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Chapter 1

Introduction

Everything must be made as simple
as possible. But not simpler.

Albert Einstein

P
olymer chemistry comprises the chemical synthesis, the structure, the chemical
and physical properties of polymers. This thesis mainly focuses on the chem-

ical and physical properties of polymers in which the relationship between experi-
ment, characterization, and theory is crucial. This relationship is represented by the
triangle shown in Fig. 1.1: Experiment refers to the synthesis and processing of com-
pounds; characterization applies to the study of structures, properties, and reactions
of compounds; theory involves mathematical models developed to explain observed
experimental phenomena. Generally speaking, the exploration of the experiment-
characterization or the characterization-theory relationship is mature; however, this
is not the case for the theory-experiment one represented in Fig. 1.1 by the dashed line.
It is well known that the nuclei types and electron densities around them determine
the structures and properties of polymers fundamentally. Additionally, the basis of a
chemical reaction is electron transfer. Therefore, the study of electron density forms
the basis of this connection between theory and experiment, in which chemistry and
physics overlap.

experiment

characterizationtheory

Figure 1.1: The relationship between experiment, characterization, and theory in poly-
mer chemistry.

Generally speaking, physics can be classified into four fields by size and speed di-
mensions, as shown in Fig. 1.2. The two aspects of theoretical physics at lower speeds,
represented as the two bottom quadrants in this figure, contribute to the majority of
the theories in chemistry. Quantum mechanics can be applied to explain structures,
properties, and reactions of compounds that have been characterized by instruments,
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and to design or predict those of new compounds. Classical mechanics can explain
the phenomena occurring in the macroscopic scale and design procedures of the syn-
thesis of new compounds. Moreover, statistics is the bridge between quantum and
classical mechanics. Temperature is an example, which is the most important physical
property in this thesis. Since the very beginning of human history, we have had an
intuitive understanding of temperature, such as fire is warm and snow is cold. Our
temperature sensitivity is because the biological structures building up our body can
only survive in a specified temperature range. For example, chemical signals are ex-
cited when the body is at a temperature outside this safe range, then transformed into
electron signals that transfer to the brain; afterwards, the brain translates these signals
into a warning such as ”too cold” or ”too warm”. This temperature sensitivity drove us
to understand temperature from macroscopic phenomena. In the end, it is calculated
from microscopic properties by statistics. For example, it is the statistical average of the
kinetic energy of all particles in a system in Molecular Dynamics (MD) simulations.
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Figure 1.2: Introduction of multiple scales in theoretical physics.

Generally, temperature plays a crucial role in both thermodynamics and reaction
kinetics. For example, the solubility of a polymer in the solvent with a miscibility gap
depends on temperature, shown in Fig. 1.3. The upper subfigure shows the Gibbs
free energy curves of the polymer mixture as a function of volume fraction φ at four
temperatures; the lower one is the phase diagram calculated based on these Gibbs free
energies above. The critical state of this polymer mixture from insoluble to soluble
is at a temperature of Tc. When the temperature is below Tc, such as T1 or T2, the
polymer mixture is in the miscibility gap, illustrated in the phase diagram. While the
temperature is above Tc, such as T4, the polymer is soluble in the solvent. Generally
speaking, there are several types of polymer mixtures shown in Fig. 1.4: A refers to
the polymer solution that is soluble in the whole concentration range, for example,
water-acrylamide/N-benzylacrylamide (Yahaya et al. 2001); B to upper critical solu-
tion temperature (UCST) phenomena such as polystyrene-acetone (Slow et al. 1972); C
to lower critical solution temperature (LCST) phenomena, for example, polystyrene-
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acetone (Slow et al. 1972); D shows that the polymer mixture is only soluble at lower
or higher temperatures in the whole concentration range, for example, poly(ethylene
glycol)-β-poly(ethyl-2-cyanoacrylate)-water (Choi et al. 2007); E shows that the poly-
mer mixture is only soluble in a specified temperature range in the whole concentration
range, for example, poly(ethylene glycol)-n-heptane (Saeki et al. 1987); F shows that
the polymer mixture is partly soluble, and its solubility changes with temperature, for
example, poly(ethylene glycol)-t-butyl acetate (Saeki et al. 1976).

Figure 1.3: Gibbs free energies and phase diagram of a polymer mixture with a misci-
bility gap. (Reprinted from the lecture of the MIPD lab of Seoul National University
(MIPD 2020).)

Figure 1.5 illustrates the mechanism by which temperature, as one of the most cru-
cial factors, influences the reaction rate. For a reaction with an activation energy Ea,
at a higher temperature, more molecules could obtain the kinetic energy that is higher
than Ea, which means the reaction rate might be faster.

This thesis aims at studying the thermodynamics and reaction kinetics of ther-
mally reversible polymers based on DA-based reversible reactions. The experiment-
characterization relationship in Fig. 1.1 has been studied by the synthesis of thermally
reversible polymers and the exploration of their properties (Zhang et al. 2009, Toncelli
et al. 2012, Hermosilla and Picchioni 2016). This work focuses on the characterization-
theory and the theory-experiment relationships through the kinetic analysis of DA-
based reversible reactions by Differential Scanning Calorimetry (DSC) measurements
and MD simulations, respectively. Additionally, the thermodynamics of the polymer
mixtures in the processing procedure of thermally reversible polymers is crucial. For
example, the polymers in this work were synthesized through cross-linking polyke-
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Figure 1.4: Schematic of liquid-liquid binary phase diagrams of polymer mixtures.
Shaded areas devote where phase separation occurs. (Adapted from literature (Olabisi
et al. 1979))
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Figure 1.5: Illustration of the dependence of reaction kinetics on temperature. Shaded
areas represent the regions in which kinetic energies of molecules are higher than the
activation energy of the reaction.

tones with bis-maleimide in chloroform, in which the solubility of the two reactants
in chloroform is crucial. Many thermodynamic models for polymer mixtures in the
liquid phase have been developed (Elbro et al. 1990, Bogdanić and Vidal 2000, Bog-
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danić 2001, Sadeghi 2005, Pazuki et al. 2009), which connect characterization and the-
ory. However, the accuracy and efficiency to calculate the phase diagrams of polymer
mixtures should be improved. Therefore, this thesis presents a new powerful tool to
calculate Liquid-Liquid-Equilibria (LLE) based on the well-known liquid model called
UNIQUAC (Abrams and Prausnitz 1975).

