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CHAPTER I  GENERAL INTRODUCTION 

 Nowadays, plastics have been widely used in our daily life, such as packaging, construction, automobile, 

electronic, medical, and so on. According to the statistic announced by EPRO (European Association of 

Plastics Recycling and Recovery Organizations) plastics material production almost reached 360 million tons 

due to rapid economic and urbanized development.1 It is generally accepted that plastics could be categorized 

into two types, which are thermoplastics and thermosets based on polymeric structure. Thermoplastics 

material is considered that could be easily reheated, reshaped, and reused by melting and re-hardening. 

Polyethylene, polypropylene, and polyvinylchloride are typical examples of thermoplastics. On the other hand, 

thermosetting resin with exceptional thermal, mechanical, and chemical properties due to static covalent 

crosslinking was more suitable to be extensively applied; polyurethane, unsaturated polyesters, phenolic 

resins, acrylic resins and epoxy resins are classified into this category.2–6 Among them, epoxy resin is one of 

the most common networks that used in adhesive and composite structure for structural application due to 

excellent mechanical strength, high chemical resistance, and good bonding-compatibility with multiple 

substrates, such as metals, ceramics, glass, plastics, wood, fibers, and so on.7,8 However, there are some 

critical disadvantages that may limit the operation of epoxy resin: (1) irreversible damage and degradation 

under heat and/or mechanical stress, which will shorten the service life of epoxy resin (2) absence of simple 

evaluation method for the crosslinking density and adhesion strength of epoxy resin network in industrial 

application, so that the rapid pre-screening could not be performed to prevent the failure of epoxy-based 

adhesive joint (3) lack of decomposability and recyclability due to highly crosslinked structure, which will cause 

contamination of whole ecosystems.7,9 Considering these issues, we tried to develop the advanced epoxy 

resin that could overcome current challenges.  

 In the past two decades, the potential system, dynamic covalent chemistry (DCC), also called covalent 

adaptable networks (CANs), was introduced to bridge the gap between classical thermoplastics and 

thermosets. The crosslinked networks with dynamic bonds retained the beneficial properties of thermosets 

resin in normal condition, but behaved as thermoplastic under external stimuli, such as heat, UV-irradiation, 

ultrasonic, and so on. By cleavage and rearrangement of dynamic bonds, the polymeric networks could be 

reset, repaired, decomposed, and reused.10–19 To date, the well-known reactions, Diels-Alder reaction,20–22 

olefin metathesis,23,24 imine/amine exchange,25 siloxane/silanol exchange,26 disulfide metathesis,27,28 

transamination,29,30 and transesterification31 have all been utilized to devise exchangeable bond systems. The 

combination of adaptable bonds and thermosetting networks provides a variety of innovative properties that is 

hardly observed in traditional thermoset resin, like self-healing, reprocessability, degradability. Among all 

possible candidates, aromatic disulfide bonding was well-known to be a prospective choice for following 

reasons. First, reversible disulfide exchange reaction is a catalyst-free mechanism. It can avoid the negative 

impact that may cause on substrate matrix and/or implanted objects due to insolubility of catalyst such as base, 

acid, or enzyme, which was usually used in some dynamic systems to activate the reaction. Second, the 

activation energy (Ea) of exchange reaction for aromatic disulfide bonding (~40 kJ/mol) was lower than most 

dynamic systems, resulting in more rapid cleavage, rearrangement, and recovery efficiency that can reduce 

the risk of aging. Third, aromatic disulfide bonding possessed relatively high thermal and mechanical 



 2 

properties; therefore, it provided comparable stability and strength as conventional thermosetting resin.28,32–45 

Consequently, the phenyl S-S bonds was a proper solution to integrating with epoxy network system, worthy 

further discussion to produce the reparable, recyclable, and reusable thermosetting material. 

 

 
Figure 1.1 Schematic representation of this doctoral thesis 

 

 In this doctoral thesis, a novel disulfide-contained epoxy resin was proposed and discussed in three 

approaches based on different reaction mechanisms. First, reparability and strengthening effect at elevated 

temperature of epoxy resin used in adhesive were investigated based on disulfide-disulfide exchange reaction. 

Previously, disulfide-disulfide exchange reaction has been reported that played an important role on reshaping 

and reprocessing in the form of bulk epoxy resin. In the viewpoint of broadening its practical application in 

structural adhesive, we fully evaluated the thermal, mechanical, adhesion and repairability performance with 

different contents of aromatic disulfide bonding for this advanced dynamic epoxy resin. Besides, in order to 

compare the effectiveness of disulfide bonding system with other covalent adaptable networks, the samples 

with dynamic ester bonds was also prepared. Moreover, we paid attention on temperature-dependent disulfide 

exchange reaction and corresponding behavior to solve the problem of declined adhesion strength at elevated 

temperature and expand the service temperature of epoxy-based adhesive. The mechanism of adhesion 

strengthening effect under high-temperature environment via dynamic aromatic disulfide bonding was 

suggested, especially regarding to two thermal indicators in covalent adaptable system, glass transition 

temperature (Tg) and topology freezing transition temperature (Tv).13,46 Second, we applied the 

mechanochromism of disulfide bonding in evaluation for crosslinking density, chain mobility, and adhesion 

strength of epoxy network. When the external mechanical stress was applied on the disulfide-contained epoxy 

resin, the cleavage of disulfide bonding, followed by the generation of thiyl radicals, would cause the color of 

epoxy resin changing from brown to green. After certain duration time, the color would be returned back to 
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yellow due to the reconnection of radicals to new disulfide bonding. As a result, we expected that the 

crosslinking density and chain mobility would have an impact on the lasting time of mechanochromic effect, so 

that we could further determine the adhesion strength through observing the duration of color change.47,48 

Finally, the new decomposition and recycling strategy of epoxy resin networks with phenyl S-S bonds would 

be carried out based on thiol-disulfide exchange reaction. Previously, some researches presented the chemical 

decomposition method for disulfide-contained epoxy networks by immersing the epoxy resin into thiol-

contained compounds such as 2-mercaptoethanol with dimethylformamide.39,41,44 Unfortunately, the reworking 

and recycling of decomposed epoxy residue have never been demonstrated. Besides, 2-mercaptoethanol is 

toxic chemical, which would not be suitable in practical application. In order to solve this problem, we replaced 

2-mercaptoethanol with eco-friendly alternative, the cysteine-contained tri-peptide structure, so called 

glutathione. Glutathione is well-known as a natural antioxidant by reducing reactive oxygen species using the 

thiol bond. Therefore, we expected that the thiol-bonding in glutathione enable the cleavage of disulfide 

bonding in epoxy network by thiol-disulfide exchange reaction, so that the decomposition of disulfide-contained 

epoxy network could be reached. The degraded liquid epoxy residue was curable back to epoxy network 

through oxidizing thiol bond back to disulfide bond. Through this water/solvent binary system, the epoxy resin 

and its composite structure could be degraded and recycled. Overall, the main target of this thesis was to 

develop the high-performance epoxy resin system with sufficient reparability and recyclability based on 

dynamic S-S bonds. We hope that the knowledge gained from this thesis for the eco-friendly alternative would 

contribute towards the understanding of advanced epoxy network and widen the potential range of material 

design.  

 This doctoral thesis is composed of sixth chapters. The first chapter introduces the overall picture of the 

research, including the purpose, aim and significance of this study. The second chapter presents the 

background knowledge of thermoset resin, classification, thermal and mechanical properties, and challenge 

we faced currently. Also, the previous studies about dynamic covalent chemistry, especially aromatic disulfide 

bonding was reviewed in this chapter to solve the economic and environmental problem of resin accumulation. 

The study on repairability and strengthening adhesion effect at high temperature of epoxy resin through 

disulfide-disulfide exchange reaction is disclosed in the third chapter. The fourth chapter demonstrates the 

application of mechanochromic performance on crosslinking density determination and adhesion strength 

evaluation. The fifth chapter reveals the advanced degradation and recycling system for thermosetting epoxy-

based networks through thiol-disulfide exchange mechanism. Finally, in the sixth chapter, major findings are 

concluded and possible developments in the future are proposed. 

 

 

 

 

 

 

 



 4 

CHAPTER II  BACKGROUND AND LITERATURE REVIEW 

2.1 Introduction to thermosetting resin science  

The conventional polymeric material can be classified into two categories as shown in figure 2.1, 

thermoplastics and thermosets, based on covalent network structure and their behavior in response to heat. 

Generally, thermoplastics with high mobility at high temperature provides the pathway to be melted, deformed, 

and reprocessed when heating above melting point (Tm), which is easy to reshape or reuse; however, this 

flexibility is not suitable for applications requiring dimensional stability, strong mechanical strength, or resistant 

ability under harsh environment. To satisfy the requirements, the thermosetting network will be an appropriate 

alternative. Thermosetting network are three-dimensional crosslinked structure, which are barely decomposed 

as long as the covalent chemical bonds are not broken or damaged. This characteristic provides excellent 

thermal stability, mechanical strength, and chemical-resistance, causing wide structural application in 

aerospace, automobile, construction, and electronics. At the same time, this stability once thermosetting got 

cured prevents them from being remolded and processed for several times. Typical examples of thermosets 

are polyurethane, unsaturated polyesters, phenolic resins, acrylic resins, and epoxy resins. This following 

section provides the knowledge of structure formation and manufacturing process of thermosetting resin. 

Furthermore, the discussion about fundamental properties, applications, and challenges to be overcome will 

also be briefly reviewed. 7,49,50 

 

 

 

Figure 2.1 Typical classification of polymeric material and examples of thermoplastics and thermosets 
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Table 2.1 Comparison of chain-growth polymerization and step-growth polymerization 

Chain-growth polymerization Step-growth polymerization 

initiation, propagation, and termination are 

separated and distinguished 

no termination stage during polymerization 

monomer consumes stably, but the degree of 

polymerization increases rapidly after initiation 

monomer consumes rapidly, but the degree of 

polymerization increases steadily 

only monomers react to active position of growing 

chain 

all molecule, including monomer, dimer, trimer, 

oligomer, and polymer chain can be reacted with 

each other 

primarily composition during polymerization are 

monomers and polymer chains  

primarily composition during polymerization are 

oligomers with any length 

longer reaction time is not directly related to 

enhancement of molecular weight once it reaches 

termination 

longer reaction time leads to longer polymer chain 

and larger molecular weight 

 

2.1.1 Structure formation of thermosets 

 Chain-growth polymerization, step-growth polymerization, combination of chain-growth and step-growth 

polymerization, and controlled polymerization are most common polymerization techniques to produce 

thermosetting networks, which will be discussed separately as follows. The differences between two main 

types, chain-growth polymerization and step-growth polymerization are summarized in table 2.1. 

 

2.1.1.1 Chain-growth polymerization 

 Chain-growth polymerization is a three-stage procedure to synthesize the polymeric material, which are 

initiation, propagation, and termination. First, the unsaturated units, such as radical, cation, and/or anion, are 

critical. This active species acts as chain carriers, that can be initiated by heat, radiation or chemical. Second, 

one monomer adds onto the active site of polymer chain for growing, leading to formation of new active 

positions for next attachment. Finally, the reaction is terminated until all active initiation molecule disappears 

so that the polymer chain becomes deactivated. As a result, the reaction rate is highly depending on the 

concentration of initiator. Tetrafunctional epoxy monomer with anhydride, methacrylate with dimethacrylate, 

anion and cation polymerization of diepoxies, and radical polymerization of vinyl esters are classic 

representatives for chain-growth polymerization. 51,52 

 

2.1.1.2 Step-growth polymerization 

Step-growth polymerization, also called polyaddition or polycondensation, is a polymerizing technique 

via continuous step-by-step formation of fundamental reactions. The functional groups A located on main 

monomer will react with the other functional group B in a comonomer or crosslinker, leading to the formation 

of polymeric networks. Unlike chain-growth polymerization, there is no obvious initiation or termination of 

reaction. Also, although polymerization reaction may proceed fast, the molecular weight of polymer could 
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increase slowly until all long oligomers are reacted with each other. Typical examples of step-growth 

polymerization are phenolics formed by phenol and formaldehyde, epoxy networks produced by diglycidyl 

ether of bisphenol A (DGEBA) and diamine, and polyurethanes generated by polyisocyanate and diol. 52,53 

 

2.1.1.3 Mixed polymerization 

The combination polymerization contains usually the formation of linear polymer by chain-growth 

polymerization, followed by crosslinking reaction via step-growth polymerization. This mixed system may be 

powerful synthesis strategy in commercial and industrial usage. For example, in the system of epoxy-amine 

with the catalyst such as Lewis acid or Lewis base. The acidic or basic accelerator initiates the chain-growth 

polymerization reaction of epoxide groups themselves; at the same time, the epoxy-amine crosslinking 

reaction can occur by step-growth polymerization to from the networks. 

 

2.1.1.4 Controlled polymerization 

Controlled polymerization, also called living polymerization, has been developed recently, which is a similar 

concept with traditional chain-growth polymerization; however, the chain termination is absent in controlled 

polymerization and the rate of chain initiation is obviously faster than rate of chain propagation, which results 

in constant growing speed of polymeric chain. Atom transfer radical polymerization (ATRP), nitroxide-mediated 

free radical polymerization (NMRP), and reversible addition fragmentation chain transfer polymerization (RAFT) 

are considered as this type. 52,53 

 

2.1.2 Processing of thermosets 

Generally, the procedure to manufacturing thermosetting products can be identified into four continuous stages 

as shown in figure 2.2: (1) mixing and storage of the reactive monomers at specific temperature (2) 

configuration of shape in the mold or application on the surface of substrates (3) curing for polymerization 

reaction (4) demolding and post-curing if necessary. The first step is critical to determine ratio of monomers 

and hardeners and prepare the homogeneous agent in liquid state. It is noticed that the temperature in this 

stage should be selected carefully to avoid rapid polymerization. The flowing uncured polymer should be 

poured into mold or paste on the matrix in second stage to set up the configuration. This period can also be 

defined as the operation windows ranged from minutes to days, since the conventional thermosetting networks 

could not be reshaped or reprocessed once it cures. In the step of curing, heat or radiation may be applied. 

For thermal curing, the temperature, duration time, and heating/cooling rate are important parameters that may 

cause different effect on the final property of thermosetting resin, which must be well-designed. On the other 

hand, radiation polymerization is curing conversion by ultraviolet or electron beam, that penetrates into the 

networks accompanied with increase of temperature. In some cases, post-curing considered as a part of curing 

cycle is required to improve the thermal and mechanical performance of thermosetting polymers by aligning 

the molecules. The temperature of post-curing is mainly assigned at the temperature near the glass transition 

temperature of final product. Eventually, the product is obtained after curing and removing from the mold. 7 
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Figure 2.2 Flow chart of processing the traditional thermoset resins 

 

2.1.3 Properties and characteristics of epoxy resin  

Among all choices of thermoset resins, epoxy resin is one of the most irreplaceable thermosetting 

polymers in the fields of adhesive, coating, painting, primer, composites and so on owing to outstanding 

thermal, mechanical, and chemical resistant properties. Also, it can be bonded with several materials, such as 

metals, ceramics, glasses, polymers, and woods, which demonstrated extensively potential usage. In following 

section, the basic background on the behaviors of epoxy resin would be presented, which may promote the 

development of material design in reparable and recyclable epoxy networks. 

 

2.1.3.1 Thermal properties 

 The glass transition temperature (Tg), degradation temperature (Td), and coefficient of thermal expansion 

(CTE) are most fundamental thermal properties for epoxy-based networks, which will have an impact on the 

performance in response to temperature. There are several reasons that will change these three indexes, such 

as chemical nature of bonding, the crosslinking density, molecular weight of whole structure, and uniformity of 

networks. By realizing the thermal properties, the wider scope of applications would be offered. 

 Glass transition temperature (Tg) is defined as the temperature where the segmental motion of polymer 

chain starts, so that the condition changes from rigid glass-like state to flexible rubber-like state. Generally, Tg 

is examined by differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), and 

thermomechanical analysis (TMA). In DSC measurement as given in figure 2.3.(a), an evident change of heat 

capacity would be appeared, which is represented as a step of baseline, where its mid-point is deemed as Tg. 

DMA is the other useful instrument for analyzing the thermal transition and viscoelastic property. Storage 

modulus (E’), loss modulus (E”) and tangent of delta (tan 𝛿) are three values that can be acquired from DMA 

measurement. Storage modulus (E’) is related to stiffness of material and capacity to store energy elastically. 

In the other word, E’ will decrease sharply when heating above Tg as described in figure 2.3.(b). Loss modulus 

(E”) is an indicator for viscous behavior, which represents the energy dissipated to heat. E” will reach maximum 

value during glass transition, and decrease again in rubbery region. Tangent of delta (tan 𝛿) is actually the ratio 
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between loss and storage modulus, which indicates the absorption and dispersion of energy in material. When 

tan 𝛿-value is greater than 1, the material presents more viscous since more energy dissipation; on the other 

hand, when the value is lower than 1, resin networks acts more elastic. The peak of tangent delta reveals most 

numbers of segmental motion, which is assumed as Tg. The final method to observe Tg is through the slope in 

temperature-dependent coefficient of thermal expansion (CTE) tested by TMA as shown in figure 2.3.(c). CTE 

is the coefficient to describe the tendency of dimensional change in material in response to variations of 

temperature. The magnitude of CTE usually increases with escalating temperature. Also, the fixed structure in 

glassy-state is not dimensionally sensitive to temperature change, while malleable networks in rubbery region 

shows totally opposite trend. Therefore, the turning point of slope in TMA measurement is viewed as Tg. 

Principally, there are multiple factors that influent Tg-value of epoxy resin, such as molecular weight of 

polymeric networks, the chemical property of curing agent, and the curing condition applied. Larger molecular 

weight, more elevated curing temperature, and longer curing time generally lead to higher Tg. Besides, epoxy 

resin cured by the crosslinker with aromatic ring possesses higher Tg than the one with aliphatic chain. 

Consequently, the Tg-value of epoxy networks can range from -30 °C to 200 °C. Degradation temperature (Td), 

also called decomposition temperature, is the other key characteristic to evaluate the thermal stability, which 

is usually measured by thermogravimetric analysis (TGA). In TGA analysis, the mass of samples is detected 

as heating, cooling, or holding at fixed temperature under certain atmosphere. Td-value is the temperature 

where the 5% loss of initial weight, that implies the limitation of service temperature owing to cleavage of 

chemical bonds and overheated molecular decay. Coefficient of thermal expansion (CTE) is the other indicator 

to assess the dimensional and volumetric deformation in response to temperature change. Some factors, such 

as property of bonding itself, absorption of water, melting point and glass transition temperature have an impact 

on the value of CTE.  

 Considering to possible applications of epoxy resin such as aerospace, automobile, electronics industry, 

remaining good performance at increased temperature may be highly required. Therefore, by assessing Tg 

and Td-value of epoxy resin, the service temperature range can be established. 54–58 

 

 

 
Figure 2.3 Typical thermal characterizations of glass transition temperature for epoxy resin: (a) differential 

scanning calorimetry (DSC) (b) dynamic mechanical analysis (DMA) (c) thermomechanical analysis (TMA) 
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2.1.3.2 Mechanical properties 

 There are lots of common mechanical properties, including stress, strain, modulus, toughness, and 

fracture mode, used in evaluating the performance of epoxy resin, often identified by dynamic mechanical 

analysis (DMA) and tensile test.  

First, as mentioned previously, DMA provides the knowledge of correlation between modulus and 

temperature, that help us not only to determine Tg, but also to measure the ability to resist deformation at 

different temperature under standard testing mode as given in figure 2.4.(a). Also, heat-induced stress 

relaxation and creep behavior can be observed through DMA. Stress relaxation is defined as the decrease in 

stress under fixed strain; while creep is increase in strain under constant stress. These two techniques propose 

the method to estimate the elastic deformation under particular temperature. Tensile test is the other 

experiment for fundamental mechanical estimation, which performed by samples of dog-bone (dumbbell) 

shape under uniaxial tensile (pulling) force until fracture occurs. Based on the stress-strain curve as illustrated 

in figure 2.4.(b), tensile strength and tensile strain can be easily judged; besides, tensile modulus, toughness, 

and fracture energy can be calculated. Tensile modulus is defined as the slope of curve in specific region, 

while toughness and fracture energy are elucidated by the area under stress-strain curve. It is worthy to 

recognize that the mechanical property is for epoxy resin itself; however, by cooperating with adherends or 

reinforcements, the strength can be additionally improved. For example, the modulus of bulk epoxy resin at 

room temperature is approximately 1-3 GPa, but is enhanced to near 100 GPa when combining with fibers 

and fillers to construct reinforced composites structure. 

By this overview, the strategy of assessing mechanical performance for epoxy resin is summarized. 

