Cranfield

University

Shouqi Shen

Thermo-mechanical and curing behaviour of
epoxy/dicarboxylic acid vitrimers

School of Aerospace, Transport and Manufacturing
PhD in Manufacturing

PhD
Academic Year: 2019 - 2023

Supervisor: Alexandros A. Skordos
Associate Supervisors: David Ayre, Vijay Kumar Thakur
September 2023
© Cranfield University 2023. All rights reserved. No part of this
publication may be reproduced without the written permission of the
copyright owner.



Cranfield

University

School of Aerospace, Transport and Manufacturing
PhD in Manufacturing

PhD

Academic Year 2019 - 2023

Shougi Shen

Thermo-mechanical and curing behaviour of
epoxy/dicarboxylic acid vitrimers

Supervisor: Alexandros A. Skordos
Associate Supervisor: David Ayre, Vijay Kumar Thakur
September 2023

© Cranfield University 2023. All rights reserved. No part of this
publication may be reproduced without the written permission of the
copyright owner.



ABSTRACT

This research delineates the complex relationships between the chemical
evolution processes and the physical behaviour of vitrimeric materials,
particularly focusing on the transesterification bond exchange mechanism. The
curing behaviour, stress relaxation, and high-temperature viscoelastic behaviour
of dicarboxylic acid -bisphenol A diglycidyl ether vitrimers are investigated, with
respect to the influence of catalysts content and dicarboxylic acid chain length.
The influence of catalyst concentration and dicarboxylic acid chain length on the
glass transition temperature and bond exchange rate is significant. A notable
finding is the substantial decrease in both activation energy from 120 to
74 kJ /mol and glass transition temperature from 36°C to 6°C as the carbon chain
length increases from 6 to 14 carbons, due to enhanced monomer flexibility. The
catalyst and dicarboxylic acid structure play a crucial role in polymerisation,
significantly affecting the cure kinetics of the process and, consequently, material
stability and processing. The cure kinetics of epoxy-dicarboxylic acid systems are
described using a diffusion limitation modified autocatalytic model, showcasing
an average 84% goodness of fit, highlighting its effectiveness in understanding
these systems. The study investigates temperature-dependent thermo-
mechanical properties and thermal degradation, revealing that the speed of
formation and extent of crosslinks are influenced by temperature, which in turn
affects thermomechanical properties, and also shows that mechanical properties
increase at higher temperature, along with enhanced thermal stability as the
length of the dicarboxylic acids increases. This study provides a robust foundation
for future research endeavours, aiming to optimise vitrimer properties for diverse
and efficient applications including advanced composites in aerospace and
automotive sectors, self-healing materials, eco-friendly recyclable thermosets,

and adaptable biomedical devices.
Keywords:
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1 Introduction

1.1 Vitrimer Background and Applications

Historically, polymers have been divided into thermoplastics and thermosets
according to the existence of covalently crosslinks. Such exclusive boundary was
clear until the introduction of adaptable covalent crosslinks. The dynamic nature
of associative bond exchange endows robust thermosets with mouldability and
recyclability, which are traditionally associated with thermoplastic polymers.
Since Leibler’'s team first introduced this new class of polymers and coined the
term vitrimer?!, the unique characteristics of these material have received broad

attention with increasing number of relevant research outputs?345.
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Figure 1.1: Schematic illustration of dynamic covalent bonds used in vitrimeric
materials and their applications (Reprinted from Matter 5, (2022), Luo, J. et al., Luo, J.
et al., Elastic vitrimers: Beyond thermoplastic and thermoset elastomers, 1391-1422.,
and Mater. Today 51, (2021), Zheng, J. et al., Vitrimers: Current research trends and

their emerging applications, 586-625., Copyright (2022), with permission from

Elsevier)®’



Thermosetting polymers are characterised by their high mechanical, thermal, and
chemical stability due to their intrinsic internal cross-links®. Excellent properties
and weight to strength ratio make thermosetting polymeric materials
indispensable in numerous industries such as coatings, adhesives, biomedical
materials, and as matrix in structural composites with applications in aircraft and
wind turbines®. Once set, the permanent crosslinked structure restricts segmental
diffusion and chain movement, which makes thermosets excellent at maintaining

their shape. When heated above their glass transition temperature (T ),

thermosets soften but do not flow. On the other hand, this behaviour also results
in poor malleability, reprocessability and recyclability'®. These characteristics
have limited their applications in many areas, whilst the rapid market growth of
the disposable, irreparable and unsustainable thermosetting matrix composites

material has caused great environment concerns?'t.

Thermoplastics are linear or branched polymer chains associated by
intermolecular forces, which have temperature dependent viscosity behaviour®?.
Over a certain temperature - glass transition temperature and melting point for
semi-crystalline thermoplastics - macromolecular chains have enough energy to
flow, become more fluid and can be easily manipulated. The chains lose mobility
and solidify again upon cooling. Because of this temperature dependent
behaviour, thermoplastics are ideal for successive processing and widely used
for products with customised shape and dimensions!3. Compared to thermosets,
most thermoplastics are relatively chemically unstable as they can be dissolved

easily when exposed to an appropriate solvent*4.

Dynamic covalent adaptable networks (CANSs) are crosslinked macromolecular
networks, wherein the covalent links within the polymer can be dynamically
exchanged via a chemical reaction?®>. CANs can achieve structure rearrangement
and stress relaxation through bond exchange in response to external stimulus
such as light or heat. Introducing CANs based on thermally reversible chemical
reactions endues reversibility in thermosetting materials as part of their thermal
response, repairability, reprocessability and recyclability while still maintaining

their advantageous mechanical behaviour?®.



There are two basic consecutive reaction steps in the process of reversible
addition bond exchange to achieve stepwise macromolecular network
rearrangement (MNR): discrete bond breaking and bond forming. Depending on
the bond cleavage and forming sequence during the course of bond exchange,
there are two straightforward pathways: (i) separation/addition (bond breaking
and bond reforming), i.e., dissociative pathway and (ii) the reverse process of
addition/separation (bond forming and bond breaking) i.e., associative pathway.
CANs can be classified accordingly into dissociative CANs and associative
CANs!” with the sequence of molecular activities playing a fundamental role in

the difference in mechanical behaviour around the transition.

During a dissociative bond-breaking process, one crosslink cleaves into two
individual segments with reactive moieties, which can diffuse through the network
before encountering a complementary reactive end to form a new bond at another
location (Figure 1.2 a). Consequently, bond dissociation allows chains to flow
even in highly crosslinked networks, which results in a decrease of crosslinking
density at the microscopic level and a sharp drop in viscosity at macroscopic level
associated with rapid topology chain rearrangement. A well-studied dissociative
bond exchange mechanism is the thermally reversible Diels-Alder (DA)
cycloaddition reaction, in which the bond breaking and reforming rate between
furan and maleimide bonds increases with temperature!®. The Diels-Alder
reaction is exothermic (5-10 J/mol) which makes the chemical equilibrium shift
towards the endothermic side upon heating and results in reduction of total
network connectivity. Moreover, as the polymer chains fragmentation process
does not require association of functional groups, there is a temporary
intermediate de-crosslinked state. Extensive loss of network connectivity results
in an exponential viscosity drop with an increase in temperature. Theoretically,
all dissociated networks should be able to fully recombine upon subsequent
cooling and accomplish repeatable thermal processing of the material. However,
in reality, dissociative CANs show reduced crosslinking density after thermal
processing due to two main reasons: (i) the pathway for pairing ends reformation
can be hindered by chain arrangement or solidification of the material and; (ii)

loss of reactivity due to chain transfer, termination and crosslink degradation®®.
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Figure 1.2: lllustration of topological rearrangements pathway for a) dissociative and b)

associative covalent adaptable networks (CANS)

In a polymer network that undergoes an associative stepwise MNR (Figure 1.2 b)
the rearrangement pathway involves the prior association of two polymer chains,
resulting in a new covalent network bond, followed by an elimination step to
create a new reactive end. Compared to dissociative CANs, the reversed
addition/separation process achieves associative CANs with fixed crosslinking
density yet rapid fluctuations in network topology. The retention of constant
crosslink density is also a key factor in maintaining the material integrity at high
temperature or in the presence of a solvent. The first reported attempt of
associative CANs was reported by Scott et al.?° using a photo-induced radical
reaction of allyl sulphides to introduce plasticity in the crosslinked structure.
Radicals are employed through photo-cleavage of residual photo-initiator in the
polymer matrix to facilitate fragment diffusion and chain transfer of midchain
functional groups via addition-fragmentation. However, later reports of CANs
using photo-mediated free radical chain transfer mechanisms, such as
trithiocarbonate?! and thiuram disulphide??, showed that despite the initial ability

for topology rearrangement, the extent of structure adaptability, active life span



and repeatability of radical based CANs are largely limited due to the inevitable
nature of radical termination. The idea of a thermally induced silica-like malleable
material was presented in 2011 by Leibler et al.l. The rapid topology
rearrangement of the network was obtained via catalyst-controlled bond
exchange of transesterification reaction in an dicarboxylic acid/epoxy system.
Such temperature dependent CANs were named vitrimers because they share

distinctive characteristics of vitreous silica.

Vitrimer technology has seen significant advancements, especially in
understanding the dynamics of covalent adaptable networks (CANs) and the
potential applications of various dynamic covalent linkages. Among the studies
focusing on tuning material behaviour based on system composition, most have
primarily reported the incorporation of exchangeable mechanisms and the
implementation of the vitrimer concept in new materials. The properties of the
final product often derive from the intrinsic chemistry of the monomers and the
exchangeable bonds. Efforts to modify the behaviour of these materials have
been relatively direct, with common methods including changing the type or
concentration of catalysts used for bond exchange or introducing inorganic fillers
to alter the mechanical behaviour of the product, such as its flow and toughness.

In recent years, transesterification-based vitrimer technology has emerged as a
pivotal option in the field, offering a versatile platform for the development of
resilient and adaptable materials. Complementing this, other dynamic covalent
linkages, such as boronic ester, dioxaborolane metathesis, and sulphide
containing reversible exchange, have been rigorously explored for their potential
in pioneering self-healing materials and groundbreaking biomedical
applications?32425, Imine-based exchange, which is the product of condensation
reactions between aldehydes and amines, has found significant applications in
the formation of hydrogels and state-of-the-art drug-delivery systems?6:27.
Moreover, the transamination process, a reversible amination and deamination
catalysed by protic sources, has unveiled its potential in optimising vitrimer
systems?®. Adding to this innovation, the transalkylation of triazolium salts,

characterised by the N-alkylation of polymerised poly(1,2,3-triazole)s, has



broadened the scope of vitrimeric materials, suggesting a wider spectrum of
applications and emphasising the necessity for a deeper understanding of

vitrimer chemistry2°:30,

Vitrimers, with their unique blend of thermoset robustness and thermoplastic
adaptability, have garnered significant attention in the realm of material science.
Their potential to revolutionise industries, from aerospace to biomedical
applications, hinges on their recyclability, malleability, and self-healing properties.
These materials, which can be reprocessed without compromising their inherent
strength, offer a sustainable alternative to conventional polymers, addressing the
pressing environmental concerns associated with disposable and non-recyclable
materials. The increasing demand for high-performance materials that can be
tailored for specific applications underscores the need for a deeper
understanding of vitrimer chemistry. While the foundational principles and
potential applications of vitrimers are well established, there remains a significant
gap when it comes to manipulating their properties at the molecular level. The
ability to fine tune vitrimers, both in terms of their mechanical properties and their
reactivity, could unlock a plethora of novel applications, ranging from adaptive

coatings®! to smart biomedical devices®.

1.2 Objectives of the thesis

This research delves into the intricate relationship between dicarboxylic acid
structures and the role of zinc acetylacetonate (Zn(acac)z) catalyst in epoxy-
dicarboxylic acid based vitrimers, aiming to enhance the understanding of their
combined impact on material properties and performance. This aim is addressed

through the following objectives:

e Synthesis of epoxy-dicarboxylic acid based vitrimer material with various
dicarboxylic acids and catalyst content to create a diverse set of materials
for comprehensive evaluation.

e Characterisation of the cure behaviour of the vitrimer formulations using
thermal and rheological analysis.

e Development of cure kinetics models for the vitrimer formulations and

assessment of the effect of dicarboxylic acid chain length on kinetics.



e Assessment of the influence of vitrimer formulation parameters
(dicarboxylic acid chain length and catalyst content) on glass transition
temperature.

e Assessment of the influence of vitrimer formulation parameters
(dicarboxylic acid chain length and catalyst content) on topological
transition temperature.

e Establishment of the link between pre-polymer structure and
transesterification catalyst content and the stress relaxation behaviour of
vitrimers.

e Assessment of the high temperature behaviour of epoxy-dicarboxylic acid
vitrimers with respect to development of modulus and thermal

degradation.

1.3 Structure of the thesis

The thesis is organised in 8 chapters. Chapter 1 introduces the topic and
motivation of the research and outlines the aim and objectives. Chapter 2
presents comprehensive surveys of the literature on the topics of epoxy-
dicarboxylic acid vitrimers and their applications, control and tailoring of thermo-
mechanical attributes of vitrimers and cure analysis and modelling of epoxy-
dicarboxylic acid systems and concludes with a statement of the identified
research gap. Chapter 3 provides details of the chemicals and procedures
employed for material preparation and characterisation and described the
methods used for modelling of the kinetics. Chapters 4-6 report the main body of
the results and associated analysis and discussion of this work. Chapter 4
presents the experimental results from the cure analysis of epoxy-dicarboxylic
acid formulation and the development of cure kinetics models based on
isoconversional analysis as well as on a phenomenological autocatalytic model
incorporating diffusion effects. Chapter 5 presents the outcomes of the
investigation of the influence of dicarboxylic acid chain length and catalyst content
on the glass transition temperature and topological transition temperature of the
vitrimer formulations. Chapter 6 reports the results from the investigates of the

evolution of vitrimer mechanical properties throughout the curing process as well



as the high temperature behaviour of cure vitrimers including effects on modulus

development and thermal decomposition and their link with formulation

parameters. Chapter 7 provides a summarising discussion of the findings from

Chapters 4-7, identifies limitations and describes general areas of impact of the

research work. Chapter 8 provides a list of conclusions form the research and a

brief presentation of future work areas.

List of publications from this thesis includes the following papers:

1.

Influence of Acid Structure on Topological and Glass Transitions of
Dicarboxylic ~ Acid-Epoxy  Vitrimers. Under reviewing (ACS
Macromolecules)

Cure Kinetics and Modelling of Dicarboxylic Acid-Epoxy Vitrimers. In
preparation (Intended journals: ACS Macromolecules, RSC Polymer
Chemistry, RSC Soft Matter)

High Temperature Behaviour of Dicarboxylic Acid-Epoxy Vitrimers. In
preparation (Intended journals: ACS Macromolecules, Elsevier Polymer,

Wiley Polymers for Advanced Technologies)

Conferences and seminars:

1

International Composites Summit 2023 [Milton Keynes, Sep 2023]
Attended this premier UK event focused on the latest advancements in
composite materials, bringing together industry leaders and innovators.

Manufacturing 2075 — 2020, [Cranfield, Dec 2019], Participated in this
global forum discussing long-term manufacturing challenges, exploring

future research directions, and anticipating industry needs.



2 Literature review

The advent of transesterification-based vitrimers signifies a major shift in the
landscape of polymer science. Their combination of reprocessability, stability,
and adaptability positions them as a potential future solution for sustainable
materials. As research in this domain continues to grow, it is anticipated that new
applications and innovations will emerge, further solidifying the importance of

vitrimers in modern material science.

2.1 Epoxy dicarboxylic acid transesterification-based vitrimers

Epoxy resins, characterised by their reactive polymers and prepolymers
containing epoxide groups, have garnered significant attention due to their
superior mechanical properties, outstanding thermal and chemical resistance,
and strong adhesion to a myriad of substrates. Historically, these intrinsic
characteristics have facilitated their broad application across various industries.
They have been employed as adhesives in a structural engineering context,
capitalising on their robust bonding capabilities®3. Their role as protective
coatings for metals has been pivotal, offering enhanced corrosion resistance and
durability®®. In the aerospace and automotive sectors, they have been of
fundamental importance as matrix materials in composites34, and their insulating
properties have been harnessed in electrical systems for laminates and
encapsulations3®. A notable representative of epoxy resins is bisphenol A
diglycidyl ether (BADGE) or diglycidyl ether of bisphenol A (DGEBA): a staple in
epoxy formulations®® currently dominates and takes up 90% of the global
conventional epoxy resin market with annual production over 2 million tons
worldwide3® which is synthesised from bisphenol A and epichlorohydrin. Its
versatility, ease of use, and potential for modification have solidified its position
as a leading epoxy resin. Its applications span industries, from electronics to
construction, underlining its adaptability3®. Cured products of DGEBA are
recognised for their mechanical strength, resistance to chemicals, and high

thermal stability®4.



Among the myriad crosslinkers available for epoxy systems, carboxylic acids
have emerged as a pivotal class, distinguishing themselves from other
crosslinkers in terms of their unique reactivity and performance attributes. Their
role in epoxy thermoset technology is not only foundational but also
transformative, offering a distinct set of advantages over other curing agents.
Carboxylic acids, especially organic variants, have emerged as crucial curing
agents in epoxy thermoset technology®”:283°, Their nucleophilicity, which is
moderate compared to nitrogen-containing agents, ensures that homogeneous
mixtures of epoxy resins and carboxylic acid hardeners exhibit extended pot-life,
often lasting several months at room temperature*®. However, for practical
applications, catalysis is essential to achieve a viable reaction rate*'*2. The
introduction of a catalyst can dramatically reduce pot-life, from months to a few
days. Innovative approaches to achieve latent curing formulations include the use
of thermo- or photo-generated catalysts. These catalysts remain dormant under
standard storage conditions but activate under specific stimuli, such as elevated
temperatures or UV exposure*34445 Base-catalysed reactions are typically
favoured, as they minimise the initiation of competing epoxy
homopolymerisation*!. Carboxylic acid functional polyester resins, commonly
employed as hardeners, yield materials with exceptional corrosion resistance and
adhesion, making them ideal for powder coatings*6. Formulations based on fatty
acids combined with epoxy monomers have proven suitable for varnishes and
coatings, with the resultant esters providing superior adhesion, flexibility, and

water resistance?’.