1.1 Polymeric products

Macromolecules such as cellulose have existed in nature for millions of years. They are
also crucial as DNA, one type of macromolecules, stores the key information of life (the
genetic code) (Braun et al. 2013). However, it tracks back to the late eighteenth century
for the beginning of polymer science (Rodriguez et al. 2003). Researchers synthesized
polymers for the first time in the nineteenth century; however, the manufacture and
usage of synthetic polymers did not begin in earnest until the late 1930s. Cellulose
nitrate is the first synthetic polymer in history, which is usually referred to as ”cellu-
loid” and was the derivative of natural cellulosic materials, such as cotton. Around
the same time, the first artificial silk, called rayon, was proposed; additionally, bake-
lite, an important and the second discovered plastic material, was synthesized by Leo
Baekeland in 1907. In the interwar period, modern synthetic polymers were developed
and used. For example, synthetic rubbers found their first industrial application in
this period. Besides, condensation polymerisation was proposed by Carothers in 1928,
which was applied to synthesize two types of polymers: polyesters and polyamides
(nylons). Later, researchers began to design polymers for specific purposes deliber-
ately during WW II, such as polyolefins (polymers derived from alkenes) and poly-
carbonates in the 1950s. As it is expensive to develop and produce a completely new
polymer, researchers shifted their focus on polymeric blends to reduce the costs during
the 1970s and 1980s. Another method to avoid the expense of developing new poly-
mers is to use various physical treatments to tailor the properties of existing polymers
for specific applications. Fortunately, polymer chemists have not stopped develop-
ing new polymers or new polymerization processes for older polymers (Bower 2002).
Generally, polyethylene (PE), polypropylene (PP), poly(vinyl chloride) (PVC) are the
majority of commodity plastics that are characterized by low cost and high volume
(Feldman 2008).

Polyethylene was discovered in 1933 accidentally. Low-density polyethylene (LDPE)
synthesized through free radical polymerization was the first commercialized prod-
uct. Afterwards, new products were polymerized by using different types of catalysis
and applied in specific fields. Three main advantages of polyethylene are excellent
moisture-vapor, chemical, and electrical resistance. Its disadvantages are the relatively
low strength, hardness, rigidity, and melting point. Moreover, researchers are still de-
veloping new synthetic methods to improve the properties of PE. Its applications trace
back to World War II, for example, an underwater cable coating or a critical insulat-
ing material in radar insulation. After the war, PE became popular in various fields
such as power transmission, food packaging, consumer goods, electronics, house-
hold goods, industrial storage, transportation industries. By now, polyethylene is the
largest-volume polymer produced and consumed globally. (Demirors 2011)

Polypropylene was first synthesized by Phillips Petroleum chemists, J. Paul Hogan
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and Robert Banks, in 1951 (Stinson 1987). In 1954 the Italian chemist Guilio Natta and
his assistant Paulo Chini discovered isotactic polypropylene that has been commer-
cially produced on large scale since 1957 (Morris 1990). The chemical and physical
properties of Polypropylene is similar to polyethylene, such as solution behaviour and
electrical properties. Moreover, polypropylene has better mechanical properties and
thermal resistance, but worse chemical resistance than Polyethylene. Polypropylene
has been applied in various forms and fields through different manufacturing pro-
cesses. For example, as fibres, it has been used as constituents of carpets, fabrics, ropes,
reinforcements, and so on; as blow-moulded containers, it has been used as laboratory
items, bottles for foods, shampoos and other liquids, and so on; as injection moulded
items, it has been used in housings, car components, furniture, and toys. Polypropy-
lene is everywhere in our modern life.

Poly(vinyl chloride) was synthesized by a German chemist, Eugen Baumann, in
1872 (Baumann 1872). However, the use of PVC in commercial products dates back to
the early 20th century. For easier processing, various additives have been blended with
PVC. Compared to PE and PP, PVC has more excellent mechanical properties, such as
high hardness and mechanical properties, and better chemical resistance; however, its
thermal stability or electrical properties are worse than the other two polymers. It has
been widely used in applications like pipes, constructions, clothing, floors, and so on.

Generally speaking, thermoplastics become pliable or moldable at a high tempera-
ture and solidify when cooling (Baeurle et al. 2006), while thermosets have better me-
chanical properties, heat-degradation, and chemical resistance than thermoplastics be-
cause of their cross-linked structures. Therefore, thermoset polymers are more difficult
to be decomposed or reused through methods such as heating or harsh environment.
Moreover, the recycling of thermoplastic polymers is also not easy because of additives
or modifications. As a result of the dramatic use of polymers with low recyclability in
a short time in human society, detrimental and damaging effects on the environment
have started to appear. One problem is the use of a substantial quantity of precious
non-renewable resources. For example, about 4% of the oil produced worldwide goes
towards making polymers (Oil Consumption 2019). Moreover, synthetic polymers have
characteristics such as chemical, physical and biological inertness, which are positive in
their application but, at the same time, pose an environmental problem when thrown
away. Also, the manufacture of plastics often involves the use of toxic or environmen-
tally harmful chemicals. Lastly, polymers dispersed into the natural environment can
cause many problems for the wildlife that interacts with them. Figure 1.6 paq illustrates
the global production, usage, and fate of polymers. 59% of the produced polymers are
discarded. For example, these discarded polymers go to the ocean, shown in Fig. 1.7.
9.6% of the produced polymers are burned, which creates severe global air pollution.
7.2% of them can be recycled, but the secondary recycling (recycling after the second
usage) is not efficient (20%). 31.3% of them are in use. Figure 1.6 pbq shows the predic-
tion of cumulative numbers of polymers to 2050. All data here indicates that most of
the produced polymers are discarded, and recycling is far from satisfactory.