These approaches are inevitable when an efficient selection of epoxy is decided to utilize in academic and 

practical industrial application. 57,59–63 
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Figure 2.4 Typical mechanical characterizations for epoxy resin: (a) dynamic mechanical analysis (DMA) (b) 

tensile test 

 

 

2.1.3.3 Adhesion properties 

 Unlike basic thermal and mechanical properties, adhesion property is a standard to evaluate the 

performance of whole adhesive joint system, so that all factors, such as adhesive, adherend, and interface 

should be scrutinized. Lap shear test, pull-off test, peel test, wedge test, and double cantilever beam (DCB) 

test are common in adhesive studies. American Society for Testing and Materials (ASTM) is an international 

organization, that provides the authoritative and technical standards for each testing system. Single lap shear 

test, double lap shear test, and pull-off test are performed according to ASTM D1002, ASTM D3528, and ASTM 

D4541. Among these three techniques, single lap shear test is the most typical and simple method that is 

usually reported in adhesive study as presented in figure 2.5.(a). Two substrates would be bonded together 

by adhesive under uniaxial shear loading. A shear stress-displacement diagram is obtained, and then the 

shear strength (σad) is calculated as the maximum stress at failure divided by the overlapped area in adhesive 

joint. Peel test is another important experiment used in prediction of adhesion strength, that can be tested in 

forms of 90-degree, 180-degree, and T-shape according to ASTM D6862, ASTM D903, and ASTM D1876, 

separately. T-peel, also called fixed arm peel, is used in determination of peel strength. The specimen is 

composed of two bonded flexible adherends as given in figure 2.5.(b). The bent and unbonded areas of 

adherends are fixed by grips of tensile machine, and then the loading at fixed moving rate of machine head is 

applied. The peeling load is increased sharply at first and then reach the steady state finally. Peeling strength 

is described as the average load per width/length of bondline. Otherwise, wedge test based on ASTM D3762 
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is used in characterize the durability of adhesive in specified condition. In this test, the special wedge is forced 

to insert the adhesive and cause the initial cracking as shown in figure 2.5.(c). The propagation of cleavage is 

recorded periodically, so that the environmental bonding lifetime can be speculated. Last but not least, the 

fracture energy is determined by DCB test according to ASTM D3433. The geometry of sample is constructed 

as described in figure 2.5.(d). The force applied on the samples during test is similar to T-peel test. After the 

specimen is firstly loaded, the linear stress-displacement curve can be observed since the cracking is not 

grown in this stage. The cracking starts propagating when inelastic behavior is found and eventually reach 

maximum loading. Then, the load reduces slightly even though the propagation continues. The measurement 

will be stopped until the cracking grows to specific length and the specimen is unloaded and pended for next 

round. Above cycle is replicated again and again until failure of adhesive joint. Moreover, the failure mode is 

also essential for trouble shooting of bonding fracture. Adhesion failure, cohesion failure, and substrate failure 

as illustrated in figure 2.6 are most notable failure types, which caused by weak mechanical bonding strength 

in the interface, the adhesive, and the adherends, individually. Besides, the condition of fracture surface can 

be distinguished to the ductile facture or brittle fracture as stated in figure 2.7 by judging the morphology.   

The adhesion property is connected with lots of elements like adhesive itself, adherends, and 

configuration of joints. Consequently, this information is a critical indicator to evaluate the practical application, 

which is often proposed in datasheet of commercial adhesive. Since adhesive is one of the common utilizations 

for epoxy resin, the high adhesion strength is preferred when considering the structural usage. 64–73 

 

 

 
Figure 2.5 Typical adhesion characterizations for epoxy resin: (a) single lap shear test (b) T-peel test (c) wedge 

test (d) DCB test 
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Figure 2.6 Thee typical adhesive failure modes: (a) adhesion failure (b) cohesion failure (c) substrate failure 

 

 

 

 

Figure 2.7 Typical fracture surface determination: (a) ductile fracture (b) brittle fracture 
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2.1.4 Application of epoxy resin 

Epoxy resin is generally manipulated in multiple fields, such as aerospace, automobile, and building due to 

the trend of light-weight design. In general, epoxy resin owns high strength-to-weight ratio, leading to widely 

replacement of the rivet and fastening. In manufacturing industry, epoxy resin is used in primer, painting, 

adhesive, and rein matrix of composites. Among these applications, adhesive joint and composites structure 

are two most common structural applications for epoxy resin.  

 In the field of adhesive joint, the epoxy resin as adhesive usually bonds with the substrates, such as 

metal, glass, plastic, wood, and so on. It is well accepted that the adhesion strength of structural adhesive is 

required at least 10 MPa. The epoxy adhesive resin is generally composed of two parts, epoxy resin monomer 

and hardener (crosslinker), which would be pre-mixed in specific ratio and temperature. After that, the 

homogeneous mixture would be applied on the treated substrates. Then, the curing of whole adhesive joint is 

performed, leading to the manufacturing of adhesive joint. Besides, composite is the other alternative of 

traditional metal product in past years. Actually, composites structure in the body of advanced Boeing B787 

reaches 50%, which is more than aluminum (20%). The composites structure in industry is usually prepared 

by prepreg, which is made from fibers and partially cured resin matrix. The pre-impregnated fibers in prepreg 

usually weaves and pre-bonds together by incompletely-cured resin; therefore, prepreg with limited shelf-life 

needs to store at low temperature to prevent the fully cure. By laminating the prepregs in certain direction and 

layers, the configuration of structure is established. After that, vacuuming bag is applied to remove the void, 

and then autoclave is most common equipment for curing. Curing condition is assigned with determination of 

curing temperature, duration time, vacuum pressure, heating and cooling rate. Finally, the product can be 

obtained after demolding.  

As be known to all, the requirements of materials in these industries is particularly high, demanding 

dimensional stability, thermal, chemical and fatigue resistance, mechanical strength, and so on, which can be 

provided by epoxy resin. 5,49,74,75 

 

2.1.5 Challenges of epoxy resin  

 Although the advantages of epoxy resin are pronounced, there are some drawbacks remained. First, it 

is common for polymeric material that the mechanical strength at room temperature will be higher than at 

elevated temperature. Second, due to stable covalent bonding in crosslinking position, the repairing of cracking 

or cleavage on epoxy resin is not workable once it is cured. At last, traditional thermosetting networks is not 

decomposable and recyclable, so that the plastic debris, so-called microplastic, defined as the pieces with < 

5mm in size not only pollute the atmosphere, habitat, soil, river, and ocean, but also are toxicant for human 

tissues. Mentioned challenges limited the usage of epoxy resin and resulted in economic misspending and 

environmental contamination, which become the serious issue needed to be overcome. 

 

2.1.5.1 Irreversible degradation of epoxy resin at high temperature 

 It is substantially agreed that the mechanical strength will be declined gradually with increasing 

temperature and sharply decreased above glass transition temperature for all thermosetting resins; hence, this 

is the reason why the design of epoxy resin structure to enhance both glass transition temperature and 
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mechanical strength is critical. This decreasing trend is also shown when applying in adhesive joint. Previously, 

several reports issued the negative effect of high temperature on the adhesion strength, considering the 

mismatch of adherends and shrinkage of adhesive due to the dissimilar coefficient of thermal expansion. 

Therefore, if the adhesion strength can be maintained or improved at elevated temperature, the service 

temperature range can be broadened. 76–78 

 

2.1.5.2 Repairing of damaged epoxy resin 

 The lifetime of epoxy resin will be shortened by the formation of (micro)cracks caused by internal and 

external stress. If the cracking is not well-prevented, detected, and repaired immediately, the propagation of 

cleavage occurs and finally cause the failure of material; therefore, the technique for repairing the epoxy resin 

has been studies with the concept of self-healing thermosetting polymers. In the past, the approach in this 

direction is to introduce different types of microsphere contained reactive groups into networks. The recovery 

agent is released and reacted when the cracking is generated, which leads to the breaking of microspheres. 

However, this method is only feasible within limited time. Once the microspheres are consumed, the healing 

reaction will not happen. 15,31,47,79 

 

2.1.5.3 Recycling of wasted epoxy resin 

 There has been a general awareness about environmental protection recently. Lots of regulations, such 

as Restriction of certain Hazardous Substances (RoHS) and Registration, Evaluation and Authorization of 

Chemicals (REACH) are contributed to reducing the toxic material in our daily life. Also, European Union (EU) 

paid more attention and pressure on the problem of waste management issue. Because conventional 

thermoset resin cannot be decomposed or dissolved, the recycling is not effective. The usual methods as 

described in figure 2.8 include thermal degradation to break specific bonding, mechanical proposal to grind 

bulk resin into powder as fillers, and chemical modification by integration epoxy networks with bio-degradable 

or renewable precursors that can be decomposed by solvent or other reaction agents as stated in following 

sections for more details. Nevertheless, existed recycling method not only consumes energy and time, but 

also limits in implanted objects embedded into the resin matrix or substrates. That means the recycling 

efficiency is not sufficient enough. Still, recycling of epoxy resin is a huge challenge owing to lack of efficient 

and mild degradation and recycling strategy. 80–88 
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Figure 2.8 Summary for current recycling strategies of epoxy resin 

 
2.1.5.3.1 Thermal recycling techniques 

Common thermal recycling techniques include pyrolysis, fluidized bed pyrolysis, and microwave assisted 

pyrolysis. These methods promote the recovery of fibers, fillers, and inserts, but resin itself is hardly reused 

because it is usually volatilized to small molecular monomers. Otherwise, the gas like carbon dioxide, hydrogen, 

and methane and char of embedded substances are generated because it is generally processed at the 

temperature range from 400 ˚C to 700 ˚C. Fundamentally, the thermal recycling techniques causes the higher 

expense of energy, time, and, cost than other recycling systems. 

Pyrolysis is most well-known thermal process. Because of high processing temperature, the 

decomposition of resin matrix is accompanied with formation of oils, gases, and solid char. Therefore, the 

implanted objects are often contaminated so that the post-treatment to remove the contaminations is required 

in this system. This procedure results in the degradation of fibers, fillers, and reinforcements sometimes; 

therefore, the determination of mechanical property for these materials is critical when practical application. 

For instance, mechanical strength of glass fibers after high-temperature procedure would be decreased 50 % 

minimum, while carbon fibers are more resistant with heat but produce more char during high temperature, 

which will remain on the surface of fibers that limited the bonding when re-using. Besides the heating 

temperature, the atmosphere during degradation is another key characteristic. Some previous indicated that 

epoxy resin is easily decomposed under oxygen than inert condition, which present better performance in 

removing the attached resin; hence, the air control is helpful to establish the pyrolysis procedure. In practical 

applications, ELG Carbon Fiber in United Kingdom and Hadeg Recycling Ltd. are companies who provided 

the service using pyrolysis as recycling method for carbon fibers. Fluidized-bed process is another type of 

thermal recycling process by applying the bed of silica sand. This technique proposes faster heating and 

separation of fibers from resin matrix. Also, the content of oxygen shall be precisely monitored to avoid the 

formation of char. Foregoing research carefully evaluated the surface of recycled fibers, finding out that little 
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reduction of surface can provide better bonding with new matrix. The uniqueness of this procedure is that it 

can be processed with mixed materials like sandwich-structure, so that it is appropriate recycling system for 

end-pf life products. On the other hand, the weakness of this procedure is that the fluidized sand used may 

damage the structure of fibers. Microwave-assisted pyrolysis is deemed as potential technique since the heat 

is directly to the core of composites, resulting in faster heat transfer and less energy consumption. However, 

the problem of char residue on the surface of recycled fibers is remained. In summary, there are still several 

challenges needed to be overcome in thermal recycling method. 89–91 

 

2.1.5.3.2 Mechanical recycling techniques 

This technique is consisted of two steps, that are first shredding and crushing stage and second grinding 

stage. The first part is common for every recycling strategies in order to reduce the volume of whole waste 

accumulation. After that, the broken epoxy resin fragments would be roughly separated by sieving into resin-

rich pieces and fibers with different lengths that implanted inside the resin. The ground epoxy-based composite 

is usually used in two applications, that are fillers or reinforcements. The utilization as fillers is not commercially 

available since the price of virgin fillers such as silica is not expensive. In comparison, processing and sorting 

are needed for the ground epoxy resin, which increases the cost actually. Besides, this type of recycled 

material as fillers could only be incorporated less than 10 wt.% because the mechanical property is degraded 

and the processing problems occur owing to higher viscosity with increasing the contents of fillers. On the 

other hand, the reinforcement would be more suitable for ground powder, which has been proven that can be 

successfully integrated with original polyether-ether-ketone (PEEK) resin; yet, the epoxy resin with much more 

complexed structure is still difficult to decompose. Industrial application of this technique is basically in glass 

fiber reinforced composites manufacturers. For example, Filon Products Ltd. and Hambleside Danelow in 

United Kingdom, Fiberline-Zajons-Holcim AG/Geocycle in Germany, Eco-Wolf Inc. in United States focus on 

reincorporating with other products or energy recovery in cement kiln. However, the problem of this recycling 

method is that the bonding strength between these ground powders possess low bonding strength with new 

resin and implanted objects, causing declined mechanical property of produced composites, that will limit the 

usage of this recycling technique. 25,88,89 

 

2.1.5.3.3 Chemical recycling techniques 

In general, chemical recycling, also defined as solvolysis, is attained with assistance of solvent, acid, or 

base reagent and/or catalyst under specific temperature and pressure. In comparison with thermal techniques, 

solvolysis to degrade the epoxy resin can be triggered in lower temperature. Through this decomposition 

system, the reagent can diffuse into the thermosetting networks and then break certain chemical bonds. 

Therefore, the damage of fibers and fillers may be minimized. Depending on the temperature and pressure 

applied in the reaction, the solvolysis discussed in following sections will be separated into high temperature 

and pressure (HTP) and low temperature and pressure (LTP). The temperature above 200 ˚C and higher 

pressure are indispensable in HTP process. Supercritical water with temperature higher than 374 ˚C and the 

pressure larger than 221 bar is main reagent for HTP process in recycling the carbon fibers inside the resin 

matrix. In order to lower the temperature and pressure, some solvent like alcohol, methanol and acetone have 
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been reported to add into water. The drawback of this method is that the organic solvent remained on the 

surface of fibers. In fact, based on the analysis for recycled fibers in previous study, the oxygen content of 

recycled fibers is lower than original state, resulting in lower interfacial shear strength; whereas, this problem 

can be solved by reaction in oxidant condition, but causing the significant decay of tensile strength. On the 

other hand, the LTP process is defined as the reaction occurs below 200 ˚C and at atmosphere pressure. Due 

to low reaction temperature, the addition of catalysts and mechanical stirring force are usually required. In this 

case, strong reagent, such as nitric, sulfuric, and acetic acid is the common reaction medium, which may cause 

safety and disposition problem. The advantage of this method is that the it is almost impossible to observe the 

side reaction because of low temperature, enabling the higher recyclability. 79,92–97 

 

2.1.5.3.4 Conclusion of current recycling techniques 

 Pyrolysis and solvolysis are the most common strategies for recycling epoxy resin, particularly in the form 

of carbon fiber reinforced composites structure. The initial cracking and/or shredding epoxy resin into smaller 

fragments is needed in both techniques because the size of products is usually large in industrial application. 

These two recycling systems have been proven that fibers embedded in resin matrix can be reused through 

suitable processing condition. Compared with pyrolysis, the recycled fibers through solvolysis is generally 

cleaner due to lack of char attached on the surface. However, there may be some residual solvent, acid, or 

base. In conclusion, the recycling method operated with maximized recycling efficiency under mild condition, 

which means low reaction temperature, pressure, and gentle chemical, is highly necessary. Also, it had better 

to develop the advanced decomposition strategy that can not only reclaim embedded fibers and fillers, but 

also reuse degraded resin monomer as reactive agent to form new thermosetting networks. 

 

2.2 Introduction of dynamic covalent chemistry 

 To address the demand of repairable and recyclable epoxy resin, in the past decades, the potential 

polymeric system, dynamic chemistry, become the powerful tool to change the traditional understanding of 

thermoplastics and thermosets. In general, the dynamic crosslinks could be classified into two categories, 

covalent exchange and non-covalent interaction, based on types of chemical bond undergone reversible 

reaction. It is generally accepted that dynamic covalent chemistry (DCC), also known as covalent adaptable 

networks (CANs) is considered as a more beneficial system owing to higher mechanical strength, better 

chemical stability, and stimuli-responsive property. In dynamic covalent chemistry, the reversible bond would 

be broken, rearranged, and recombined under specific stimuli, such as heat, UV-irradiation, pH, or mechanical 

force, enabling recovery, reprocessability, and recyclability as thermoplastics but also retains thermal and 

mechanical stability of thermosetting, which provides the possibility to create the reparable, reprocessable, 

and recyclable epoxy resin. The prototypical reactions and corresponding exchange conditions that possess 

dynamic nature are summarized in table 2.3. Therefore, following sections will focus on reviewing the principles, 

classifications, and characteristics of dynamic covalent networks. 12–19,98,99 
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Table 2.2 Summary for different types of common dynamic covalent systems 

reaction types conditions chemical equation ref. 

transesterification 
basic or acidic 

catalyst  

100 

transalkylation zeolite catalysts 

 

101,102 

thiol-thioester 

exchange 
neutral medium 

 
103–105 

disulfide 

exchange 

room temperature or 

mild temperature  

27,32,34,45,

106,107 

diselenide 

exchange 
visible light  

108,109 

Diels-Alder 

reaction 

low temperature for 

forward reaction; 

high temperature for 

reverse reaction  

21,22,110,11

1 

olefin metathesis metal catalyst 
 

23,24 

imine exchange 
room temperature or 

mild temperature  
112–114 

siloxane/silanol 

exchange 

basic or acidic 

catalyst  
26 

boronic ester 

exchange 

room temperature or 

mild temperature 
 

115–117 
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2.2.1 Dynamic covalent reactions 

 Dynamic covalent bonds with certain examples will be described in following sections as summarized in 

table 2.4. First, most of reversible covalent bonds can be categorized into dynamic polar reactions, which 

interprets that there is charged active intermediates existed during the reversible exchange reaction. The 

general examples of this types that bonds are generated and/or broken are C-N (C=N) bonds, C-C bonds, C-

O bonds, C-S bonds, S-S bonds, Se-Se bonds and B-O bonds. Besides, dynamic covalent pericyclic reactions 

and dynamic covalent radical reactions are other two classifications. 

 In dynamic polar reactions, C-N bonds are the most common dynamic covalent bonds. Exchange with 

imine and exchange with imine intermediates are significantly used. Imines formed via condensation of amine 

and aldehyde/ketone can be exchanged through hydrolysis/re-condensation or imine metathesis mechanism 

without catalyst or with acid accelerator. Except for this imine, there are some examples that imine 

intermediates participated in exchange reaction, such as aminal formation and imine rearrangement. The 

intermediates with lower stability in this type of exchange is regarded as virtual and temporary compositions 

of whole reaction systems. Moreover, C=N bonds is also extensively used, which applying N- or O- substituted 

amines as nucleophiles. These substituted amines usually possess higher nucleophilic characteristic because 

of free electron pairs on reactive nitrogen, which also promotes the stability of generated imine owing to 

reduction of electrophilicity. The oxime ligation, uncharged hydrazone, and acylhydrazone are belonged to this 

C=N reaction, that catalyst is needed due to the relatively steady state, leading to slower exchange rate. C-C 

bond plays an important role in organic chemistry, but its utilization is limited because of the difficulty in side 

reactions and property catalyst. Classic C-C group formations include formation by nucleophilic addition of 

carbon nucleophiles, carbene building blocks, electrophilic aromatic substitution, and organometallic 

intermediates with transition-metal catalyst. Related studies for these mechanisms are contributed to seeking 

the improvement of stability problem and faster reversibility with suitable catalyst. The dynamic exchange of 

C-O bonds can be classified into two categories, that are formation of C-O bonds from nucleophilic additions 

for C=O bonds and C-O bonds exchange via transition-metal catalyst. The well-known transesterification is 

considered as this type, which generally exchange with the assistance of basic or acidic catalyst to increase 

the equilibrium rate. Besides, transallylesterification with palladium catalyst and Nicholas ether exchange with 

strong acid have been reported. Reversible reaction with C-S bonds is another powerful exchange strategy. 

Since the related positions of sulfur and oxygen atom in periodic table, the reaction mechanism of C-S bonds 

and C-O bonds is similar, but with more nucleophilic property, causing different reaction rate and catalyst. For 

example, compared thioester exchange with ester exchange, thioester exchange occurs without catalyst under 

mild reaction condition. S-S bonds and Se-Se bonds are also utilized dynamic covalent reactions. The 

exchange is activated by nucleophilic attack of thiolate anion to disulfide bond, which cause the generation of 

new disulfide and thiolate anion. The reversible disulfide reaction can be triggered without catalyst and 

accelerated in basic condition or addition of phosphines. On the other hand, diselenide exchange presents 

sufficient equilibrium rate in general condition with the assistance of visible light. The last dynamic polar bonds 

are B-O bonds. The main exchange reactions including B-O bonds generally react with diols because of its 

stability. Boronic ester formation and boronate ester formation are two instances for reversible B-O bonds, 

which usually happen in the presence of nucleophile, such as alcohol, water, nitrogen-contained aromatic 
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heterocycles, and phosphonic acids at room temperature. 

 Dynamic covalent pericyclic reaction includes Diels-Alder reaction, [2+1] cycloadditions, [4+4] 

cycloadditions, ene reaction, and cope rearrangement. The benefit of this exchange system is its self-

contained nature of reaction, which interprets that all atoms in reagents are incorporated into the resulting 

product without the additives. Diel-Alder reaction is the most typical pericyclic reaction, which can be defined 

as the generation of two C-C σ bonds with the consuming of two weaker C-C π bonds. Also, dynamic [2+1] 

cycloadditions between diamidocarbenes and olefins or aldehydes to establish reversible three-membered 

ring, and [4+4] cycloadditions of anthracenes to form dimers, have been developed. Besides the cycloaddition 

subtype, dynamic sigmatropic rearrangements via bullvalone derivatives is also reported. Mostly, the growing 

numbers of discussions about pericyclic reactions have been proposed recently to explore more steady 

exchange pathways and wider variety of functional groups. The last one of covalent bonds is dynamic radical 

reactions. Alkoxyamine exchange, diarylbibenzofuranone exchange, and trithiocarbonate exchange are 

belonged to this category. Among them, alkoxyamine exchange is best-explored of this type, which is used in 

producing self-healing and reprocessable crosslinking networks for multiple materials unlike its application in 

radical polymerization.  