The early 2010s witnessed a significant shift in polymer science with the
integration of dynamic bond exchange capability, epitomised by epoxy
dicarboxylic acid transesterification, with traditional thermosetting materials®. This
integration expanded the scope of vitrimer research and emphasised the
importance of understanding the nuances of epoxy dicarboxylic acid
transesterification. The hallmark behaviour of epoxy-dicarboxylic acid vitrimers
arises from two pivotal processes: the polymerisation of multi-functional
carboxylic acids with epoxy and the catalyst-facilitated bond exchange reaction.

An optimal stoichiometric balance between epoxy and dicarboxylic acid groups

10



ensures a sufficient presence of both ester and hydroxyl groups, facilitating rapid
bond exchange. Given the broad applicability of epoxy resins, their vitrimer
counterparts hold promise in protective coatings and structural applications*®,
Notably, Pripol® 1040, a blend of di- and tri-carboxylic fatty acids combined with
DGEBA, has been the focus of multiple studies on vitrimers4®:°051.52 However, a
common limitation is the relatively low glass transition temperature of these
systems, influenced by factors like backbone rigidity, reactant functionality,
stoichiometry, and cure profile®®. To cater to high-temperature aerospace
applications, molecular modifications are necessary. For instance, a vitrimer
synthesised from triepoxy derived from renewable lignin-sourced vanillin and
guaiacol with an anhydride exhibited glass transition temperatures exceeding
180°C when dry>*. Beyond the direct crosslinking of epoxy with dicarboxylic
acids, transesterification vitrimer chemistry has been extended to modify
thermoplastics, preserving their inherent reshapeability and weldability. For
poly(butylene terephthalate) (PBT), two strategies have been proposed: one
involving extrusion and injection processing conditions that promote hydroxyl
group degradation®®, and another introducing triol glycerol, leading to alcoholised
PBT chains®®. The kinetics can be modulated by selecting appropriate catalysts,
PBT precursors, and crosslinkers. This tunability in rheological behaviour aids in
optimising processing conditions®®. Additionally, dynamic crosslinks can enhance
melt yield strength, benefiting processes like blow moulding and sheet
extrusion®’. Tran et al. proposed a strategy to reduce hydrolysis in
epoxy/dicarboxylic acid vitrimers using mini-emulsion polymerisation®. Han and
Xu introduced a DGEBA-citric acid network doped with varying poly(methyl
methacrylate) constituents, producing a polymer-polymer composite®.
Furthermore, maximising the tunability of vitrimeric materials in terms of
thermomechanical properties is crucial for diverse material performance
requirements. Achieving such tunability often requires blending two compatible
transesterification-based vitrimers®°. This blending approach can also be
employed to synthesise polymer blends by covalently cross-linking thermosetting
vitrimers with commodity thermoplastics, such as polyurethane (TPU)%!. Figure

2.1 illustrates the mechanical blending procedures and the principal mechanism
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of copolymerization based on the bond exchange reactions (BERs) between the

easter and the hydroxyl functional groups.

Compound 1.Blended Polymer 2.Chain Penetration 3.Bond Exchange

% | : :
Hot-pressing —. Vitrimer_{|_TPU =3 Ester Group <= Hydroxyl Group

Figure 2.1:Schematic of blending TPU/vitrimer and the mechanism of copolymerization
based on the bond exchange reactions (adapted with permission from {Chen, Z. et al.
Flexible, Reconfigurable, and Self-Healing TPU/Vitrimer Polymer Blend with
Copolymerization Triggered by Bond Exchange Reaction. ACS Appl. Mater. Interfaces
12, 8740-8750 (2020)} Copyright {2020} American Chemical Society)

2.2 Vitrimer composites and their applications

Vitrimer composites represent a transformative advancement in the realm of
material science, distinguishing themselves significantly from traditional
thermosetting composites. While traditional thermosets are known for their rigidity
and irreversibility once cured, vitrimers bring unparalleled adaptability, resilience,
and multifunctionality to the table. This adaptability allows for post-cure shape
changes, recyclability, and self-healing properties, which are largely absent in
conventional thermosets. By integrating various components, from carbon-based
materials to fibres, vitrimer composites are poised to redefine the boundaries of
traditional materials. They usher in a new era of sustainable, efficient, and
versatile applications, addressing many of the limitations and environmental

concerns associated with traditional thermosetting composites.
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2.2.1 Carbon nanoparticles based vitrimer composites

Incorporating carbon particles, especially carbon nanotubes (CNTs) and
graphene, into vitrimers introduces multifunctionality, with a marked increase in
electrical conductivity. Achieving optimal conductivity often necessitates high filler
loadings which can lead to aggregation. Vitrimers with a mere 0.25 wt.% CNTs
demonstrated a significant conductivity boost, reaching levels of 1.5 x 1072 S/m*®2,
Graphene, in its various forms, provides another conductivity enhancement
avenue, with certain vitrimers containing graphene achieving conductivity levels
of up to 160 S/m®3. Beyond conductivity, these carbon-enhanced vitrimers exhibit
multi-stimuli responsiveness, and can react to stimuli like light, electricity, and
heat. Among these, the photothermal behaviour of CNTs stands out and has the
greatest influence on improving the adaptability and versatility of vitrimers. The
localised heating benefits fast and efficient welding for CNT infused vitrimers.
Efficient welding can be achieved after 30 seconds of light with power density of

0.82 Wcm? which is equivalent to 10 minutes of direct heating at 180°C®%.

‘lectrical reconnection
by physical contact

Cutting

B CNTxLCESs composite

Aligned CNT sheets

Electro- or

photo-induced healing Healed : ““OH
Figure 2.2:Schematic of the self-healing of CNTs/xLCEs composite realised by the
electrical reconnection of fractured carbon nanotubes and electro or photo-induced
healing mechanism (adapted with permission from {Wang, H. et al. Electricity-
Triggered Self-Healing of Conductive and Thermostable Vitrimer Enabled by Paving
Aligned Carbon Nanotubes. ACS Appl. Mater. Interfaces 12, 14315-14322 (2020)}
Copyright {2020} American Chemical Society)
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Research conducted by Y Zhang et al.®®> highlighted the potential of a dual-
responsive bond exchange process, depicted in Figure 2.2, developing a film that
possesses self-healing, thermal stability, and electrical conductivity properties.
This was achieved by arranging carbon nanotubes in alignment on the surface of
an exchangeable liquid crystalline elastomer (XLCE) composite film, which has
the ability to undergo healing through the application of both electrical currents
and light. Apart from the carbon-based fillers, ACAT (aniline trimer)% and
polydopamine®” have also been used successful to achieve photoheating when
embedded in vitrimers. This multifaceted responsiveness, combined with the
exploration into bio-based materials, highlights the expansive potential of

nanocarbon/vitrimer composites in cutting-edge applications.

2.2.2 Fibre reinforced vitrimer composites

Owing to the excellent stiffness and strength-to-weight ratio, fibre reinforced
composites (FRCs) are exceptional materials that are widely adopted for
advanced structural applications. Carbon fibres and glass fibres are the most
commonly used reinforcement materials for FRCs in both primary and secondary
structures with applications in civil infrastructure, aerospace, wind turbines and
high performance automotive®®. Thermosetting and thermoplastics can both be
utilised as FRCs matrices. Typically, thermosets are the main matrix for FRCs,
because of their thermomechanical, chemical and creep stability as well as their
processability compared with thermoplastics. At the moment, epoxy resins are
the primary matrix choice for FRCs because of their outstanding thermal and
chemical resistance, dimensional and mechanical stability and excellent
processability. However, thermoplastics have superior thermo-formability,
recyclability, and impact resistance. When employing thermosets as the matrix
because of the crosslinked structure and permanent bonds, recycling of the
composite materials is extremely difficult. The flexibility and processability of
vitrimers make an ideal matrix material to address the two major issues regarding

the safety and sustainability of structural composites:

e Avoiding catastrophic failure by monitoring and repairing of internal failure.

Monitoring inner failure of FRCs has been reported using multiple non-
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destructive inspection techniques including X-ray, ultrasonic and
electromagnetic testing. One of the limitations with these techniques is that
they are not suitable or cost-effective for real-time monitoring. To address
this problem, self-sensing agents such as continuous carbon fibres have
been utilised®.

e Recycling of various products in the manufacturing process. Examples of
full recycling for both fibre and vitrimer matrix part of carbon fibre reinforced
composites (CFRCs) have been successfully demonstrated that the
reclaimed carbon fibres keep their integrity and exhibit very high recovery
of modulus and strength compared to the original fibres, 95% and 97%
respectively as reported by Yu et al.”® and 96% and 95.6% by Wang et
al.”t. A relevant new approach for CFRPs recycling is by replacing the
sizing agent on the surface of carbon fibres with polymers containing

exchangeable bonds such as acetal metathesis’? and transacetalisation”.

Dynamic covalent bonds in vitrimers offer avenues for recycling beyond just
thermal methods. Specifically, these bonds can be cleaved using appropriate
solvents, enabling the recycling of thermosets as illustrated in Figure 2.3.
However, the degradation behaviour and mechanism vary across different
vitrimer systems, necessitating the selection of a tailored recycling method for
optimal efficiency. For instance, Schiff base vitrimers undergo hydrolysis in a
mildly acidic environment, with the rate of degradation influenced by factors such
as acidity, solvent type, and the solvent-to-water ratio’*. Meanwhile, amine/epoxy
thermosets containing disulphides can be completely dissolved using thiol

solvents like 2-mercaptoethanol 4.
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Figure 2.3: Recycling of fibre-reinforced vitrimer-based composites. (a) A schematic
view of the closed-loop recycling paradigm for carbon fibre reinforced composites™ (b)
The morphology of crude and chemically recycled carbon fibres from was recycled
from vanillin-based epoxy and isophoronediamine carbon fibre composites in 0.1 M
HCI/ N,N-Dimethylformamide solution at 25 -C for 2 h, after then it was rinsed with
dichloromethane™ (c) The recycling process of CFRCs is based on a dual disulphide
vitrimer: embedding the carbon fibres in an epoxy matrix; dissolving the epoxy matrix at
90°C in 1 h; washing and drying the recovered carbon fibres; reusing the recycled
carbon fibres to form new composites’® (adapted from Haochuan Zhang, Jingjing Cui,
Guang Hu & Biao Zhang (2022) Recycling strategies for vitrimers, International Journal
of Smart and Nano Materials, 13:3, 367-39077)

2.3 Tuning of the thermo-mechanical properties of vitrimers

Beyond the distinct bond exchange characteristics inherent in various vitrimers,
several factors influence vitrimer properties significantly and are crucial for
material design. This section offers an exploration of vitrimer design, emphasising
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the impact of catalysts, molecular structure, and stoichiometry on vitrimer

behaviour and attributes.

2.3.1 Tuning of vitrimeric materials by changing the type and

amount of catalyst

The dynamic behaviour of vitrimers depends on the bond exchange reactions,
permitting the material to adapt and reconfigure under specific conditions, such
as thermal stimuli. There are two predominant strategies to modulate the
exchange rates of dynamic reactions, pivotal for the conceptualisation of adaptive

molecular systems:

e External catalysis: this approach activates robust covalent bonds via
external agents, such as potent Lewis’s acids or bases. It is a versatile
strategy, with exemplars like acid-promoted catalytic transesterification.

e Internal catalysis: this sophisticated approach embeds both robust
covalent bonds and intrinsic catalytic functionality within a molecule. The
internal activation can engender marked acceleration in exchange rates.
This concept includes: (a) immobilised catalysts: incorporation of
established catalysts within a molecule; (b) proximity-induced or emergent
catalysis: adjacent groups which amplify reactivity via stabilisation of

transition states.

Transesterification is the interchanging process of ester groups transformed into
one another through free hydroxyl groups’ as illustrated in Figure 2.4. The
exchange reactions of transesterification are so slow that they in most cases
require the assistance of external catalysis, sometimes in high loadings. The
temperature range for physical property change to occur in vitrimers can be tuned
by either the chemical composition or the types and concentration of catalysts
employed in the system. For the same concentration, more efficient catalysts with
lower activation energy yield faster reconfiguration, lower viscosity at the same
temperature and result in a lower topology freezing temperature’®. The most
widely employed catalysts for transesterification reactions are organometallic
complexes (organic tin or zinc salts) or bases such as triazabicyclodecene (TBD)

and triphenylphosphine (PPh3). The activation energy for triazobicyclodecene
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(TBD), zinc acetylacetonate (Zn(acac)2), zinc(ll)acetate (Zn(OAc)2) and
triphenylphosphine (PPh3) are 106, 104, 86, and 43 kJ/mol respectively®16, In
terms of the impact of the amount of catalyst, it has been shown that an increase
of the catalyst concentration does not affect the activation energ y but lowers
vitrification temperature (T,).

]
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Where R1,R2, R3, R4=polyester chain

Figure 2.4: Reaction and transesterification mechanism of dicarboxylic acid and diepoxy

Owing to its exceptional thermal stability, Zn(acac)2 and related zinc-based
organometallic catalysts have emerged as the benchmark for transesterification
chemistry, as evidenced by numerous studies81.82838485  7inc-based catalysts
are environmentally friendly®87.888% and catalyse transesterification even at a
very low concentration. During catalysed transesterification of epoxy-dicarboxylic
acid systems, Zn?* acts as a catalyst by activating ester carbonyl, stabilising
alkoxide groups and bringing them close to each other. Zn?* is structurally
attached to the vitrimer network, so that each Zn?* is tetracoordinated with four
oxygen atom ligands; two of them being alkoxide groups in a tetrahedral

geometry as illustrated in Figure 2.5%.
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Figure 2.5: The mediation of Zn?* in transesterification reactions
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Bronsted acids have also been studied for their efficacy as catalyst used for
transesterification: Bates et al. demonstrated that Brgnsted acids activate
transesterification at significantly lower temperatures compared to their Lewis
acid counterparts®:. Contrary to the behaviour of tin-based catalysts, Bragnsted
acids exhibit an inverse trend; stronger acids relax faster but possess higher

activation energies®?.

Exchange reactions, such as transesterification, which are fundamental to
vitrimer behaviour, inherently exhibit slow kinetics, often necessitating high
catalyst loadings. However, the introduction of catalysts can introduce challenges
related to material ageing and potential leaching®>°3, issues that are particularly
concerning for applications in sensitive areas like materials applied in the food
industry or the health sector. In a groundbreaking study in 2015, Guan et al.
introduced the concept of neighbouring group participation (NGP) to vitrimers®4,
a principle well-established in organic chemistry but novel to vitrimer research.
Materials crosslinked with difunctional dioxaborolane and equipped with adjacent
amino groups exhibit faster relaxation compared to counterparts without such
groups®. The potential of leveraging internal catalysis, or internal activation,
combined with NGP to optimise Covalent Adaptable Networks (CANS) has been
the subject of recent reviews®%7. Several functional groups have been identified
as efficacious for NGP, including phthalate monoesters®® and benzenesulfonic
acid groups®. These groups alter the transesterification mechanism, facilitating
bond exchange. Inductive activation effects have been observed in materials like
Meldrum’s acids in polydimethylsiloxane (PDMS)'% and polyimine vitrimers'92. In
the context of transesterification vitrimers, malonates®? have been employed to
expedite the exchange reaction. Notably, owing to its pronounced
electronegativity, fluorine exhibits significant potential in bond exchange
activation. The carbonyl group in fluorinated esters, owing to its heightened

electrophilicity'®3, readily undergoes hydrolysis and nucleophilic attacks04.105,

2.3.2 Modulating vitrimer properties through molecular structure

Beyond the modification of catalysts and the nature of exchangeable bonds, the

intrinsic molecular structure of the polymer chain offers another avenue for tuning
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vitrimer properties. This approach can be dissected into three primary pathways:
changing the structure of the monomers, controlling the density of the

exchangeable bonds and adjusting the chemical balance of the reactants.

2.3.2.1 Influence of molecular weight and polydispersity on vitrimer

design

Molecular weight is instrumental in shaping the physical characteristics of
vitrimers. An elevated molecular weight is typically associated with increased
viscosity, which in turn affects the processability of vitrimers'®. Furthermore,
greater molecular weight often leads to enhanced chain entanglement, resulting
in improved mechanical properties, higher glass transition (7;) and melting
temperatures (T;,,)'°"1%, and augmented thermal stability’?®110, Research from
the mid-1990s established a correlation between material toughness and
molecular weight!'112, Complementing molecular weight, the polydispersity
index (PDI) characterises the molecular weight distribution within a polymer.
Vitrimer samples with a narrow molecular weight distribution (low PDI) tend to
display uniform material properties. In contrast, a wider distribution might
modulate viscosity and potentially enhance toughness, due to the synergistic
effects of low and high molecular weight chains. While initial studies centred on
the foundational relationship between molecular weight and polymer properties,
contemporary research delves deeper. A study by Helms et al. revealed that T,
decreases with the rising molecular weight of flexible linear segments but
increases with that of rigid segments!!3. This behaviour underscores the dual
influence of bond exchange thermodynamics/kinetics and polymer chain mobility
within the network. To achieve a higher molecular weight in vitrimer design,
strategies such as employing sterically shielded catalysts like phosphine
sulfonate palladium or inhibiting associative chain transfer with specific

copolymers, like boronic-ester, have been proposed4.