The development, manufacture, or application of polymers should be changed to
reverse the trend shown in Fig. 1.6 pbq. Recyclable polymers have been used for
decades; however, their recyclability (the ability to reuse) after the second ”life” is
still an issue. For example, only 20% of the recycled plastics can work more than two
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(a)

(b)

Figure 1.6: Introduction of global production, usage, and fate of polymers. (a) Data
from 1950 to 2015 in million metric tons; (b) cumulative numbers in million metric tons
(solid lines: historical data from 1950 to 2015 ; dashed lines: projected data from 2015 to
2050 based on historical trends.) (Reprinted from literature (Geyer et al. 2017).)

times, shown in Fig. 1.6 paq, which is because of the severe degradation in proper-
ties and functionality after the second usage. Hence, researchers proposed new recy-
clable polymers (Oliveux et al. 2015, Ignatyev et al. 2014, Hong and Chen 2017). These
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Figure 1.7: Introduction of the pathway of discarded polymers to ocean. (Reprinted
from work of Hannah Ritchie and Max Roser (Ritchie and Roser 2020).)

polymers have not only satisfactory mechanical properties thanks to their compara-
ble 3-Dimensional (3D) cross-linked structures with thermosets1 but also reversibility
(the ability to change from one structure to another one) by taking advantage of re-
versible chemical or physical processes implemented in these polymers (Liu and Chuo
2013, Fogleman et al. 2002, Araya-Hermosilla et al. 2014). Moreover, some of them can
be applied as self-healing materials if their reversibility is high (Tian et al. 2009), and
the self-healing process can elongate the lifetime of in-use polymers (Wool 2008, Wu
et al. 2008). Additionally, self-healing materials are cheaper, easier to use, and more
stable compared to the materials used the traditional method that is applied to in-
crease the polymer lifetime (White et al. 2001, Chen et al. 2002, Chen et al. 2003, Toohey
et al. 2007, Bergman and Wudl 2008, Wu et al. 2008, Wool 2008, Cordier et al. 2008).
For example, using self-healing thermosets instead of reinforced material in asphalt
(Saxegaard 2003) ensures that cracks formed during cold periods can be repaired auto-
matically in warm periods. As its lifetime is elongated through the self-healing process,
its maintenance costs can be lower. Using degradable polymers (Hawkins 1984, Hamid
2000), i.e. biodegradable ones (Domb et al. 1998, Nair and Laurencin 2007, Gross and
Kalra 2002), can also reduce the percentage of discarded or incinerated polymers.

This work focuses on new recyclable polymers, and the stimulus for reversible
cross-linking is temperature due to the many advantages and eco-friendly attributes
of thermally reversible cross-linkers in polymer materials. Hydrogen bonds (Nair
et al. 2008, Peng and Abetz 2005) and ionic interaction (Noro et al. 2013) can pro-
vide reversibility to cross-linked systems physically, see Fig. 1.8. They share a simi-
lar mechanism that is self-assembly at a low temperature and disassembly at a high
temperature. Reversible covalent bonds can introduce chemical reversibility to poly-
mers. This work focuses on the thermally reversible cross-linked polymers based on
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DA-based reactions (see Fig. 1.9). The reason is that DA reaction can form 3D cross-
linked polymers at a low temperature, which have promising mechanical properties;
additionally, r-DA reaction can de-cross-link these polymers at a high temperature that
is comparable to the decomposition temperature of most polymers. The most widely
used diene-dienophile pairs in polymers without catalysis are listed in Table 1.1. The
furan-maleimide pair is one of the most used diene-dienophile pairs.

Furan modified aliphatic polyketones are the backbones of the thermally reversible
networks in this work. The scheme of perfectly alternating polyketones is shown in
Fig. 1.10. Their first advantage is the low cost of monomers. The second one is the
mature development of their synthesis methods. In 1941, Ballauf et al. synthesized
random aliphatic polyketones under extreme conditions (Ballauf et al. 1941). One
decade later, R. Walter and M. August patented the synthesis of alternating aliphatic
polyketones under mild conditions with the presence of a catalyst (Walter and August
1951). From the 1980s to 2001, Shell researchers contributed many technological break-
throughs (Drent 1984, Drent 1986, Van Broekhoven and Drent 1987, Van Broekhoven
et al. 1987, Alperowicz 1995) in this area. The third advantage is the high reactivity of
1,4-di-carbonyl moiety that makes the polymer suitable to be modified under mild con-
ditions. In this thesis, R in the materials stands for H or CH3, and their concentrations
in the backbones change in different material sets.

Polyketones alone, however, do not display the presence of any functional groups
that are crucial to prepare thermally reversible networks. As far as we know, furan
functional groups can be implemented in polymers by the Paal-Knorr reaction (Zhang
et al. 2009). This reaction was applied initially to prepare furans in 1884, and then
its application was extended to synthesize pyrroles and thiophenes (Paal 1884, Knorr
1884). However, its reaction mechanism was not uncovered until the 1990s (Amarnath
et al. 1991, Amarnath and Amarnath 1995). In this thesis, the Paal-Knorr reaction is
used in the same manner as the work of Zhang et al. (Zhang et al. 2009), shown in
Fig. 1.11. The highest conversion of the Paal-Knorr reaction is 80% (Zhang et al. 2009).
Generally speaking, because of the less steric hindrance, the higher concentration of
R=H, the higher and faster the conversion is.