 In conclusion, dynamic covalent bonds with side applicability in several fields in modern chemistry. 

Different types of reversible covalent bonds possess unique properties, which is worthy discussing the various 

areas, such as material design, catalyst discovery, advanced molecular structure establishment, 

nanotechnology and so on. 18 
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Table 2.3 Summary for different types of dynamic covalent reactions 

classification 
type of 

bonds 
examples reaction equation 

dynamic polar 

reactions 
C-N bonds imine exchange 

 

  transimination  

  imine metathesis  

  aminal formation 
 

  imine rearrangement  

 C=N bonds oxime ligation 
 

  hydrazone formation 
 

  
acylhydrazone 

formation  

  nitrone exchange 
 

  transamidation 
 

  urea formation 
 

  
nucleophilic 

substitution  

 C-C bonds Aldol reaction 
 

  nitroaldol reaction 
 

  cyanohydrin formation 
 

  Strecker reaction 
 

  Knoevenagel reaction 
 

  carbene dimerization 
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electrophilic aromatic 

substitution  

  alkene metathesis 
 

  alkyne metathesis  

 C-O bonds hemiacetal exchange 
 

  acetal exchange 
 

  orthoester exchange 
 

  ester exchange 
 

  transallylesterification 
 

  
Nicholas ether 

exchange  

 C-S bonds 
hemithioacetal 

exchange  

  thioacetal exchange 
 

  thioester exchange 
 

  thiol-nitrone addition 
 

  Thia-Michael addition 
 

 
S-S / Se-

Se bonds 
disulfide exchange 

 

  
selenylsulfide 

exchange  

  diselenide exchange  

 B-O bonds boronic ester formation 
 

  
boronate ester 

formation 
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dynamic 

pericyclic 

reactions 

- Diels-Alder reaction 

 

  ene reaction 

 

  [2+1] cycloadditions 

 

  [4+4] cycloadditions 

 

  cope rearrangement 

 

dynamic 

radical 

reactions 

- alkoxyamine exchange 

 

  
trithiocarbonate 

exchange  

 

 

2.2.2 Classification of dynamic covalent chemistry 

Depending on the exchange mechanism, dynamic covalent chemistry can be further classified into two 

sorts. The first group is associative exchange mechanism as described in figure 2.9. In this reaction, the 

breaking and reformation of bonding are occurred concurrently, resulting in the minimal change in crosslinking 

density and maintaining more stable viscosity during the exchange. The other group is dissociative exchange 

pathway, the new linkages only forms after some linkage dissociates; therefore, the dramatic decrease of 

network connectivity can be observed, causing obvious difference in macromolecular structure while 

exchanging. This section will further introduce associative CANs, dissociative CANs, and CANs with mixed 

exchange mechanisms. 12,16–19,98,118 
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Figure 2.9 Schematic representation of (a) associative and (b) dissociative bond exchange pathways for 

covalent adaptable networks (CANs) 

 

 

2.2.2.1 Associative dynamic covalent chemistry 

 In associative covalent adaptable networks, the cleavage and re-connection of dynamic bonding happens 

in one single step during interchange reaction. This characteristic provides the constant crosslinking density, 

showing stable viscosity-temperature relationship. In 2011, Leibler and his research team firstly designed the 

associative dynamic covalent networks with thermosetting structure based on transesterification. The resulting 

malleable materials presented viscosity variation like inorganic silica as calculated by Arrhenius Equation. 

Inspired by this work, this new concept, also called “vitrimer”, is defined as the networks with covalent 

adaptable bonds that change its topology but remaining the fixed number of chemical linkages regardless of 

temperature change. Therefore, the steady crosslinking structure limits the diffusion and motion of whole 

networks, so that the vitrimer system presents gradual decrease in viscous flow with increasing temperature.  

 Transesterification is the most common associative dynamic reaction in academic and industrial 

application. This reaction is established on the exchange between ester bond and hydroxyl group activated by 

enough heat and/or catalyst. The carbonyl carbon located in starting ester bond is attacked by alkoxide ion or 

nucleophilic attack depending on the type of catalyst, bringing out the intermediate tetrahedral structure, and 

then the transesterified products is obtained finally. By adjusting the molecular percentage and changing the 

type of catalyst, the activation energy of exchange reaction will be different. Transamination of vinylogous 

urethanes is another alternative in vitrimer systems. The associative exchange of vinylogous urethane is 
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similar to transesterification, which is based on the concept of addition-elimination reaction. Vinylogous 

urethane β-carbon is attacked by free amine, and then released the new amine moiety. The advantage of this 

system is that it exhibits stress relaxation within short time in absence of catalyst due to comparably low 

activation energy (~60 kJ/mol). Olefin metathesis is another example for associative dynamic covalent 

chemistry, which has been widely used in ring opening metathesis polymerization. Also, it is reported that 

shows excellent stability and functional compatibility in the presence of catalyst. Besides, there are some 

previous studies reported the mechanism, properties, and applications of other associative pathway, such as 

transamination of diketoenamine, transalkoxylation of triazolium salts, and dioxaborolane metathesis. 14,17–

19,99,119 

 

2.2.2.2 Dissociative dynamic covalent chemistry 

 In dissociative covalent adaptable networks, the bond-breaking and bond-reconnecting of dynamic bonds 

are two separated steps. The crosslinking structure is cleaved after dissociation of dynamic bonds. The broken 

segments may diffuse and then re-form to another bonds, resulting in sharply decrease of viscosity during 

exchanging and sensitive flowing change in response to external stimuli. As a result, the equilibrium between 

opening and connecting of crosslinks and the crosslinking density can be actually expressed as a function of 

temperature. Also, it seems that such exchange mechanism possesses fast network rearrangement, leading 

to rapid reversibility efficiency and stress relaxation because of temporary loss in network integrity and increase 

in flowing of whole structure. 

 Reversible Diels-Alder reaction, also considered as a [4+2] cycloaddition, is the typical dissociative 

covalent adaptable systems. The high reaction temperature or highly tailored electron-rich dienes and electron-

deficient dienophiles are usually needed for reversible reaction. One of the most common utilization of Diels-

Alder reaction is mechanism between maleimides and furans, which required high temperature to overcome 

the kinetic barrier of reversible reaction. Another reaction of dissociative covalent adaptable network is ring-

opening/closing metathesis polymerization, which requested the usage of transition-metal catalyst like 

ruthenium. Otherwise, nucleophilic transalkylation, urethane/urea exchange and Michael adduct exchange are 

also deemed as the dissociative covalent adaptable networks. 13,18 

 

2.2.2.3 Mixed-type dynamic covalent chemistry 

 This type of dynamic covalent chemistry is also called vitrimer-like networks because it possesses partial 

property of associative covalent adaptable networks (vitrimer material) with multiple bond exchange 

mechanisms as described in figure 2.10. The most utilized networks of this type are disulfide exchange reaction, 

and urethane exchange.  

 In this type, there are two pathways, dissociative or associative one, depending on the reaction condition 

and catalyst. For example, urethane exchange can be triggered in associative way when reacting with free 

hydroxyl groups, but in dissociative way via acid catalyst. Similarly, different exchange mechanisms for 

vinylogous urethane reversible reaction are detected in low or high reaction temperature. Also, disulfide 

exchange can be separated into two classifications, that are radical-mediated exchange reaction through 

radical addition in associative method, or radical reconnection in dissociative strategy. Generally, the reactions 
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with associative or dissociative pathways are demonstrated obvious change in activation energy (Ea), which 

have been confirmed in several previous researches. 99 

 

 

 
Figure 2.10 Typical examples of mixed covalent adaptable networks with associative and dissociative 

pathways (a) urethane exchange (b) disulfide exchange 

 

 

2.2.3 Characteristics of dynamic covalent chemistry 

There are some classic indicators and unique property from traditional thermosetting resin in dynamic 

system, including glass transition temperature (Tg), topology freezing transition temperature (Tv), stress 

relaxation, and creep behavior. The following sections will review the definition, measurement, calculation, and 

interpretation of these performances.  

 

2.2.3.1 Glass transition temperature (Tg) 

In dynamic covalent system, the exchange reaction and viscoelastic behavior are generally described 

according to two transition temperatures. The first transition temperature is glass transition temperature (Tg), 
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which indicates the transition of polymeric material from rigid and fixed polymer chain in glass state to flexible 

and movable segmental motion in rubbery situation. The common methods to identify Tg of dynamic networks 

structure is basically same as traditional epoxy resin as stated in paragraph 2.1.3.1, which are differential 

scanning calorimetry, dynamic mechanical analysis and thermomechanical analysis.  

 

2.2.3.2 Topology freezing transition temperature (Tv) 

The other critical transition temperature to evaluate the exchange reaction and viscoelastic behavior in 

dynamic covalent system is topology freezing transition temperature (Tv). Tv is defined as the point at which 

the material exhibits a viscosity of 1012 Pa·s. Tv is generally considered as the critical point at which the 

exchange rate becomes sufficiently rapid such that cleavage and rearrangement of dynamic bonds can occur 

dynamically. Therefore, at the temperature above Tv, exchange reaction occurs in rapid rate, so that the 

reprocessing, reshaping, and reusing of dynamic covalent networks can be obtained. On the other hand, at 

the temperature below Tv, the reversible reaction happens slowly, resulting in similar property as traditional 

thermosetting structure. As a result, Tv is an important indicator to establish the remolding and recycling 

procedure. 

However, the determination of intrinsic Tv is not as direct as Tg because totally different reaction rate 

below and above Tv. When the exchange reaction occurs in the network structure, it is extremely difficult to 

monitor the kinetics of reversible reaction. Currently, stress relaxation test examined by rheometer or dynamic 

mechanical analysis is the most common strategy. Through the data of stress relaxation, the relaxation time 

at each testing temperature can be evaluated as a function of the temperature followed Arrhenius Equation as 

shown in Equation 2.1. 

 

	𝜏(𝑇) = 𝜏(𝑒𝑥𝑝 ,
-.
/0
1   (Equation 2.1) 

 

where 𝜏(𝑇) and 𝜏( are the relaxation time at specific temperature and initial state, respectively. Ea is 

activation energy. R is the gas constant and T is the absolute temperature in kelvins. Based on this calculation 

as presented in figure 2.11, the Arrhenius fitting line to a certain relaxation time (depending on the modulus in 

rubbery state and Poisson ratio of material) was extrapolated so that the exact Tv-value can be obtained. 

However, the Tv-value measured by this method may be affected under external force since the additional 

tensile force is often applied on the sample in rheometer or DMA test, which has a slight influence on the 

breaking rate of dynamic bonds. Therefore, by introducing the aggregation-induced-emission luminogens, the 

Tv can be determined more accurately by fluorescence change. 

The relationship between Tg and Tv is critical for viscosity change and viscoelastic behavior at different 

stage of temperature. Therefore, the dynamic networks can be categorized into two cases (a) Tv > Tg (b) Tg > 

Tv as described in figure 2.12. In case (a) and case (b), the viscoelastic behavior in region I is same, which 

shows the stable network structure as traditional thermosetting resin. However, the state of materials presents 

totally opposite at the temperature in region II. For case (a), in the region II above Tg but below Tv, it is expected 

to undergo the transition from glassy to rubbery state with high mobility, and then transfer to elastomer without 

exchange reaction due to lack of sufficient exchange reaction kinetics. In the contrary, the case (b) with greater 
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Tg than Tv, the intrinsically fast exchange reaction of disulfide bonding is embedded in the epoxy network even 

at the intermediate temperature region II above Tv and below Tg. In such the situation, the dynamic motion of 

the epoxy networks seems to be limited due to lack of chain mobility, but the exchange reaction of disulfide 

may sufficiently occur because of enough high temperature than the Tv values. When the temperature is further 

increased to the region III, where the temperature above both Tv and Tg, the viscoelastic state is reached 

because both segmental movement and exchange reaction of dynamic bonds are fast enough; therefore, the 

reprocessing and recycling can be performed in this stage. In case (a), the viscosity in region III follows the 

typical Arrhenius fitting because the exchange reaction of crosslinking is dominated in rearrangement of 

networks. On the other hand, the case (b) in region III is firstly diffusion-controlled in WLF model then changed 

to exchange-controlled mechanism based on Arrhenius law because the cleavage and recombination of 

network topology is controlled by segmental motions in initial situation. In the viewpoint of these two different 

relationships between Tv and Tg, the starting flow of viscoelastic state is determined by the higher transition 

temperature. 13,17,120,121 

 

 

 
Figure 2.11 Schematic representation for calculation of topology freezing transition temperature 

 

 

 
Figure 2.12 Comparison for the effect of glass transition temperature (Tg) and topology freezing transition 

temperature (Tv) on viscosity and viscoelastic behavior of dynamic systems with (a) Tv > Tg (b) Tg > Tv 
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2.2.3.3 Activation energy (Ea) for exchange reaction 

 Activation energy is defined as the energy provided to trigger the chemical reaction or the potential barrier 

needed to be overcome. In covalent adaptable networks, the activation energy can be acquired with the 

calculation of topology freezing transition temperature (Tv) in the experiment of stress relaxation as presented 

in figure 2.11, which meant that the activation energy is actually about the viscous flowing detected via stress 

relaxation behavior instead of exchange reaction itself. Besides, this value may be reduced with the assistance 

of catalyst. 25,34,37,96,107,119,122,123 

 

2.2.3.4 Stress relaxation 

 Stress relaxation is the experiment that observe the decrease of stress in response of persistent strain 

applied on the structure under specific temperature as stated in figure 2.13.(a). This effect mainly results from 

remaining the configuration of network under fixed deformation, that is the unique heat-induced ductility 

property for dynamic covalent chemistry. Unlike dynamic networks, the traditional thermosetting network 

usually presented no stress relaxation in most conditions. 

Based on the Maxwell model for viscoelastic material, the stress relaxation time is defined as the time 

required to release 63% of initial stress, which is highly correlated to the kind of dynamic bond, the amounts 

of dynamic bonds in the whole network, the testing temperature, and additives modified with functional groups. 

Generally, more elevated temperature (but should be lower than decomposition temperature) and higher 

density of dynamic bonds lead to more speedy relaxation. 124–127 

 

2.2.3.5 Creep 

Creep is the other indicator that is easily confused with stress relaxation. In polymer science, creep is 

the tendency of deformation by loading the constant stress in certain temperature as illustrated in figure 

2.13.(b). Similarly, the creep is also attributed to viscoelasticity that static stress results in localized molecular 

rearrangement of polymer chains. Therefore, the conventional thermoset resin demonstrates more excellent 

creep resistance at elevated temperature due to its thermal stability and less flexibility of covalent crosslinked 

network structure. 

 In practical application, creep resistance is an important consideration. The extent of creep is associated 

with same factors as stress relaxation, mainly determined by environmental temperature and concentration of 

dynamic bonds. Therefore, several previous researches have paid attention on exploring the balance between 

creep resistant ability and acceptable vitrimer performance by adjusting the optimized content of dynamic 

bonds in the networks. 128,129 
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Figure 2.13 Schematic representation for samples and experimental curve (time-dependent stress or strain 

curve) at specific temperature on (a) stress relaxation (b) creep 

 

 

2.3 Exchangeable disulfide system 

 Reversible disulfide system is one of the most common covalent adaptable networks because sulfur-

sulfur bond is often incorporated with vulcanized rubber in chemistry industry. This reaction provides rapid 

exchange rate via the dynamic characteristic of S-S linkages. In recent years, several studies have been 

explored the exchange reaction mechanism, which can be associative or dissociative types depending on the 

reaction conditions and catalyst, that will be further discussed in following sections. Generally, disulfide bonding 

is formed from the oxidation of thiyl (-SH) groups as shown in Equation 2.2.  

 

																																																																																2	𝑅𝑆𝐻	 ⇌ 𝑅𝑆 − 𝑆𝑅 + 2𝐻9 + 2𝑒:   (Equation 2.2) 

 

2.3.1 Reaction mechanism of disulfide bonding 

 The most vital aspect of disulfide bonds is the disulfide-disulfide exchange reaction through cleavage 

and rearrangement, and thiol-disulfide exchange reaction via reduction-oxidation reaction. Both of two 

reactions will be reviewed in following sections for their mechanisms, properties, benefits, and possible 

applications. 
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2.3.1.1 Disulfide-disulfide exchange mechanism 

 In general condition, the reversible disulfide mechanism is actually a [2+1] radical-mediated reaction 

under the condition without catalyst, including three stages as shown in figure 2.14. First, the cleavage of one 

S-S bond leads to the formation of sulfur-centered radicals. Second, the other disulfide bonding is attacked by 

thiyl radical, causing the generation of three-membered transition state and then production of new sulfur 

radical. Finally, the other free sulfur radical is recombined with new thiyl radical to create another disulfide 

compound. With the assistance of catalyst such as triethylamine and tri-n-butylphosphine, radical-mediated 

and thiol-mediated exchanges can be triggered simultaneously; therefore, the sulfur-based anion is formed 

instead of sulfur radical in this situation and the amount of anion can be increased by more nucleophilic catalyst. 

Besides, this reaction is pH-sensitive, so that the pH-value shall be controlled in the range of from 7 to 9 in 

most cases to promote the formation of thiolate for exchange reaction.   

 Chemical structure of disulfide bonding provides different performance in reversibility rate, since the 

reaction is started by the cleavage of S-S bonds; hence, the effect of functional group on dissociation energy 

has been studied in molecular level previously. Based on the results, the aromatic disulfide bonding is 

considered as the more efficient reversible reaction than aliphatic one due to chemical modification of phenyl 

rings, especially in para positions. The dissociation energy would be reduced resulting from two factors: (1) 

the decrease of spin density on sulfur atom of the new-generated thiyl radical leads to delocalization and 

stabilization. (2) the number of antibonding orbitals is increased that will promote the cleavage of bond. 
27,36,42,43,106,107,130 

 

 

 
Figure 2.14 Disulfide-disulfide exchange mechanism based on [2+1] radical-mediated reaction 

 

 

2.3.1.2 Thiol-disulfide exchange mechanism 

 The reaction of thiol-disulfide exchange is an anion-mediated reaction. Unlike thiyl radical initiated in 

disulfide-disulfide exchange, the thiol-disulfide exchange reaction is triggered from initial ionization from thiol 

group to thiolate anion group. Then, the sulfur atom of disulfide bonding nucleophilic is attacked by anion to 

cleave and generate new S-S bonds, and finally lead to protonation of the formed thiolate anion. Besides, the 

thiol-disulfide reaction can also be deemed as reduction-oxidation reaction. In this case, the thiyl group is 

applied as reducing agent, while disulfide is acted as oxidizing agent. After redox reaction, the SH bond is 
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oxidized into new disulfide bonding and S-S bond is reduced to thiolate group. Thiol-disulfide exchange 

reaction is commonly used in biochemistry, especially in folding and stabilizing of proteins. Also, some previous 

researches provided the decomposition strategy of disulfide-contained epoxy network via thiol-disulfide 

exchange by using the 2-mercaptoethanol and dithiothreitol, which will be further reviewed in section 2.3.2.3. 
39,44,122,131–136 

 

 

 
Figure 2.15 Thiol-disulfide exchange mechanism  

 

 

2.3.2 Properties and characteristics of exchangeable disulfide system 

 Previously, many researches discussed the thermal, mechanical, degradation, and other properties of 

reversible disulfide bonding incorporated with epoxy networks structure, which will be briefly reviewed in 

following sections. 

 

2.3.2.1 Thermal properties 

 Typical thermal performance reported in previous studies for disulfide-contained networks includes glass 

transition temperature (Tg) and topology freezing transition temperature (Tv). In most of cases, disulfide-

contained networks exhibit the higher Tg than Tv. For example, the structure synthesized by diglycidyl ether of 

bisphenol A (DGEBA) and 4-aminophenyl disulfide (AFD) has been explored that possess Tg in 130 ̊C and Tv 

in -13 ̊C. Another epoxy material prepared by isosorbide-derived epoxy and aromatic disulfide diamine 

hardener also presents same trend, which shows Tg in 41 ̊C and Tv in 31 ̊C. To summarize, the networks 

consisted of S-S bond displayed lower Tg than conventional C-C bonds due to less thermal stability; however, 

the Tv -value is much lower because of high-speed reversibility rate. This thermal property can offer the 

comparable service temperature of epoxy resin as traditional epoxy resin; besides, reprocessing and 

remending can be reached through exchangeable bonds. 37,39,44 

 

2.3.2.2 Mechanical properties 

 The bulk epoxy-disulfide combination system demonstrates the commensurate mechanical property with 

traditional thermosetting resin for modulus in dynamic mechanical analysis (DMA) and tensile test. The storage 

modulus at room temperature examined by DMA for dynamic networks with disulfide bonding is approximately 

2.2-2.6 GPa, while the value of reference samples is 2.5 GPa. When this material is used in composite 

structure, the related strength test, such as compression strength, interlaminar shear strength, flexural strength, 
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and impact strength is also performed and reported with comparable values. Therefore, the incorporation of 

S-S bond with epoxy networks has no negative influence on mechanical property compared to regular epoxy 

resin structure. 39,41 

 

2.3.2.3 Degradation properties 

 The degradation for disulfide -contained epoxy resin is generally occurred in the presence of thiol group 

via thiol-disulfide exchange reaction. Similar to conventional epoxy resin, the dynamic networks with disulfide 

bonding presents excellent chemical resistant ability, so that common chemical media like ethanol, acetone, 

toluene, dimethylformamide (DMF), dimethyl sulfoxide (DMSO), tetrahydrofuran (THF), NaOH, and HCl cannot 

cause decomposition. Nevertheless, the depolymerization can be easily obtained by 2-mercaptoethanol and 

dithiothreitol in DMF solution due to the existence of SH bond. DMF solvent is usually chosen to assist the 

swelling of epoxy structure. Depending on the amount of disulfide bonding inside the polymeric network, the 

reaction temperature, the type of thiol group, and the concentration of reagent, the degradation of epoxy-

disulfide networks can be finished within 1 to 24 hours. This technique can also be applied in composite 

structure to recycle the fibers without damage. 39,41,44,45 

 

2.3.2.4 Mechanochromic effect 

 Mechanochromic effect is known as the obvious color change of material that induced by mechanical 

force like crushing, pressing, shearing, or scratching, which is very critical in monitoring the fracture of material.  

