed for Reaction C (3 + 3) as an example. Figure 4.14 illustrates the molecu-
lar distance and the potential energies of endo and exo isomers for Reaction C (3 + 3).
It shows the minimum and maximum controlled distance are 1.5 and 4 Å, respectively
for 1 ps; additionally, the distance increases from the minimum to maximum linearly in
10 ps. In literature, the energy of the ground state of the endo-adduct, the exo-adduct,
and two CPD molecules are -386.80240 , -386.80337 , and -193.37899 a.u., respectively
(Ramı́rez-Gualito et al. 2013). In this figure, the energies are lower than these values
calculated by QM. This variation is common because the energy references in these
two methods are different. This figure also shows that the fluctuation of the potential
energy for endo-isomer is larger than that for exo-isomer. The reason could be the in-
teraction between the newly-formed carbon-carbon double bond in one CPD molecule
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and the original carbon-carbon double bond in another for endo isomer. Based on the
energy along a reaction process, the activation energies of DA and r-DA reactions and
the reaction energy can be obtained by determining three values, Ereact, Etrans, and
Eprod, and then calculating the difference between them.

Figure 4.14: Reaction pathway captured by MD simulation with ReaxFF.

Table 4.7 exhibits the activation energies and reaction energies for all DA reac-
tions based on three methods. ReaxFF that was developed based on QM (B3LYP/6-
311G**) and two other QM methods, MP2/6-31G(d,p) (m4) and B3LYP/6-31G* (similar
to B3LYP/6-311G**), for comparison with ReaxFF. Because the CPD molecule is in the
training set of ReaxFF, Reaction C is discussed here first. Since this reaction has not
been studied by QM with the B3LYP/6-311G** method, calculated energies with the
B3LYP/6-31G* method are used to verify the ReaxFF. The similarity of their results im-
plies that ReaxFF is suitable to study reaction coordinates. Afterwards, the table shows
that ReaxFF overestimates almost all energies except for the activation energy of the
r-DA reaction of the endo isomer by comparing the energies calculated by ReaxFF and
m4, which accounts for a less negative value of Ereaction (DA) for endo isomer. Since
higher activation energies mean less reactivity, this supports the conclusion that low
reactivity is one of the reasons that there was no reaction observed in MD simulations.
By comparing the energies for Reaction A and Reaction B, the positive values forEreaction
calculated by MD simulations with ReaxFF imply that MD is not suitable for Reaction
A (1b + 2), Reaction A (1c + 2), and Reaction B as these reactions are exothermic.

Besides the energy of the transition state, its structure is also crucial to verify a force
field. Figure 4.15 illustrates the structure of the transition state of endo-DCPD, which
is complicated because both pre-bond A and pre-bond C can form the new carbon-
carbon bond. Table 4.8 exhibits the lengths of pre-bonds A, B, and C calculated by
ReaxFF and B3LYP/6-31G* (Guner et al. 2003). It shows the bond lengths of A and C
calculated by ReaxFF are longer than those by B3LYP/6-31G*, while that of B is shorter.
This phenomenon implies that ReaxFF cannot accurately represent the structure of the
transition state of endo-DCPD. Unbalanced lengths of the three pre-bonds make it
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Table 4.7: Activation energies and reaction energy for reactions calculated by ReaxFF
and two QM methods. Unit of energy is Kcal{mol.

Reaction
Ea(DA) Ea(r-DA) Ereaction(DA)

Method
endo exo endo exo endo exo

A

1a + 2
47.78 56.20 55.35 60.19 -7.57 -3.98 ReaxFF (this work)

15.77 15.60 20.88 23.62 -12.56 -14.94 m4 (Ramı́rez-Gualito et al. 2013)

1b + 2 46.05 35.20 32.15 21.97 13.90 13.23 ReaxFF (this work)

1c + 2 53.08 64.57 43.98 34.51 9.10 30.05 ReaxFF (this work)

B 2 + 3
54.79 47.44 38.13 59.38 16.66 -11.94 ReaxFF (this work)

6.9 6.18 33.52 36.01 -33.80 -34.18 m4 (Ramı́rez-Gualito et al. 2013)

C 3 + 3

15.59 23.68 22.01 50.56 -6.43 -26.88 ReaxFF (this work)

10.26 14.35 34.54 39.18 -27.87 -28.48 m4 (Ramı́rez-Gualito et al. 2013)

21.1 — 32.2 — -11.1 — B3LYP/6-31G* (Guner et al. 2003)

— means that there exits no value for that term.

impossible for two CPD molecules to approach each other and to form covalent bonds.
In detail, the consequence of this structure calculated by ReaxFF is that the length of
the pre-bond B becomes shorter and shorter that will form a covalent bond, while the
lengths of the other two become longer and longer. It is the same as what is observed
in MD simulations. This result supports the conclusion that the current ReaxFF is not
suitable to calculate any DA reactions in this work and the phenomenon that there is
no DA reaction observed in previous MD simulations.

Figure 4.15: Structure of the transition state of endo-DCPD.

4.4 Conclusion

Following the failure of using reactive MD simulation to study the kinetics of DA-
based reversible reactions for self-healing materials, an exploration is made to explain
the reason and to propose a more suitable diene-dienophile group. MD simulations
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Table 4.8: Comparison of three pre-bond lengths of endo-DCPD calculated by ReaxFF
and B3LYP/6-31G*. Unit of length is Å.

A B C Method

2.897 1.986 2.897 B3LYP/6-31G* (Guner et al. 2003)

3.50 1.83 3.18 ReaxFF (this work)

with ReaxFF were performed for the dimerization of CPD because CPD is in the train-
ing set of the force field. However, no reaction was detected, although the highest tem-
perature was applied. Hence, the reactivity of the dimerization of CPD was doubted at
first. It was studied experimentally and theoretically, together with another two reac-
tions as a comparison, which shows that the reactivity of the dimerization of CPD is too
low for a MD simulation. The next question is whether it is possible to use ReaxFF to
study the other two faster reactions or not. Hence, reaction coordinates of all DA reac-
tions were calculated by ReaxFF. By comparing the calculation with literature, ReaxFF
is not suitable to study the other two DA reactions. Even for the dimerization of CPD,
which is in the training set of ReaxFF, the calculated structure of the transition state is
incorrect. Therefore, better parameter sets of ReaxFF have to be assessed to describe
the DA reaction accurately.
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