The last step of preparing thermoreversible cross-linked polymers in this work is
to cross-link PK-furan with bis-maleimide (typical dienophile), see Fig. 1.12. The work
of Zhang et al. (Zhang et al. 2009) showed furan derived polyketones (PK-furan) can
form a highly cross-linked polymeric network with bis-maleimide through the DA re-
action. Moreover, the temperature of the corresponding r-DA reaction is around 110 �C

that is low compared with the decomposition temperatures of most polymers. Their
work also verified the reversibility of the thermally reversible polymers synthesized
based on the furan-maleimide DA and r-DA reactions through Nuclear Magnetic Res-
onance (NMR) and Fourier-transform infrared (FTIR), DSC and Dynamic Mechani-
cal Analysis (DMA), and 3-point bending tests. Additionally, thermal reversibility is
valid for the blends or compounds of the polymer that has the reversible bonds. Ex-
amples are the thermoreversible rubber (Polgar et al. 2016) and electrically induced
self-healing polymers (Hermosilla and Picchioni 2016). Moreover, this ideal reversibil-
ity is essential for developing self-healing materials (Billiet et al. 2013, Hermosilla and
Picchioni 2016). Hence, it is crucial to study the mechanism and kinetics of the ther-
mally reversible reaction between PK-furan and bis-maleimide. However, the majority
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(1)

(2)

(3)

Figure 1.8: Schemes of reversibility in polymers introduced by physical interactions,
such as hydrogen bonds, see subfigures (1) (Nair et al. 2008) and (2) (Peng and Abetz
2005), and ionic interaction, see subfigure (3)(Noro et al. 2013).
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Figure 1.9: Scheme of the formation and dissociation of a Diels-Alder adduct. The red
bonds refer to the bonds that are newly formed by the diene/dienophile pair.

Figure 1.10: Scheme of perfectly alternating polyketones.

Figure 1.11: Scheme of the Paal-Knorr reaction between polyketones and furfurylamine.

of studies focus on the characterisation part, but not on the theory behind it. Therefore,
this thesis focuses on the study of the reaction kinetics through DSC measurements and
the reaction mechanisms through MD simulations.
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Table 1.1: Selected well-known DA reactions in polymers.

Diene Dienophile Adduct Condition
endo exo

• TDA : 323 � 353K

• TrDA : 383 � 443K

• (Teramoto et al. 2006,
Wouters et al. 2009)

• TDA : 298K

• TrDA : 453K

• (Nie et al. 1995)

• TDA : 353K

• (Zhang et al. 2014)

• TDA : 398K

• TrDA : 523K

• (Stevens 1984, Dur-
maz et al. 2012)

• TDA : RT

• TrDA : 333 � 355K

• (Ilhan and
Rotello 1999)

• TDA : 398K

• TrDA : 523K

• (Yameen et al. 2013)
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Figure 1.12: Scheme of the DA and r-DA reactions between PK-furan and bis-
maleimide.

1.2 Reaction kinetics

Reaction kinetics studies how fast substances or compounds change under a specified
condition and the reaction theories explain why reaction rates are different.

1.2.1 Kinetic analysis of the DA-based thermally reversible reaction
integrated in cross-linked polymers by DSC

Kinetic models

The theory of reaction kinetics starts from the law of mass action (Erdi and Toth 1989)
that represents the relationship between the speed of a chemical reaction and the quan-
tities of the reacting substances. After Van ’t Hoff, who developed general laws for
reaction kinetics and related them to thermodynamics, won the first Nobel Prize in
Chemistry, chemical engineers began to study reaction rates with experiments. As a
consequence, the rate law was introduced. Moreover, many different types of reaction
mechanisms have been proposed and applied to understand and interpret the experi-
mental results. Additionally, more and more complicated mathematical models have
been introduced based on these theories to help understand reactions better thanks to
the development of computational techniques.

Generally speaking, there are six factors influencing reaction rates:

1. The nature of reactants. For example, the rate of reactions based on ion exchange
is much faster than that based on covalent-bond cleavage and formation.

2. The physical state of the system. Generally speaking, the homogeneous reaction
rate is usually faster than the heterogeneous one.
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3. The concentration of reactants. This factor is essential because reactions are pro-
cesses involved with molecules; however, reaction rates are independent of the
reactant concentration if reaction order is zero.

4. Temperature. It is one of the most crucial parameters in chemical kinetics because
it provides energy to the molecules directly in reaction processes and affects the
reaction rate strongly.

5. Pressure. It is only crucial to the reactions with gaseous reactants. The reason is
that the concentrations of reactants in the gas phase change with pressure.

6. The presence of catalysts. Catalysts change the reaction mechanism; therefore,
they also affect reaction rates.

The rate equation or rate law is a mathematical expression that presents the re-
lationship between the reaction rate and the concentrations of reactants, pressure, or
temperature of a chemical reaction. The power law is the most used equation in rate
law theory. For example, in a reaction with reactants, A and B, its power law is
r � k rAsx rBsy (r: reaction rate; k: reaction constant, the ratio of reaction rate to its
concentration dependence; rAs or rBs: concentration of A or B; x or y: reaction order
of component A or B).

Several decades ago, parameters in kinetic models, which are applied to predict
reaction mechanisms, could only be optimized from experimental data. With the de-
velopment of quantum mechanics calculations, one can now also analyse the reaction
mechanism theoretically. Although these predictions are qualitative because of the size
limitation of quantum mechanics calculations, they are still useful to understand reac-
tion mechanisms or predict kinetic models.