2.3.2.2 Chain flexibility role vitrimer behaviour

Helms et al. reported that T,, decreases with increasing molecular weight of the
flexible linear segments, but increases with increasing molecular weight of the

rigid segments, because the reconfigurability of vitrimers is affected not only by
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the thermodynamics/kinetics of bond exchange at a given network density, but
also by the mobility of the polymer chains within the network!!3. The flexibility of
polymer chains, governed by factors like chemical structure, side group
incorporation, and backbone rigidity, has a profound impact on vitrimer
properties. Vitrimer systems characterised by increased chain flexibility tend to
have faster bond exchange rates in dynamic covalent networks, as the chains
can more efficiently align for bond exchanges. Such flexibility also modulates the
vitrimer mechanical attributes, with more flexible chains yielding materials with
enhanced elasticity and a diminished modulus. On the thermal front, chain
flexibility depending on the rotation or torsion of skeletal bonds can influence the
T,**5; heightened flexibility might reduce the T,, making the material more pliable
at room temperature. To modulate chain rigidity in vitrimers, a prevalent strategy
involves the integration of rigid structures, such as aromatic rings'é, cyclic
structure!!3 into the monomer. In contrast, introducing flexibility in the main chain
of the monomers or the crosslinkers such as polyethylene!!” poly(propylene
glycol) segmentst'® and linear aliphatic chains including polyesters!®, long
methylene bridge!?° and polydimethylsiloxane!?! in the monomer reduces the T,.
Incorporation of bulky groups that can hinder the rotation around the polymer
backbone either in the backbone or as substitute groups!?? increases rigidity but
potentially slows down bond exchange rate. Also, the incorporation of branches
affects the mechanical properties of vitrimers'23 and materials with large amount
of branching exhibit lower mechanical properties. For example, most of branched

diamine-containing vitrimers exhibit tensile strengths no more than 10
MPa124'125'126'127.

Although vitrimers are typically amorphous, introducing segments that can
crystallise might enhance rigidity. On the other hand, the dynamic nature of
vitrimer enables the crystallisation of dense ethylene that would typically not
crystallise'?8107  Integration of inorganic fillers with vitrimer inhibits both
crosslinking and the dynamic bond exchange processes. This results in lower
glass transition and topology freeze temperature?®130,_ |ntroduction of functional
groups capable of hydrogen bonding in vitrimer systems is a promising pathway

to increase their rigidity while potentially offering additional dynamic interactions
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to provide the materials with higher mechanical strength, improved creep

resistance®®132 whilst promoting self-healing*33.

2.3.2.3 Crosslinking density: architectural significance and implications in
vitrimer properties

Crosslinking density is a fundamental architectural characteristic of vitrimer
matrices, representing the number of crosslinking junctures per unit volume in the
polymer network. This metric critically influences the spatial organisation and
interconnectedness of polymer chains within the matrix. Materials characterised
by a high crosslinking density typically manifest increased rigidity and brittleness.
This heightened rigidity stems from the limited mobility of individual polymer
chains, leading to a more constrained network structure. In contrast, vitrimers
with a reduced crosslinking density exhibit enhanced elasticity and ductility. This
is attributed to the fewer crosslinking junctures, which grant polymer chains
greater mobility and flexibility'3*. Crosslinking density also profoundly impacts
interaction with solvents. Matrices with a dense crosslinking network resist
swelling in the presence of solvents, a phenomenon rooted in the restricted
movement of the polymer chains, which curtails their capacity to absorb solvent

molecules.

From a thermal standpoint, an augmented crosslinking density elevates the

vitrimer glass transition temperature (7). The reason behind this is the restricted

segmental motion of polymer chains due to the increased crosslinking junctures,
necessitating a higher thermal input to transition from a glassy to a rubbery state.
The dynamic nature of vitrimers presents a complex interplay with crosslinking
density. Steric hindrance, resulting from densely packed chains, can potentially
obstruct the bond exchange, a quintessential feature of vitrimers. However,
empirical studies have yielded mixed results. For instance, certain research
indicates faster relaxation times in less crosslinked materials'®>13¢  while others
observed an accelerated bond exchange with increased crosslink density3%:1%7,
Such discrepancies might arise from variations in the concentration and proximity
of bond-reactive exchangeable groups concurrent with changes in crosslink

density. Notably, Hayashi et al. reported enhanced relaxation in trans-
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esterification-based vitrimers with higher crosslinking, without altering the
concentration of reactive groups'®®. This behaviour is attributed to the
predominance of unstable, entropically perturbed segments in densely
crosslinked networks.

The multifaceted relationship between crosslinking density and vitrimer
properties necessitates a comprehensive approach in vitrimer design. It is
imperative to strike a balance between dynamic covalent processability and the

overarching material properties to harness the full potential of vitrimers.

2.3.2.4 Influence of stoichiometry of reactive functions within vitrimer
matrices

The stoichiometry of reactive functions within vitrimer matrices is crucial for their
properties and performance. Understanding of covalent exchange factors is
essential for creating low creep and highly processable vitrimer elastomers. The
proximity and availability of reactive centres or crosslinks play a significant role in
vitrimer design. Stoichiometry can greatly impact vitrimer properties, especially in
the context of epoxy ester vitrimers. Although networks formed under exact
stoichiometric conditions have simpler reactivity profiles*’, most vitrimers require
off-stoichiometry conditions for faster exchange!®®!4. Increasing the
concentration of reactive groups can enhance exchange reactions but may also
alter the overall polymer properties. For instance, a greater concentration of
reactive hydroxyl groups can lead to faster stress relaxation but may also result
in increased swelling and reduced stability!4l. Designing vitrimers requires a
balance between chemical reactivity and the desired material properties for

specific applications.

2.4 Curing of DGEBA with dicarboxylic acids

Diglycidy! ether of bisphenol-A (DGEBA) as a main precursor for epoxy resins,
has historically been used in curing with carboxylic acids, especially their organic
derivatives. This curing process has been a focal point of research, given its
implications for optimising industrial manufacturing cycles4?. Understanding and
application of curing kinetics can enhance final product quality and streamline

process development!*3. Furthermore, kinetics models can be instrumental in
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shortening the curing cycle and, when integrated with heat transfer and chemo-
rheological models, can mitigate internal stress in composites during production,

thereby enhancing the end product attributes!44145.146,.147,

Over the years, substantial progress has been made in understanding the kinetics
of epoxy-dicarboxylic acid curing, with numerous studies shedding light on the
molecular mechanisms and factors governing the cure rate’8. Molecular-level
understanding of the curing process'®. Yet, a holistic grasp of the kinetics,
especially concerning innovative epoxy and dicarboxylic acid formulations and

diverse environmental conditions, remains elusive.

The esterification of epoxy resins with carboxylic acids is a complex process,
riddled with potential side reactions. At its core, the reaction involves the epoxide
ring of the epoxy resin undergoing a ring-opening reaction, mediated by
carboxylic acid. The interaction between the epoxide groups and carboxylic acids
results in the formation of slower-reacting ester linkages, often necessitating
accelerators for efficiency. Base-catalysed conditions are typically favoured over
acid catalysis to mitigate competing epoxy homopolymerisation®*.

A detailed examination of the base-catalysed polymerisation of epoxy with
dicarboxylic acids (as depicted in Figure 2.6) reveals the following sequence: In
the presence of a base catalyst, such as imidazole or tertiary amine, the
carboxylic acid undergoes deprotonation to produce a carboxylate anion®*. This
anion then initiates a nucleophilic attack on the epoxy group electrophilic carbon,
leading to epoxide ring-opening. The intermediate alkoxide ion undergoes
rearrangement to yield a B-hydroxy ester linkage, signifying the esterification
completion. Concurrently, the protonated base transfers a proton to the
negatively charged oxygen of the epoxide ring, converting it into a hydroxyl group.
This series of reactions results in a three-dimensional network, imparting the
cured epoxy with its characteristic strength®®. The formation of B-hydroxy esters
under stoichiometric conditions is pivotal for transesterification’®83, The
dicarboxylic acid choice and its concentration intricately influence the curing
speed, the cured epoxy properties, and the material suitability for specific

applications3*. Notable base -catalysts include imidazoles'®?153.154  tertiary

24



amines!®>1%6  phosphonium bromide®®’, and certain metal salts'’%8, The
reaction efficiency and selectivity hinge on several factors, including the base
catalyst type, the reactants stoichiometric ratio, and the reaction temperature*®Z,
In a system with 1:1 stoichiometric ratio of the epoxy and dicarboxylic acid
functional groups, typically only addition esterification proceeds in the initial stage
in a base-catalysed system. Further reactions - etherification, condensation
esterification, and disproportionation are consecutive and become operative only
after the dicarboxylic acid or epoxide has been consumed®8, but deviations can
alter product distributions. Elevated temperatures can accelerate the reaction, but
potential degradation risks must be managed. Side reactions, such as
etherification or epoxy homopolymerisation, may be manifested under specific
conditions, emphasising the need to fine-tune reaction conditions and catalyst

selection in this intricate esterification process.
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Figure 2.6: Curing mechanism of epoxy and carboxylic acids with base catalyst

Among the diverse techniques employed for cure Kkinetics investigations,
Differential Scanning Calorimetry (DSC) stands out as the most prevalent. DSC
examines the heat flow dynamics as samples undergo thermal variations or
remain isothermal. The exothermic heat emanating during the curing phase of
thermosetting resins'®® can be investigated under variable time-temperature

conditions. The data obtained allows determining the degree of cure, reaction
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enthalpy, and an array of kinetics parameters including activation energies and
reaction orders'®0, A specialised variant, isothermal DSC16%, where the reaction
heat flow is monitored at a fixed temperature, offers unique kinetics study
advantages. This methodology excels in pinpointing specific reactions,
sidestepping the convolution of overlapping reactions seen in non-isothermal
DSC. Its prowess extends to the analysis of slow reactions, unravelling reaction
mechanisms, and ensuring reproducibility. Furthermore, it holds significant
relevance for real-world scenarios, mirroring predominantly isothermal conditions
in applications like resin curing in manufacturing'®?. Other instrumental
techniques include Thermogravimetric Analysis (TGA), which evaluates weight
loss in relation to temperature or time, offering insights into thermal stability and
degradation nuances'®364, Dynamic Mechanical Analysis (DMA) gauges a
mechanical attributes dynamically, illuminating aspects like the glass transition
temperature and crosslink density%®. Fourier Transform Infrared Spectroscopy
(FTIR) tracks vibrational spectra alterations during curing, facilitating the
assessment of reaction rates and extents68. Dielectric Analysis (DEA) is adept
at in-situ curing monitoring, especially vital for thicker sections®’. Rheometers,
used in rheological measurements, are pivotal for understanding viscosity
variations, elucidating gelation and vitrification phenomena®. Nuclear Magnetic
Resonance (NMR) offers a molecular-level view, focusing on dynamics, mobility,
and chemical transformations during curing'®®. Each method provides different
types of information, and often a combination of techniques is used to get a
comprehensive understanding of the curing process. The choice of method
depends on the material being studied, the specific information desired, and the

conditions under which the material is processed.

2.4.1 Curing kinetics of epoxy-dicarboxylic acid systems

As with traditional thermosetting polymers, understanding the kinetics of vitrimers
is crucial for optimising their properties and processing conditions. However,
contrary to the extensively researched cure kinetics of traditional thermosetting
epoxies, the kinetics mechanisms of vitrimers emphasise bond-exchange-

induced relaxation. This relaxation is explored more comprehensively and in
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greater depth than the cure reaction kinetics associated with reactant curing.
Typically, the former is assessed using mechanical techniques such as stress
relaxation or creep!’?, implemented through rheological*’* or thermomechanical
means. In contrast, the study of curing and crosslinking formation predominantly
relies on detecting heat energy changes via Differential Scanning Calorimetry
(DSC). The methodologies employed to study the kinetics of these innovative
materials are not new. Established kinetic analysis techniques, originally devised
for traditional thermosetting systems, have been adapted for vitrimers.

The curing kinetics of thermoset polymers is defined as Equation (2-1)

da (T (2-1)
= k(Df (@)

where « is the degree of curing reaction, and f(«) is a function related to the type
of kinetic model. k(T) is the rate constant re, which follows an Arrhenius

dependence on temperature:

k(T) = Ae R (2-2)

where E, is the activation energy, A the pre-exponential factor, T the
temperature and R is the universal gas constant. Here the apparent activation
energy (E,), the pre-exponential factor (4), and the reaction mechanism f(a),
form the kinetics triplet, offering a comprehensive view of the factors governing
the rate and mechanism of a reaction. Accurate determination of the kinetics
triplet is crucial for optimising reaction conditions in various industrial and

laboratory settings!’2.

For vitrimer cure kinetics research, phenomenological models are predominantly
employed. Their primary appeal lies in their foundation on empirical observations,
circumventing the need to delve deeply into the intrinsic chemical mechanisms
governing the reactions. These models are primarily based on the observed
relationship between variables, such as temperature, time, and degree of cure.
They are often used when a general description of the curing process is sufficient,
and the detailed reaction mechanisms are not required. The most common

phenomenological models are listed in Table 2.1.
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Table 2.1: Common kinetic models used for the chemical kinetics of thermoset cure

Model Equation
nth order f@) =kTA—-a) (2-3)

Autocatalytic f(@) = k(T)a™(1 — a)* (2-4)
Kamal-Sourour F(@) = [ky(T) + Kkp(T)a™|(1 — )" (2-5)

Here m and n are the reaction orders. In the context of epoxy-dicarboxylic acid
curing kinetics, the mechanism is predominantly autocatalytic, a characteristic
attributed to the formation of hydroxyl groups during the reaction'’3174.175 This

curing reaction is typically monitored using DSC at varying heating rates.

To calculate E,, various equations have been suggested grounded on the
temperature integral approximation. The traditional Kissinger method, which
employs non-isothermal experiments, posits that the reaction rate reaches its
zenith at the peak temperature!’®. A notable challenge in model-fitting
approaches is the kinetics compensation effect'*?, becoming especially
pronounced in dynamic settings. To address the oversimplification of reaction
mechanisms, isoconversional methods emerged. These allow the estimation of
activation energy based on conversion, acknowledging its fluctuation, a feature
particularly useful for intricate materials like polymers'®, These techniques hinge
on parameters like the experiment heating rate f and the temperature
corresponding to the cure degree T, during the curing process. The Flynn-Wall-
Ozawa method!’”” has been built upon Kissinger-Akahira-Sunose (KAS)’8
model, which is better suited for non-isothermal scenarios. By the 1990s,
Starink's model*"® offered a holistic view, encompassing both the reaction model
and the conversion rate. The detailed models mentioned are listed in Table 2.2.

Table 2.2: Methods for apparent activation calculation

Methods Equation
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a
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Kissinger-Akahira-Sunose (KAS) (ﬁ ) E,
In{—=)=C-1.00— (2-8
"\rz rr, 28

Starink B E,
In{—==]=C-1.08— (2-9
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In recent years, the field of epoxy and dicarboxylic acid vitrimers has witnessed
significant advancements, particularly in understanding their kinetics behaviours.
The curing reaction of an epoxy resin is an exothermic reaction and the heat
generated during the process is proportional to the number of consumed reactive

groups?,

In the application of isoconversional methods, there is an initial decline in the
activation energy from the start of the cure, suggesting a shift in the reaction
mechanism from non-catalytic to autocatalytic, influenced by the rising
concentration of hydroxyl groups. The average apparent activation energy
decreases from initial values of 94 and 100 kJ - mol~! to 71 and 76 kJ - mol™!
when sebacic acid and DGEBA react with 10% and 20% epoxidised soybean oil
(ESO) respectively, up until the reaction achieves 25% completion!®. As the
degree of reaction further increases, the activation energy of the reaction
increases slowly in the range of 50-100 kJ - mol~! when a < 0.7 due to the
counterbalance of autocatalysis and increasing molecular weight. However,
because mobility limitations continue to increase as molecular chains grow and
crosslinking density increases, the reaction starts to shift from chemical to
diffusion control resulting in the activation energy of the reaction rising sharply for
a > 0.7181

The kinetics studies confirm that the structure of monomers plays a pivotal role
in determining the parameters of epoxy-carboxylic acid curing reactions.

Numerous studies have identified a single exothermic peak associated with this
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curing reaction, with the reaction peak temperatures ranging from 115 to 200°C,
contingent upon the reactivity of the involved components®. For instance, the
incorporation of sulphur in the  position of the carboxylic group augments the
acidity of the carboxylic acid, thereby enhancing the reactivity of the acid proton
towards the epoxy group®. A comprehensive study examining the impact of
elongating the chain length of linear a,w-dicarboxylic acids revealed a rise in peak
reaction temperature and a decline in total enthalpy for dicarboxylic acids with
extended chain lengths'84, This phenomenon can be attributed to the increased
likelihood of polymeric or oligomeric chain entanglement, which amplifies steric
hindrance during the curing reaction, subsequently diminishing curing
reactivity®4. In scenarios involving the curing of epoxidised linseed oil (ELO) with
succinic acid, a relatively shorter chain, there is a heightened pre-exponential
factor, resulting from enhanced transport and collision efficacy with the epoxy
group'®®. Another noteworthy investigation delved into the curing reactions
between DGEBA and two variants of amidodicarboxylic acids!®. This study
underscored the multifaceted nature of curing processes, which often transpire in
sequential stages. Notably, the DGEBA/CPPA (4-carboxyphenyl phthalamic acid)
system has an elevated apparent activation energy, stemming from the CPPA

inherently rigid structure.

Snijkers et al. introduced an approach that leverages thermo-mechanical data

from rheological tests, employing the Arrhenius equation®’:

Earx (2—10)

tgel = K* e RT

with K* being a pre-exponential constant, E, ,, the activation energy of the
reaction. In this method, gelation times are plotted against varying cure
temperatures to deduce the reaction activation energy. A subsequent study,
based on this principle and conducted on vanillin-based epoxy vitrimers,
highlighted distinct differences in activation energies for crosslinking'88. This was
determined by plotting gel time against inverse temperature and bond exchange
using the Kissinger model. The resulting apparent activation energy values are

69 and 63 kJ - mol~! for vitrimers composed of diglycidyl ether of vanillyl alcohol
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(DGEVA)/cystamine and DGEBA/4-aminophenyldisulphide (4AFD), respectively.
Notably, the activation energy values derived from the Kissinger model follow a

similar trend, albeit with slightly lower values, at 46 and 53 kJ - mol~1188,

2.5 Thermo-mechanical dynamics of vitrimeric polymers:
catalysts, bond exchanges, and design implications

Vitrimeric polymers are characterised by their unique adaptability, which is
attributed to thermally induced bond exchange reactions. This adaptability
emphasises the importance of understanding their mechanical properties in
relation to temperature changes. Research on transesterification-based vitrimers
offers profound insights into their thermo-mechanical attributes. Specifically,
under certain conditions, these polymers demonstrate variations in their effective
modulus, for a fact critical for real-world applications. Delving into the thermo-
mechanical properties of vitrimers facilitates predictions about their behaviour
under diverse conditions, an understanding that is indispensable for refining
manufacturing processes and ensuring the consistent fabrication of materials that

meet desired specifications.