In dynamic disulfide bonding, the reversible mechanochromic effect can be detected when it integrated with 

epoxy resin since there is no mechanochromic effect observed in pure aromatic disulfide diamine. This 

phenomenon results from the formation of phenyl thiyl radicals, leading to the color change from yellow to 

green. After placing for 24 hours at room temperature or heating above Tg in few seconds, the sulfur-centered 

radicals will be recombined with each other, causing the disappearance of mechanochromic effect. 

Interestingly, this behavior is controlled change in dipole moment when nitrogen and sulfur atoms in para 

position. It is accepted that the duration of mechanochromic effect lasting is related to the crosslinking density 

and chain mobility of polymer network. The higher crosslinking density results in less segmental movement, 

leading to longer time of reconnection of free radicals. Therefore, the disulfide-contained epoxy network with 

higher crosslinking density exhibited longer lasting time of mechanochromism. 47,48,137–140 
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CHAPTER III  STRENGTHENING ADHESION EFFECT AT HIGH TEMPERATURE AND 
REPARABILITY 

 Thermosetting structural adhesive is one of the most common utilizations for epoxy resin, which has 

been widely applied in aerospace, automobile, and infrastructure because of light-weight design to replace 

conventional fastening, rivet, and insert. Epoxy-based adhesive composed of highly-crosslinked network 

structure, providing the excellent thermal stability, strong mechanical strength, superior chemical resistant 

ability, and applicability with multiple kinds of substrates. However, there are two disadvantages that restricts 

the performance of epoxy-based adhesive. First, although this material is required to be steady in harsh 

elevated-temperature environment, the adhesive strength of conventional epoxy-based adhesive usually 

reduces with increasing temperature. Second, because of low toughness property for epoxy-based adhesive, 

the poor ability to absorb the mechanical energy and avoid fracture may cause some micro-cracking on the 

adhesive itself. There are several techniques used in enhance the toughness previously, but few reports 

discussed the repairing of epoxy resin since it is difficult to recover the broken covalent crosslinking structure 

once it is cured. Therefore, we tried to develop the new-generation epoxy resin as adhesive that can solve 

above two issues. 49,64,65,67,73,76,141–144 

 To address this demand, our research has focused on the use of dynamic covalent bonds. Polymeric 

networks with dynamic bonds behave as traditional thermosetting structure, but exhibit thermoplastic property 

due to reversible exchange reactions under external stimuli. By introducing the dynamic bonding into 

thermosetting epoxy-based adhesive, the network presents the unique properties, such as healing, 

reprocessability, degradability, and recyclability. Among all choices, aromatic disulfide bonding is really suitable 

to integrate with epoxy networks because of catalyst-free reactivity, relatively stable thermal and mechanical 

performance, and rapid reversibility efficiency. These dominances can avoid the damage on substrate caused 

by insoluble catalyst, offer steady performance in structural utilization, and decrease the reaction time at high 

temperature during repairing, which may cause aging and oxidation of epoxy resin.27,28,32,34,35,43,107,130 

 In this study, we carefully assessed the chemical composition, thermal stabilities, and mechanical 

strength for epoxy resin with different amounts of aromatic disulfide bonding, leading to the thorough 

understanding of the relationship between content of S-S bonds and each property. In order to emphasize on 

the unique performance of disulfide exchange reaction compared with other dynamic bonds, the sample with 

ester bonds was prepared. Moreover, although previous researches have reported the degradation, self-

healing and electrical resistance properties for epoxy-disulfide combination system, the adhesive 

characteristics of these substances, especially the effects of temperature change on adhesion strength, have 

not been fully evaluated; therefore, the detail temperature-dependent behavior in both bulk sample and 

adhesive joint was also elucidated. 39,41,44 

The results revealed that the reparability of broken epoxy resin could be obtained by simple hot-pressing 

procedure and recovered adhesive joint maintained approximately 90% of initial adhesion strength. The epoxy 

resin with most content of S-S bonds exhibited best reparability within shorter reaction time than the one 

reprocessed via transesterification. On the other hand, the unusual adhesion strengthening effect at high 

temperature was observed in the case of disulfide-contained networks. This improvement was discussed in 

the concept of the relationship between glass transition temperature (Tg) and topology freezing transition 
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temperature (Tv) and the special speculated strengthening mechanism via disulfide-disulfide exchange 

reaction was proposed. 

 

3.1 Experimental 

In this section, the material used in this project, synthesizing procedure of epoxy monomer, 

polymerization of epoxy resin network, preparation of adhesive joint, establishment of small model, and 

characterization techniques are described. 

 

3.1.1 Materials 

 Diglycidyl ether of bisphenol A (DGEBA) (jER 825) with the epoxide equivalent weight of 170-180 g/mol 

was purchased from the Mitsubishi Chemical Corporation. As a diamine hardener, 4ʹ,4-

diaminodiphenylmethane (DDM) with an amine hydrogen equivalent weight of 49.6 g/mol and dithiodianiline 

(DTDA) with an amine hydrogen equivalent weight of 62.1 g/mol were purchased from the Tokyo Chemical 

Industry Co., Ltd. Citric acid monohydrate, sebacic acid and 1-methylimidazole used in reference samples with 

ester bonds were purchased from the Tokyo Chemical Industry Co., Ltd. Also, in order to synthesize the epoxy 

monomer with aromatic disulfide bonding ((in this case, bis(4-glycidyloxyphenyl) disulfide (BGPDS)), bis(4-

hydroxyphenyl) disulfide, epibromohydrin were purchased from the Tokyo Chemical Industry Co., Ltd. and 

anhydrous dimethylformamide (dehydrated DMF), hexane, chloroform, methanol, anhydrous potassium 

carbonate, anhydrous magnesium sulfate, and sodium chloride were purchased from Wako. Chemicals. All 

chemicals were used as purchased without any purifying and post-treating. 

 On the other hand, aluminum alloy (6061-T6) used as substrates in adhesive joint was purchased from 

Standard-Testpiece Company. Ethanol, hexane, acetone, ethanol, sodium hydroxide, sodium carbonate and 

sodium dodecylbenzene sulfonate used in the cleaning of the aluminum substrates were purchased from Wako. 

Chemicals.  

 

3.1.2 Synthesis and preparation of samples 

 This section includes three parts, which are procedures used in synthesizing disulfide-contained epoxy 

monomers, curing epoxy-based resin, and constructing the adhesive joint in this study. 

 

3.1.2.1 Synthesis of disulfide-contained epoxy monomer 

The mixture of bis(4-hydroxyphenyl) disulfide (10 g, 40.0 mmol), anhydrous potassium carbonate (55.28 

g, 400 mmol), epibromohydrin (54.79 g, 400 mmol), and dehydrated dimethylformamide (200 mL) was heated 

at 60 ̊C and stirred overnight under nitrogen or argon atmosphere. The completion of the reaction was 

confirmed by thin layer chromatography (TLC), and solid substrates were removed from the reaction mixture 

by a suction filtration. Then, 250 mL of water was added into the reaction mixture, and the mixture was 

extracted by chloroform/hexane solution (2/3 v/v) for three times. The combined organic phase was washed 

by water for three times and brine. The organic phase was dried by anhydrous magnesium sulfate and 

concentrated by rotary evaporation. The residue was re-crystalized from methanol to afford the product as a 

white solid (10.8 g, 29.8 mmol, 75 %). 1H NMR (CDCl3, 400 MHz): 7.40-7.36 (d, 4H, Ar-H), 6.87-6.84 (d, 4H, 
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Ar-H), 4.25-4.20 (dd, 4H, OCH2CH(O)CH2), 3.96-3.90 (dd, 4H, OCH2CH(O)CH2), 3.37-3.32 (m, 2H, 

OCH2CH(O)CH2), 2.92-2.89 (dd, 4H, OCH2CH(O)CH2), 2.76-2.74 (dd, 4H, OCH2CH(O)CH2) as presented in 

figure 3.1. 41 

 

 
Figure 3.1 1H-NMR spectrum for bis(4-glycidyloxyphenyl) disulfide 

 

 

3.1.2.2 Synthesis of bulk epoxy resin networks 

 Five types of epoxy resin were prepared according to table 3.1 and figure 3.2. The disulfide system 

comprised bis(4-glycidyloxyphenyl) disulfide (BGPDS, termed the 1a herein) and dithiodianiline (DTDA, 2a) 

as the epoxy monomer and diamine crosslinker, respectively. The diglycidyl ether of bisphenol A (DGEBA, 1b) 

and diaminodiphenyl methane (DDM, 2b) were employed as controlled samples of BGPDS and DTDA, 

respectively, without phenyl S-S bonds. The chemical reactivities of the aromatic disulfide in the epoxy 

monomer and diamine hardener were assumed to be almost identical. The epoxy adhesives SS, SC, CS, and 

CC were synthesized by combining the epoxy monomer (either 1a or 1b) and the diamine hardener (2a or 2b), 

combining in a 2:1 molar ratio in a glass vial and mixed at 90 °C for 30 min then rapidly poured into a Teflon 

mold. Each sample was cured in an oven at 120 °C for 2 hours, 140 °C for 2 hours, and 160 °C for 2 hours. 

Also, to compare between various dynamic reaction mechanisms, formula CA, made from a 1:0.45:0.45 

mixture (on a molar basis) of epoxy monomer, citric acid monohydrate and sebacic acid was prepared in a 

glass vial. Citric acid monohydrate and sebacic acid were preheated for melting and then mixed with DGEBA 

at 125 °C. The catalyst 1-methylimidazole was added to catalyze the transesterification and epoxy-acid 

reactions. After obtaining the homogenous yellow mixture, the sample was cured in an oven at 120 °C for 3 

hours and 160 °C for 6 hours. 123 
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Table 3.1 Formulation of all epoxy networks 

Network 

epoxy monomer diamine crosslinker  

S-epoxy 

BGPDS 

(mol. ratio (g)) 

C-epoxy 

DGEBA 

(mol. ratio (g)) 

S-diamine 

DTDA 

(mol. ratio (g)) 

C-diamine 

DDM 

(mol. ratio (g)) 

 

SS 2 (1) - 1 (0.343) -  

SC 2 (1) - - 1 (0.274)  

CS - 2 (1) 1 (0.365) -  

CC - 2 (1) - 1 (0.291)  

Network 

epoxy monomer acid crosslinker catalyst 

C-epoxy 

DGEBA 

(mol. ratio (g)) 

citric acid 

monohydrate 

(mol. ratio (g)) 

sebacic acid 

(mol. ratio (g)) 
1-methylimidazole 

CA 123 1.1 (1) 0.5 (0.183) 0.5 (0.264) 0.055 (0.024) 

 

 

 
Figure 3.2 Synthesis and chemical structure for all epoxy-based network in this study 

 

 

3.1.2.3 Preparation of adhesive joints 

Aluminum substrates (AA6061-T6) with dimensions of 100 (length) × 25 (width) × 2 (thickness) mm as 

shown in figure 3.3.(a) were prepared by mechanical surface polishing with 800 grit sandpaper, followed by 

ultrasonic cleaning in ethanol, hexane and acetone for 15 minutes in each solvent. Each substrate was 

subsequently immersed in an alkaline degreasing solution at 70 °C for 10 minutes (according to the ASTM 

D2651 standard procedure). Finally, substrates were rinsed with water at room temperature for 10 minutes 

and then dried at 70 °C as necessary to remove the residual water. In each trial, an epoxy monomer and amine 
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hardener were combined in a glass vial and mixed at 90 °C for 30 min, then immediately applied on the 

overlapped area of treated metal substrates. The adhesive joint was held together using two clips. The 

overlapped area was fixed at 25 × 12.5 mm and the thickness of the adhesive was controlled within 100-150 

micron (μm) by adding 1 wt.% glass beads to the polymer. Finally, the adhesive joints were cured in an oven 

under the same conditions as applied to the bulk samples. (120 °C for 2 hours, 140 °C for 2 hours, and 160 

°C for 2 hours) 

 

3.1.2.4 Rebonding and repairing of adhesive joints 

The initial adhesive joints were broken after the first single lap shear test. Following such tests, each 

detached specimen was hot-pressed at 200 °C under 20 kN of compressive force for 20 minutes (in the case 

of the SS, SC and CS specimens) or 160 °C under 20 kN of compressive force for 60 minutes (in the case of 

the CA specimen) to rebond and/or repair the broken adhesive joints as demonstrated in figure 3.3.(b). After 

cooling to room temperature, these specimens were again subjected to single lap shear tests. The rebonding 

procedure would be repeated for three times. Please note that specimen CC without any dynamic bonds could 

not be rebonded through hot-pressing procedure. 

 

 

 
Figure 3.3 Schematic representation for (a) samples in lap shear test (b) samples in rebonding procedure 
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3.1.2.5 Small molecular model reaction 

 Solutions of diphenyl disulfide and 4,4’-dithiodianiline in DMSO-d6 (0.45 M each), prepared separately, 

were mixed in 1:1 (v/v) ratio in an NMR tube covered with aluminum foil to shed the light. After the treatment 

of the sample at ambient, 50, 75, 100, and 150 °C. for 2 hours, the composition of the mixture was monitored 

by 1H NMR. 

 

3.2 Characterization 

 1H nuclear magnetic resonance spectra were collected using a JEOL-ESC 400 instrument at 400 MHz 

for CDCl3 solution of sample, and reported in ppm δ (ppm) from internal tetramethyl silane signal. 

 The existence and intensity of aromatic disulfide bonding was confirmed by invia confocal Raman 

microscope from Renishaw Qontor at the wavelength settled from 200 to 1800 cm-1. A 532-nm laser was used 

in this experiment and the power was controlled in 0.1%. Exposure time for each count was 200 seconds and 

10 counts were accumulated totally for each composition. 

The efficiency of curing was assessed using Fourier transform infrared-near infrared spectroscopy, 

employing the JASCO 6100 spectrometer over the range of 4000 to 7000 cm-1 in transmission mode. A 

spectrum of the ambient air was used as a background. The samples were prepared in the 1-millimeter 

thickness. The spectra were recorded at a resolution of 8 cm-1 with total 32 scans. 

Thermal analysis was performed by differential scanning calorimetry (DSC) by equipment from Shimadzu 

DSC-60 plus. Approximately 10 milligrams of sample were placed in aluminum cell and aluminum oxide was 

used as reference with weight of 20 milligrams. Temperature range was from 0˚C to 250˚C with heating and 

cooling rate of 10˚C/min under nitrogen flow at 50 ml/min. Glass transition temperature was obtained from 

second heating cycle.  

 Thermogravimetric analysis (TGA) was obtained by equipment from TA instrument SDT Q600 under 

argon atmosphere. Approximately 5 milligrams of sample were loaded in aluminum pan. Temperature range 

was from 25˚C to 500˚C with heating rate of 10˚C/min under argon flow at 100 ml/min. Air was used as 

reference. Degradation / decomposition temperature was identified by the points of intersection of tangents to 

the two branches of the curve. 

Thermal mechanical analysis (TMA) was used in identifying the coefficient of linear thermal expansion 

(CTE) by equipment from Netzsch DMA242E on TMA detection in tensile mode. All samples were pre-heated 

to 120˚C for one hour to remove the water on the surface. Then, the temperature was decreased to room 

temperature for additional one hour to reach thermal equilibrium. After above procedure, characterization 

started by heating until 200˚C at the heating rate of 5˚C /min. CTE would be calculated at the range of 70˚C to 

110˚C (below glass transition temperature) for glass state. 

Dynamic mechanical analysis was performed using a Netzsch DMA242E instrument in the tensile test 

mode with sample dimensions of 10 × 5 × 0.2 mm over the temperature range from 25 °C to 200 °C at a 

heating rate of 3 °C/min. The oscillation frequency was maintained at 1 Hz.  

Stress relaxation tests were carried out using the same equipment at different temperatures (at least five 

different temperature for each dynamic compositions), allowing 30 extra minutes for thermal equilibration. A 

minimum force of 0.006 N was applied to each sample in order to maintain straightness. A strain of 1% was 
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applied and this deformation was maintained during the measurement process. 

Adhesion test was examined for formula SS and CA only. Each composition represented two types of 

dynamic systems, which are disulfide exchange owns Tv higher than Tg and transesterification possesses Tg 

higher than Tv to compare the difference. The temperature used to bond two bulk samples was set up at 80 

°C under 10 kN of compressive force for 1 hour, since this temperature located in the region between Tv and 

Tg for both cases. 

Single lap shear tests were carried out by using a Shimadzu autograph AG-X plus instrument with a 

crosshead speed of 0.1 mm/min. The sample temperature was controlled using an environmental chamber 

and the test temperatures were ambient, 50, 75, 100, 150 and 200 °C. A thermocouple was used to confirm 

that the internal chamber temperatures were correct. After attaining the desired temperature, the sample was 

held at that temperature for 1 hour to allow for equilibration. The reported values represent the averages of 

three samples along with the standard error. 

 

3.3 Results and discussion 

3.3.1 Degree of curing 

First, it is important for confirming the curing procedure is complete to prevent the unstable chemical 

composition. In order to determine the curing condition (120 °C for 2 hours, 140 °C for 2 hours, and 160 °C for 

2 hours) we used in this study that could result in fully curing, near-infrared spectroscopy (n-IR) was carried 

out in evaluation. In n-IR spectra as given in figure 3.4, the peak of aromatic ring at 4680 cm-1 is suitable for 

normalization for comparison since the phenyl group was not participate and involve in the curing reaction, 

presenting the same transmittance before and after curing. Therefore, the well-defined bands related with the 

epoxy and primary amine were observable in the combination band of the second overtone of the epoxy ring 

stretching with the fundamental C-H stretching (ca. 4530 cm-1) and the combination band of NH stretching and 

bending (ca. 5000-5100 cm-1). Thus, the epoxy monomer decreased upon curing process, resulting in 

decrease of the band of the fundamental C-H stretching and the weak overtone of terminal CH2 at ca. 4530 

cm-1 and ca. 6060 cm-1, respectively. The primary amine combination band at ca. 5000 cm-1 also decreased. 

On the other hand, the band of O-H overtones at ca. 7000 cm-1 increased as a consequence of the oxirane 

ring opening reaction. 145 

 

3.3.2 Disulfide-bonding determination 

Since aromatic disulfide bonding was too weak to be detected in FTIR spectra, Raman microscope was 

applied to confirm the existence of aromatic disulfide bonding. The band at 485-500 cm-1 was characterized 

as phenyl S-S bond as demonstrated in figure 3.5, which revealed that the aromatic disulfide bonding existed 

in chemical structures SS, SC, and CS as expected except for composition CC. Besides, in order to compare 

the intensity of aromatic disulfide bonding, the peak of aromatic ring at 1610 cm-1 was used in normalization 

because the content of aromatic ring was not changed with different epoxy networks. Localized spectra at the 

wavelength of 400 to 600 cm-1 were as also revealed as illustrated in figure 3.5. The intensity of peak proved 

that the composition SS possessed more aromatic disulfide bonding than other compositions (SC and CS) as 

our assumption. Moreover, there was obviously no peak shown in networks CC. 146,147 
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Figure 3.4 FTIR-nIR spectra of SS, SC, CS, and CC networks at 4000 to 7000 cm-1 

 

 

 

 
Figure 3.5 Raman spectra of SS, SC, CS, and CC networks at 400 to 600 cm-1 
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3.3.3 Thermal analysis 

The thermal analysis in this study for all epoxy resin networks, including glass transition temperature (Tg) 

from differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA), degradation or 

decomposition temperature (Td) thermogravimetric analysis (TGA), and coefficient of thermal expansion (CTE) 

from thermal mechanical analysis (TMA) was discussed as summarized in table 3.2 of this section. Although 

the topology freezing transition temperature (Tv) is the other essential transition temperature in dynamic system, 

this hypothetical value was generally discussed and calculated with heat-induced stress relaxation experiment, 

which would be explored in paragraph 3.3.5. 