In theory, the mechanisms of chemical reactions are the sequences of elementary
reactions. The significant difference of the complex in the transition state with the in-
termediate is its shorter life. Figure 1.13 shows the mechanisms of two types of elemen-
tary reactions (with and without transition states) (Barnes and Hase 2009, Nurkowski
et al. 2015).

As DA reactions have various of applications, researchers have studied their reac-
tion mechanisms for decades (Seltzer 1965, Gillis and Hagarty 1967, Jensen and Foote
1987, Clennan and Earlywine 1987, Chen et al. 1998, Sakai 2000). Based on experiments
and theoretical calculations, both concerted and stepwise pathways may happen. For
example, Chen et al. (Chen et al. 1998) concluded that ”When the dienes are highly
substituted and too sterically hindered to be in the s-cis conformation, the stepwise
mechanism becomes favoured.” The reaction of furan and maleimide has been studied
for more than 80 years and has various applications (Gidron et al. 2012). Activation
energies and reaction energies of the reactions of furan/maleimide (Jursic 1999, Mezei
et al. 2015) and furan-/maleimide- derivatives (Domingo et al. 2007, Gidron et al. 2012)
have been calculated in the literature under the assumption that these DA reactions are
concerted. By comparing all the data, energy properties change with substituents of
furan or maleimide functional groups.

The work in this thesis assumes that the reaction of PK-furan with bis-maleimide
is concerted and has a similar mechanism as cyclopentadiene dimerization. Figure
1.14 shows the energy surface of cyclopentadiene dimerization evaluated by Density
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(a) mechanism of an elementary reaction with transition state

(b) mechanism of a complex reaction with one elementary reaction with tran-
sition state and another without

Figure 1.13: Illustration of reaction mechanism of elementary reactions. (a) (Barnes and
Hase 2009); (b) (Nurkowski et al. 2015).

Functional Theory (DFT) (Ramı́rez-Gualito et al. 2013). As a consequence, some as-
sumptions are valid here. The first one is that the complex structures of furan and
maleimide groups are more stable than their dissociated states. The second is that the
complex already has the endo or exo orientation, which implies exo-/endo- adducts
follow different potential energy surfaces since the formation of the complexes. The
third assumption is that the thermodynamic stability of the adduct depends on its
energy level, and its kinetic stability depends on the energy differences between the
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complex or the bonded-molecule and the transition state; however, the reaction tem-
perature depends on the energy level of the transition state. Generally, the exo and
endo isomers are thermodynamically and kinetically more stable, respectively (Berson
et al. 1956). However, this is not always correct (Rogers and Quan 1973, Di Valentin
et al. 2000).

Figure 1.14: Potential energy surfaces predicted by DFT method for the dimerization of
cyclopentadiene (Ramı́rez-Gualito et al. 2013).

One purpose of this thesis is to study the kinetics and mechanism of the DA-based
thermally reversible reactions of the furan and maleimide pair through DSC measure-
ments. The method used here can also be applied to analyse the kinetics of other DA-
based thermally reversible reactions. The motivation, mechanism, and current status
of using DSC for kinetic analysis are in chapter 2.

1.2.2 Kinetic analysis of the DA-based thermally reversible reaction
integrated in cross-linked polymers by MD simulations

The purpose of the MD technique is to analyse the physical movements of atoms or
molecules. Newton’s equation of motion is applied to represent the relationship be-
tween the force field and the positions of all atoms or particles in the system. This
technique can show the relationship between theories and experiments. It was firstly
popular in physics, then in materials science. Since the 1970s, it has become popular in
biochemistry and biophysics. For example, it can study the structures and motions of
macromolecules such as proteins and nucleic acids, or molecular interactions. It also
has various applications in chemistry. The limitation of using MD is that researchers
have to be experts in choosing proper simulation-parameter sets and force fields, and
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the accuracy of the force field for special applications could be not satisfactory. Ad-
ditionally, accurate experiments are crucial to confirm the calculations of MD simula-
tions.

In 1978, Rapaport (Rapaport 1978) first studied polymer chains with excluded vol-
ume by linked elastic spheres inspired by one of the original papers on molecular dy-
namics (Alder and Wainwright 1959), in which a freely moving polymer chain model
is composed of N � 1 hard spheres connected as a necklace. D refers to the sphere
diameter, and the length of the chemical bond that connects two centres varies over
the range L to p1 � δq � L (δ ¡ 0). 1000� 2000 measurements were executed to calcu-
late static configurational properties of polymers. In 1979, Weber and Helfand studied
polymer structure by MD simulation based on a potential model (Weber 1978, Weber
1979, Helfand et al. 1979) that is the classical model used now. In the next ten years,
researchers used MD to study static and dynamic properties of polymer solutions
(Bruns(a) and Bansal 1981, Bruns(b) and Bansal 1981, Luque et al. 1989, Kang et al. 1983,
Lee 1982), polymer glass (Rigby and Roe 1988, Theodorou and Suter 1985, Rigby1 and
Roe 1990), polymer melts (Kremer and Grest 1990, Bitsanis and Hadziioannou 1990),
and polymer fibbers (Brown and Clarke 1986). They also paid attention to the diffusion
process of small molecules in polymers (Takeuchi(a) and Okazaki 1990, Takeuchi(b)
et al. 1990) and the interface between melt polymer and solid surface (Bitsanis and
Hadziioannou 1990).