What sets vitrimer polymers apart is their dual behaviour, displaying
characteristics of both thermosets and thermoplastics. This duality accentuates
their distinctiveness and highlights the need to understand their thermo-
mechanical behaviour, especially for devising efficient recycling methodologies
that promote sustainability. Furthermore, a comprehensive understanding of
vitrimer thermo-mechanical properties can catalyse the development of
advanced materials, leading to innovations in various sectors, including

manufacturing and cutting-edge biomedical applications.

2.5.1 Thermo-mechanical properties: crosslinking and temperature
effects

The thermo-mechanical characteristics of vitrimers predominantly stem from two
key processes: the formation of crosslinks during curing and the alterations in
bond exchange reactions across varying temperatures. The following sections

delve into the impact of temperature on mechanical attributes, the utilisation of
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master curves to understand viscoelastic behaviour, the relaxation induced by

bond exchange, and vitrimer distinct frequency-independent modulus behaviour.

2.5.1.1 Crosslinking state during the cure

During vitrimer crosslinking, the modulus typically increases as dynamic covalent
bonds form between polymer chains, creating a three-dimensional network. This
network facilitates bond exchange reactions, allowing the material to reconfigure
its structure without net bond breaking. Factors such as the degree of
crosslinking, the type of crosslinking agent, and vitrimer molecular weight
influence the extent of modulus increase. Unlike traditional crosslinked polymers,
vitrimers can avoid becoming overly brittle with increased crosslinking due to their
dynamic bond exchange mechanism. For the uncured mixture, the loss modulus
dominates the early stage of isothermal crosslinking before the storage modulus
takes over, indicating the system transformation from a viscous stage to a gel
then to a highly elastic solid stage. However, after the rapid increase, both
storage and loss modulus continue to grow with time but at a much slower rate
indicating a slow development of crosslinks. During the curing process crosslink
density or the degree of cure is related to the curing temperature and time. Higher
curing temperature leads to a faster reaction and shorter time to reach the plateau
of the modulus. To reach the fully crosslinked structure through achieving the
exchange equilibrium a long period of time is required. In the case of epoxy and
fatty acid vitrimer, when cured at 130°C the increase of modulus continues for 38
hours'®. As the modulus is related to the state of the crosslinking, insufficient
annealing time would result in a lower mechanical property. For example, in the
DGEBA and sebacic acid vitrimer incorporated with linear alkylamine as side
chains ae polymerised at 120°C for 3 h followed by isothermal at 160°C for 6 h to
allow transesterification equilibrium. For example, an additional 21 hours of
annealing at 100°C results in more physical crosslinks which leads to a higher
elastic modulus of 170 kPa compared to 80 kPa at 90°C and 120 kPa to 50 kPa
at 160°C*0,
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2.5.1.2 Change of mechanical properties due to temperature changes

Upon exposure to a heating gradient, the cured vitrimer is noted to undergo a
swift decline in storage modulus around its glass transition temperature®®, akin to
thermosets. For instance, the rheological behaviour of an epoxy-thiol-acrylate
dual curing system demonstrates a notable decrease in values as the material is
heated across its glass transition temperature range from 30 to 60°C*°l. The
tuneable thermo-mechanical properties of vitrimer blends can be achieved by
adjusting the compositions of the base vitrimers, offering a flexible and eco-
friendly approach to recycling thermoset waste for practical engineering

applications.

2.5.2 Employment of master curves for analysing the viscoelastic
behaviour of vitrimers

Master curves have been employed in the study of vitrimer thermos-mechanical
behaviour to facilitate the efficient extrapolation of long-term material behaviour
from short-term data using time—temperature superposition (t-TSP) of the
dynamic response of the material to the frequency scans at different
temperatures. This allows the extrapolation of the vitrimer behaviour over
extended periods, based on short-term experimental data. This is particularly
valuable in predicting the durability and longevity of vitrimer-based materials. The
t-TSP of vitrimers is usually achieved by a shift factors (ar) from Williams—

Landel-Ferry (WLF) equation:

—C; - (T - Tref)
C,+T-— Tref

log(ar) = (2-11)

Here C;, C, are the WLF-parameters at lower temperature where the temperature
dependence of relaxation or viscosity cannot be adequately described by a
simple Arrhenius relationship and an Arrhenius equation at elevated
temperatures where the temperature dependence is dominated by the activation

energy.

The microscopic dynamics structure-viscoelasticity relationships of bond

exchanging reactions have bene investigated by computational models like a
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hybrid molecular dynamics and Monte Carlo simulation'®?, or a sticky Rouse
model (simplified sticky Rouse (SSR) and the inhomogeneous Rouse (IHR))*?L.
These models enable insights into molecular dynamics and relaxation
mechanisms, such as network strand relaxation and crosslink exchange.
Moreover, they serve as a standardised benchmark for comparing various
vitrimer formulations and other polymers, aiding in material selection and design.
By capturing phase transitions and providing a temperature-independent
analysis, master curves streamline the study of vitrimers, promoting cost-effective
and time-efficient research while guiding the tailoring of vitrimers for specific
applications. In a recent study based on the Kramer’'s thermally activated

dynamics of bond exchange reactions exchange rate was expressed as!%:
B = wo e~ WolksT (2-12)

where f represents the vitrimer chain exchange rate as the reciprocal of the
duration time 1, of a bond formed by an unattached end group, w, is the intrinsic
frequency of the vibration of the group, W, the potential barrier separating the
bonded from the unbonded state, and kg is a constant depending on the
molecular weight of the chain. The Arrhenius thermal activation energy
expressed as the slope of the curves of the logarithm of exchange rate 8 versus

p1/T, shows a dramatic change near the glass transition1%,

2.5.3 Bond exchange induced relaxation

Bond exchange reactions play a pivotal role in the relaxation behaviour of
vitrimers. The relaxation behaviour of epoxy-dicarboxylic acid transesterification-
based vitrimers reveals two factors contributing to relaxation: structural and bond
exchange reaction-induced. The proportion of the contribution of these two
mechanisms can vary based on the catalyst content and the speed of the external
stimuli. Higher catalyst levels and slower heating can increase the ratio of bond

exchange reactions in stress relaxation in single frequency stress relaxation®®,

In the case of compressive thermo-mechanical analysis under a constant force
the materials start to decrease in dimension under compression at the point at

which the effect of the bond exchange induces softening which exceeds the
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structural relaxation induced expansion with increasing temperature. The
dimensional change in this case is related to the bond exchange reactions which
induces stress relaxation and endows the material the ability to flow like a
thermoplastic and also causes decrease in modulus'®. Under constant stress
creep test, the topology transition temperature is defined as the point at which
the material starts to lose its effective modulus®®’. There are few advantages of
this method compared to the more widely used stress relaxation method as it
requires a smaller sample, the time needed for the test is reduced, and the
thermal expansion rate can also be measured at the same time. However, the

results provided from this method are heating rate and force dependent.

2.5.4 Frequency dependence of modulus and tan &

During the curing of crosslinked polymers at the gel point the formation of an
infinite network implies that pathways span the entire system!%. This
interconnected structure results in a unique equilibrium between the viscous and
elastic components of the system. Both these components exhibit a similar
sensitivity to frequency changes, leading to frequency independence of the loss
tangent'®®. The independence of the frequency on the tan & is also observed at

the gel point in polymer networks with exchangeable bonds (Diels-Alder)*8.

In addition to the gel point, the frequency independence of viscoelastic properties
is also present at higher temperatures after the material is crosslinked. During a
frequency sweep tests for an epoxy-acid vitrimer under varied temperature, as
shown in Figure 2.7, the influence of frequency on the normalised storage and
loss modulus becomes negligible at an elevated temperature transition period,

indicating a change in material properties'®®.
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Figure 2.7: Frequency independency of normalised storage and loss modulus over an
elevated temperature rage (adapted with permission from {Huagao Fang, Wujin Ye,
Yunsheng Ding, and H. Henning Winter., Rheology of the Critical Transition State of an
Epoxy Vitrimer, Macromolecules 2020 53 (12), 4855-4862)} Copyright {2021} American
Chemical Society)&

A prevailing theory posits that during a rheological temperature ramp, the
unification of the modulus can be attributed to two distinct relaxation mechanisms:
structural relaxation and relaxation induced by bond exchange reactions.
Following the transitional phase, the impact of bond exchange becomes more
dominant than that of structural relaxation. To prove it, studies on the factors
influencing the rate of bond exchange and their affection on this transition in terms
of the onset temperature of frequency independence, its range, and the
subsequent temperature and frequency response post-transition ought to be
conducted. However, no studies have been conducted to explore this relationship

in detail yet.

2.6 Research gap

There remains a discernible gap in the systematic study of the curing behaviour,
kinetics, and modelling of DGEBA when combined with carboxylic acids of
varying linear chain lengths. The influence of chain length on the curing kinetics
and its subsequent impact on the thermal, mechanical, and rheological properties
of the resulting polymers is not well understood. Catalytic control, which involves
altering the type and concentration of catalysts, predominantly affects the

activation energy of reactions, thereby modifying the temperature-dependent
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viscosity behaviour. Yet, it does not significantly alter other material properties.
An illustrative example is that vitrimers doped with various catalysts at different
concentration levels often exhibit unchanged glass transition temperatures?®, A
knowledge gap exists regarding the connection between the chemical structure
of monomers and the ensuing properties. The evolution of vitrimers’ mechanical
properties throughout the curing process is predominantly undocumented. A
deeper insight is imperative to understand the complex interplay between the
curing temperature, duration, and the subsequent crosslinking density and elastic
state of the materials. The link between thermo-mechanical behaviour and
temperature-dependent bond exchange behaviour is unexplored, necessitating
further exploration in this domain. In light of these gaps, this study embarks on a
comprehensive investigation of vitrimeric materials, grounded in the controlled
design of the monomers. The aim is to unveil the nuanced influences of chemical
structures on material properties. This not only provides a deeper comprehension
of vitrimer chemistry but also underscores the pivotal role of monomer design in

tailoring material properties for specific applications.
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3 Material preparation and methodology

3.1 Materials and preparation

D.E.R™ 332 was used as a high purity diepoxy (DGEBA) monomer. The
carboxylic acids, tetradecanedioic acid, dodecanedioic acid, sebacic acid,
suberic acid, and adipic acid were selected to study the effect of dicarboxylic acid
structure on the epoxy-dicarboxylic acid vitrimer. Zn(acac): is a well-applied
transesterification catalyst for epoxy-dicarboxylic acid based vitrimers. The
chemical structure and detailed information of all chemicals are summarised in
Table 3.1 and in Appendix Fig A.4 to A.7. All the chemical compounds were

purchased from Merck Life Science UK Limited.

To make resin plates, dicarboxylic acid crystals were finely ground using a pestle
and mortar to powder to ensure homogenous dispersion of dicarboxylic acid in
epoxy during later mixing. Dicarboxylic acids and epoxy were weighted to ensure
a stoichiometric amount (m/m) of epoxy and carboxylic acid groups. For each
carboxylic acid and epoxy composition, three different levels of Zn(acac):
catalysts were added resulting in total in 15 different vitrimer formulations. All
three components (epoxy, carboxylic acid, catalyst) were added into a beaker
and hand mixed into a homogenous liquid, followed by the degassing in a vacuum
oven at 90°C for 1 hour to eliminate air bubbles caused by mixing before the
casting of the sample plates. Then the mixture was carefully poured into a rubber-
sealed glass mould. For the crosslinking to occur the mixture was heated to
160°C and left to cure for 2 hours. For all material the ratio of functional groups
of epoxy to carboxylic acid was 1:1. The three levels of catalysts were 1 mol%,
2.5 mol%, and 5 mol%. For naming of formulations, the total number of carbons
in the carboxylic acid chain was used after letter C to signify the carboxylic acid
followed by letter Z and the content of catalyst. For example, formulation C6Z2.5
is made of adipic acid (HO2C(CH2)4aCO2H) and uses 2.5 mol% of Zn(acac):
catalyst. Table 3.2 lists the formulation and the associated material codes.
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Table 3.1: Chemical structure and information of the ingredients for vitrimer

(;]?sr;pound(synony Chemical structure Formula | Molecular | Number of | CAS-
weight methylene | No.
(g/mol) groups
gilslzf;?dr;?l ot Q HiG, GHs C21H2404 | 340.4 N/A 1675-
(D.E.R™™ 332) ot o~ 54-3
Zceit(;adeca”ed'o'c o | CuH204 | 258.35 12 821-
HOW\/\/\/\A)J\OH
(1,14- ° 38-5
Tetradecanedioic
acid)
" ) 5
Dodecanedioic aqo! o g | CraH204 | 230.30 10 693-
(1,12-Dodecanedioic 0
acid) 23-2
Sebacic acid © | CiHis0s | 202.25 |8 111-
(1,10-Decanedioic HOu A~ A~~~ Hon
acid) o 20-6
Suberic acid 0 CeHuOs | 17419 |6 505-
(1,8-Octanedioic HOW/\/\/\)\OH
acid) 0 48-6
Adipic acid o
CeH1004 | 146.14 4 124-
(1,6-hexanedioic HOMOH erHo
acid) o 04-9
Zinc acetylacetonate " CioH1Os | 263.61 N/A 1085
hyd I'ate ch)]\/kCHg Zn?+ *xH0
2 03_
Zn
47-5
-xH20
Table 3.2: Composition of the vitrimeric materials
Material Zn(acac)2 :
code content (%omol) Acid type Epoxy
C6Z1 1.0 - .
C6725 25 AATEDE 15 DGEBA
0675 50 (CeH1004)
c8z1 1.0 . .
C872.5 25 Suberic acid DGEBA
Ca75 50 (CsH1404)
C10z1 1.0 Sebacic acid DGEBA
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C10Z2.5 2.5 (C10H1804)

C10Z5 5.0

C1271 1.0 .

C12725 25 DOd?éanﬁd'g"; acid DGEBA
C1275 5.0 1212z

C1471 1.0 -

C14725 5 Tetra‘zgcage‘z')o;c acid DGEBA
C1475 5.0 e

3.2 Characterisation methods

3.21FTIR

Attenuated total reflection infrared spectroscopy (ATR-IR) was performed using
a Thermo Scientific Nicolet™ iS™10 FT-IR spectrometer with Thermo Scientific
Nicolet iZ™ 10 Auxiliary Experiment Module. The IR data of DGEBA, catalyst, all
the carboxylic acids, and mixtures before and after curing were collected.
Monitoring was performed through the integration of absorbance for a total of 50
scans over well-defined intervals. The wavelength range analysed was 800-2000
cm L. To confirm the state of the materials the change of intensity of peaks (dcoc
at 910 cm™, uc=o carboxylic acid at 1710 cm™, uc=o ester at 1730 cm™ and uoH at

3450 cm!) was observed.

3.2.2 Differential scanning calorimetry (DSC)

DSC experiments were conducted with TA Discovery DSC 250. DSC was used
for analysis of the cure kinetics as well as measurements of the glass transition

temperature of the formulations.

To determine the glass transition temperature, approximately 5 mg of sample was
initially excised from the cured vitrimer plates. This sample was then placed in a
hermetic aluminium pan, which was subsequently sealed with a compatible
aluminium lid using a Tzero press. Similarly, a reference pan was prepared using
the same type of hermetic aluminium pan and sealed with a corresponding
aluminium lid. The prepared sample and reference pans were then transferred
onto the DSC cell. Subsequently, both the sample and reference were exposed
to a constant flow of nitrogen at a rate of 50 ml/min in a closed heating chamber

while being subjected to a heating rate of 2°C/min within the temperature range
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of -10 to 60°C. The glass transition temperature was determined as the
temperature corresponding to the inflection point of the heat flow curve, as
analysed using the TA instrument Trios software. All tests were conducted in
triplicate to ensure accuracy and reproducibility.To investigate the curing
behaviour of the vitrimers, approximately 5 mg of each sample was extracted
from the mixed sample mixture before curing and subsequently placed in
individual hermetic aluminium pans. These pans were sealed with precision using
hermetic aluminium lids applied with a Tzero press. Similarly, a reference sample
was prepared in a hermetic aluminium pan and sealed with a corresponding
precision lid. The heat flow measurements were conducted under both dynamic
and isothermal conditions. All tests were performed within a closed heating
chamber, ensuring a constant flow of nitrogen at a rate of 50 ml/min for consistent
environmental conditions. The cure characterisation was caried for formulations
containing 1% catalyst namely C6Z1, C8Z1, C10Z1 and C14Z1. For all dynamic
tests a suitable starting temperature of 160°C was selected to ensure the melting
of the carboxylic acid does not interfere with the experiment. the melting of the
carboxylic acid and reaction. Prior to undergoing the dynamic heating
programme, the samples were initially stabilised at a temperature of 40°C before
being heated to 160°C at a vigorous heating rate of 50°C aiming to minimise both
the effect of the shadowing of the reaction peak due to carboxylic acid melting
and any crosslinking occurring during the ramp. Subsequently, they were
subjected to a prescribed heating rate. until reaching a final temperature of
320°C. the rates used were of 2.5°C/min, 5°C/min, and 10°C/min. Isothermal
DSC experiments were carried out at 160°C, 170°C, 180°C. The temperature was
raised to the isothermal curing temperature at a heating rate of 50°C/min to
minimise crosslinking before the start of the test. The heat flow curves were
subsequently analysed using the software TA instrument Trios. Integrations were
carried out using a linear baseline for dynamic experiments and a linear baseline
horizontal from the end of the test for isothermal tests. The reaction rate was
computed based on the assumption of proportionality between reaction rate and

heat flow using:
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da _ dH 1
dt  dt AHupeq

(3-1)

d . dH . .
where d—f represents the reaction rate, —is the heat flow over the baseline and

AH,,:q; IS the peak area of the reaction, i.e., the total enthalpy.

3.2.3 Cure kinetics modelling

The kinetics models of thermosetting resins can be categorised into two main
types: (1) nth order models and (2) autocatalytic models. This distinction arises
from the presence of two distinct categories of crosslinking reactions,
characterised by whether the maximum reaction rate occurs at zero conversion

or at a finite conversion value. The nth order model is represented as follows:

da n (3-2)
S =k(l-a)

This equation assumes a constant value of the reaction order n, independent
of temperature and conversion, and predicts a linear relationship between In (Z—i)

and In (1 — a). One notable feature of this model is the prediction of a maximum

reaction rate at zero conversion under isothermal conditions.