 

 

Table 3.2 Summarized thermal properties for all epoxy networks in this work 

Networks Tg (DSC) (°C) Tg (DMA) (°C) Td (TGA) (°C) CTE (TMA) (10-5/˚K) 

SS 127.0 133.7 272.3 7.8 

SC 138.8 144.0 271.3 7.2 

CS 162.6 160.5 296.1 6.5 

CC 182.7 177.9 361.2 6.2 

CA 123 - 73 - - 

 

 

First, the second heating cycle in DSC profile was usually used to define the Tg-value because there was 

no exothermic or endothermic peak existed. In our case, the DSC profiles of composition SS, SC, CS, and CC 

prepared in stoichiometry ratio, where Mepoxy : Mdiamine was 2:1, were as shown in figure 3.6. The results 

indicated the shift of baseline in heat flow was located at 127.0 °C, 138.8 °C, 162.6 °C, and 182.7 °C for 

formula SS, SC, CS, and CC, respectively, corresponding to the glass transition temperature. Besides, if the 

ratio between epoxy monomer and diamine hardener was changed to 2:1.1, the Tg-value would be 

approximately 10 °C lower than original composition. Also, the Tg-value could be analyzed by dynamic 

mechanical analysis as described in figure 3.7. The peaks of tangent delta for composition SS, SC, CS, and 

CC were at 133.7 °C, 144.0 °C, 160.5 °C, and 177.9 °C, separately. In summary, the Tg-value was decreased 

with increasing the content of aromatic disulfide bonding inside the network structures. Otherwise, the disulfide 

bonding in epoxy monomer promoted more reduction of Tg-value than the one in diamine crosslinker. This 

effect may result from two reasons. First, dynamic phenyl S-S bond provided more flexibility than traditional C-

C bonds, causing more mobility and lower Tg. Second, there were two more alkyl groups located in diglycidyl 

ether of bisphenol A (DGEBA), so that it would be more difficult to cause chain motion for the composition 

synthesized from the DGEBA due to the more branches and side groups. However, even though the glass 

transition temperature was declined, the Tg-value of this new system was still higher than most known dynamic 

system, such as similar epoxy networks CA based on transesterification, which was previously reported that 

possessed the Tg-value of 73 °C. 
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Figure 3.6 DSC profiles for formula SS, SC, CS and CC synthesized in stoichiometry ratio (M epoxy : M diamine 

= 2:1) 

 

 

 

 

Figure 3.7 DSC profiles for formula SS and CS and CC synthesized in stoichiometry ratio (M epoxy : M diamine = 

2:1.1 (dot line)) 
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Figure 3.8 DMA curve for (a) dynamic epoxy networks SS (b) dynamic epoxy networks SC (c) dynamic epoxy 

networks CS (d) dynamic epoxy networks CC 

 

 

 Degradation/decomposition temperature was defined as the temperature chemically decomposed into 

smaller fragments by heat, also an indicator to evaluate the thermal stability, which usually performed by TGA. 

Based on the results analyzed from TGA as presented in figure 3.9, the 5% loss of weight started from 272.3 

°C, 271.3 °C, 296.1 °C, and 361.2 °C, for formula SS, SC, CS, and CC, respectively, which was interpreted as 

degradation/decomposition temperature. The profiles of TGA exhibited that more contents of aromatic disulfide 

bonding resulted in lower degradation/decomposition temperature, attributed to less energetic stability of 

disulfide bonding. Also, the result was consistent with the relatively good mobility at high temperature for S-S 

bonds as suggested by the DSC results. Also, coefficient of thermal expansion (CTE) was indicated that the 

deformation in response to heat, which was generally measured by TMA as stated in figure 3.10. The CTE-

value determined in the range from 70 °C to 110 °C, which was corresponding to the glass state of all epoxy 

resins. The measured CTE-values of formula SS, SC, CS, and CC were 7.8, 7.2, 6.5, and 6.2 (10-5/˚K), 

separately. The enhancement of CTE-value with increasing amounts of phenyl S-S bonds might be ascribed 

to lower bond energy of sulfur-sulfur bonds than carbon-carbon bonds.  
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Figure 3.9 TGA profiles for formula SS, SC, CS, and CS synthesized in stoichiometry ratio (Mepoxy : Mdiamine = 

2:1) 

 

 

 

 
Figure 3.10 TMA profiles for formula SS, SC, CS, and CS synthesized in stoichiometry ratio (Mepoxy : Mdiamine 

= 2:1) 
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3.3.4 Mechanical properties  

 As the DMA curve shown in figure 3.8, the mechanical strength of all bulk resin used in this work was 

summarized into table 3.3. The storage modulus assessed by DMA at room temperature (25 °C) were reported 

in 1.93, 2.02, 1.88, 1.88, and 1.65 GPa for formula SS, SC, CS, CC and CA, respectively. Therefore, 

incorporation of dynamic disulfide bonds into epoxy networks had no negative impact on mechanical property 

in glassy state under ambient environment. When the temperature was increased above Tg (the peak of 

tangent delta), the storage modulus would be reduced significantly by approximately two orders of magnitude 

because of glass-rubber transition. Also, the storage modulus at rubbery state (defined as the temperature at 

Tg+30 °C) for each composition was varied from 10-50 MPa due to relatively low thermal stability and flexibility 

for aromatic disulfide bonding. 

 

 

Table 3.3 Summarized mechanical properties for all epoxy networks in this work 

Networks 
storage modulus (E’) 

(at 25 °C) (GPa) 

storage modulus (E’)  

(at Tg+30 °C) (MPa) 

SS 1.93 15 

SC 2.02 30 

CS 1.88 20 

CC 1.88 50 

CA 123 1.5 - 1.8 4 - 5 

 

 

3.3.5 Heat-induced stress relaxation 

 Heat-induced ductility was the critical characteristic for dynamic networks; therefore, the time- and 

temperature-dependent relaxation modulus was evaluated by DMA. The normalized stress relaxation curves 

testing at different temperatures for composition SS, SC, and CS were as described in figure 3.11. For dynamic 

networks CA, stress relaxation curve was referred to the reference 123. Based on Maxwell’s model for 

viscoelastic materials, the relaxation time is defined as the time required to release 63% of the initial stress. 

The acquired relaxation times (𝜏) was ranged from 10 seconds at 200 °C to 5 minutes at 160 °C for formula 

SS, 90 seconds at 200 °C to 22 minutes at 160 °C for formula SC, and 3 minutes at 210 °C to 25 minutes at 

170 °C for formula CS. Besides, the fully release of stress could be detected in all formula at highest testing 

temperature. The results indicated the speedy relaxation performance above Tg could be detected in all 

dynamic networks. Also, the relaxation rate was highly correlated to two factors: the amount of dynamic bonds 

and the testing temperature. Generally, as given in figure 3.12, when testing temperature was set up at 200 

°C for all compositions, the formula SS showed most rapid release rate, while formula CC without any dynamic 

S-S bond presented no stress relaxation. This trend revealed that the more contents of disulfide bonding 

leaded to shorter relaxation time. Otherwise, the higher temperature promoted the speed for cleavage and 

rearrangement of dynamic bonds, which also contributed to faster release of stress. 
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Figure 3.11 Normalized stress relaxation curves of dynamic epoxy networks (a) SS (b) SC (c) CS at different 

temperatures 
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Figure 3.12 Normalized stress relaxation curves of all epoxy networks at 200 °C 

 

 

 The determination of topology freezing transition temperature (Tv) was critical in vitrimer-like system 

since the Tv-value was considered as the point where the exchange rate was sufficiently fast to bring out the 

breaking and reorganization of dynamic bonds. Therefore, the assessment of Tv-value can help us to decide 

the proper service and reprocessing temperature for each dynamic system. This transition temperature was 

calculated according to the stress relaxation time plotted as a function of temperature in the manner of an 

Arrhenius plot as revealed in figure 3.13. The Tv-values of formula SS, SC, CS, and CA were -22 °C, 65 °C, 

93 °C, and 105 °C, respectively as concluded in table 3.4.* As a result, the data disclosed that more aromatic 

disulfide bonding caused lower topology freezing transition temperature due to the increased probability of 

exchange reactions with higher densities of disulfide bonds, which accelerated the bond cleavage and bond 

recombination. This rapid behavior can also be interpreted by considering activation energy, and the 

activation energy value for the stress relaxation of each composition could be calculated from the data in 

figure 3.13 based on the Arrhenius equation. The resulting activation energy values were also summarized in 

table 3.4, which were 40, 64, 88, 106 kJ/mol, separately. Although the exchange reaction of dynamic bonds 

would result in relaxation, significant rearrangement of whole polymer network would also be required for 

stress release; hence, the mobility of polymeric chain was also important for relaxation behavior. The SS 

specimen was found to have the lowest activation energy among all the compositions. The results for both 

the Tv-values and activation energies proposed that higher concentrations of aromatic disulfide bonds 

promoted the release of stress because of the easier reorganization of the polymer network and the 

increased possibility of exchange occurring. 
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Figure 3.13 Fitting line of the relaxation time to Arrhenius equation for dynamic epoxy networks SS, SC, and 

CS (R-square = 0.9579, 0.9877, 0.9637) 

 

 

Table 3.4 Summarized Tv and Ea from stress relaxation for all epoxy networks in this work 

Networks 
topology freezing transition temperature 

(stress relaxation) (Tv) (°C)  

activation energy 

 (stress relaxation) (Ea) (kJ/mol) 

SS -22 40 

SC 65 64 

CS 93 88 

CC - - 

CA 123 105 106 

 

 

3.3.6 Adhesion performance 

3.3.6.1 Adhesion strength at ambient temperature 

 The viscoelastic properties derived from the Tg and Tv of these materials had a significant effect on their 

performance as adhesives, so that the adhesion property was performed by two sections. First, single lap 

shear test is the most common characterization to evaluate adhesion ability. In this case, the adhesive joints 

were prepared by applying thin adhesive resin on the surface of aluminum substrates. The curing condition in 

the temperature higher than above both Tg and Tv of epoxy resins with dynamic covalent bonds that had 

already been proven to be almost fully cured. Adhesion strength obtained under this condition was 13.4±1, 

12±0.8, 18.9±0.8, 15.7±0.9, and 9.4±2.4 MPa at room temperature for formula SS, SC, CS, CC and CA, 

respectively as stated in figure 3.14. Thus, introducing dynamic disulfide bonding into the epoxy-based 
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adhesive would not significantly affect the adhesive strength, regardless of whether such bonding resulted 

from the phenolic epoxy or the aromatic diamine hardener. It is worth to note that the failure mode in our case 

for all epoxy-based adhesives was shown the adhesion failure, which indicated that the mechanical strength 

of adhesive itself was higher than the bonding strength between metal substrate and polymeric resin. 

Consequently, the shear strength may be improved if the more suitable surface treatment applied on the 

aluminum matrixes. 

 

 

 

Figure 3.14 Single lap shear strength for initial and rebonded dynamic epoxy adhesive networks at room 

temperature 

 

 

3.3.6.2 Adhesion ability at the temperature between Tg and Tv 

 In order to investigate the adhesion ability for two dynamic covalent systems, aromatic disulfide exchange 

in formula SS and transesterification in formula CA, at the different temperatures, we separated the testing 

temperatures into two regions, the temperature between and above Tg and Tv. Through this experiment, we 

assumed that the relationship between the viscoelastic properties derived from the Tg and Tv of these materials 

and adhesion performance could be realized.  

First, a simple adhesion demonstration at the temperature between Tg and Tv was performed as 

presented in figure 3.15. Although there were some researches concerning the adhesive characteristics of 

covalent adaptable networks, the effect of temperature had hardly been discussed, especially in this 

intermediate region. This temperature range may be important for practical application of adhesive since it was 

coincided with general service temperate of adhesion joints. In this demonstration, two cured bulk resins of 

formula SS and CA were hot-pressed at 80 °C to explore the adhesion condition because this temperature 
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was located at the range between Tg and Tv for these two compositions but in totally opposite way. This bonding 

temperature was above Tv (-26 °C) and below Tg (134 °C) for formula SS, but above Tg (73 °C) and below Tv 

(105 °C) for formula CA. There were obvious differences in this intermediate region. The subsequent testing 

of these specimens indicated that the formula SS showed excellent adhesion property as shown in figure 

3.15.(a); whereas, the CA film pieces did not adhere but presented evident deformation from their original 

shapes during hot-pressing as demonstrated in figure 3.15.(b). When the SS film was heated to 80 °C, the 

exchange reaction of dynamic bonds was initiated but chain mobility of whole epoxy network could not be 

triggered efficiently because the material was below its Tg. As a result, the film shape could be maintained so 

that it exhibited solely good adhesion. In comparison, the transesterification process in this polymer is thought 

to have been dormant below Tv, while chain motions would have been able to occur at the same temperature. 

Therefore, only deformation of the film occurred without adhesion between the CA films. 

 

 

 

Figure 3.15 Demonstration of exchange and healing behavior at 80 °C for formula (a) SS and (b) CA 

 

 

3.3.6.3 Reparability at the temperature above Tg and Tv 

 The other temperature range was the region above Tg and Tv. In this temperature, it was generally 

accepted that the epoxy resin would exhibit high viscoelastic property, which leaded to the repairability and 

reprocessability of networks. The results disclosed that the shear strength with dynamic bonds could be 

recovered to 83 to 95% of initial adhesion strength, while the specimens without any covalent adaptable 

bonding (formula CC in this case) did not present any re-adhesion when rebonding was attempted. These 

results could be explained in terms of both the viscoelastic nature of the dynamic epoxy networks and the 

exchange reaction associated with the covalent adaptable bonding. In the case that an epoxy adhesive with 

adaptable bonding was heated above both its Tg and Tv, the state of polymeric material was transferred to 

viscoelastic liquid. Simultaneously, the bond exchange reaction proceeded among the adaptable bonds at a 
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fast speed to rearrange the polymer network, resulting in recovery of the shear strength. Evidence for these 

effects was revealed by the correlation between the rebonding of shear strength and the content of aromatic 

disulfide bonding, leading to the adhesion strength of the SS sample was 95% of the initial value. This was 

higher than the recovery percentages exhibited by two other compositions (the formula SC and CS). Moreover, 

the CC specimen without exchangeable dynamic bonding could not adhere again once it was broken. These 

results confirmed that high density of dynamic bonds was required for the effective repairing of the polymer 

network, leading to recovery of the adhesive strength. Same phenomenon could be also observed in formula 

CA. The CA sample also showed good restoration of shear strength when heated to a viscoelastic state 

because of the presence of dynamic ester bonds, even so it took a longer time to repair. As a result, there 

were no significant differences between the rebonding strengths of the epoxies with the aromatic disulfide and 

ester bonds when the specimens were repaired by heating above both Tg and Tv. 

 

 

 

Figure 3.16 Single lap shear strength for initial and rebonded dynamic epoxy adhesive networks at room 

temperature 

  

 

3.3.6.4 Strengthening adhesion effect at high temperature 

 The effect of temperature on the Young's modulus and shear strength values of all epoxy-based adhesive 

joints in this work was further assessed by performing single lap shear strength tests at temperatures ranging 

from ambient to 200 °C as described in figure 3.17 and 3.18. As shown in figure 3.17, the Young's modulus 

values of all compositions were slightly decreased with increasing in temperature below Tg but dramatically 

declined once it was heating above Tg. This phenomenon was occurred for both the dynamic systems and the 

conventional thermosetting networks. Consequently, the heat-induced change in the mechanical properties of 
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the adhesive resins is primarily attributed to the drastic segmental movement in rubbery state and relatively 

stable chain motion in glassy situation. However, when epoxy resins are applied as adhesives, their adhesive 

strength in response to temperature change in figure 3.18 showed more complicated behavior that could be 

classified into two categories. In the case of a standard thermosetting adhesive, the adhesive strength tended 

to gradually decrease with increase in temperature and then sharply dropped at the Tg of the material, as was 

also observed for bulk samples as given in figure 3.17. This effect originated from the transition from rigid 

glassy to flexible rubbery state. Corresponding to these typical thermoset adhesives, the lap shear strength of 

the CC samples transitioned from moderate value to extremely low bonding strength at the temperature range 

of 150 to 200 °C, which contained the Tg of the sample CC (178 °C). 

 Conversely, the epoxy adhesives with aromatic disulfide bonding (that were formula SS, SC and CS) 

exhibited unusual increases in lap shear strength when heating from room temperature to 100 °C. Particularly, 

the SS specimen revealed a 30% increase of initial lap shear strength at 100 °C in comparison with testing at 

room temperature as emphasized in figure 3.18. In general, internal stresses were generated and accumulated 

in the three-dimensional network structures of adhesive resulting from volume shrinkage during the curing 

process and the cooling process after curing as shown in figure 3.19. When external shear forces were applied 

to these polymer networks at room temperature during lap shear test, these materials tended to exhibit brittle 

fracture because of micro-cracking caused by internal stress and/or decreases in the elongation of the three-

dimensional network structure, resulting in the cleavage of chemical bonds and then the fracture of whole 

adhesive joint system like figure 3.19.(a). Otherwise, since thiol group would barely be reacted with aluminum 

and/or aluminum oxide surfaces, the exchange reaction of the dynamic disulfide bonds was thought to be the 

primary approaches of relieving localized internal stress via rearrangement and reorganization of the polymer 

network as given in figure 3.19.(b).  

In order to assess the efficiency of reversible exchange reactions among the aromatic disulfide bonds, 

diphenyl disulfide and dithiodianiline were dissolved into dimethyl sulfoxide (DMSO) as small molecular-weight 

model compounds. The temperature-dependent nuclear magnetic resonance (NMR) spectra as displayed in 

figure 3.20 proved that the exchange reactions of these two compounds occurred even at room temperature. 
148 Although it should be noted that the exchange of dynamic disulfide bonds may be more restricted in a fixed 

polymeric structure at room temperature, we assumed that the dissociation and association of aromatic 

disulfide bonds could still be proceeded within such rigid networks . Besides, increasing the temperature would 

be expected to enhance the rate for both the bond breaking and reorganization as well as the probability of 

exchange and rearrangement. Therefore, epoxy networks containing dynamic sulfur-sulfur bonds would  

become tougher at higher temperatures because of the rapid exchange and rearrangement above Tv. 

Simultaneously, if the sample was below its Tg, the mechanical strength of the adhesive resin will be maintained 

owing to its rigid structure. As a sample was heated to its Tg, the adhesive strength would significantly be 

reduced and adhesive joints would be tended to break, as was presented in traditional thermosetting polymeric 

materials. The presented data established that the high concentration of aromatic disulfide bonds 

demonstrated the adhesion strengthening effect. However, similar trend could not be observed in formula CA. 

When the CA sample was heated, the bond strength was decreased with elevating the environmental 

temperature. This effect may be resulted from two reasons: (1) high Tv, the transesterification exchange 
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reaction could not be easily triggered in the testing temperature, so that the internal stress could not be relieved 

during testing; (2) relatively low Tg, the high-speed chain motions in the sample was occurred but lack of 

exchange reaction since the Tv was not reached.  

 

 

 
Figure 3.17 Temperature-dependent Young’s modulus for all adhesive epoxy networks 

 
 

 
Figure 3.18 Temperature-dependent single lap shear strength for all adhesive epoxy networks 
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Figure 3.19 Schematic illustration for adhesion strengthening effect for dynamic disulfide bonds at elevated 

temperature 

 

 

 
Figure 3.20 NMR spectra for disulfide-exchange model compounds at different temperatures located at the 

range of 7-7.6 ppm. After the treatment of the mixture at each temperature, all the samples showed the 

identical spectra which exhibit the composition of the mixture is AA : BB : AB = 1:1:2.  
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 Therefore, we can conclude the Tg and Tv were critical for dynamic covalent systems regarding to 

mechanical property of bulk samples and adhesion strength of adhesive joints. All covalent adaptable networks 

could be categorized into two types based on the relationship between Tg and Tv of materials as stated in 

figure 3.21. Formula CA was classified to first case where the Tv-value was much higher than Tg-value in figure 

3.21.(a). The heating of epoxy resin to temperature within the intermediate region II (above Tg but below Tv) 

was expected that the transition from glassy to rubbery state was occurred so that the chain mobility was highly 

increased. Therefore, the material transferred from rigid thermoset resin to elastomer, but no exchange 

reaction could be triggered since the reversibility rate was not sufficient. Once it was further heated to the 

temperature above Tv (region III), the transesterification reaction started so that the polymeric material changed 

from elastomer to viscoelastic state, which presented the thermal reprocessing and resetting strategy. In 

contrast, the SS, SC, CS specimens with aromatic disulfide bonding were specified into second case that 

possessed Tg-value higher than Tv-value as given in figure 3.21.(b). In this category, the intrinsically fast 

exchange reaction connected with aromatic disulfide bonding was able to take place in the rigid epoxy network 

even at the intermediate temperature in region II, where was above Tv but below Tg. Although the disulfide 

exchange reaction was able to proceed at temperature higher than Tv, a lack of chain mobility below Tg was 

expected to restrict the segmental motion of whole epoxy network, leading to the rigid and stiff structure. When 

the temperature was enhanced to Tg (located at region III), these networks also transferred to viscoelastic 

liquids because both polymeric chain movement and reversible exchange reaction of dynamic aromatic 

disulfide bonding were occurred.  

 In fact, both glass transition temperature (Tg) and topology freezing transition temperature (Tv) were 

associated with changes in viscosity of polymer, but originated from entirely different reasons. The Tg-value 

reflected the transition from rigid brittle solid to flexible ductile state due to chain movement, which resulted in 

viscosity change in intramolecular chain motion. In comparison, Tv-value was attributed to the exchange 

reaction of dynamic bonding, which related to intermolecular bond reaction. This difference leaded to totally 

dissimilar behavior in terms of bulk sample and adhesion properties. In bulk sample, the mechanical strength 

would be decreased with increasing temperature, and significant declined when heating above Tg. However, 

the adhesion joint was more complicated than bulk samples, considering the factors of volume shrinkage 

caused from different thermal property among adhesive resin and substrates. In this scenario, bonding strength 

was greatly decreased above Tg, but adhesion would be strengthened due to the minimized occurrence  of 

fractures as a result of exchange reaction of dynamic bonds above Tv. Among common covalent adaptable 

networks as given in table 3.5, aromatic disulfide bonding generally exhibited low Tv and activation energy and 

high Tg; hence, the rates of dissociation, diffusion, and association of disulfide bonding were increased and 

the decline of mechanical strength due to glass-rubber transition could be postponed. This characteristic would 

widen the service temperature range of these materials when it was applied in industry usage. On the other 

hand, the adhesives with ester bond owned higher Tv-value than Tg-value, so that the glass transition would 

be triggered before strengthening performance provided by dynamic exchange reaction. 13,46,76–78 
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Figure 3.21 Schematic representation of comparison for the effect of glass transition temperature (Tg) and 

topology freezing transition temperature (Tv) on viscosity, viscoelastic behavior, and network mobility of 

dynamic systems (a) Tv > Tg (b) Tg > Tv 
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Table 3.5 Summary of Tg, Tv, and activation energy for known dynamic covalent systems 

dynamic covalent system Tg (°C) Tv (°C) activation energy (kJ/mol) ref 

aromatic disulfide 127 - 133 -18 - 86 38 - 55 39,44 

transesterification 45 - 65 105 - 120 88 - 119 123,149,150 

imine exchange 121 36 90 151 

siloxane exchange a 123 - 125 47-117 81 - 174 152 

transamination a -77 - -51 22 - 35 52 - 80 29 

transalkylation a -11 98 140 102 
a the system was not incorporated with epoxy network 

 

 

 3.4 Conclusions 

 This study demonstrated the results for the performance of epoxy polymers incorporating aromatic 

disulfide bonds and its application as adhesives. In the case of bulk sample, first, due to less thermal stability, 

more flexibility, and lower bond energy of aromatic disulfide bonding in comparison with carbon-carbon bonds, 

the thermal properties such as glass transition temperature (Tg), decomposition temperature (Td), and 

coefficient of thermal expansion (CTE) were slightly reduced with increasing the amount of S-S bonds. Second, 

the mechanical strength of bulk samples was not influenced by the content of dynamic bonds at ambient 

condition. Finally, the results of heat-induced stress relaxation determined that the high density of dynamic 

bonds presented the more rapid stress release, resulting in lower theoretical topology freezing transition 

temperature (Tv) and activation energy.  