Generally speaking, the MD simulations were performed based on separate poten-
tial models and corresponding parameters before 1990. Afterwards, more and more
transferable force fields have been built and used in proteins, nucleic acids, lipids, and
hydrocarbons. Table 1.2 shows multiple types of force fields: classical, polarizable, re-
active, and coarse-grained. Moreover, machine learning models are new and promis-
ing research topics in developing MD force fields. The source of each force field is intro-
duced by hyperlinking the name of the force field because some force fields have multi-
ple sub-force-field sets required to solve different problems. Additionally, various MD
simulators have been developed in which popular force fields are available. Two of the
most popular software applications are the GROningen MAchine for Chemical Simu-
lations (GROMACS) (http://www.gromacs.org/) and Large-scale Atomic/Molec-
ular Massively Parallel Simulator (LAMMPS) (https://lammps.sandia.gov/).

Thanks to the development of force fields and computer hardware, MD techniques
are used in much more complicated systems, for example, the interaction between
bio-molecules and polymers (Asadzadeh and Moosavi 2019, Baker et al. 2019, Lin
and Colina 2019, Li et al. 2020), the interaction between other molecules and poly-
mers (Goodarzi and Zendehboudi 2019, Koyanagi et al. 2019, Shu et al. 2019, Liu
et al. 2020, Li and Gu 2020), drug distribution (Feng et al. 2020), solving the environ-
mental problem (Zhu et al. 2020), water systems (long Xue et al. 2019), battery systems
(De Souza et al. 2020, Zhao et al. 2020), and self-assemble material (Wu et al. 2020).

Recently the study of reactive systems through MD simulations has become attract-
ing the attention of researchers (Yan et al. 2019, Xie et al. 2019, Bhati and Senftle 2019,
Jung et al. 2019, Nayir et al. 2019, Samieegohar et al. 2019, Dasgupta et al. 2020, Hu et al.
2020, Sun et al. 2020). A popular force field is the Reactive Force Field (ReaxFF), which
is developed based on the bond order theory. For example, Fig. 1.15 illustrates the
C – C bond orders in ReaxFF. Multiple MD simulation software applications already

http://www.gromacs.org/
https://lammps.sandia.gov/
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Table 1.2: List of popular force fields in MD technique.

force field type force field year

classical force field

QCFF/PI 1973

ECEPP 1975

GROMOS 1978

CHARMM 1983

CVFF 1988

COSMOS-NMR 2001

OPLS 1988

CFF 1997

AMBER 2002

polarizable force fields

CFF/ind and ENZYMIX 1976

PIPF 1995

NEMO 2000

CPE 2002

AMOEBA 2004

DRF90 2005

PFF 2005

PHAST 2013

ORIENT 2013

GEM 2014

sub-force-field sets in classical force field –

reactive force fields
EVB 1980

ReaxFF 2001

coarse-grained force fields

DPD 1992

MARTINI 2007

VAMM 2009

SIRAH 2015

machine learning models

FFLUX 2017

ANI-1 2017

TensorMol-0.1 2018

SchNet 2018

include ReaxFF, such as ReaxFF software developed by Dr. Adri van Duin (https:
//www.engr.psu.edu/adri/ResearchInterest.aspx), LAMMPS (https://
lammps.sandia.gov/), Purdue Reactive Molecular Dynamics (PuReMD) (https:
//www.cs.purdue.edu/puremd/#page-top), and software for chemistry and ma-
terials (SCM) (https://www.scm.com/).

Table 1.3 shows the development of ReaxFF from 2001 to 2019 by listing some of the

https://onlinelibrary.wiley.com/doi/abs/10.1002/ijch.197300067
https://biohpc.cornell.edu/software/eceppak/README.html
http://www.gromos.net/
http://mackerell.umaryland.edu/charmm_ff.shtml
http://www.uoxray.uoregon.edu/local/manuals/biosym/discovery/General/Forcefields/CVFF.html
https://link.springer.com/article/10.1007/s008940100008
https://en.wikipedia.org/wiki/OPLS
http://www.esi.umontreal.ca/accelrys/life/insight2000.1/forcefields/cff/cff95_1.html
https://ambermd.org/AmberModels.php
https://www.sciencedirect.com/science/article/abs/pii/0022283676903119
https://pubs.acs.org/doi/abs/10.1021/j100044a039
https://pubs.acs.org/doi/10.1021/cr9900477
https://aip.scitation.org/doi/10.1063/1.1515773
https://dasher.wustl.edu/tinker/
https://www.tandfonline.com/doi/abs/10.1080/08927020600631270
https://pubs.acs.org/doi/pdf/10.1021/ct049855i
https://pubs.acs.org/doi/abs/10.1021/ct400526a
http://www-stone.ch.cam.ac.uk/programs.html
https://pubs.acs.org/doi/10.1021/ct500050p
https://en.wikipedia.org/wiki/Empirical_valence_bond
https://pubs.acs.org/doi/10.1021/jp004368u
https://en.wikipedia.org/wiki/Dissipative_particle_dynamics
http://cgmartini.nl/
https://www.ncbi.nlm.nih.gov/pubmed/19717427
http://www.sirahff.com/
https://www.ncbi.nlm.nih.gov/pubmed/28295430
https://pubs.rsc.org/en/content/articlehtml/2017/sc/c6sc05720a
https://pubs.rsc.org/en/content/articlelanding/2018/sc/c7sc04934j#!divAbstract
https://aip.scitation.org/doi/10.1063/1.5019779
https://www.engr.psu.edu/adri/ResearchInterest.aspx
https://www.engr.psu.edu/adri/ResearchInterest.aspx
https://lammps.sandia.gov/
https://lammps.sandia.gov/
https://www.cs.purdue.edu/puremd/#page-top
https://www.cs.purdue.edu/puremd/#page-top
https://www.scm.com/
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Figure 1.15: Illustration of bond orders of C – C interaction in ReaxFF (Van Duin et al.
2001).

relevant papers. There are many force fields of ReaxFF for different applications. The
reason is that ReaxFF is not as transferable as a non-reactive force field. Each system
has its own corresponding ReaxFF force field to represent the experimental data. There
is a useful review of the development, applications, and future directions of ReaxFF
(Senftle et al. 2016). Figure 1.16 is reprinted from Fig. 2 in their work to illustrate the
development of this force field.