When the reaction rate reaches a maximum at an intermediate time during an
isothermal experiment reaction is best described as autocatalytic reaction which

can be expressed as:

da Eq
—2a n_m (3-3)
T Ae RT(1—a) «a

The Malek method was used?! to select an appropriate model. This method

utilises two functions, y(a) and z(a) and defined as:

_da . 3-4
y(@ =—-e (3-4)
z(a) = m(x) (fl—(;g (3-5)

Here x = E,/RT, (x) = fi—‘;dT which can be approximated by?°2:
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x® +18x* + 88x + 96 (3-6)
x* +20x3 + 120x2 + 240x + 120

n(x) =

The calculated values of y(a) and z(a) are normalised to [0,1] interval. The
corresponding conversion degree for the maximum of y(a) and z(a) are denoted
as ay and ay’. The value of isoconversional E, used is obtained from Starink
method. To calculate o’ and ay, both the fixed activation energy and the

isoconversional E,values are taken into consideration.

The shape of the y(a) function and the combination «;’ and a) play a crucial role
in determining the most appropriate kinetics model choice. According to the
Malek method, when a,’ # 0.632 and 0 < ay < ap’, the empirical Sestak-

Berggren model Eq.(3-7) proves to be the most suitable kinetics model for
analysing thermal data.

f(a@) =a™(1 —a)” (3-7)

A transition from chemical kinetics to diffusion control is incorporated in the cure
kinetics model by adopting an expression formulated by Cole et al.?°® and Hubert

et al.2%* The model is represented as follows:

Eq
da Ae Rfea™(1—a)" (3-8)
dt 1 + elC(a—(acotacrD)]

In this equation, C represents the diffusion constant, a., represents the critical
degree of cure at T = 0K, and a.r represents a constant that accounts for the
increase in the critical resin degree of cure with temperature. This modified
kinetics model incorporates the influence of diffusion due to proximity to
vitrification. As the reaction progresses and approaches a, at a specific
temperature, the cure rate experiences a notable deceleration, indicating a shift
towards diffusion control. For the models the activation energy of the reaction E,

used are obtained using Kissinger's model:
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B\ . (AR\ E,
In (T_p2> =In (E—a) - RTp (3'9)

where B is the heating rate of the dynamic DSC test, A is a pre-exponential factor,

R is ideal gas constant, T, is the temperature of the peak reaction. E, is obtains
as the inverse of the slope for the curve when plotting In (%) against %. And the

value of which is listed in Table 3.3.

Table 3.3: Adopted activation energy for cure kinetic model from Kissinger's method

Materials céz1 | cs8z1 | ciozi | c12z1 | c14z1
E, (k] /mol) 120.7 875| 86.8 74.0 80.6

3.2.3.1 Estimation approaches of the goodness of the fitted model to
experimental data

To assess the accuracy of these models, the mean square error (MSE):
MSE = X (vi — %) (3-10)
n

and root mean square error (RMSE):

(i = 9) (3-11)
n

RMSE =

are utilised as measures of the prediction error between y; (the observed value)
and y,-predicted value. The goodness of the fit is estimated using the coefficient

of determination (R?):

_ X —)? (3-12)

2:
=150 92

which represents the correlation of the experimental data and the fitted model.
Here y is the mean value of the data. The minimisation of error in fitting was
carried out using the using the Generalised Reduced Gradient Nonlinear

Optimisation method implemented in Solver of Microsoft Excel.
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3.2.4 Stress relaxation by Dynamic Mechanical Analysis (DMA)

The stress relaxation of all 15 vitrimeric materials was measured using a TA
instrument DMA Q800 to analyse the effect of the chemical structure of the
polymer chain repeating unit on the overall ability of the material to maintain or
adapt to the applied strain. The experiments were conducted on rectangular
samples with size of 2 mm x40 mm x10 mm under stress relaxation mode with
single cantilever geometry on. The strain was set at 2.5%. Testing was carried
under at least three different temperatures to study the temperature dependence
of the bond exchange reaction. The temperatures used for each material is listed
in Table 3.4.

Table 3.4: Temperatures for the DMA relaxation test on all the formulations

Material Temperature (°C)
Cc6z1 210, 230, 250
C622.5 210, 230, 250
C675 200, 210, 230
C8Z1 210, 230, 250
C822.5 210, 230, 250
C8Z5 180, 200, 230
C10z1 200, 230, 250
C1022.5 210, 240, 250
C10Z5 180, 200, 230
C12z1 180, 200, 220
C1222.5 140, 160, 180
C1275 140, 160, 180
Cl4z1 180, 200, 220
C1472.5 140, 160, 180
C1475 140, 160, 180

The topological transition temperature (T,) was determined by extrapolating

Arrhenius curves of the relaxation time (%)
E
Int* =Inty + (—‘”) (3-13)
nt nt RT

where E,, is the activation energy for transesterification bond exchange, R is the

ideal gas constant, T is the temperature in Kelvin, and 7, is a pre-exponential

45



factor'®, The relaxation time for each test was determined by fitting an

exponential decay:

(3-14)

where G is the bending modulus at time t, G, is the bending modulus at the
beginning of the relaxation. The bond exchange rate of vitrimers is greatly
affected by the kind and content of the added catalysts in the catalyst-assisted
systems. The amount of catalyst added only alters the pre-exponential factor of
the reaction and not the activation energy. To increase the robustness of the
activation energy estimation instead of using three points for one formulation
composition, a collective of nine points were utilised. In this case, the formulations
made of the same carboxylic acid and epoxy share the same E,, but different
probability of collisions. The resulting activation energy and topology freezing
temperatures were compared to that obtained from the set of three relaxations

for each individual material to assess the value of this analysis.

3.2.5 Thermogravimetric analyses (TGA)

TGA tests were performed on the TA Q500. Approximately 5 to 10 mg of each
sample was initially excised from the cured vitrimer plates before being
transferred onto a platinum sample pan with an attached hook and placed on the
autosampler. All the tests were conducted in a closed heating chamber with a
constant flow of nitrogen at a rate of 50 ml/min. The samples were subjected to
a heating from 25°C to 600°C with the ramp speed of 10°C/min under nitrogen
flow of 60 ml/min. For each material the test was repeated at least three times to
minimise experimental error. The 5 and 10% weight loss points were recorded

for evaluation of the material thermal stability.

3.2.6 Rheological Measurements

Rheological measurements were conducted using the TA Instruments HR20
rheometer rotational rheometer with a 25 mm parallel plate geometry on. For
curing evaluations, the uncured material mixture was placed between two parallel

stainless steel plates. During the curing process, rheological properties were

46



tracked while maintaining a constant gap between the top and bottom plates. The
oscillation was set at 0.1% strain and 1 Hz frequency. The temperature profile
involved initial heating to 30°C, followed by ramping up to the curing temperature
(160°C, 170°C, and 180°C) at a rate of 10°C/min. This was followed by a 2-hour
isothermal period at the respective temperature. Subsequently, a heat-cool ramp
was executed with a compression force of 10 N. The materials were heated from
their curing temperatures to 260°C and then cooled to 70°C, with heating and
cooling rates set at 5°C and 3°C, respectively.

Small Amplitude Oscillatory Shear (SAOS) tests were also carried out using the
HR20 rheometer. The samples for the test were cut from the cured material plates
using a cutting knife to the shape of approximate disk shapes with a diameter of
25mm. The tests are conducted with 25mm parallel stainless steel plates. The
tests involved isothermal steps at regular temperature intervals. During heating
scans, the temperature was incremented in 10°C steps from 50°C to 270°C,
followed by stepwise cooling to 50°C in increments of 10°C. At each temperature
step, a SAOS frequency sweep was conducted ranging from 0.01 to 100 rad/s
with three points per decade. Throughout the multifrequency sweep, a
compression force of 2.0 N was applied to all materials, with a consistent strain
of 0.1%.
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4 Cure kinetics of epoxy- dicarboxylic acid vitrimers

The curing process of epoxy is of paramount importance in tailoring the material
mechanical, thermal, and chemical properties to suit specific applications and in
optimising the production process to achieve reduced time and costs. In the
context of this study, the curing process plays a critical role in the development
of a crosslinked network for vitrimers, imparting them with exceptional physical
properties. Investigating the variations in curing profiles resulting from slight
differences in the chemical structure of the dicarboxylic acid component offers a
valuable opportunity to gain deeper insights into the epoxy-dicarboxylic acid
system. This understanding serves as a valuable reference for future

advancements and developments in the field.

4.1 DSC data analysis

Differential Scanning Calorimetry (DSC) serves as a robust and indispensable
tool in the investigation of the curing process. DSC allows for the real-time
monitoring of the exothermic or endothermic heat flow linked to curing reactions,
yielding valuable insights into the kinetics and temperature range of the curing
phenomenon. In this study, the thermal profile of the vitrimeric materials curing
was examined through a combination of dynamic and isothermal DSC
experiments, leveraging the comprehensive capabilities of this versatile

technique.

4.2 Reproducibility of DSC data

First of all, the consistency of the results is verified by comparing enthalpies,
demonstrating a difference of 1.7% and 1.0% between two sets of identical
dynamic tests for materials C8Z1 and C10Z1, respectively, as outlined in Table
4.1., Figure 4.1 and Figure 4.2 depict the variation in total enthalpy for C821 and
C10z1 across temperatures for the tests. Remarkably, the dynamic enthalpies
for tests conducted at 5°C/min and 10°C/min show substantial agreement
throughout the entire temperature range, with minor deviations at the onset of the
reaction for C8Z1 at 10°C/min and C10Z1 at both heating rates. Despite these,

the curves overlap, exhibiting significant coordination for the majority of the curing
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process Serving as a pivotal insight into the entire DSC data, the observed
consistency and minimal deviations in the enthalpy comparisons not only affirm
the reliability of the DSC data but also bolster the confidence in conducting further
comprehensive analysis based on them, ensuring the robustness of subsequent

findings and conclusions.

Table 4.1: The recorded enthalpy and difference for two sets of dynamic tests for
material C8Z1 and C10Z1

Material H?? g?rgi;?te égrf‘]{g) éuHrstlg) Difference
10 222 219 1.4%
C871 5 246 251 2.0%
Average 234 235 1.7%
10 137 137 0.0%
C10z1 5 154 157 1.9%
Average 145.5 147 1.0%

N
o
o

——— €821 5°C/min 01
--------- C8Z1 5°C/min 02

Enthalpy (J/g)
2 g

—— (C871 10°C/min 01

(%2
o

--------- C871 10°C/min 02

o

100 150 200 250 300 350

Temperature (°C)

Figure 4.1: Repeat DSC tests for C871
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Figure 4.2: Repeat DSC tests for C10Z1

4.2.1 Dynamic DSC results

Figure 4.3- Figure 4.7 present the measured heat flow data for all the formulations

at different temperatures under non-isothermal curing conditions. The reactions

of all the materials primarily exhibit single-peak curves, occurring at temperatures

ranging from 180-230°C. The heat flow peaks for C6Z1 (vitrimer made of adipic

acid-CeH1004 and 1% Zn(acac)2) appear at a lower temperature range of 165-
245 °C, than those observed for C871, C12Z1, and C14Z1, for which the peaks
end at around 265°C. For C10Z1, the peaks end at even higher temperatures,
specifically at 265°C, 285°C, and 305°C for heating rates of 2.5°C/min, 5°C/min,

and 10°C/min respectively (Figure 4.5).
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Figure 4.3: DSC heat flow as a function of temperature for heating rates for C6Z1
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Figure 4.4: DSC heat flow as a function of temperature for heating rates for C8Z1

To compare the differences in curing behaviour between the different systems,

the peak temperature (T5), total enthalpy, and final temperature (T¢) for all rates

and formulations are reported in Table 4.2. The results show a strong

dependence of peak temperature (Tp), total enthalpy, and final temperature (T)

on the heating rate for all rates and formulations. When subjected to a higher

heating rate, the heat flow peaks tend to shift to a higher temperature, exhibit a

higher magnitude, and appear broader. This behaviour is commonly observed in

non-isothermal curing processes and can be attributed to the fact that a higher

heating rate means the material stays at a particular temperature for a shorter

period of time. Consequently, the peak for the heat flow is amplified for that

specific temperature range.
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Figure 4.5: DSC heat flow as a function of temperature for heating rates for C10Z1
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Figure 4.6: DSC heat flow as a function of temperature for heating rates for C12Z1

In addition to the main reaction peaks, two distinct types of secondary peaks are
observed at higher temperatures. The first type is represented by minor peaks
occurring at relatively high temperatures, such as the temperature range of 255-
285°C for C6Z1 in Figure 4.3 and around 295°C during the 10°C/min run of
C14Z1 in Figure 4.7. These peaks exhibit insignificant enthalpy release and may
be associated with degradation or minor secondary reactions. The second type
is characterised by noticeable shoulders adjacent to the main reaction peak. This
phenomenon is evident in C8Z1 at heating rates of 2.5°C/min and 5°C/min, as
well as the 5°C/min runs of C10Z1 and C12Z1. This could be linked to the
incomplete portion of the reaction resulting from the crosslinking process. During
the curing process, when crosslinks are being established, the movement of the
reactants can sometimes be hindered which is termed as steric hindrance.
However, the increase in temperature affects vitrimeric materials in a way that
facilitates their movement, giving them a second opportunity to react. There is
also a negative relationship between the total enthalpy of the reaction and the
heating rate. At lower heating rates, the materials underwent a prolonged curing
time, resulting in an average increase of 13.1% in enthalpy as indicated by the

results provided in Table 4.2.
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Figure 4.7: DSC heat flow as a function of temperature for heating rates for C14

Table 4.2: Curing data obtained from the dynamic DSC thermograms recorded at
2.5,5,10°C/min heating rate for all formulations

Material H‘E?g;‘rgi;?te Tp (°C) | T, (°C) | AHT(Ig) | AHT(KIImol)
10| 198 | 315 317 77.5
c6z1 5| 187 | 312 344 84.1
25| 179 | 300 382 93.4
10| 223 | 280 243 62.8
csz1 5| 208 | 208 245 63.4
25| 195 | 240 319 82.5
10| 212 | 313 140 38.2
c1071 5| 197 | 208 155 42.3
25| 185 | 287 178 48.5
10| 222 | 316 263 75.4
c1271 5| 204 | 315 189 54.2
25| 100 | 317 288 82.6
10| 215 | 317 237 71.3
c14z1 5| 198 | 238 104 58.4
25| 186 | 221 225 67.7
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In the results reported in Table 4.2 there is significant variation in the values of
total enthalpy among different formulations. Since each vitrimer composition has
a different molar mass, the enthalpy values are also presented as molar values.
The average enthalpy values as a function of dicarboxylic acid chain length are

illustrated in Fiaure 4.8 and
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Figure 4.9. In Figure 4.8, the specific enthalpy appears to exhibit a slight
decreasing trend as the dicarboxylic acid chain length increases, with the
exception of C10, which shows a substantially lower value compared to the other

materials. As shown in
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Figure 4.9, the majority of the molar reaction enthalpy falls within the range of 60-
80 kJ/mol, with a weak decreasing trend and an 8.0% difference between the
highest enthalpy range for C6 and the lowest for C14. It is relevant to consider

the possibility of errors in sample preparation or during the tests for C10.
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Figure 4.10 to Figure 4.14 show the reaction degree as a function of temperature.
Across all materials, a consistent sigmoidal curve is evident throughout the
reaction course. The initial stage of the reaction, approximately around 160°C, is
characterised by a gradual increase in the cure degree. Subsequently, a more
accelerated curing development ensues, leading to a pronounced steepening of
the curve. Eventually, the curve levels off, indicating a deceleration in the reaction
progress towards its completion upon consumption of the reactants. Within the
same formulation, a rise in the heating rate triggers a shift in the sigmoidal curve
representing the degree of cure towards higher temperatures. With a higher
heating rate, the reaction initiates more gradually and concludes at a higher
temperature. At the same given temperature, a faster heating rate results in a
lower degree of curing for the sample. Achieving the same degree of cure
requires a higher temperature when using a faster heating rate. This is due to the
time that material spends at lower temperatures, which decreases with increasing

heating rate.
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Figure 4.8: Average of the enthalpy for vitrimers. Error bars correspond to one standard

deviation
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Figure 4.9: Average of the molar enthalpy for vitrimers. Error bars correspond to one

standard deviation
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Figure 4.10: Curves of reaction degree and temperature at different heating rates for

C6Z1 curing reactions
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Figure 4.11: Curves of reaction degree and temperature at different heating rates for
C8Z1 curing reactions
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Figure 4.12: Curves of reaction degree and temperature at different heating rates for

C10Z1 curing reactions
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Figure 4.13: Curves of reaction degree and temperature at different heating rates for
C12Z1 curing reactions
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Figure 4.14: Curves of reaction degree and temperature at different heating rates for
C14Z1 curing reactions

In contrast to the characteristic sigmoidal shape observed for the degree of cure
versus temperature curves in C82Z1, C10Z1, and C14Z1, formulations C6Z1 and
C12Z71, shown in Figure 4.10 and Figure 4.13 exhibit a distinct two-step increase
in degree of cure during the heating process. Notably, the effect of heating rate
on the curing kinetics of C6Z1 and C12Z1 demonstrates a significant deviation
from the behaviour observed in the other three materials. As the heating rate
increases, the degree of cure for these formulations exhibits a more rapid and

pronounced rise at the initial stages of the reaction process. This phenomenon
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can be attributed to nature of the reactions, whereby the impact of the first stage
of the reaction becomes amplified at higher heating rates, while the contribution
of the second stage becomes relatively less significant. Furthermore, this
observation is substantiated by the reaction rate versus temperature curves
shown in Figure 4.15-Figure 4.17. In the case of C6Z1 and C12Z1 shown in Figure
4.16 , prominent secondary reaction peaks are observed within the temperature
range of 220-240°C for C6Z1 and 280-300°C for C12Z1, which is not evident in
the other three compositions. Moreover, this trend becomes more pronounced at
lower heating rates, providing further support to the findings derived from the

reaction rate and degree of cure curves.
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Figure 4.15: Curves of reaction rate and temperature for all formulations at heating

rates of 2.5°C/min
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Figure 4.16: Curves of reaction rate and temperature for all formulations at heating

rates of 5°C/min
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Figure 4.17: Curves of reaction rate and temperature for all formulations at heating

rates of 10°C/min

The curing mechanism of these materials involves two primary reactions: (i) the
addition esterification of epoxy and carboxylic acid groups (Figure 4.18); and (ii)
the transesterification reaction, leading to the formation of a diester and a diol
(Figure 4.19). The first reaction accounts for the abundant energy release while
the second reaction creates a crosslinked structure and the adaptability for
vitrimers. The process of transesterification happens at a much slower rate
compared to the addition esterification reaction. The first reaction for the materials
happens within 60 minutes at temperatures greater than 160°C. As in Figure 4.15,
all the first peaks for all the materials are completed before 220°C except the C10
vitrimer for which the reaction ends up at around 260°C. In contrast, the second

process can take dozens of hours to reach the final stage?’.