In the adhesion characterization, the introduction of adaptable S-S bonds into epoxy networks still 

suggested the high shear strength at room temperature, which provided the possibility of practical structural 

application of dynamic adhesive. Also, the repairability of dynamic thermosetting networks could be obtained 

by hot-pressing procedure because of the transition to viscoelastic state with sufficiently fast exchange reaction. 

Most interesting part of this research was that the improved adhesive properties of these materials at elevated 

temperatures below the glass transition region (compared with other dynamic systems and traditional 

thermosets) is ascribed to their extremely low Tv and activation energy values contributed by dynamic disulfide 

bonding. These factors resulted in stronger adhesion because the easier cleavage and rearrangement of 

aromatic disulfide bonds stimulated the release of internal stress. This study also established that a high 

concentration of disulfide bonds accelerated the exchange process by increasing the likelihood of bond 

cleavage and rearrangement, which in turn improved adhesion. It is also worth to notice that this adhesion 

strengthening effect could be only observed in the dynamic system with low Tv and high Tg because exchange 

reaction of dynamic bonds could be proceeded under the rigid structure that would not result in decline of 

adhesion strength.  

With regard to industrial applications, epoxy-based adhesive systems with dynamic disulfide bonding 

represented the more environmentally-friendly and economical option. These resins not only showed good 

adhesion properties and permit simple rebonding procedures, but also demonstrated the obvious improvement 

in high-temperature adhesion performance as a result of the incorporation of exchangeable disulfide bonds 
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that expand their usable temperature range. These factors could permit the development of next-generation 

adhesives based on dynamic covalent chemistry and broaden the potential range of material design. The 

knowledge gained from this study should also be applicable to other epoxy adhesive systems, especially 

because bisphenol A is often used in epoxy adhesives, which should be further investigated in the future. 
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CHAPTER IV  CHROMOPHORIC INDICATOR OF ADHESION STRENGTH 

Epoxy-based adhesive has been widely applied in industries because of the trend of light-weight design. 

In general, it exhibits excellent thermal stability and mechanical strength due to the covalent thermoset network 

structure, leading to the outstanding adhesion performance. It is well accepted that there are multiple factors 

that affect adhesion strength; for example, the chemical structure and molecular weight of epoxy resin and 

hardener, surface morphology of substrate, curing condition, and so on. Particularly, for two-component curing 

system of epoxy resin, if the ratio of the main agent (in this case, epoxy resin monomer) to the curing agent 

(in this case, diamine hardener) is not accurate, the adhesive performance could be greatly degraded, resulting 

in adhesive failure. Therefore, the crosslinking density of adhesive network is considered as a critical factor, 

which has a significant impact on its adhesion strength. However, it is difficult to evaluate the crosslinking 

density of epoxy adhesive by its appearance in practical application; otherwise, current evaluation of 

crosslinking density, such as dynamic mechanical analysis, differential scanning calorimetry (DSC), solid state 

nuclear magnetic resonance (NMR), and X-ray powder diffraction (XRD) is limited in the laboratory. 

Consequently, the more efficient indicator in crosslinking density of adhesive network in industrial application 

is highly desired to rapidly screen the low-crosslinked adhesive network, resulting in decreasing the occurrence 

of failure of adhesive joint. 64,66,71–73,141,153–161 

 In order to address this demand, the dynamic disulfide bonding is introduced into epoxy resin network. 

This combination polymeric material belongs to dynamic covalent networks, also known as vitrimer, which 

presents the reversible network topology under external stimuli through exchange reaction of dynamic bonds. 

Dynamic disulfide bond plays an important role not only as dynamic covalent bond to exhibit the vitrimer 

characteristic, but also in additional mechanochromic functionality for epoxy resin. Previously, the research 

demonstrated the mechanochromic effect applied in damage detection of disulfide-contained epoxy resin and 

its composite structure. When the composites with disulfide-contained epoxy resin was crushed by a hammer, 

the broken area would show green coloration and then returned to yellow after several hours at room 

temperature or heating to specific temperature. The green coloration was attributed to the generation of sulfur-

centered radicals (thiyl radical) by mechanical stress; whereas, the color turned to yellow after certain time 

due to the reconnection of radicals to bridge the new disulfide bonding. Here, we expected that the highly 

crosslinked networks with less chain mobility resulted in longer reconnection time of thiyl radicals to reform the 

disulfide bond. In other words, this time-dependent mechanochromic property offered the approach to evaluate 

the crosslinking density of epoxy resin, finally leading to the determination of its adhesion strength. 47,48 

In this study, we firstly utilized mechanochromism of disulfide bonds to assess both crosslinking density 

and adhesion strength. We assumed that the duration time of mechanochromic effect would be longer in the 

disulfide-contained epoxy network with higher crosslinking density and less segmental chain movement (in 

this case, means higher glass transition temperature (Tg)), finally suggesting the tougher adhesion strength. 

The disulfide-contained epoxy resin with different ratio of epoxy monomer and diamine hardener was prepared. 

The duration of mechanochromic behavior, crosslinking density, chain mobility, and adhesion strength of each 

formula was thoroughly investigated, providing the evidence of correlation among each property; therefore, we 

could utilize this color change phenomenon as an indicator to assess the crosslinking density and adhesion 

strength of disulfide-contained epoxy network. Through the results obtained from this work, the 
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mechanochromic property for dynamic polymer applied in the crosslinking density and adhesion strength 

evaluation could be further discussed. 

 

4.1 Experimental 

4.1.1 Materials 

 Diglycidyl ether of bisphenol A (DGEBA) (jER 825) with the epoxide equivalent weight of 170-180 g/mol 

used as epoxy monomer for synthesizing the epoxy resin was purchased from the Mitsubishi Chemical 

Corporation. As a diamine hardener, 4 4’-dithiodianiline (DTDA) with an amine hydrogen equivalent weight of 

62.1 g/mol were purchased from the Tokyo Chemical Industry Co., Ltd.  

 On the other hand, aluminum alloy (6061-T6) used as substrates in adhesive joint was purchased from 

Standard-Testpiece Company. Ethanol, hexane, acetone, sodium hydroxide, sodium carbonate and sodium 

dodecylbenzene sulfonate used in the cleaning of the aluminum substrates were purchased from Wako. 

Chemicals. Glass bead used in controlling the thickness of adhesive was purchased from Monotaro Co., Ltd. 

 

4.1.2 Synthesis and preparation of samples 

 This section includes two parts, which are procedures used in curing epoxy-based resin and constructing 

the adhesive joint in this study. 

 

4.1.2.1 Synthesis of disulfide-contained epoxy resin networks (ERD) 

 Epoxy resin with high content of aromatic disulfide bonding was prepared as shown in figure 4.1. The 

disulfide system comprised diglycidyl ether of bisphenol A (DGEBA) and 4 4’-dithiodianiline (DTDA) as the 

epoxy monomer and diamine crosslinker, synthesized by combining the epoxy monomer and the diamine 

hardener in a 3:1, 2:1, 2:2, and 2:3 molar ratio in a glass vial and mixed at 90 °C for 30 min then rapidly poured 

into a Teflon mold as figure 4.1 and table 4.1. Sample was cured in an oven at 120 °C for 2 hours, 140 °C for 

2 hours, and 160 °C for 2 hours, given the epoxy resins with disulfide bonding referred as ERD-1, ERD-2, 

ERD-3, and ERD-4. 

 

 

Figure 4.1 Synthesis and chemical structure of all epoxy networks in this work 
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Table 4.1 Formulation of all epoxy networks 

Network 
Epoxy resin (DGEBA) Diamine hardener (DTDA) 

mol g mol g 

ERD-1 3 5 1 1.22 

ERD-2 2 5 1 1.83 

ERD-3 2 5 2 3.65 

ERD-4 2 5 3 5.48 

 

 

4.1.2.2 Preparation of adhesive joints 

Aluminum substrates (AA6061-T6) with dimensions of 100 (length) × 25 (width) × 2 (thickness) mm as 

shown in figure 3.3.(a) were prepared by mechanical surface polishing with 800 grit sandpaper, followed by 

ultrasonic cleaning in ethanol, hexane and acetone for 15 minutes in each solvent. Each substrate was 

subsequently immersed in an alkaline degreasing solution at 70 °C for 10 minutes (according to the ASTM 

D2651 standard procedure). Finally, substrates were rinsed with water at room temperature for 10 minutes 

and then dried at 70 °C as necessary to remove the residual water. In each trial, an epoxy monomer and amine 

hardener were combined in a glass vial and mixed at 90 °C for 30 min, then immediately applied on the 

overlapped area of treated metal substrates. The adhesive joint was held together using two clips. The 

overlapped area was fixed at 25 × 12.5 mm and the thickness of the adhesive was controlled within 100-150 

micron (μm) by adding 1 wt.% glass beads to the polymer. Finally, the adhesive joints were cured in an oven 

under the same conditions as applied to the bulk samples. (120 °C for 2 hours, 140 °C for 2 hours, and 160 

°C for 2 hours) 

 

4.2 Characterization 

 Fourier transform near infrared (FT-nIR) spectra of the samples were performed in a JASCO FTIR 6100 

instrument at the wavelength of 4000 - 7500 cm-1. The disulfide-contained epoxy resin was detected directly. 

A spectrum of air was used as background.  

 Electron spin resonance (ESR) was obtained by JEC-FA100 spectrometer from Joel with temperature 

controller and data-collection system. 200 milligrams of solid samples were ground into powder by ball-milling 

for 60 minutes and placed into quartz testing tubes immediately. All spectra were recorded at 9.1 - 9.2 GHz of 

frequency and 1 mW microwave power. The g-value was calculated based on the equation: h ν = g β B, where 

h is Planck’s constant, ν is frequency, β is Bohr magneton, and B is magnetic field. The g-value of sulfur-

centered radicals (thiyl radicals) is 2.04. 

Swelling test was obtained by immersing pristine and recycled epoxy resin into toluene in light shielding 

bottle at room temperature for 72 hours. The weight before and after immersion were recorded. Finally, the 

swelling ratio was calculated according to the Equation 4.1  
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																																																																																										𝑄	 = 	 (𝑀= −	𝑀>)	/	𝑀=					(Equation 4.1) 

 

Q was swelling ration, M1 and M2 were the weight of epoxy resin before and after 72-hour immersion, 

respectively. All data presented in this experiment was the mean values of five measurements. Besides, the 

theoretical crosslinking density was calculated based on Flory-Rehner equation. 

The glass transition temperature (Tg) was determined through differential scanning calorimetry (DSC) 

performing the equipment from Shimadzu DSC-60 plus with temperature controller under nitrogen flow. 

Temperature range was set up from 0 ˚C to 200 ˚C with heating and cooling rate 10 ˚C/min. Air was used as 

reference. Tg-value was obtained from second heating cycle.  

The adhesion strength was evaluated through single lap shear tests using a Shimadzu autograph AG-X 

plus instrument with a crosshead speed of 1.0 mm/min. The reported values represent the averages of three 

samples along with the standard error. 

 

4.3 Results and discussion 

4.3.1 Mechanochromic effect 

The cured bulk epoxy resin was polished by sandpaper to observe the mechanochromic effect of each 

formula, so that the change of color for ground epoxy powder remained on the surface of sandpaper could be 

easily observed. The time of mechanochromic behavior lasting was recorded by visual check and summarized 

in figure 4.2. After polishing the surface of brown bulk epoxy resin by sandpaper, the initial color of powder in 

the sandpaper was appeared as green. This change was due to the formation of thiyl radicals, originated from 

the mechanical scission of disulfide bonding. This was supported by electron spin resonance (ESR) (figure 

4.3). As given in figure 4.3, the ESR spectrum of composition ERD-2 showed the detection of sulfur-centered 

radical (thiyl radical), indicated by the peak where g-value=2.04. After placing the sample at room temperature 

for specific time, the thiyl radicals would link to each other again, so that the green coloration disappeared and 

returned to yellow. The reconnection rate of such radicals would be variant depending on the crosslinking 

density and chain motion of whole polymer networks. In our case, the time from appearance of green coloration 

to turning back to yellow for ERD-1, ERD-2, and ERD-3 was 30 mins, 60 mins, and 5 mins, respectively; 

whereas, the color change almost could not be detected in ERD-4. Therefore, we suggested that the sample 

with longest duration of mechanochromic effect (in this case, ERD-2) possessed highest crosslinking density 

and lowest segmental mobility; on the other hand, the ERD-4 specimen would be expected to be the network 

with lowest crosslinking sites and highest chain motion. 

 



 64 

 
Figure 4.2 Time-dependent photographic sequence showing the mechanochromic performance for all epoxy 

networks in this work. 

 

 

 
Figure 4.3 Electron spin resonance (ESR) spectrum for ERD-2. The sample was examined immediately 

after ball-milling into powder. The g-value of thiyl radical (-S·) is 2.04. 



 65 

4.3.2 Crosslinking density 

In order to confirm this postulation, firstly, Fourier transform near-infrared spectroscopy (FT-nIR) was 

performed of all epoxy adhesives in this work. Figure 4.4 showed that the spectra of all compound were almost 

identical in the nIR region from 4000 cm-1 to 7500 cm-1. The difference was that the combination band of N-H 

stretching and bending (ca. 5000-5100 cm-1) for primary amine and the band of N-H stretching (ca. 6600-6800 

cm-1) for primary and secondary amine were only observable in formula ERD-3 and ERD-4, indicating the 

excess of unreacted diamine hardener. Also, the combination band of the second overtone of the epoxy ring 

stretching with the fundamental C-H stretching (ca. 4530 cm-1) was detected in ERD-3 and ERD-4, suggesting 

the incomplete oxirane ring opening reaction. Therefore, since there were unreacted epoxide and amine group 

remained in the network structure of ERD-3 and ERD-4, we expected that the crosslinking density of ERD-3 

and ERD-4 would be much lower compared to ERD-1 and ERD-2. 145 

 

 

 
Figure 4.4 FT-nIR spectra for all epoxy networks at the wavelength from 4000 to 7500 cm-1 

 

 

To further assess the degree of crosslinking, swelling test was performed. All samples of epoxy adhesive 

were immersed into toluene for 72 hours at room temperature in the shielding of light. The swelling ratio after 

72-hour immersion for ERD-1, ERD-2, ERD-3 and ERD-4 were 3.7%, 2.2%, 4.9%, and 6%, respectively, which 

calculated based on the absorbed amount of toluene (figure 4.5). The lower swelling ratio represented less 

toluene was penetrated into the swollen cross-linked epoxy network, indicating the higher crosslinking density 

of epoxy adhesive structure.  
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Figure 4.5 Swelling ratio (Q) for all epoxy networks in toluene at room temperature for 72 hours in swelling 

test 

 

 

Therefore, we could calculate the theoretical crosslinking density of each formula based on Flory-Rehner 

equation as Equation 4.2. 

 

crosslinking density = ln[(1 - Vr) + Vr + χ Vr2] / 2 Vs (Vr / 2 - Vr 1/3)  (Equation 4.2) 

 

where Vr is the volume fraction of polymer in the swollen state at equilibrium, χ is the polymer-solvent 

interaction parameter, and Vs is the molar volume of solvent. Vr is calculated based on Equation 4.3. 

 

Vr = M1ρs / [M1 (ρs - ρr) + M2 ρr]  (Equation 4.3) 

 

where M1 is the weight of polymer before swelling, M2 is the weight of polymer after swelling, ρs is the density 

of toluene (865 kg/m3), ρr is the density of polymer (1200 kg/m3). χ is calculated based on Equation 4.4. 

 

χ = β1 + (Vs / RT) (δs - δp)2  (Equation 4.4) 

 

where β1 is the lattice constant, usually about 0.34, R is the universal gas constant, T is the absolute 

temperature, δs and δp is solubility parameter for toluene (8.9 cal1/2cc-3/2) and polymer (13.0 cal1/2cc-3/2), 

respectively. Vs is calculated based on Equation 4.5. 

 



 67 

Vs = M / ρs, (Equation 4.5) 

 

where M is the molecular weight of toluene (92.14 g/mol). As a result, the theoretical crosslinking density for 

ERD-1, ERD-2, ERD-3, and ERD-4 was 2478.9, 2582.5, 2400.6, and 2332.2 mol/m3, separately. These 

calculated results revealed that the rank of crosslinking density for all samples in this experiment from highest 

to lowest is ERD-2, ERD-1, ERD-3, and ERD-4. 156,162,163 

 

4.3.3 Chain mobility 

Generally, the segmental motion of high-crosslinking network would be relatively fixed and slow, leading 

to the less chain mobility and higher glass transition temperature (Tg). Differential scanning calorimetry (DSC) 

was the common experiment to determine the Tg-value. As seen in figure 4.6, the shift of the baseline occurred 

in DSC profile of ERD-1, ERD-2, ERD-3, and ERD-4 was located at 145 °C, 162 °C, 89 °C, and 51 °C, 

respectively, indicating the glass transition temperature of each formula. Consequently, the specimen ERD-2 

with highest crosslinking density possessed highest Tg-value as assumption; whereas, Tg-value of ERD-4 was 

lowest, corresponding to its decreased crosslinking density. Based on this data, we confirmed that the network 

structure with higher crosslinking density exhibited less segmental movement of polymer chain, causing the 

higher Tg-value. 

 

 

 

Figure 4.6 Differential scanning calorimetry (DSC) profiles and glass transition temperature (Tg) for all epoxy 

networks  
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4.3.4 Adhesion strength 

Adhesion strength was determined by several factors during the manufacturing procedure of adhesive 

joint. Normally, the compact network structure and strong adhesion performance could be obtained in the 

adhesive network with increased crosslinking density and decreased segmental motion. Therefore, after 

confirming the crosslinking density and chain mobility through swelling test and DSC, the adhesion strength 

evaluation was determined by single lap shear test. According to the obtained data in figure 4.7, ERD-2 

exhibited the most elevated adhesion strength (18.9 MPa); in comparison, ERD-4 showed poor adhesion 

performance (1.7 MPa). Besides, the adhesion strength would be declined with decreasing crosslinking density 

and Tg-value. This result indicated that the highest adhesion strength of disulfide-contained adhesive could be 

enhanced by increasing the crosslinking density and lowering the chain mobility, which was adjusted by the 

ratio between epoxy resin monomer and diamine crosslinker. 

 

 

 

Figure 4.7 Adhesion strength based on single lap shear test for all epoxy networks 

 

 

4.3.5 Correlation among each parameter 

Based on these results, we plot the relation diagram among duration time of mechanochromic effect, 

crosslinking density, chain mobility, and adhesion strength as demonstrated in figure 4.8. The statistic R-square 

value for each figure was calculated to identify the relevance of each property. Generally, when the R-square 

value is over 0.9, the linear relationship between two variables was expected. First, the duration of 

mechanochromic behavior was defined as the lasting time of green coloration remained on the sandpaper by 
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visual check, which was directly related to the crosslinking density, since the connection time for thiyl radicals 

to disulfide bonds was longer in the case of high crosslinked network structure (figure 4.8.(a), R-

square=0.9626). Then, the crosslinking density of the epoxy network, had an impact on both chain mobility 

and adhesion strength (figure 4.8.(b) and 4.8.(c), R-square=0.9293 and 0.9259, respectively). In general, the 

high crosslinked network with denser crosslinking networks had high Tg-value and adhesion shear strength 

since it was more difficult to proceed the segmental movement in response to heat and external stress. As a 

result, the lasting time of mechanochromic effect would be directly associated with adhesion strength (figure 

4.8.(d), R-square=0.9592), which meant that adhesion strength could be speculated based on the time that 

the color of powder changed from green to yellow; namely, the duration of mechanochromic behavior sustained 

was the indicator to confirm both the crosslinking density, chain motion, and adhesion strength of disulfide-

contained adhesive networks. 