Figure 1.16: Development of ReaxFF illustrated by a tree (Senftle et al. 2016).
(Reprinted from Fig 2 in this paper.)
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Table 1.3: The development of ReaxFF.

year name reference

2001 ReaxFF for hydrocarbons (Van Duin et al. 2001)

2003 Si/O/H (van Duin et al. 2003)

2003-05 Nitramines (Strachan et al. 2003, Strachan et al. 2005)

2005 C/H/O/Si (Chenoweth et al. 2005)

2008 C/H/O (Chenoweth et al. 2008)

2008 (Na/H) (Ojwang et al. 2008)

2009 (C/H/O/N/S/Si) RDX/High Energy (Zhang(c) et al. 2009)

2010 B/N/H/O (Weismiller et al. 2010)

2010 Ni/C/H (Mueller et al. 2010)

2010 Au (Keith et al. 2010)

2011 Au/C/S/H (Järvi et al. 2011)

2011 C/O/H/S (Rahaman et al. 2011)

2012 coal/O2/Mo3Ni (Vasenkov et al. 2012)

2012 Si/C/O/H (Newsome et al. 2012)

2013 protein/DNA/water (Monti et al. 2013)

2013 Au/S/C/H (Bae and Aikens 2013)

2013 (C/H/O/N/S/Mg/P/Na/Ti/Cl/F (Kim et al. 2013)

2014 C/H/O/S/Mo/Ni/Li/B/F/P/N (Islam et al. 2014)

2014 C/H/O/N/S/Si/Pt/Ni/Cu/Co/Zr/Y/Ba (Merinov et al. 2014)

2015 Li/S (Islam et al. 2015)

2015 C/H/O/Li (Raju et al. 2015)

2016 C/H/O/N/S/Si/Ge (Psofogiannakis and van Duin 2016)

2016 Al/C/H/O (Hong and van Duin 2016)

2017 C/H/O/Fe/Al/Ni/Cu/S/Cr/Si/Ge (Zheng et al. 2017)

2017 H/O/X (Zhang and van Duin 2017)

2018 C/H/O/N/S/Mg/P/Na/Cu/Cl/X (Vashisth et al. 2018)

2018 C/H/O/N/S/Mg/P/Na/Cu/Cl/X (Zhang and van Duin 2018)

2019 C/O/H/S/N (Zhong et al. 2019)

2019 Cu/Zr (Huang et al. 2019)

In this thesis, the C/H and C/H/O ReaxFF sets have been used to analyse the
kinetics of DA reactions through MD simulations by LAMMPS.
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1.3 Thermodynamics

Thermodynamics in engineering focuses on studying the changes of equilibrium states
in physical or chemical processes. Phase transition is one of the most important top-
ics. Generally speaking, the region of a thermodynamic system that has the same state
properties is one phase. The concept phase is crucial in thermodynamics because multi-
phase systems are quite common in reality. It could be challenging or even impossible
to calculate thermodynamic properties without considering multi-phase in the system.
PNIPAm/water binary system is a good example. At a low temperature, PNIPAm is
soluble in water; therefore, it is one phase. At a high temperature, there is a miscibility
gap in the system. In computational thermodynamics, the equilibrium state of a sys-
tem is referred to by thermodynamic functions. Generally, the adjustable parameters
in each model are optimized by reproducing experimental data or comparing it with
calculated data from theoretical models. Therefore, the quality of experimental data is
crucial for the reliability of the assessed parameters.

There are two main types of thermodynamic models for liquids: volumetric equa-
tions of state and numerical models for the excess activity coefficients or Gibbs free
energy of mixing. All these models have equation forms with sufficient numbers of
parameters. The standard is complicated. These parameters have to be adjusted to
represent experimental thermodynamic data accurately. In the meantime, it should be
sure that there is not too much experimental data needed for reasonable parameteriza-
tions. Additionally, the models have to be as simple as possible. Moreover, they should
share consistency with statistical mechanics and the constraints of thermodynamics.

LLE studied in this work is under normal pressure, in which case temperature is
the only crucial thermodynamic state variable besides composition. Additionally, con-
sidering that the volume change in liquid phases is negligible under normal pressure,
this work did not choose the model based on volumetric equations of state. Hence,
thermodynamic models based on the excess activity coefficients or Gibbs free energy
of mixing are more suitable here. In these models, Wilson (Wilson 1964), Non-Random
Two-Liquid (NRTL) (Renon and Prausnitz 1968), UNIQUAC (Abrams and Prausnitz
1975), and UNIQUAC Functional-group Activity Coefficients (UNIFAC) (Fredenslund
et al. 1975) are popular. As Wilson’s equation cannot be applied to study mixing sys-
tems with a miscibility gap, NRTL and UNIQUAC are used for calculations of Vapor-
Liquid Equilibrium (VLE) and LLE more than Wilson’s equation. Besides, UNIQUAC
is more popular than NRTL in chemical engineering, although it has a more complex
mathematical expression. The reason is that UNIQUAC has fewer adjustable param-
eters, two instead of three, which are less dependent on temperature, and it can be
applied to systems with big size difference by using surface fractions instead of mole
fractions in NRTL. For more detailed information on thermodynamic models in chem-
ical engineering, the reader is encouraged to refer to the work of Poling, Prausnitz, and
O’Connell (Polling et al. 2001).