)L /\ — R‘I)Lo/\/\Rz

OH

R1

Figure 4.18: Addition reaction of a carboxylic acid to an epoxy group.
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Figure 4.19: Transesterification converting monoesters into a glycol and a diester

In addition, when excess reactive groups are present after esterification usually
in non-stoichiometric systems, two secondary reactions may occur as illustrated
in Figure 4.20: (i) the etherification of hydroxyl and epoxy groups?2°®; and (ii) the
condensation polyesterification involving hydroxyl and carboxyl groups. However,
the rates of these secondary reactions are significantly slower compared to the
addition esterification reaction, particularly when transesterification takes
precedence, and the availability of epoxy or carboxyl groups becomes limited. At
the same time, these two reactions take place at higher temperatures compared
to addition esterification of epoxy and carboxylic acid due to the higher activation

energy.

Materials C6Z1 and C12Z1 exhibit a more evident occurrence of a second
reaction during the curing process. This reaction appears to proceed at a slower
rate and takes place at higher temperatures, which is most likely the result of
transesterification. There is also a minor possibility of it being condensation
polyesterification or etherification of hydroxyl and epoxy due to potential non-
stoichiometric balance between the initial epoxy and carboxylic acid
functionalities. Considering that transesterification is inherently slow and occurs
over an extended period, the observed disparity in enthalpy values documented
in Table 4.2 can be attributed to the supplementary energy released through

transesterification during the prolonged reaction time for tests conducted at
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different heating rates—namely, 2.5°C/min (60 minutes, spanning 160-310°C),
5°C/min (30 minutes), and 10°C/min (15 minutes).

0 ' OH O-R
[>—R * ROH —— R>_/
0 Esterification 0
+  ROH A *oHO
. R™ "O-R
R™ "OH Hydrolysis

Figure 4.20: Schemes of etherification reaction and condensation polyesterification

reaction

4.2.2 Isothermal DSC results

Figure 4.21 to Figure 4.25 present the isothermal DSC results for the five systems
studied. For all materials, the reaction is fast at the beginning and the rate of
reaction which is strongly dependent on temperature. After the initial fast reaction
phase, the enthalpy curves start to level, and the differences appear at a much
small scale. As the reaction is accelerated by increased temperature, curing at
higher temperatures results in earlier completion. The cure of C6Z1, C8Z1,
C10Z1 and C14Z1 at 180°C is completed, within 40 minutes. For C12Z1, the

enthalpy change becomes nearly zero around 70 minutes into the reaction.
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Figure 4.21: Isothermal enthalpy evolution of C6Z1
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Figure 4.23: Isothermal enthalpy evolution of C10Z1
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Figure 4.24: 1sothermal enthalpy evolution of C1271
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Figure 4.25: Isothermal enthalpy evolution of C14Z1

Total enthalpy of the isothermal tests does not reach the same value as for the

dynamic tests. The enthalpy of isothermal tests are compared to the average of

the dynamic tests in Table 4.3, where the apparent final degree of cure reached

under isothermal conditions is also reported. In the case of C8Z1, C10Z1 and

C14Z1, the total enthalpy of the isothermal tests account for more than 85%,
while the degree of cure for C6Z1 and C12Z1 only reaches 55-65% and 70-85%

of that of the dynamic tests. As observed in 2.5°C/min dynamic tests (Figure 4.10

and Figure 4.13), the secondary reaction start at a temperature around 230-

240°C which is significantly higher than the temperature of the isothermal

experiments. Therefore, the partial cure under isothermal conditions can be

attributed to the limited occurrence of the secondary reactions.

Table 4.3: Isothermal enthalpy for all vitrimeric materials

Material Temperature Enthalpy Average total enthalpy Degree of
(°C) (J/g) (J/g) cure
180 227 65%
C6Z71 170 219.9 347.7 63%
165 191.6 55%
180 252.4 94%
C871 170 251.4 269.2 93%
160 250.9 93%
180 148.6 94%
C10z21 170 152.7 157.9 97%
160 157.7 100%
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180 173.3 70%
Cl2z1 170 173.7 246.6 70%
160 204.3 83%
180 195 89%
C14z1 170 216.1 219.2 99%
160 190.3 87%

4.2.3 Superposition of isothermal and dynamic cure kinetics data

Figure 4.26 to Figure 4.30 show of reaction rate as function of degree of cure for
isothermal tests. Across most formulations, a distinct pattern emerges where the
reaction rate exhibits an initial increase, culminating in a maximum value,
succeeded by a subsequent deceleration. This initial increase transpires over a
relatively brief interval and is somewhat less conspicuous for C8Z1 cured at 170
and 180°C, as depicted in Figure 4.27. This diminished clarity could stem from
the rapidity of the initial increase. This behaviour strongly suggests an
autocatalytic mechanism?%2°7 for the reaction, rather than nth order. In the
context of the autocatalytic mechanism, the hydroxyl group generated during the
initial phase of the reaction functions as a catalyst, inducing an acceleration of
the reaction?%8.296 hefore the reaction rate commences a decline attributed to

diminishing reactant concentration.
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Figure 4.26: Superposition of dynamic and isothermal reaction rate versus degree of

cure data of vitrimer C6Z1
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Figure 4.27: Superposition of dynamic and isothermal reaction rate versus degree of

cure data of vitrimer C8Z1
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Figure 4.28: Superposition of dynamic and isothermal reaction rate versus degree of

cure data of vitrimer C10Z1
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Figure 4.29: Superposition of dynamic and isothermal reaction rate versus degree of
cure data of vitrimer C12Z1
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cure data of vitrimer C1471

To test the assumption of reaction rate being a unique function of degree of cure
and temperature, dynamic data at identical temperature and degree of cure were
superimposed with the isothermal reaction rates. Figure 4.26 to Figure 4.30
illustrate this comparison. The values and difference between the isothermal and
dynamic data are listed in Table 4.4. Overall, there is a small difference between
the data points obtained from the dynamic and isothermal tests, resulting in an
overall relative error of 9.2% in terms of reaction accuracy. This confirms that the
reaction mechanism remains consistent with a representation of the reaction rata
as a unique function of temperature and degree of cure despite the variation in

thermal history.

Table 4.4: Superposition data for vitrimers

Material | Temperature(°C) Heéilgr;%:?]r;\te REIrart'([)l\r/e Average relative error
10 9.5%
170 5 5.7% | 12.1%
0,
C6Z1 2.5 21.2% 11.2%
10 15.4%
180 5 14.6% 10.3%
2.5 0.9%
10 5.4%
170 5 5.9% 4.4%
C871 2.5 2.0% 5.9%
0
180 10 3.0% 7.4%
5 6.8%
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2.5 12.4%
10 18.6%
170 5 8.2% 13.5%
C10z1 2.5 13.6% 9.9%
10 7.3%
180 5 2.6% 6.4%
2.5 9.3%
10 19.9%
170 5 11.1% 16.3%
Cl12z1 2.5 18.0% 16.3%
10 9.6%
180 5 6.0% 16.2%
25 33.0%
10 5.4%
170 5 2.3% 2.9%
Cl4z1 2.5 1.1% 2.6%
10 2.4%
180 5 1.6% 2.2%
2.5 2.8%

The data points obtained from interpolated dynamic DSC experiments have an
unbiased distribution in relation to their correlation with the isothermal runs. This
observation indicates the absence of a discernible connection between the effect
of the heating rate on the reaction rate in terms of degree of cure at the interpreted
temperatures. For example, in the case of C10Z1, the isothermal reaction curves
appear slightly higher in reaction rate at the same degree of cure. Conversely, for
C6Z1 and C12Z71, the isothermal runs exhibit lower behaviour compared to the
results extracted from dynamic testing. Among all the formulations, C14Z1
demonstrates the most consistent results between the dynamic and isothermal
data, with an average relative error of 2.6%. conversely, C12Z1 exhibits the
largest disparity, showing an average difference of 16.3% between the dynamic

and isothermal measurements.

4.3 Cure kinetics modelling of epoxy-dicarboxylic acid vitrimer
systems

The modelling of cure kinetics is reported in this section. The initial approach
utilising the straightforward Kissinger model to estimate the apparent activation
energy for each of the vitrimer formulations is presented first. This is then

contrasted with the outcomes from three isoconversional models to assess
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accuracy. Subsequently, the derived activation energy values are integrated into
an autocatalytic kinetic model that incorporates considerations for diffusion

limitations.

4.3.1 Application of Kissinger model

The objective of conducting a kinetic analysis on the thermal stimulation process
is to determine a mathematical correlation between the rate of reaction and the

degree of cure and temperature, represented as follows:
da
—= (4-1)
= = k(D) f(a)

The dependence of the reaction rate on temperature is k(T) while f(a)
represents the dependence on the extend of conversion. K(T) typically follows

an Arrhenius behaviour:

k(T) = A - (4-2)

where E, is the activation energy for the reaction, A represents the pre-
exponential factor and R is the universal gas constant (8.314J/mol/K). Combining
the two equations, the general expression of the curing behaviour can be

expressed as:
— = Ae RTf(a) (4-3)

Determining the E,, A and f(a) triplet is necessary to model the kinetics of the
system. The activation energy can be obtained using various methods, each with
different levels of accuracy depending on the compatibility between the method
and the specific chemical transformation and reaction process. Among these

methods, the Kissinger method?%? is widely employed due to its simplicity.

The Kissinger method allows the estimation of the apparent activation energy
based on peak temperature (Tp) measurements at the maximum curing rate.

Derived from Eq.(4-3) under the condition of the maximum reaction rate at which

oint & is zero:
P dt? ’
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d’a [E.B _Eaq.d,
e _[EaP | g R.TP] Gay _ (4-4)
dt? RTP f (ap)e (dt)p
where f'(a) = and the subscript p denotes the values related to peak rate as Tp
corresponds to the temperature at which the maximum reaction rate occurs, and

B is the instantaneous heating rate:

dT
B dt

After rearrangement:

Eaﬁ ’ _l.::—a -
R —Af'(a,)e BT (4-6)

By rearranging and taking the natural logarithm on both sides, Eq.(4-6) is
transformed into the Kissinger equation:

B AR E, )
In (T_pz) =In <E—af (ap)> “RT. (4-7)

By plotting ln(,B/sz) against, the apparent activation energy can be determined,
as the slope of the fitting is equal to — E,/R. The Kissinger method is valid for
one-step processes only where f’(ap) is independent to $. Otherwise, the first
term on the right side of Eq.(4-7) is constant resulting in a systematic deviation

from the straight line of In(8/T2) vs. 1/T,.

The detailed linear fittings of Kissinger model and the corresponding slopes
representing E, for all five vitrimers are illustrated in Figure 4.31. The
corresponding data are summarised in Table 4.5. The Kissinger model has
certain limitations. It considers only the data related to the maximum reaction rate
and is fully applicable to single-step reactions. The curing process of DGEBA and
dicarboxylic acids is complex and involves multiple steps. Despite these
limitations, the Kissinger model provides an initial estimation of the reaction
kinetics parameters. One advantage of the Kissinger method is its applicability to

different heating rates, as it can be used independently of the specific curing
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process. This implies that the degree of cure a,, at the peak reaction rate should
remain consistent regardless of the heating rate (f). Table 4.5 demonstrates that
the difference in a,, values for the three heating rates is less than 6.8% across all
formulations. This indicates a relatively good compatibility between the curing
process and the Kissinger model, which is further supported by high R? values
(>0.99) for all the fittings.
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Figure 4.31: Fitting curve for the apparent activation energy for vitrimers

Figure 4.32 illustrates the relationship between carbon number and E,,. It can be
observed that there is a decrease in E, as the carbon number increases. This
phenomenon can be attributed to the increased flexibility of the monomer
backbone resulting from the addition of methylene units in the form of linear
dicarboxylic acid chains. The enhanced flexibility facilitates the rotation of the
monomer, leading to a decrease in the energy required for the reaction to
occur?l%, The difference in intermolecular forces can be disregarded in this case,
as the only structural variation among the chains is the number of methylene
units, which does not cause any significant shift in the interactions between the

chains.

Table 4.5: Curing kinetic parameters, pre-exponential factor and the goodness of the
fitting obtained from dynamic DSC runs of all five vitrimer formulations at different

heating rate

Heating rate B

Formulation o~ Tp (°C) | In(=] | L
cciminy | 7 CC) <sz> =) | & kol | @ | R?
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10 198 -10.01 | 0.00212 47.0%
C6Z71 5 187 -10.65 | 0.00217 120.7 44.4% | 0.9928
2.5 179 -11.31 | 0.00221 45.6%
10 223 -10.11 | 0.00202 62.6%
C871 5 208 -10.74 | 0.00208 87.5 64.2% | 0.9992
25 195 -11.38 | 0.00214 67.4%
10 212 -10.07 | 0.00206 42.2%
C1l0z1 5 197 -10.70 | 0.00213 86.8 41.9% | 0.9972
2.5 185 -11.34 | 0.00218 40.8%
10 222 -10.11 | 0.00202 59.5%
Cl12z71 5 204 -10.73 | 0.00210 74.4 54.0% | 0.9964
25 190 -11.36 | 0.00218 52.7%
10 215 -10.08 | 0.00205 57.8%
Cl14z71 5 198 -10.70 | 0.00212 80.6 55.9% | 0.9918
25 186 -11.34 | 0.00218 57.5%
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Figure 4.32: Relationship between apparent activation energy obtained using the

4.3.2 Application of isoconversional analysis

Kissinger model and dicarboxylic acid chain length

Despite demonstrating significant agreement in determining the degree of cure

under different heating rates, the Kissinger model is specifically designed for a

single-step reaction process, relying on a single set of data obtained at the

maximum reaction rate to determine the activation energy (E,) value. To address

this limitation, isoconversional methods have been used. These methods involve

analysing the entire curing process based on the degree of cure, operating on

the principle that the reaction rate is solely influenced by temperature for a
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constant extent of conversion. Consequently, the activation energy dependence
can be evaluated without making any assumptions about the reaction

mechanism, using:

[d In (da/dt) _ [d In k(T) N [d In f(a) (4-8)
dr-1 @ dar-t 1, ar-t 1,
The rate constant is influenced by the reaction model f(«). In this particular case,

when the extent of conversion remains constant, the reaction model f(«) is also

constant. This condition leads to the expression [%] =021 As a result,
a

the following relationship holds true:

_La (4-9)

[dln (da/dt)] _ E,
ar-t 1, R

By relying solely on the temperature dependence of the isoconversional rate, it
becomes possible to evaluate the isoconversional values of the activation energy
without making any assumptions or specifying a particular reaction model, except
for the Arrhenius behaviour of the system. The accuracy of these methods
depends on the numerical approximation obtained from solving the temperature-
dependent integral, known as the Arrhenius temperature integral p(y). Various
approximations for the temperature integral have been proposed and described

as follows:

—-Ay+B
€ (4-10)

p(y) = "

where y = E,/RT while A, B and K are constants with values determined to
minimise the deviation between the approximation function and the exact integral.

Then p(y) is used to derive isoconversional models for activation energy

determination in the general form of:

B E,
In—=-A——+C (4-11)
Tk RT,

Table 4.6: Values of the parameters for three integral isoconversional methods
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Model K A

Flynn-Wall-Ozawa (FWO) 0 1.052
Kissinger-Akahira-Sunose (KAS) 2 1.000
Starink 1.92 1.0008

The temperature at an equivalent fixed state of transformation is denoted as T,.
In this study, three isoconversional integral methods were utilised: the Flynn-Wall-
Ozawa (FWO) method?!?, the Kissinger-Akahira-Sunose (KAS) method!’¢, and
the Starink method?'3. These three methods used different values of A and K
aiming to achieve high accurate approximation. The values of the constants are
listed in Table 4.6.

In the FWO method, with K = 0, the activation energy is determined from the
slope of plots of In(8) versus 1/T,. The KAS method and Starink method, on the
other hand, determine E, by the slope of In(8/T?) versus 1/T, and In(8/T}*?)
versus 1/T,, respectively. All three methods assume a consistent reaction model
throughout the entire process and provide valuable information despite the
approximation of the actual crosslinking process. Among these methods, the

Starink method demonstrates lower deviations and higher accuracy, particularly

when y<10.

In(B) = C—1.052 Ea (4-12)

RT,

B E,
1 (—) —C-1. (4-13)

n (7 C—1.00— T
B\ _ Eq (4-14)

In (To}'” = C—1.08 T

The reaction mechanism can lead to variations in activation energy across a wide
range of a. In this regard, the method of Vyazovkin et al.?'! was followed, where

a range of a values from 0.05 to 0.95 was examined with increments of 0.05.

The In(B/TL°?) value for three different temperature ramp rates against inverse

temperature for five materials are plotted as Figure 4.33 to Figure 4.37. The
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dotted lines correspond to the best linear fitting for each of the degree of
conversion based on the value of the three heating rates. In Figure 4.33, there is
a noticeable deviation observed between the data points and the linear fit at the
extremes of the spectrum, as seen when the degree of cure exceeds 0.8. This
suggests that under these conditions, the model fails to accurately predict the
curing behaviour, likely due to hindered mobility resulting from diffusion
limitations towards the latter stages of the reaction. This discrepancy implies that
caution should be exercised when utilising the results to evaluate the activation

energy under such conditions.