In summary, the duration of mechanochromism was highly related to the crosslinking density of polymer 

network. The longer lasting time of mechanochromic effect leaded to the dense crosslinking polymeric 

structure. Moreover, the crosslinking density played an important role on chain mobility and adhesion strength 

of epoxy network; therefore, through observing the duration of color change phenomenon, we could determine 

the adhesion strength and use this behavior as an indicator for pre-screening the low crosslinking networks, 

which prevented the failure of adhesive joint. 
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Figure 4.8 Correlation diagrams between (a) duration time of mechanochromic effect and crosslinking density 

(R-square=0.9626) (b) crosslinking density and glass transition temperature (Tg) (R-square=0.9293) (c) 

crosslinking density and shear strength of adhesive joint (R-square=0.9259) (d) duration time of 

mechanochromic effect and shear strength of adhesive joint (R-square=0.9592) 

 

 

4.4 Conclusions 

 In conclusion, we provided the new determination method of crosslinking density and adhesion strength 

based on the mechanochromism of disulfide-contained epoxy resin. The green coloration appeared after 

applying the mechanical stress was attributed to the cleavage of disulfide bonding, followed by formation of 

thiyl radicals. After several hours, the color would be changed back to yellow because of the recombination of 

thiyl radicals. Consequently, longer reconnection time was required in the polymer networks with higher 

crosslinking density and lower chain mobility, that would exhibit longer duration of mechanochromic effect. 

Furthermore, this time-dependent color change behavior could be utilized in evaluation of adhesion strength 

because the crosslinking density and chain movement were critical determining factors for adhesion 



 71 

performance. Based on the results presented in this work, we proved that the lasting time of mechanochromism 

was affected by the crosslinking density and segmental motion indeed; as a result, since crosslinking density 

has a direct influence on adhesion strength, the property of color change could also be utilized as an indicator 

to determine the adhesion performance. It is foreseen that such application in terms of crosslinking density 

and adhesion strength evaluation could help us to develop the more effective acceptance and error-proofing 

method of epoxy adhesive in practical industrial usage, providing the efficient approach to reduce the failure 

of adhesive joint. 
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CHAPTER V  DECOMPOSITION AND RECYCLING 

  Epoxy resin is one of the most common polymeric materials, which has been used in wide ranges of 

applications, such as coating, paint, primer, adhesive, and composites. In general, epoxy resin exhibits 

excellent thermal, mechanical, and chemical stability due to its covalent crosslinked polymeric network. 

However, such the network structure results in thermosetting nature, leading to less recyclability and 

reworkability. Therefore, the epoxy resin and its composites are usually disposed by landfilling and incineration, 

which cause significant negative impacts on whole ecosystems. In particular, the epoxy resins used in our daily 

life is considered to be one of the sources of microplastics. Thus, developing the recyclable and reworkable 

thermoset epoxy resin to reduce the waste accumulation is highly needed. 80–83 

 In order to solve this problem, dynamic covalent chemistry (DCC) was introduced into thermosetting 

epoxy network to satisfy this demand. Through the reversible and exchangeable bonds inside the networks, 

cleaving and rearrangement of the dynamic bonds via exchange reaction can be obtained under external 

stimuli. This dynamic property presents the new approach to decompose and recycle the crosslinked structure. 

Among all candidates, the system with exchangeable disulfide bonding has been applied in the rearrangeable, 

resettable, and removable thermosetting networks because of its excellent vitrimer characteristic. Therefore, 

the disulfide-contained epoxy resin would be the potential candidate to address this demand. Dynamic disulfide 

bonding played an important role not only as dynamic covalent bond, but also in decomposition and recycling 

due to the thiol-disulfide exchange reaction. Previously, some papers reported that the epoxy resin with 

disulfide bond could be easily degraded into thiol-contained compound, such as 2-mercaptoethanol (2-ME) 

with dimethylformamide (DMF) solution. In this case, the thiol bond in 2-ME would be reacted with the disulfide 

bond in epoxy network, leading to the decomposition of epoxy resin. However, the reworkability and 

recyclability of this strategy have never been demonstrated. Besides, 2-ME is considered as toxic chemical, 

which cause environmental contamination so that it may not be suitable for practical application in the viewpoint 

of green chemistry. Therefore, the eco-friendly alternative was necessary to reduce the environmental impact 

and accelerate the reuse of thermosetting epoxy resins. 39,44,45 

Hence, we proposed an environmentally friendly reworking and recycling system of disulfide-contained 

epoxy resin, inspired by the drug metabolism in living organisms. In this work, we focused on glutathione (γ-

glutamyl-cysteinyl-glycine), cysteine-containing tripeptide as a waterborne thiol-containing reductant. 

Glutathione is renowned as a natural antioxidant in organism, that has an antioxidant effect by reducing 

reactive oxygen species and peroxides using its own thiol group, and a detoxification effect by S-S bonding 

(glutathione conjugation) to the thiol group of cysteine residues of various poisons and drugs. We expected 

that glutathione enables us to mediate cleavages of the disulfide bonding in epoxy resin by thiol-disulfide 

exchange reaction. Consequently, disulfide-contained epoxy resin would be decomposed under the mediation 

of glutathione at room temperature in the advanced water/organic solvent binary system. The resulting liquid 

epoxy residue after decomposition was curable upon heating at 180 °C for 6 hours by oxidation of thiol boning 

back to disulfide bonding. The obtained recycled solid bulk resin exhibited 90% of storage modulus compared 

to the virgin epoxy resin, and the value was almost identical even after several recycling cycles. Finally, we 

demonstrated the carbon fiber reinforced composites structure (CFRP) fabricated with disulfide-contained 

epoxy resin. The CFRP could be decomposed using glutathione aqueous solution, and then the carbon fibers 
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were successfully recovered without attachment of epoxy resin. It was further demonstrated that the 

decomposed liquid epoxy residue could be cured to form CFRP again or use in other application. We believed 

that this exploration will supply pioneering way for reusing and recycling the disulfide-contained epoxy 

networks and broadening relevant utilizations in the future. 122,131,164–166 

 

5.1 Experimental 

5.1.1 Materials 

 Diglycidyl ether of bisphenol A (DGEBA) (jER 825) with the epoxide equivalent weight of 170-180 g/mol 

was purchased from the Mitsubishi Chemical Corporation. As a diamine hardener, 4ʹ,4-

diaminodiphenylmethane (DDM) with an amine hydrogen equivalent weight of 49.6 g/mol and dithiodianiline 

(DTDA) with an amine hydrogen equivalent weight of 62.1 g/mol were purchased from the Tokyo Chemical 

Industry Co., Ltd.  

Also, in order to synthesize the epoxy monomer with aromatic disulfide bonding (in this case, bis(4-

glycidyloxyphenyl) disulfide (BGPDS)), bis(4-hydroxyphenyl) disulfide, epibromohydrin were purchased from 

the Tokyo Chemical Industry Co., Ltd. and anhydrous dimethylformamide (dehydrated DMF), hexane, 

chloroform, methanol, anhydrous potassium carbonate, anhydrous magnesium sulfate, and sodium chloride 

were purchased from Wako. Chemicals. On the other hand, glutathione (GSH) in the reduced form and 

tributylphosphine (TBP) were purchased from the Tokyo Chemical Industry Co., Ltd. to establish the dual-

phase degradation and recycling system 

 

5.1.2 Synthesis and preparation of samples 

 This section includes four parts, which are procedures used in establishing the small molecular model 

compound, synthesizing disulfide-contained epoxy monomers, curing epoxy-based resin, constructing the 

dual-phase degradation and recycling system in this study, and preparing the carbon fiber reinforced 

composites. 

 

5.1.2.1 Small molecular model reaction 

 Solutions of glutathione in D2O and 4,4’-dithiodianiline in CDCl3 (0.25 M each), prepared separately, were 

mixed in 1:1 (v/v) ratio in an NMR tube covered with aluminum foil to shed the light. Besides, After the treatment 

of the sample at room temperature for 15 minutes, 30 minutes, 1 hour, 2 hours, and 4 hours, the composition 

of the two layers was monitored respectively by 1H NMR. 

 

5.1.2.2 Synthesis of disulfide-contained epoxy monomer 

The mixture of bis(4-hydroxyphenyl) disulfide (10 g, 40.0 mmol), anhydrous potassium carbonate (55.28 

g, 400 mmol), epibromohydrin (54.79 g, 400 mmol), and dehydrated dimethylformamide (200 mL) was heated 

at 60 °C and stirred overnight under nitrogen or argon atmosphere. The completion of the reaction was 

confirmed by thin layer chromatography (TLC), and solid substrates were removed from the reaction mixture 

by a suction filtration. Then, 250 mL of water was added into the reaction mixture, and the mixture was 

extracted by chloroform/hexane solution (2/3 v/v) for three times. The combined organic phase was washed 
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by water for three times and brine. The organic phase was dried by anhydrous magnesium sulfate and 

concentrated by rotary evaporation. The residue was re-crystalized from methanol to afford the product as a 

white solid (10.8 g, 29.8 mmol, 75 %). 1H NMR (CDCl3, 400 MHz): 7.40-7.36 (d, 4H, Ar-H), 6.87-6.84 (d, 4H, 

Ar-H), 4.25-4.20 (dd, 4H, OCH2CH(O)CH2), 3.96-3.90 (dd, 4H, OCH2CH(O)CH2), 3.37-3.32 (m, 2H, 

OCH2CH(O)CH2), 2.92-2.89 (dd, 4H, OCH2CH(O)CH2), 2.76-2.74 (dd, 4H, OCH2CH(O)CH2) as described 

previously in figure 3.1. 41 

 

5.1.2.3 Synthesis of disulfide-contained epoxy resin networks (ERD) 

  Disulfide-contained epoxy resin networks (ERD) was prepared with bis(4-glycidyloxyphenyl) disulfide 

(BGPDS, A1) and 4,4’-dithiodianiline (DTDA, B1) as an epoxy monomer and diamine hardener, respectively. 

In order to clarify the effect of the amount of disulfide bonding on thiol-disulfide exchange reaction, diglycidyl 

ether of bisphenol A (DGEBA, A2) and diaminodiphenyl methane (DDM, B2) were employed as analogues of 

BGPDS and DTDA without disulfide bonding, respectively. The chemical reactivities of the aromatic disulfide 

in the epoxy monomer and amine hardener were assumed to be almost identical. ERD were prepared by 

combination of the epoxy monomer (either A1 or A2) and the diamine hardener (either B1 or B2). The detailed 

composition for each specimen was summarized in table 5.1. In pre-curing process, the mixture of epoxy 

monomer and diamine hardener was stirred at 90 °C for 30 mins in stoichiometric molar ratio (2: 1). The 

homogeneous mixture was transferred onto the Teflon mold, and successively cured at 120, 140 and 160 ºC 

with two hours at each temperature. After cooling, ERD was obtained as a brown solid material. In this case, 

C25 without any disulfide bond was used as a control sample, whereas the others have some amount of 

disulfide bonds. 
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Figure 5.1 (a) Chemical structure of compounds used in this study, and (b) schematic representation of GSH 

mediated recycling system of ERD. 

 
 
Table 5.1 All epoxy resin with disulfide bonding (ERD) used in this study.  

 Molar ratio of diamine hardener (B1/B2) 

100 / 0 75 / 25 50 / 50 25 / 75 0 / 100 

Molar ratio of epoxy 

monomer 

(A1/A2) 

100 / 0 C1 C2 C3 C4 C5 

75 / 25 C6 C7 C8 C9 C10 

50 / 50 C11 C12 C13 C14 C15 

25 / 75 C16 C17 C18 C19 C20 

0 / 100 C21 C22 C23 C24 C25 
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Table 5.2 Detail formulation of all epoxy networks (ERD) in this work 

Network 

epoxy monomer diamine crosslinker 

S-epoxy 

BGPDS 

(mol. ratio (g)) 

C-epoxy 

DGEBA 

(mol. ratio (g)) 

S-diamine 

DTDA 

(mol. ratio (g)) 

C-diamine 

DDM 

(mol. ratio (g)) 

C1 2 (3) - 1 (1.029) - 

C2 2 (3) - 0.75 (0.771) 0.25 (0.204) 

C3 2 (3) - 0.5 (0.516) 0.5 (0.411) 

C4 2 (3) - 0.25 (0.258) 0.75 (0.615) 

C5 2 (3) - - 1 (0.822) 

C6 1.5 (2.392) 0.5 (0.750) 1 (1.088) - 

C7 1.5 (2.392) 0.5 (0.750) 0.75 (0.818) 0.25 (0.218) 

C8 1.5 (2.392) 0.5 (0.750) 0.5 (0.548) 0.5 (0.437) 

C9 1.5 (2.392) 0.5 (0.750) 0.25 (0.274) 0.75 (0.656) 

C10 1.5 (2.392) 0.5 (0.750) - 1 (0.874) 

C11 1 (1.590) 1 (1.500) 1 (1.095) - 

C12 1 (1.590) 1 (1.500) 0.75 (0.821) 0.25 (0.219) 

C13 1 (1.590) 1 (1.500) 0.5 (0.548) 0.5 (0.437) 

C14 1 (1.590) 1 (1.500) 0.25 (0.273) 0.75 (0.656) 

C15 1 (1.590) 1 (1.500) - 1 (0.873) 

C16 0.5 (0.814) 1.5 (2.300) 1 (1.118) - 

C17 0.5 (0.814) 1.5 (2.300) 0.75 (0.840) 0.25 (0.223) 

C18 0.5 (0.814) 1.5 (2.300) 0.5 (0.559) 0.5 (0.446) 

C19 0.5 (0.814) 1.5 (2.300) 0.25 (0.281) 0.75 (0.669) 

C20 0.5 (0.814) 1.5 (2.300) - 1 (0.892) 

C21 - 2 (3) 1 (1.095) - 

C22 - 2 (3) 0.75 (0.822) 0.25 (0.219) 

C23 - 2 (3) 0.5 (0.546) 0.5 (0.438) 

C24 - 2 (3) 0.25 (0.273) 0.75 (0.654) 

C25 - 2 (3) - 1 (0.873) 
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5.1.2.4 Synthesis of carbon fiber reinforced structure (CFRP) 

The carbon fiber cloth was placed on aluminum plate covered with Teflon tape at first. Epoxy monomer 

BGPDS and amine hardener DTDA were prepared at a 2:1 molecular ratio in glass vial and mixed at 90 ˚C for 

30 minutes. After mixing, the mixture was rapidly poured into aluminum plate where the fiber cloth was on. The 

other aluminum plate covered with Teflon tape was enclosed. Please note that the boundary of carbon fibers 

was established also by Teflon tape in case of outflow of epoxy resin at high temperature during curing. The 

sample and mold were cured in the oven at 120 ˚C for 2 hours, at 140 ˚C for 2 hours, and at 160 ˚C for 2 hours 

and finally cooled down to room temperature in the oven. 

 

5.1.2.5 Preparation of peptide-assisted decomposition and recycling system 

This new strategy could be separated into two stages, decomposition into solvent (in this case, was 

chloroform) by thiol-disulfide exchange reaction and recycling to epoxy-based network structure through 

reduction-oxidation reaction between thiol bonding and disulfide bonding. 

All epoxy resin (ERD) was ground into powder by ball-milling for 30 minutes, and then placed into beaker. 

Chloroform and glutathione aqueous solution (20 mM) were added into at the ratio of 1:1 in volume. Additionally, 

tributylphosphine (0.1 eq.) was used as reaction accelerator.148,167 Please notice that the epoxy resin powder 

would be dispense in phase of chloroform solvent before mechanical stirring force applied. Degradation 

experiment was performed by rigorously stirring the mixed solution at room temperature. After that, suction 

filtration would be conducted to check whether the degradation was complete. Also, the dissolution of epoxy 

resin would be confirmed visually.  

Recycling process was reached by following steps. First, dissolved epoxy resin (decomposed ERD) was 

settled into 300 ml flask. Then, organic solvent (chloroform) was removed by rotational evaporator. After that, 

the extracted epoxy resin liquid residue was washed by deionized water for three times. Finally, the cleaned 

liquid residue was transferred to Teflon mold immediately. In order to oxidize the decomposed ERD to original 

epoxy resin structure (ERD), heating to 180 ˚C for 6 hours was applied in this recycling technique. 

 

5.2 Characterization 

 Fourier transform infrared (FTIR) spectra of the samples were performed in a JASCO FTIR 6100 

instrument from potassium bromide (KBr) pellets. The uncured epoxy-diamine mixture was mixed with KBr 

powder to form the pellet. Besides, solid cured pristine epoxy resin (ERD) and the one after recycling (re-ERD) 

were ground into powder and then blended with KBr for pellet production; whereas, liquid degraded epoxy 

cluster (decomposed-ERD) was dropped on a KBr pellet with assistance of chloroform, and then the solvent 

would be removed by heating at 50 °C. Finally, the spectra for each compound were collected at the 

wavelength of 600 - 4500 cm-1 (m-IR) and 4000 - 7200 cm-1 (n-IR). A spectrum of blank KBr pellet was used 

as background. 
1H-Nuclear magnetic resonance spectroscopy (1H-NMR) was observed at 25 °C by equipment from JEOL 

ECS-400 spectrometer at 400 MHz. 1H-NMR spectra for CDCl3 solution of degraded epoxy monomer and D2O 

solution of glutathione, and reported in ppm δ (ppm) from internal tetramethylsilane signal.  

Time-dependent absorbance-spectra was measured by equipment from JASCO V670. The samples with 
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different reaction times ranged from 10 minutes, 20 minutes, 30 minutes, 1 hour, 2 hours, 4 hours, and 8 hours 

were used in determination. All specimens were diluted to 0.03 wt%. Spectra were collected from 220-400 nm 

with an interval of 1 nm at scanning speed of 400 nm/min. 

Dynamic mechanical analysis (DMA) was carried out by equipment from Netzsch DMA242E in tensile 

mode. The dimension of sample was 10 × 5 × 0.2 mm. Temperature range was from 25 ˚C to 200 ˚C with 

heating rate 3 °C /min. The oscillation frequency was kept at 1 Hz. Stress relaxation tests were carried out 

using the same equipment in the tensile mode at 130 °C allowing 30 extra minutes for thermal equilibration. 

To maintain straightness, a force of 0.006 N was applied to each sample. A strain of 1 % was applied and this 

deformation was maintained during the measurement process. 

Swelling test was obtained by immersing pristine and recycled epoxy resin into toluene in light shielding 

bottle at room temperature for 72 hours. The weight before and after immersion were recorded. Finally, the 

swelling ratio was calculated according to the Equation 5.1  

 

																																																																																										𝑄	 = 	 (𝑀= −	𝑀>)	/	𝑀=					(Equation 5.1) 

 

Q was swelling ratio, M1 and M2 were the weight of epoxy resin before and after 72-hour immersion, 

respectively. All data presented in this experiment was the mean values of five measurements. 

 

5.3 Results and discussion 

5.3.1 Reaction mechanism determination 

 The reaction mechanism was distinguished into three stages as discussed in following sections: curing 

of epoxy networks, degradation/decomposition of disulfide-contained epoxy networks, and recycling/reusing 

the decomposed epoxy monomers.  

 

5.3.1.1 Curing  

Disulfide-contained epoxy resin (ERD) synthesized by epoxy monomer and diamine crosslinker. In order 

to monitor curing process, Fourier transform near-infrared spectroscopy (FT-nIR) was performed. Figure 5.2 

is a typical example of (a) uncured and (b) cured ERD with C1 combination. In the nIR region from 7200-4000 

cm-1, the well-defined bands related with the epoxy and primary amine were observable at the combination 

band of the second overtone of the epoxy ring with the fundamental C-H stretching (ca. 4530 cm-1) and the 

combination band of NH stretching and bending (ca. 5000-5100 cm-1); therefore, the epoxy monomer 

decreased after curing process, resulting in decrease of the band of the fundamental C-H stretching and the 

weak overtone of terminal CH2 from ca. 4530 cm-1 and ca. 6060 cm-1, respectively. The primary amine 

combination band at ca. 5000-5100 cm-1 also decreased. On the other hand, the band of O-H overtones at ca. 

7000 cm-1 increased as a consequence of the oxirane ring opening reaction. This result indicated that the ring-

opening reaction of epoxide group and diamine moieties was completed after heat-induced curing process, 

resulting in the crosslinked structure as conventional thermosetting resin, providing the excellent thermal and 

mechanical properties that could be applied in industrial structural application. 
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Figure 5.2 FT-nIR spectra of (a) uncured (red) and (b) cured (blue) EDR 

 

 

5.3.1.2 Degradation/decomposition 

Prior to the demonstration for degradation of disulfide-contained epoxy resin with glutathione (GSH) 

aqueous solution, we performed decomposition experiment using a disulfide-containing small molecule 

compound in a water/organic binary system. Herein, 4 4’-dithiodianiline (DTDA) was chosen as a model 

compound with disulfide containing molecule. DTDA and GSH was dissolved in deuterated chloroform (CDCl3) 

(250 mM) and deuterated water (D2O) (250 mM), respectively. The solution was controlled in 1:1 (v/v) ratio 

covered with aluminum foil to shed the light and avoid the interruption and unexpected reaction induced by 

UV-irradiation. 

The reaction mixture was quantitatively evaluated with 1H-NMR spectroscopy (figure 5.3). Figure 5.3.(a) 

and (b) show change in 1H-NMR spectra of CDCl3 and D2O phase, respectively. In CDCl3 phase, 1H-NMR 

signals of an aromatic ring in DTDA (a) and (b) appeared at 6.55 and 7.22 ppm, and 1H-NMR signal at 7.12 

ppm was assigned as an aromatic ring of 4-aminobenzenethiol (4-ABT) (b’), which supposed to be a reduced 

form of DTDA (figure 5.3.(a)). In addition, no peak was detected in the range of 2-3 ppm, suggesting that the 

GSH and the exchange products with GSH did not exist in CDCl3 phase. On the other hand, in D2O phase, 

new 1H-NMR signal (c’) appeared at 3.12 ppm, suggesting formation of S-S bond between GSH and 4-ABT 

(figure 5.3.(b)). In addition, the 1H-NMR peaks (d) and (e) of 4-ABT appeared at 7.12 and 7.3 ppm. Considering 

that DTDA and 4-ABT are immiscible to water phase, these signals were thought to originate from a water-
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soluble reactant between GSH and 4-ABT (GSH-ABT).  