In reality, chemical engineers always encounter a problem: how to design a new
process in which they have to estimate the activity coefficients of a mixture but with-
out any experimental data. To solve this problem, researchers developed the UNIFAC
model. This model can successfully calculate the thermodynamic properties of organic
solutions based on its interaction-parameter database without the existence of any ex-
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Table 1.4: Development of the UNIFAC model

year type of data number of literature
main groups

1975 VLE 18 (Fredenslund et al. 1975)

1977 VLE 25 (Fredenslund(a) et al. 1977)
(Fredenslund(b) et al. 1977)

1979 VLE 34 (Skjold-Jorgensen et al. 1979)

1980a – – (Kikic et al. 1980)

1980b VLE, HE – (Skjold-Jorgensen et al. 1980)

1981 LLE 32 (Magnussen et al. 1981)

1982 VLE 40 (Gmehling and Rasmussen 1982)

1982c VLE, LLE 6 (Skjold-Jorgensen et al. 1982)

1983 VLE 43 (Macedo et al. 1983)

1987d VLE, LLE and HE 21 (Larsen et al. 1987)

1987e VLE 6 (Weidlich and Gmehling 1987)

1993e VLE, LLE, HE and cEp 45 (Gmehling et al. 1993)

1998e VLE, LLE, SLE, HE and cEp 47 (Gmehling et al. 1998)

2002e VLE, LLE, SLE, HE and cEp 76 (Gmehling et al. 2002)

2006e VLE, LLE, SLE, HE and cEp 82 (Jakob et al. 2006)

2016e VLE, LLE, SLE, HE and cEp 103 (Constantinescu and Gmehling 2016)

a: modification of γci .

b: modification of interaction parameters.

c: modification of interaction energy.

d: modification of combinatorial term of activity coefficient and interaction parameters.

e: modification of combinatorial term of activity coefficient and interaction parameters.

perimental data. Researchers have used experimental measurements of phase equilib-
rium or other thermodynamic properties to train the database of this model, and Table
1.4 exhibits the development of this database. The estimation reliability of thermody-
namic properties by this model depends on the quality of the database; however, the
database is mostly assessed from systems composed of small organic molecules based
on VLE. It implies that the accuracy of the predictions from the UNIFAC model is less
than that from UNIQUAC whose adjustive parameters are assessed by comparing ex-
perimental data directly in theory. Moreover, this accuracy is crucial for the calculation
of thermodynamic equilibrium in multicomponent mixtures. However, researchers
put most of their attention to the UNIFAC model instead of UNIQUAC.

There is also a limited number of software applications based on the UNIQUAC
model in chemical engineering. However, many commercial and open-source soft-
ware applications have been developed based on the CALculation of PHAse Dia-
grams (CALPHAD) technique that is a mature method of computational thermody-
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namics in mechanical engineering. At the very beginning, CALPHAD was a technique
that combines thermodynamic data, phase diagrams, and atomistic properties into a
unified and consistent model. By now, it is a collection of different Gibbs energy mod-
els for specific systems or processes, and researchers can calculate any other thermody-
namic properties by taking derivatives of these models. Moreover, CALPHAD, whose
core is its multicomponent databases, can be used to simulate the phase transformation
of multicomponent materials. These databases are consistent with experimental data
and can describe various types of thermodynamic functions consistently. Unfortu-
nately, the majority of the databases of CALPHAD are for metal systems. For more de-
tailed information about CALPHAD, please refer to the book written by Lukas, Fries,
and Sundman (Lukas et al. 2007).

To make it easier for the phase equilibrium calculations for multicomponent organic
solutions, this work represents the UNIQUAC model by the CALPHAD technique and
implements UNIQUAC in a CALPHAD-based software application, OpenCalphad.

1.4 Outline of the thesis

This thesis aims to study the kinetics of DA-based thermally reversible reactions by
experiments measured through DSC and by theory through MD simulations and to
calculate the thermodynamics in organic solutions by the CALPHAD technique.

Chapter 2 introduces the material information of samples used in this work and
then focuses on the analysis of ThermoGravimetric Analysis (TGA) and DSC mea-
surements to observe their weight-loss behaviour and heat effects during a specific
thermal program. A baseline model is proposed in this chapter to extract the reaction
heat from a DSC measurement firstly. Then, the reaction heat is separated into two
peaks based on a peak-separation model under the assumption that the reaction heats
obey the Gaussian distribution, which is because of different reaction enthalpies of two
DA stereoisomers. The results show the same conclusion as the work of Zhang et al.
(Zhang 2008), which is that the thermoreversible reaction of the furan-maleimide pair
has very high reversibility. The results also imply that the reaction mechanism does
not change significantly with the structure of backbones, the initial furan/maleimide
ratio, the heating rate, or heating cycles; however, the reaction rate depends on initial
furan/maleimide ratios.

Chapter 3 combines the isoconversional model (Friedman (FR) model) and the ex-
plicit kinetic model to evaluate the kinetic parameters of thermally reversible reactions
and to predict their potential surfaces that can be applied to explain the experimental
data in chapter 2 and test measurement.

Chapter 4 investigates why the study of the DA reaction of furan with maleimide by
MD simulation with the ReaxFF force field through LAMMPS software fails. It implies
that it is impossible to observe the occurrence of the DA reaction by MD simulations.
Hence, the reactivity, reaction coordinates, and the thermal stability of DA adducts
were studied to gain further insight into the reason for the ReaxFF parameter sets1
inability to capture the DA reaction.

Chapter 5 explains why and how to implement the UNIQUAC model in OpenCal-
phad software. The importance of this chapter is that it introduces a mature thermody-
namic computational method from mechanical engineering into chemical engineering,



26 1. Introduction

which improves the way to calculate phase equilibrium on the chemistry side. It is
a fundamental step to calculate the thermodynamic properties in polymer solutions,
which is relevant to the processing of the thermally reversible polymers.
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