-9.2
® 005 )
-9.4 ® 01 . ® b
0.15 E
-9.6 ® 02 :
0.25 . @
-9.8 03 E :
® 035
—~ -10 | ® 04 5 :
° ® 045 ‘e 0® &
Z.102 | ® 05 :
X ® 055
L= -10.4 ® 06 L
0.65
-10.6 ® 07
0.75 .. : L AR
) ® 08 "_. '-.' PN 0 0@
10.8 0.85 ," ® ....Q‘
1 09 ‘. '
® 0595
-11.2
0.0018 0.0019 0.002 0.0021 0.0022 0.0023

1/7(k)

Figure 4.33: Plot corresponding to Starink method for vitrimer C6Z1 in the degree cure
range of 0.05-0.95
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Figure 4.34: Plot corresponding to Starink method for vitrimer C8Z1 in the degree cure
range of 0.05-0.95
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Figure 4.35: Plot corresponding to Starink method for vitrimer C10Z1 in the degree
cure range of 0.05-0.95
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Figure 4.36: Plot corresponding to Starink method for vitrimer C12Z1 in the degree
cure range of 0.05-0.95
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Figure 4.37: Plot corresponding to Starink method for vitrimer C14Z1 in the degree
cure range of 0.05-0.95
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The data obtained, which are summarised in Table 4.8, demonstrate remarkable
agreement in terms of the activation energy across the three models. The
greatest difference, observed between the Kissinger method and Starink method,
is 8.23% for the E, of C14Z1 when the reaction reaches 0.95 of total cure.
Meanwhile, the disparities between the FWO method and Kissinger method are
consistently below 1% across all cases. The substantial variation of activation
energy with degree of cure indicates the presence of kinetic complexity in the
process. The reaction can be divided into three stages based on the change in

activation energy:

e Early reaction stage: At the onset of the reaction, when the autocatalytic
effect is prominent, there is a significant drop in activation energy. This
drop is particularly pronounced when degree of cure increases from 0.05
to 0.1, with C6Z1 exhibiting a decrease of approximately 71%. However,
such data may be unreliable due to the rapid temperature increase before
the dynamic runs. Even after excluding these unreliable data, a substantial
drop of about 30%-40% in activation energy is still observed for the early
stage of the reaction (a<0.3). This rapid decay in activation energy
suggests a significant change in the reaction mechanism, transitioning
from a non-catalysed reaction to an autocatalytic reaction due to the
increase in hydroxyl groups?2°7:180,

e Stabilised reaction stage: Throughout most of the reaction, the activation
energy remains relatively stable for all formulations. However, towards the
end of the reaction, a decrease of 10%-20% in E, occurs when a reaches
0.8 compared with the value at 30% of the cure. This is also the stage
where the reaction rate is only determined by the concentrations of the
reactants raised to various powers.

e Diffusion-controlled stage: Other researchers have also observed a
continuous reduction in activation energy during the final stage of curing,
particularly when the system reaches high conversion («>0.8)4%2%4, This
suggests a transition in the reaction from being chemically controlled to
diffusion control. The mobility of the reactants is hindered as the polymer
chains grow and the system approaches vitrification, requiring small
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molecules to undergo a series of diffusion jumps before participating in a

chemical reaction?®,

A varied behaviour is observed in the change of activation energy with respect to
the reaction progress, specifically for C12Z1. Starting from a degree of cure of
0.65, the activation energy undergoes an increase of approximately 42%. From
a data perspective, this phenomenon indicates that the reaction mechanism
undergoes a more significant shift in the case of C12Z1 compared to the other
systems. Referring to Figure 4.6, it can be observed that the reaction peak for a
heating rate of 10°C/min exhibits a slower initiation and a delayed, more
concentrated, single peak at a later stage of the reaction. This suggests the
possibility of the second reaction mechanism becoming more prominent,
resulting in a blending of the energy release from both mechanisms. However,
when the heating rate is reduced to 2.5°C/min, the energy release appears to be
concentrated in the early stages of the reaction process. Furthermore, under a
heating rate of 5°C/min, there is a clear separation of the two peaks. The variation
in energy release across different temperatures for each heating rate leads to a
more pronounced change in activation energy for each stage of the reaction when
calculated using this heating rate-dependent model.

Table 4.7: Activation energy obtained from three isoconversional methods with degree
of cure from 0.05-0.95

Model/Activation | Degree of cure cez1 | caz1 | c10z71 | c1271 | c14a71

energy (kJ/mol) (2)

0.05| 672| 193 192 219 243

0.1| 198 | 143 141 144 163

0.15| 166 | 123 121 117 135

0.2| 150 | 112 111 103 120

0.25| 141 | 105 105 95 110

Kissinger 0.3| 136| 100 100 89 104
0.35| 132 96 97 84 99

04| 129 93 94 81 95

0.45| 127 90 92 78 92

05| 125 88 90 76 89

0.55| 122 86 88 74 86

06| 120 84 86 73 84
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Model/Activation

Degree of cure

energy (kJ/mol) (1) C6Z1 | C821 | C10Z1 | C12Z1 | C14z1
0.65| 118 83 84 72 81

0.7| 116 82 81 73 79

0.75| 115 80 79 74 77

0.8 115 78 77 78 77

0.85| 113 76 75 84 76

09| 104 73 74 91 75

0.95 82 70 75 97 66

Degree of cure | C6Z1 | C871 | C10Z1 | C12Z71 | C14Z1
0.05| 699 | 195 195 223 248

01| 201 | 143 140 144 165

0.15| 167 | 122 120 116 134

0.2 151 110 109 101 118

0.25| 141| 103 102 92 108

0.3| 135 98 98 86 101

0.35| 131 93 94 81 96

04| 128 90 91 77 93

0.45| 126 87 89 74 90

FWO 05| 123 85 87 72 86
0.55| 121 83 84 70 83

06| 118 81 82 69 80

0.65| 116 79 80 68 77

0.7| 114 78 77 68 75

0.75| 114 76 75 70 73

0.8 113 74 72 74 73

0.85| 110 72 70 80 72

09| 101 69 69 87 70

0.95 77 66 70 94 61

Degree of cure | C6Z1 | C8Z1 | C10Z1 | C1271 | C14Z1
0.05| 694 | 194 193 222 246

0.1| 199 | 142 140 143 164

0.15 166 121 119 115 134

0.2| 150 | 110 109 101 118

0.25| 140| 102 102 92 108

0.3| 134 97 97 85 101

Starink 0.35| 130 93 93 81 96
0.4| 128 90 91 77 92

0.45| 125 87 88 74 89

05| 123 84 86 72 86

0.55| 120 82 84 70 83

06| 118 81 82 69 80

0.65| 115 79 80 68 77
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Model/Activation | Degree of cure

energy (kJ/mol) 1) C6Z1 | C8Z1 | C10Z1 | C1271 | C14Z1

0.7 114 78 77 68 75

0.75| 113 76 75 70 73

08| 112 74 72 74 72

0.85| 110 71 70 80 72

09| 101 69 69 87 70

0.95 77 65 70 93 61
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Figure 4.38: Relationship between degree of cure and apparent activation energy

obtained using Kissinger’'s model
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Figure 4.39: Relationship between degree of cure and apparent activation energy
obtained using Flynn—-Wall-Ozawa’s model
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Figure 4.40: Relationship between degree of cure and apparent activation energy

obtained using Starink’s model

The reported apparent activation energies (E,) for each material, calculated using
three isoconversional methods throughout the entire curing process, are detailed
in Table 4.7. These values cover a conversion range from 0.05 to 0.95, with an
increment of 0.05. The highest reaction rates for all materials are consistently
achieved within the 41.6%-64.7% range, which aligns with the region of stabilised
reaction. Notably, while a connection between activation energy and cure degree
was established, the resultant values — which are integral to the upcoming model
development- exhibit a remarkable level of coherence with those derived from the
three isoconversional techniques. This congruence might arise from the modest
decrease in activation energy throughout the stabilised reaction stage. It is worth
mentioning that the simplistic Kissinger model fails to account for this change in
activation energy depending on the cure degree, offering instead an average
value for the entire duration. This limitation tends to lead to an underestimation
for early-stage reactions and an overestimation for the latter stages. Across all
formulations, variations span from 5.2% to 9.7%, with the most significant
divergence observed in C8Z1 at 9.7%. Nonetheless, even this maximum
deviation remains within an acceptable margin of error - less than 10%. For
formulations such as C8Z1 and C12Z1, Kissinger's model predicts slightly
elevated activation energies compared to the isothermal methods. Conversely,
formulations C6Z1, C10Z1, and C14Z1, exhibit diminished activation energies.

These observations underscore the trustworthiness and resilience of the
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Kissinger's method, instilling a high degree of confidence in the derived activation
energy values. This confidence served as the basis for fitting kinetics models,

based on the apparent activation values from Kissinger's method.

Table 4.8: Comparison of the apparent activation energy at the peak of the reaction

obtained from Kissinger’s model and three different isoconversional methods

. Eq of Max
Material | o for the peak Kissinger’s Iso E, (kJ/mol) .
of reaction model (kJ/mol) Difference

127

Cc6z1 45.7% 120.7 126 5.2%
125
83

c8z1 64.7% 87.5 79 9.7%
79
94

C10z1 41.6% 86.6 91 8.5%
91
73

C12z1 60.6% 74.4 69 7.3%
69
86

Cl4z1 57.1% 80.6 83 6.7%
83

To determine the most suitable model for the reaction according to the

mathematical approach stated in 3.2.3. The calculated vales of a) and a;’ using

both Kissinger's model and isoconversional model are listed in Table 4.9.

Although Significant changes in activation energy are observed throughout the
entire reaction process shown in isoconversional methods, E, remains relatively
stable during the stage where the maximum reaction rate is achieved. Which
leads to the finding that when comparing the value of ay anday’ in most cases,
the difference falls within the range of 1-4%, except for three instances where the
ay’ difference exceeds 5%. Specifically, for C6Z1, C8Z1, and C10Z1 at heating

rates of 5°C/min and 2.5°C/min, the differences amount to 8.38%, 6.35%, and
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9.61%, respectively. According to the Malek method, when a;” # 0.632 and 0 <
ay < ay’, the empirical Sestak-Berggren model Eq.(3-7) proves to be the most

suitable kinetics model for analysing thermal data.

fl@)=a™1—a)" (4-15)

where «a is the degree of cure, m and n are the reaction orders.

Table 4.9: Calculated vales of ay and a;’ for all vitrimers for three heating rates from

isoconversional for kinetic model determination.

B(CC | lIso Iso ay ay
/min) | ay ay Difference | Difference

25| 047| 046 | 0.45| 045 3.30% 1.16%
C671 5| 041 041 04| 045 2.98% 8.38%
10| 041| 041 0.4 0.4 1.83% 1.83%
25| 041 0.48 04| 045 3.28% 6.35%
C8z1 5| 049 0.57 0.5| 0.55 1.88% 3.83%
10| 0.63| 0.63 0.6 0.6 4.17% 4.17%
25| 0.26| 0.33| 0.25 0.3 2.40% 9.61%
C10z1 5| 037] 0.39| 035 0.4 4.16% 1.37%
10| 044 | 047 | 045 045 2.61% 3.30%
25| 0.43] 0.46| 0.45]| 0.45 4.17% 1.44%
Cl271 5| 052 054 0.5| 0.55 4.37% 1.50%
10| 0.73] 0.75] 0.75]| 0.75 2.75% 0.26%
25| 059 | 0.59 0.6 0.6 1.24% 1.24%
Cl471 5| 050| 0.53 0.5 0.5 0.27% 4.92%
10| 0.40| 0.40 0.4 0.4 1.05% 1.05%

. (0e]
Material ay a,

4.3.3 Cure kinetics model fitting and prediction

A diffusion control modified autocatalytic kinetic model is employed for this study,
following:

E
de A-exp(—gp) -a™(1—a)" (4-16)

d, 1 + el¢(a=(acotacrn)]

The model’s parameters obtained by fitting for each of the materials are listed in
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Table 4.10.

Table 4.10: Curing kinetic parameters for the autocatalytic model of vitrimers

Model
C671 C871 C1l0z1 Cl2z71 Cl14z1

parameters
A (s?) 2.10x1013 1.53x10° | 8.52x108 4.42x107 | 3.26x108
E,(kJ/mol) 120.7 87.5 86.8 74.0 80.6
n 2.08 1.14 1.84 1.85 1.45
m 0.139 0.026 0.002 0.177 0.227
c 61.16 0.98 450 4.99 13.33
Aco 475 -0.85 2.96 2.15 -0.14
acr (K1) 0.0120 0.0002 0.0086 0.0065 0.0019
Total error 451 3.83 4.95 9.48 5.49

1x10014

[ )
1x10012
1x10°010
\3 1x1008 ° o P
o

1x1076

1x1004

1.00E+04

5 7 9 11 13 15

Carbon number of dicarboxylic acids

Figure 4.41: The relationship between the pre-exponential factor and dicarboxylic acid

length
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The value of the obtained pre-exponential factor follows a similar trend to that of
activation energy reported in Figure 4.32 showing a general reduction as the
dicarboxylic acid chain length increases with the exception of C12Z1, whose
value is abnormally low compared to the expected trend. Since the value of pre-
exponential factor presents the frequency of collision for the reaction to take
place, this result is in agreement with the fact that increasing the chain length
results in a reduction in functional group density and thus with lower probability

of reaction.

The autocatalytic reaction order (m) ranges from 0.02 to 0.227 0.02 whilst the
value of n is 1.14-2.08. The value of m represents the influence of the
autocatalytic process of the reaction and plays a role in the initial stages of the
reaction. In the case of C8Z1 and C10Z1, the models predict a much weaker

influence of the autocatalytic effect caused by the generated hydroxyl.

Table 4.11:The comparison between the degree of cure for the isothermal tests
compared to their dynamic test and the degree of cure when diffusion limitation was

effective for all vitrimeric materials

Material | T (K) (aco + acrT) a | Difference d'?l\‘:‘/;r:r?:e
438.15 0.63 0.62 1.0%

C6Z1 | 443.15 0.72 0.72 0.0% 5.0%
453.15 0.88 0.74 | 14.0%
433.15 0.92 1.00 8.0%

C8Z1 | 443.15 0.92 0.94 2.0% 4.0%
453.15 0.93 0.95 2.0%
433.15 0.75 1.00 | 25.0%
438.15 0.79 0.77 2.0%

S 443.15 0.83 0.98| 15.0% 11.0%
453.15 0.92 0.94 2.0%
433.15 0.67 0.84| 17.0%

Cl271 | 443.15 0.73 0.71 2.0% 9.3%
453.15 0.80 0.71 9.0%
433.15 0.95 0.88 7.0%

Cl14z71 | 443.15 0.97 1.00 3.0% 6.3%
453.15 0.99 0.90 9.0%

Figure 4.42-Figure 4.51 present the evolution of reaction rate in dynamic and
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The values of a-, and a.r are of importance in terms of when the diffusion starts
to play a role in the reaction. The systems are not expected to experience such
behaviour at the early stage of the cure when the mobility is high. The value of
(aco + acrT) at the isothermal experiments temperatures should be close to the
final degree of cure at the correspondent temperature. Table 4.11 lists the values
of this terms for isothermal experiments and compare them to the final degree of
cure obtained in the DSC experiment. Overall, there is a 4% to 11% difference
between the value of the degree of the cure and (ac, + acrT) at the cured

isothermal temperature, showing an appropriate choice of the parameters.

isothermal experiments for all formulations, alongside the cure kinetics model
prediction. The model fitting for C6Z1 exhibits very good agreement across all
dynamic tests, with the most favourable alignment observed for the 2.5°C/min
experiment. In the case of the 5°C/min experiment, the model demonstrates a
tendency to overestimate the reaction rate starting from 210°C and onwards. On
the other hand, for the 10°C/min test, the model showcased an underestimation
of the reaction rate following the peak, commencing from 190°C. Among the
isothermal test data collected for C6Z1, the model best performance is observed
for the experiment conducted at 170°C. However, the model performance in
inferior for the lowest and highest temperature tests. The model yields lower
estimates for the lower temperature and substantially higher estimations for the
highest temperature experiment conducted at 180°C. This discrepancy becomes
particularly pronounced during in initial stages of the reaction, leading to the
lowest R-squared value of 0.794 for this material. Moreover, the experimental
data shows a less pronounced autocatalytic effect compared to the model

predictions. The initial surge in reaction rate is not as prominent as expected.
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Figure 4.42: Comparison of autocatalytic cure kinetics model and experimental data for

C6Z1 under dynamic conditions
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Figure 4.43: Comparison of autocatalytic cure kinetics model and experimental data for
C6Z1 under isothermal conditions
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Figure 4.44: Comparison of autocatalytic cure kinetics model and experimental data for
C8Z1 under dynamic conditions
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Figure 4.45: Comparison of autocatalytic cure kinetics model and experimental data for

C8Z1 under isothermal conditions

For formulation C8Z1, the model exhibits a consistently strong alignment with the
experimental data. The model exhibits an R-square value of 0.982 for the
dynamic test at 5°C/min. The performance of the model begins to shift when the
curing duration extends, particularly in scenarios involving slow dynamic rates
(such as 2.5°C/min) and isothermal runs at 180°C and 170°C. In these instances,

a noticeable shoulder emerges in the reaction curves, indicative of a secondary

89



reactions. The model formulation does not account for the influence of secondary
reactions. Consequently, this discrepancy becomes evident as a lack of reaction
rate in the reaction curves. This supplementary reaction becomes considerably
less significant with higher heating rates, causing the experimental values to fall
below the predictions around the peak. This effect is also observed in the

isothermal cure carried out at 160°C.
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Figure 4.46: Comparison of autocatalytic cure kinetics model and experimental data for
C10Z1 under dynamic conditions
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Figure 4.47: Comparison of autocatalytic cure kinetics model and experimental data for
C10Z1 under isothermal conditions
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The kinetics model applied to C10Z1 demonstrates a generally good agreement
with the experimental data. The dynamic fitting exhibits an average R-square
value of 0.937, which is greater than the R-square value for isothermal data at
0.843. This discrepancy can be attributed to the model tendency to underestimate
the significance of the autocatalytic effect. This underestimation subsequently

leads to deviations between the isothermal data and the model results.
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Figure 4.48: Comparison of autocatalytic cure kinetics model and experimental data for
C12Z71 under dynamic conditions