Next, the time evolution of the composition in CDCl3 / D2O was further evaluated. Figure 5.3.(c) showed 

a rate of change of DTDA and 4-aminobenzenthiol calculated from the peak areas of 1H-NMR signal (b) and 

signal (b’) in CDCl3, respectively. Consequently, DTDA was immediately decreased with time and reached 

equilibrium at 60 minutes. Correspondingly, 4-ABT began to generate immediately after stirring and reached 

equilibrium at 60 minutes in a symmetrical manner to DTDA. Similarly, figure 5.3.(d) presented the time 

evolution of decrease in GSH and increase in the water-soluble reactant of GSH and 4-ABT in D2O phase. As 

in CDCl3 phase, decrease in GSH and increase in the reactant of GSH-ABT tended to change symmetrically, 

reaching equilibrium in approximately 60 minutes. More importantly, the molar rate of increased and decreased 

compositions was kept at 30 mol% for both the CDCl3 and D2O phase based on equation 5.2 and 5.3 as follows.  

 

																																																																																									𝑋	 = 	 ABCDE
F(G)
H 9A(CD)

					(Equation 5.2) 

 

where X was the conversion rate, while I(b) and I(b’) were intensity of peak b and b’. 

 

																																																																																									𝑋	 = 	 ABIDE
A(I)9A(ID)

					(Equation 5.3) 

 

where X was the conversion rate, while I(c) and I(c’) were intensity of peak c and c’.  

From these results, the chemical reaction balance in each of CDCl3 and D2O phases was proposed in 

figure 5.4. Consequently, the thiol-disulfide exchange reaction between DTDA and GSH underwent at the 

interface of CDCl3 and D2O, resulting in generation of the water-soluble reactant of GSH and 4-ABT (GSH-

ABT), and unreacted 4-ABT remained dissolved in CDCl3. 
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Figure 5.3 NMR spectra of (a) solvent phase and (b) water phase for GSH-assisted thiol-disulfide exchange 

reaction of model compounds at different reaction time. Time evolution of product by reaction of DTDA with 

GSH in (c) CDCl3 and (d) D2O. Amount of the product was monitored by 1H-NMR at 7.22, 7.12, 2.8, and 3.12 

ppm DTDA, 4-ABT, GSH, and GSH-ABT, respectively. 

 

 
Figure 5.4 Chemical reaction balance for CDCl3 (CHCl3) and D2O (H2O) phases 
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After confirming the thiol-disulfide exchange reaction proceeds in CHCl3/water binary system with GSH 

mediation based on small molecular model compound, the disassembly test of disulfide-contained epoxy resin 

(ERD) was conducted with the same binary condition. Therefore, the small molecular compound dithiodianiline 

was replaced with epoxy resin powder to evaluate the practical degradation of disulfide-contained epoxy resin. 

First, in order to determine the concentration of glutathione aqueous solution that could provide most efficient 

equilibrium for dissolution of disulfide-contained epoxy resin applied in this decomposition system, the small 

amount of ERD-C1 epoxy resin powder (30 mg) was added into peptide-assisted degradation system to 

observe the relationship between concentration and decomposition time at room temperature. As revealed in 

figure 5.5, the correlation between the decomposition time needed and molar concentration of glutathione 

aqueous solution was obtained by changing the concentration at 1, 5, 10, 20, and 50 mM. The decomposition 

time would be significantly decreased from 9 to 6 hours when the concentration of glutathione water solution 

was enhanced from 1 to 5 mM, and then it seemed that the equilibrium of decomposition rate was finally 

reached in the molar concentration of 20 mM because the depolymerization times for 20 mM and 50 mM were 

identical; therefore, the concentration of glutathione solution was fixed at the 20 mM for this decomposition 

strategy not only to reduce the amount of glutathione used in this decomposition system, but also to ensure 

the optimized experimental dissolution rate. 

 

 

 
Figure 5.5 Relation between concentration of glutathione aqueous solution and decomposition time 
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Then, all ERDs (from C1 to C25) were ground by ball milling method and dispensed into the glutathione 

aqueous / chloroform binary decomposition system. After certain period of time, the results were divided into 

two types of features: (1) those in which the ERD was completely dissolved into CHCl3 phase, resulting in a 

yellow chloroform solution, and (2) those in which precipitation occurred. The result of decomposition of ERDs 

was summarized in terms of composition ratio of the epoxy monomer (either A1 or A2) and the diamine 

hardener (either B1 or B2) as shown in table 5.3. Along with this, molar equivalents of disulfide bonds in each 

repeating unit of ERD by various combinations of BGPDS/ DGEBA and DTDA/ DDM in various proportions 

were summarized. In table 5.3, the compositions in which ERD was completely dissolved were marked in pink. 

It should be noted that the amine hardener (DTDA or DDM) can react with two equivalents of the epoxy 

monomer (BGPDS or DGEBA), which suggest that the disulfide bonds can be introduced up to three 

equivalents of the repeating units of ERD in the viewpoint of amine crosslinking sites as given in figure 5.6.(a). 

From completely dissolved parts, the viscous yellow liquid was obtained after removing CHCl3 solvent under 

vacuum. Here, the solubility of ERD can be discussed in terms of the stoichiometric ratio of the disulfide group 

and the repeating units of ERD (table 5.3). ERD completely dissolved in CHCl3 when the disulfide group was 

more than 1.5 equivalents to the repeating unit of ERD, in which ERD was decomposed into dimeric or 

monomeric units. On the other hand, If the stoichiometric ratio of the disulfide groups was less than 1.5, most 

of the repeating unit would be trimeric or higher units, resulting in precipitates. These results indicated that the 

density of disulfide bonding in epoxy network was the critical factors for decomposability.  

 

Table 5.3 Photograph of the resultant of decomposed ERD in CHCl3 / water binary system with GSH. 

Compositions in which ERD was completely dissolved were marked in pink. 
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Figure 5.6 Schematic illustration of repeating unit of ERD with (a) cross-link point of amine bonding and (b) 

degradable disulfide bonding. 
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Figure 5.7 (a) FT-nIR and (b) FT-mIR spectra of ERD, decomposed ERD, and reworked ERD after curing. 
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In order to identify the chemical structure of these residues, FT-nIR spectroscopy was conducted. Figure 

5.7 showed FT-IR spectrum of the decomposed soluble portion of ERD-C1 in CHCl3 phase. The spectrum of 

this residue was almost identical to that of ERD in the nIR region as shown in Figure 5.7.(a) from 4000 cm-1 to 

7200 cm-1. This implied that the liquid residue remained the epoxy structure of ERD. On the other hand, a new 

thiol-derived absorption band appeared at 2550 cm-1 (Figure 5.7.(b)). This suggests that this fragment contains 

the thiol group by the reduction of the disulfide group of ERD, which was attributed to the thiol-disulfide 

exchange reaction from GSH. To further investigate degradation tendency of ERD, UV-vis spectra in CHCl3 

phase were measured at 254 nm with different interval time as presented in figure 5.8. When the suspension 

of ERD-C1 in CHCl3 was mixed with GSH aqueous solution, UV absorption at 245 nm immediately increased 

and followed the saturation curve. After four hours, it reached a plateau region with a constant value, 

suggesting that ERD-C1 completely dissolved in CHCl3 phase.  

 

 

 
Figure 5.8 (a) Time-dependent UV-vis spectra for decomposed ERD in CHCl3 phase, and (b) time course of 

UV spectra of decomposed ERD monitored at 254 nm. 

 

 

5.3.1.3 Recycling 

In general, amine-curing epoxy resins are regarded as network structures with amine bonds as cross-

linking points, but in the case of ERD, it can also be regarded as dynamic covalent network polymers with 

disulfide bonds as the repeating units (Figure 5.6.(b)). Therefore, the recycling and reworking of epoxy resin 

network could be reached through the reconnection of thiol bonding to disulfide bonding by reduction-oxidation 

reaction. 

As presented in figure 5.7, the FTIR spectra of pristine, degraded, and recycled epoxy resin was 

examined separately to compare the network structure of chemical bond and composition. First, in spectrum 

of pristine epoxy resin, no stretching peak of thiol-group located at 2550 cm-1 could be observed in this range, 

which indicated that the curing procedure without adding thiolate group would not cause the change of aromatic 

disulfide bonding. Even though the cleavage of disulfide bonding could be triggered at high temperature, the 
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reconnection of broken S-S bond would be occurred rapidly in this stage, so that there was no thiol bonding 

found. However, the S-S bonds would be attacked by thiolate groups of glutathione during degradation process 

in this new peptide-assisted system, and then was reduced to SH bonds, or was exchanged with glutathione. 

In this case, the band of SH stretching at 2550 cm-1 was observed for reduced epoxy residue in chloroform 

layer, which meant that decomposition was attained by transferring disulfide bonding to thiol bonding. And the 

disappearance of this peak after heating indicated that the SH bonds oxidized to S-S bonds through oxidation. 

Also, the spectrum of recycled resin was corresponded to the spectrum of original resin, which demonstrated 

that the recycling was carried out successfully. 

 

 5.3.2 Thermal and mechanical properties 

Since the network structure of ERD was remained in decomposed ERD liquid residue as demonstrate in 

figure 5.6, it was assumed that the thermal and mechanical properties of recycled ERD would be kept as the 

original amine-cured epoxy resin even if ERD was degraded and regenerated by formation of disulfide bonds. 

In order to evaluate the thermal and mechanical property of disulfide-contained epoxy resin before and after 

recycling, the DSC and DMA was used in determination. The testing data were summarized as given in table 

5.4. For mechanical property, the storage modulus maintained approximately 90-95% of initial value at room 

temperature after recovery as revealed in figure 5.9, which proved that high recycling efficiency of oxidation 

reaction in dual-phase system. This result presented that the new peptide-assisted dual-phase degradation 

and recycling system not only solved the problem in decomposition of wasted epoxy resin, but also provided 

the method to reuse the resin with superior mechanical property after oxidation of thiol groups. This evidence 

proved that the recycled epoxy resin may be able to be utilized in other application. However, the sharp 

decrease of glass transition temperature should be noticed. This deterioration may result from incomplete 

crosslinking, which cause less thermal stability.  

The swelling test for pristine and recycled epoxy resin was also performed to confirm the crosslinking 

density before and after degradation and recycling. In figure 5.10, the swelling ratio after 72-hour immersion 

in toluene at room temperature for initial cured sample was around 3%, which explained the common high 

crosslinking density in epoxy networks that possessed excellent solvent resistant ability; in comparison, the 

swelling ratio for recycled epoxy resin was increased to 13% after first-time recycling, and then further 

enhanced to 16% in second round. This result proved that the crosslinking density after recycling could not be 

completely resumed to original structure, causing the lower glass transition temperature and slight decay of 

mechanical strength at room temperature but higher modulus in rubbery state. 

The time-dependent relaxation examined by DMA was the other key characteristic for dynamic disulfide 

network to assess heat-induced malleability and ductility. Generally, the dynamic networks showed obvious 

relaxation behavior at sufficiently high temperature through reversible exchange reaction and chain mobility.  

As disclosed in figure 5.11, it showed the normalized stress relaxation of pristine and recycled epoxy resin at 

130 °C. Based on Maxwell model equation, the relaxation time was defined as the time required to reach 37% 

of initial stress. Compared to the original networks (ESSE) that could not reach stress relaxation within 1.5 

hours, the relaxation time of recycled network (re-ESSE) was 152 seconds at 130 °C, exhibiting more rapid 

stress release than original one. The result demonstrated that recycled network showed stress relaxation 
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above Tg as general dynamic network attributed to reformed exchangeable disulfide bonds because of 

oxidation reaction. Besides, due to relatively low Tg of recycled epoxy resin, the segmental chain motion could 

be activated in lower temperature, resulting in faster exchange reaction and then lead to stress release 

phenomenon with shorter relaxation time.  

 

 

 

Table 5.4 Thermal and mechanical properties for ERD and reworked ERD characterized by dynamic 

mechanical analysis (DMA) 

Networks 

Glass transition 

temperature 

(Tg) (DSC) (°C) 

Storage modulus 

(E’) (Glassy state) 

at 25 ˚C (GPa) 

Storage modulus 

(E’) (Rubbery state) 

(at Tg +30 ˚C) (MPa) 

ERD 130.9 1.75 14.3 

re-ERD 

(1st time) 
82.7 1.54 49.9 

re-ERD 

(2nd time) 
81.7 1.68 26.8 

 

 

 

 
Figure 5.9 DSC curve for EDR, 1st-time reworked ERD, and 2nd-time reworked ERD 
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Figure 5.10 Swelling ratio (Q) for ERD, 1st-time reworked ERD, and 2nd-time reworked ERD in toluene at 

room temperature for 72 hours 

 

 

 

 
Figure 5.11 Stress relaxation for ERD and reworked ERD at 130 ˚C 
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 5.3.3 Application for carbon fiber reinforced structure (CFRP) 

Thus, once the new dual-phase degradation and recycling system was confirmed to be effective, its 

practical application was worthy being further discussed. Carbon fiber reinforced structure (CFRP) based on 

traditional thermoset resin is one of the most common high-performance structural materials in aerospace, 

automobile, and construction industry. However, the thermosetting crosslinked structure brought out the 

difficulty in decomposing and recycling, which caused serious environmental problem. In this study, we applied 

this new degradation technique on CFRP composite cured with disulfide-contained epoxy resin (ERD) matrix 

as illustrated in figure 5.12. The cured CFRP structure in figure 5.12.(a) was fixed by clip in dual-phase solution 

as given in figure 5.12.(b). By intensely stirring into one homogeneous mixture at ambient condition for 24 

hours, the epoxy resin matrix ERD in CFRP was dissolved into solvent phase as shown in figure 5.12.(c). 

Figure 5.12.(d) revealed that the undamaged carbon fiber was completely recovered via washing by water and 

acetone and then drying at 100 ˚C after matrix dissolution. On the other hand, the decomposed epoxy 

monomer dissolved in chloroform solution was obtained as described in figure 5.12.(e) through solvent 

evaporation. The reduced monomer could be simply transferred to resin network via redox reaction by oxidizing 

thiol-group to sulfur-sulfur bonds. The re-cured network as figure 5.12.(f) was finally acquired. To our best 

knowledge, most degradation strategy used in epoxy-disulfide networks was irreversible, which meant that the 

recycling was restricted in fibers, fillers, and reinforcements but not resin. Through this advanced degradation 

system, the recycling of polymeric network could be reached since the reduced monomer and exchange 

product were divided into two parts, so that the degraded epoxy moieties could be reused as the starting 

material for new production of epoxy networks. 

 

 

Figure 5.12 Demonstration of recycling procedure for carbon fiber reinforced composite (CFRP) (a) CFRP 

with ERD, (b) Decomposition test of CFRP-ERD with GSH, (c) after 24 hours, (d) recovered carbon fiber, (e) 

ERD residue recovered from CHCl3 phase, and (f) reworked ERD cured at 180 °C for 6 hours. 



 91 

 5.4 Conclusion 

In conclusion, the rebuildable and reformable epoxy resin with aromatic disulfide bonds through new 

degradation and recycling method was presented in this paper. By introducing the dynamic S-S bonds, we 

successfully obtained the resettable and recyclable thermosetting network structure. Also, establishing dual-

phase solution contained the glutathione aqueous solution and chloroform provided the simpler method to 

decompose and reuse the epoxy resin. Dynamic disulfide bonds in epoxy resin could be broken, reduced, and 

exchanged with S-H bonds of glutathione through thiol-disulfide exchange reaction. Simultaneously, the 

peptide group in glutathione promoted the generation of hydrophilic exchange by-product, which would be 

automatically dispensed to aqueous solution. After degradation, the epoxy fragments were dissolved into 

chloroform, while exchange product would be distributed in water phase. This fact provided the pathway to 

separate the degraded epoxy monomer from mixture with by-product, which could be finally reused as reagent 

to epoxy resin network by redox reaction between thiol and disulfide bonding. Moreover, the bulk recycled 

resin with reconnected aromatic disulfide bonding maintained 90-95% of initial mechanical strength at room 

temperature, presenting the potential on different application. This decomposition and reworking technique 

could be practically applied in CFRP composite structure, so that the recycling could be derived both in fiber 

and resin matrix. These results would help us to broaden the applicability of degradable and recyclable epoxy-

disulfide network in the future. This approach revealed a progressive and efficient decomposition and recycling 

method for epoxy-disulfide network, which expand the range of reusing both contents and matrix in composite 

structure. 
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CHAPTER VI  SUMMARY AND PROSPECT 

 In this thesis, the repairable and recyclable epoxy resin networks with unique indicator functional could 

be obtained by introducing dynamic aromatic disulfide bonding into thermosetting structure. Different 

approaches were discussed based on three exchange reactions in disulfide bonding systems, which included: 

(1) reparability and adhesion strengthening effect through disulfide-disulfide exchange reaction and (2) 

crosslinking density and adhesion strength determination through mechanochromism of disulfide bonding (3) 

decomposition and recycling behavior through thiol-disulfide exchange reaction.  

 First, we prepared the epoxy resin networks with different content of aromatic disulfide bonding to 

evaluate the effect of amount of S-S bonds on thermal, mechanical, stress relaxation, and adhesion properties. 

The results indicated that the glass transition temperature (Tg) and decomposition temperature (Td) were 

decreased with increasing the concentration of disulfide bonding due to less energetical stability than carbon-

carbon bonds, while both mechanical and adhesion strength of the formula adding dynamic disulfide bonding 

would be comparable with traditional epoxy network. Also, the heat-induced stress relaxation could be only 

detected in the networks with adaptable bonds since the exchange reaction was triggered and then contributed 

to the release of stress. Higher density of disulfide bonding leaded to shorter relaxation time, causing lower 

topology freezing transition temperature (Tv) and activation energy (Ea). After determining the Tv-value, 

aromatic disulfide bonding was categorized into the case that dynamic covalent networks possessed higher 

Tg-value than Tv-value. Considering to this characteristic, there were two improvements that could be acquired 

when applied in adhesive joint, reprocessing and recovery at the temperature above Tg and Tv and tougher 

adhesion above Tv but below Tg. Through heating to the temperature above Tg and Tv, the dynamic epoxy 

networks could be transferred from thermosetting crosslinked solid to viscoelastic state due to fast reversible 

exchange reaction and high segmental motion. In our case, the adhesion performance of rebonded joint 

reached almost 95% of initial shear strength. On the other hand, at the temperature range between Tv and Tg 

(above Tg but below Tv), the unusual adhesion strengthening effect was detected because the accumulated 

internal stress in adhesive joint due to volume shrinkage during curing and cooling was released by relatively 

speedy cleavage and rearrangement of disulfide bonding above Tv; simultaneously, the chain mobility was 

restricted for whole networks below Tg. Therefore, although reparability could be reached in most dynamic 

covalent systems, the adhesion improvement at elevated temperature before glass transition was only 

presented in the case owned lower Tv-value than Tg-value, such as disulfide bonding system. 

 Second, when the mechanical stress applied on disulfide-contained epoxy resin, the cleavage of disulfide 

bonding leaded to the generation of thiyl radicals, resulting in the green coloration in the broken area. This 

phenomenon was known as mechanochromic effect. As a result, we utilized the mechanochromism of disulfide 

bonding in the technique of crosslinking density and adhesion strength evaluation for disulfide-contained epoxy 

resin, since the color would be changed from green to yellow once the radical was recombined. In this study, 

the longer duration of mechanochromic effect was attributed to the higher crosslinking density and lower chain 

mobility, which meant that the color change would be remained in highly-crosslinked epoxy network structure. 

Since the crosslinking density had a critical impact on adhesion strength, we could determine the adhesion 

performance by observing the lasting time of mechanochromic behavior. Based on the collected data, the 

longer lasting time of mechanochromic performance indicated the tougher adhesion strength, which provided 
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the simple and direct identification method for low-crosslinked network structure and helped us to pre-screen 

the adhesive with weaker strength. 

 Finally, we proposed the new decomposition and recycling strategy for this disulfide-contained epoxy 

networks in the assistance of glutathione compound. The purpose of this research was to decompose the 

epoxy resin with eco-friendly chemical compound, and demonstrate the reworkability and recyclability of 

degraded epoxy residue back to epoxy resin network. This advanced water/chloroform binary solution system 

was composed of two immiscible layers, which were glutathione aqueous solution and chloroform solvent. In 

the stage of decomposition, the thiol bond in glutathione would be bound on the disulfide-contained epoxy 

resin, followed by the cleavage of disulfide bonding in epoxy resin through thiol-disulfide exchange reaction; 

therefore, the decomposed epoxy residue would be dissolved into chloroform phase. This decomposed 

compound could be reused as starting material to reform the new epoxy network through oxidizing the thiol 

bond back to disulfide bond by heating the epoxy residue at 180 ˚C for 6 hours. Also, the evaluation of FTIR 

and dynamic mechanical analysis proved that the recycled epoxy resin almost recovered back to pristine epoxy 

network structure and achieved the 90% of mechanical strength of virgin epoxy resin. Besides, the 

demonstration of degradation and reworking carbon fiber reinforced structure exhibited the practical 

application of this technique, which may help us to broaden the knowledge of degradable and recyclable epoxy 

network. 

 In conclusion, incorporating the disulfide bonding into epoxy networks offered us the more eco-friendly 

and economic choice. This study also presented the potential impact to develop the repairable and recyclable 

epoxy resin through dynamic covalent chemistry in practical structural application and worthy further 

exploration in the future. 
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