O (€1271180°C
0.06

O (C1271170°C

C1271 160°C

o
(=]
=

——(1271 180°C Model

——C1271 170°C Model

Reaction rate (s')

0.02 C1271 160°C Model

Time(min)

Figure 4.49: Comparison of autocatalytic cure kinetics model and experimental data for
C1271 under isothermal conditions
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The model for C12Z1 displays the weakest alignment with experimental data. his
model exhibits the lowest R-square values at 0.46 for dynamic fitting and 0.70 for
isothermal fitting. This discrepancy can largely be attributed to the inherent
dissimilarities in the reaction mechanisms between the dynamic and isothermal
curing processes. A pivotal factor contributing to this disparity is the divergence
in enthalpy generation due to a secondary reaction that unfolds within the higher
temperature range during dynamic curing. This significant reaction is absent in
the isothermal curing process. Notably, the reaction vs. temperature curves
display peaks at 230°C and 240°C for the 10°C/min and 5°C/min runs,
respectively. However, the influence of the secondary reaction diminishes in the
dynamic experiment at 2.5°C/min. Given that the model only accommodates the
primary reaction, it fails to capture a substantial portion of the reaction that
transpires during the dynamic 10°C/min test beyond 210°C. Also, by generalising
the reactions into one, the model projections are marked by an elevated reaction
rate for the higher temperature range of the dynamic experiment at 2.5°C/min.
Furthermore, the final degree of cure for the isothermal cures only reaches 80%
of the total cure compared to the dynamic conditions. The discrepancy in degree

of cure towards the end of the isothermal cure causes an overestimation by the

model.
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Figure 4.50: Comparison of autocatalytic cure kinetics model and experimental data for

C14Z1 under dynamic conditions
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Figure 4.51: Comparison of autocatalytic cure kinetics model and experimental data for

C14Z1 under isothermal conditions

The model employed for C14Z1 exhibits good agreement with both dynamic and
isothermal experimental data, evident through R-square values surpassing 0.9
for both scenarios. However, there is a consistent pattern of underestimation in
the reaction rate by the model post the reaction peak, except for the dynamic
experiment at 10°C/min. This unique case shows a distinct behaviour, wherein
the experimental data indicate a slower initial rate and a lower peak during the
initial phase. This anomaly is subsequently compensated by a reaction shoulder
post the plateau, roughly at 230°C. Notably, this behaviour is exclusive to the
dynamic experiment at 10°C/min. This could possibly be due to the fact that at
this heating rate, the reaction peaks become more challenging to distinguish.
Furthermore, in comparison to all the models, the C14Z1 model accentuates the

impact of autocatalysis. This is exemplified by its high m value of 0.227, which
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is the highest among the models. This autocatalytic effect becomes particularly

evident in the isothermal curves, characterised by their steep peaks.

Table 4.12: MSR, RMSR and R? values of the autocatalytic model for all the vitrimer

formulations

' DSC Heating rate
Formulation Method (°C/min) / MSE(s?) | RMSE(s?) | R-square
Temperature (°C)
2.5 0.0088 0.089 0.945
Dynamic 5 0.0079 0.099 0.959
C671 10 0.0151 0.214 0.951
165 0.0029 0.049 0.940
Isothermal 170 0.0018 0.031 0.972
180 0.0056 0.136 0.794
2.5 0.0063 0.079 0.855
Dynamic 5 0.0031 0.045 0.982
cs71 10 0.0057 0.101 0.975
160 0.0028 0.047 0.708
Isothermal 170 0.0024 0.043 0.922
180 0.0027 0.048 0.962
2.5 0.0053 0.073 0.889
Dynamic 5 0.0047 0.063 0.954
C1071 10 0.0062 0.093 0.967
165 0.0022 0.040 0.886
Isothermal 170 0.0070 0.110 0.780
180 0.0049 0.081 0.862
2.5 0.057 0.155 0.081
Dynamic 5 0.009 0.063 0.942
C1271 10 0.044 0.454 0.362
160 0.002 0.037 0.861
Isothermal 170 0.002 0.049 0.837
180 0.006 0.121 0.403
2.5 0.0048 0.099 0.904
Dynamic 5 0.0072 0.130 0.917
C1471 10 0.0137 0.207 0.927
160 0.0022 0.031 0.951
Isothermal 170 0.0038 0.072 0.885
180 0.0047 0.062 0.947
Average 0.0084 0.0973 0.8439

The accuracy of the estimation of the models are quantified as the mean square
error, root mean square error and R-square values listed in Table 4.12. Based on
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the results presented in Table 4.12, the MSE values for all formulations indicate
small errors, demonstrating a high level of goodness of fit. The overall closeness
between the observed and fitted values is quantified at 84.4%, with the majority
of the fittings exceeding 90%. However, there are exceptions, notably the fitting
for C12Z1. While its dynamic run at heating rates of 5°C/min, along with the
isothermal test conducted at 160°C and 170°C, exhibit high R? values of 94.2%,
86.1%, and 83.7% respectively, the remaining experimental data do not align well
with the established model. The R? values for the dynamic test with a heating rate
of 2.5°C/min and 10°C/min, and the isothermal tests conducted at 180°C, are
notably lower at 8.1%, 36.2%, and 40.3% respectively. One possible explanation
for this discrepancy could be associated with the occurrence of significant
secondary reactions at temperatures higher than those utilised in the isothermal
tests, as well as the variation in the reaction mechanism observed in dynamic
tests under different heating rates. The fitting of the data best describes the
behaviour observed in the dynamic test at a heating rate of 5°C/min. However, in
the case of the dynamic tests at a heating rate of 10°C/min, the corresponding fit
appears to be shifted to a lower temperature range, indicating a failure to
adequately account for the contribution of the secondary reaction. Conversely,
for the dynamic test at a heating rate of 2.5°C/min, the fit seems to overestimate
the influence of the secondary reaction. Considering the characteristic
behaviours of vitrimeric materials, one plausible explanation for this phenomenon
is that the rapid initiation of the reaction results in a swift increase in crosslink
density, thereby impeding the movement of reactive molecules with higher
temperature ramp rates. Consequently, a higher proportion of the secondary
reaction is likely to occur, leading to the observed discrepancies in the fitting

results.

In summary, the DSC analysis showed that the curing reaction is dominated by
one main reaction peak with evident secondary reaction peaks. The
reproducibility of DSC results was examined and found to be high, with only minor
enthalpy differences in of 2-4% observed between sets of dynamic experiments.
In dynamic experiments, the total enthalpy appears to increase with decreasing

rate with the 2.5°C/min experiments result in about 13% higher enthalpy than
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10°C/min tests. This indicates that additional reactions may be happening at a

much slower rate.

The curing mechanism of epoxy and dicarboxylic acid involves addition
esterification of epoxy and carboxylic acid groups, and transesterification, leading
to diester and diol formation. Transesterification occurs more slowly than addition
esterification, contributing to crosslinked structure and vitrimer adaptability. The
first reaction usually completes within the first hour once the reaction starts, while
the second reaction takes longer, in the order of hours to tens of hours. In off-
stoichiometric conditions insufficient carboxylic acid content could lead to the
formation of ethers through anionic homopolymerisation of the remaining
epoxy®®#’ and extra amount of carboxylic acid would lead to condensation
polyesterification'®®. These reactions are slower and much less likely to occur in
stoichiometric balanced system at higher temperatures due to higher activation
energy. Therefore, in a stoichiometric system it is most likely that the slow
reaction causing the variation of the total enthalpy among the tests with different

heating rates is the slow transesterification reaction.

There is significant variation in total specific enthalpy among different
formulations which reaches up to 40%. Part of this is attributed to the difference
in molecular weight of the dicarboxylic acids. Once this is taken into account by
comparing molar enthalpies variation is about 20%. This variation is likely to be
linked to the effect of secondary reactions.

The enthalpy measured in isothermal DSC experiments tends is lower than the
total enthalpy of dynamic tests. The differences vary with formulations and are on
average in the 55-85% range. This effect can be attributed to secondary reactions
that initiate at higher temperatures in dynamic tests, around 230-240°C, which is
significantly over the temperatures of isothermal tests. In terms of cure analysis
this effect was taken into account by computing the degree of cure based on total
enthalpies determined under dynamic conditions. This results in partial curing
under isothermal conditions, which can be as low as 55%. To validate this
analysis and the consistency of the cure kinetics framework data from dynamic

tests were overlaid with isothermal reaction rates corresponding to the same point
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in the degree of cure-temperature space. The results showed minor
discrepancies between dynamic and isothermal tests, with an average relative
error of about 9%, indicating a consistent reaction rate regardless of thermal
history. Some formulations showed closer alignment between dynamic and
isothermal data with difference of about 3%, while in the worst case the difference
reached 16%.

The reaction mechanism was found to be autocatalytic based on the isothermal
experiments observations of a maximum rate not occurring right at the start of
cure. The autocatalytic character which is attributed to hydroxyl produced in the
early stages acting as a catalyst'8%298206 \was found to weak for some

formulations.

Kissinger’ method was employed to estimate the activation energy of the reaction
of epoxy and carboxylic acid using the peak reaction temperature and the heating
rate. Kissinger’'s method only applies to single step reactions, but it still provides
a good estimation of the reaction in the systems considered in this work. When
comparing the degree of cure at the peak reaction rate there is less than 7%
variation indicating a consistent reaction mechanism for the same formulation.
According to this analysis, a decline in activation energy is observed as the
carbon chain length of the dicarboxylic acid increases. This effect is attributed to
the added flexibility from increased methylene units in linear dicarboxylic acid
chains. This added flexibility facilitates monomer rotation, lowering the energy

needed for the reaction?19,

Three isoconversional methods were employed to examine the kinetics of the
formulations, removing some of the simplifying aspects of Kissinger's method.
There is a good consistency between three methods with less than about 8%
difference in the estimated activation energy. The dependence of apparent
activation energy on degree of cure shows three stages: an early reaction stage;
(i) the stabilised reaction stage; and (iii) the diffusion-controlled stage. In the early
reaction stage, which extends up to about 30% degree of cure, the reaction shifts
from non-catalysed to autocatalytic reaction due to increased hydroxyl groups

which is associated with a major reduction of apparent activation energy by 30%-

97



70% depending on the formulation. In the stabilised stage, which extends from
30% to about 80% depending on the formulation, the apparent activation energy
remains almost constant with variations of up to 10%. In the latest stage,
occurring for degrees of cure over 80%, there is a consistent reduction in
activation energy, indicating a shift from chemical to diffusion control?16, A
comparison of activation energy value obtained with the three isoconversional
method and Kissinger’s method, as well as of the peak reaction degrees of cure
highlight the reliability of Kissinger's method as a starting point for fitting cure

kinetics models.

An autocatalytic reaction model incorporating a diffusion limitations term was
utilised to fit experimental data, using the activation energies obtained by
Kissinger's method, obtaining a satisfactory approximation of experimental cure
kinetics results. Some of the cure kinetics model parameters have a strong
dependence on the dicarboxylic acid structure. The pre-exponential factor value
decreases as the dicarboxylic acid chain length increases, mirroring the trend of
activation energy. The autocatalytic exponent value, mirrors closely the intensity
of autocatalytic effects, with systems that showed maximum reaction very early
in the cure having a low exponent, that makes autocatalytic effects almost
negligible. Some discrepancies exist highlighting the cure kinetics model
limitation in accounting for secondary reactions and for their impact on the overall

reaction process.
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5 Influence of catalyst and dicarboxylic acid structure
on transition of vitrimers

At the heart of vitrimer behaviour lies the crucial role of catalysts and the
fundamental structure of dicarboxylic acid components. This chapter undertakes
a thorough investigation into the sophisticated relationship between these
elements, scrutinizing their joint impact on the transition dynamics of vitrimers.
By delving into a meticulous analysis, the chapter aspires to unveil the core
mechanisms and provide valuable insights that could further the development of

vitrimer applications.

5.1 Influence of catalyst and dicarboxylic acid structure on the
glass transition temperature on vitrimeric materials

The study of the glass transition temperature (T,) holds paramount significance
for vitrimers, a class of dynamic polymers with reversible chemical bonds. T,

identifies the point at which a shift from a rigid, glassy state to a flexible, rubbery
state occurs as temperature rises. This pivotal parameter profoundly influences
vitrimer properties and applications, impacting mechanical traits, processing
conditions, material stability, shape memory, and compatibility with other

materials. In essence, understanding T, is essential for tailoring vitrimers to

specific uses and harnessing their versatile potential.

Table 5.1: Measured glass transition temperature (°C) for vitrimer

Material/catalyst

C6

C8

C10

C12

C14

1%

37.78+£2.71

22.55+0.57

17.38+0.37

4.45+1.15

5.58+0.50

2.5%

34.17+3.11

25.52+2.46

18.92+3.79

9.30+0.32

9.88+0.41

5%

35.73£1.47

30.18+1.67

17.18+0.49

5.35+1.13

4.10+0.62

Overall

35.89+2.76

26.08+3.71

17.83+2.26

6.00+2.26

6.52+2.64

The DSC thermograms used to measure the T; for all formulations are reported
in Figure 5.1-Figure 5.5. Table 5.1 presents the T, for all the vitrimer formulations
of the study. The range of the T, for the synthesised vitrimer formulations is quite
broad according to the DSC results, spanning from a maximum of 37.8°C for

formulation C6Z1 to a minimum of 4.1°C for C14Z5. This broad range indicates

significant variation in the thermal properties of the vitrimers synthesised. The
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results are summarised in Figure 5.6. A key observation is that materials made
of the same dicarboxylic acid display only a slight variation in T, between different
formulations with varying catalyst concentrations. The spread of the three groups
for each composition is around 3°C with a highest value of 3.7°C for C8 and the
lowest of 2.3 for C10 and C12. Formulations C10, C12, C14 have a T, peak at
2.5 mol% catalyst while for C6 and C8 the peaks are observed at 1 mol% and 5
mol% respectively. Upon considering the T, values, the range, and the spread of
the values, the experimental data give a clear indication that the T, of the
formulations remains unaltered by the amount of catalyst added, which aligns
with results in the literature”. Upon comparing the difference across the lines, it
is evident that there is a considerable variation in T, values between the
formulations synthesised using different dicarboxylic acids, except for C12 and
C14. That is a drop of 9.8°C, 8.2°C and 11.8°C of the value from the highest T;
of 35.9°C for C6 to 26.1°C for C8, 17.8°C for C10 and about 6.0-6.5°C for C12
and C14. This trend shows a strong correlation between the number of methane
repetitions in the dicarboxylic acid chain and the reduction in the glass transition
temperature of the synthesised formulations. However, the T, of C12 and C14 is

very similar, 6°C and 6.5°C respectively.
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Figure 5.1: DSC scans for glass transition measurements for C6
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Figure 5.4: DSC scans for glass transition measurements for C12
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Figure 5.6: The relationship between catalyst content and glass transition temperature

The catalyst has a dual role in the systems: stimulating the ring opening of the
epoxy during the polymerisation of the uncured reactants and facilitating
transesterification for both network-forming and the adaptability of the crosslinked
chains. During the curing process the additional catalyst expedite the cure
process?’, and subsequently influences the time for the system to reach full
curing. However, the formulations for this study were synthesised at a
temperature where only the additional esterification and transesterification
occurred. Complete crosslinking is achieved by the end of the reaction progress

for all the formulations, meaning that the final degree of crosslinking is the same
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for the formulations of the same dicarboxylic acid and epoxy composition
regardless of their catalyst level. The FTIR results presented in Figure 5.7 confirm
this. The increase of hydroxyl groups after curing is manifested as a rise of the
OH peak at 3450 cm![1]; the increase of ester groups after curing is shown in the
C=0 ester peak at 1730 cm%; and the disappearance of epoxy groups after curing

is shown as the drop of COC at 910 cm™.
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Figure 5.7: FTIR spectra of the cured and uncured vitrimer material for formulation C10
and the enlarged details of change in peak intensity in three zones with interest: (a),
hydroxyl group in 3700-3100 cm; (b), ester group in 1800-1650 cm™*; and (c), epoxy

group in 990-880 cm*

Homopolymerisation of the epoxy does not take place during the manufacturing

process for any of the formulation regardless of catalyst concentration because
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the reaction temperature is not high enough for this reaction to take place across
all the formulation groups?8. Otherwise, the homopolymerisation would lead to

an increase in T;. On the other hand, one of the roles of the catalyst is to

accelerate the bond exchange reaction; the availability of the bond exchange at
the temperature of the experiment also pays a role. In results shown later in this
chapter it is shown that the vitrification temperatures of the formulations far
surpass the range of measured T,. At temperatures much lower than T,,, where
the rearrangement of the macromolecules is predominantly constrained, the bond

exchange process occurs at an extremely slow rate.

Figure 5.8 illustrates the glass transition temperature of as a function of chain

lengths. The catalyst concentration does not influence the T of formulations, and

that is the reason that the three lines intersect and entangle with each other.

Figure 5.9 is similar, but in this case the average and standard deviation of T, of

each dicarboxylic acid group over all measurements at different catalyst
concentrations are reported. There is a clear decreasing trend of the glass
transition temperature as a function of dicarboxylic acid length. This phenomenon
can be attributed to two factors. First, despite the differences in the structure of
the reactant carboxylic acids, the likelihood of crosslink formation remains
constant. However, the size of the molecules continually increases, resulting in a
reduction in the statistical count of crosslink density. Lower crosslinking density
results in a lower T,2!’. The overall structure of the carboxylic acids is the same,
meaning that no variation in branches, rigid building blocks, or cyclic structures
can influence the comparisons. Thus, the flexibility of the chain within the polymer
rises as reactant moiety elongates, inducing a drop in T,. Such phenomenon has
been described in a study based on epoxy resin and diamines of with different
length of oxypropylene units gave clear results that increasing in crosslinking
length reduces T,%'°. The enhanced flexibility causes a lower energy requirement
to overcome intermolecular forces and facilitates the transition of the material
from arigid, glassy state to a more flexible, rubbery state. This structural variation
also influences the flow behaviour of the material, i.e., bulky molecular structures

and high crosslink density can compromise the polymer malleability and

104



reparability. Regarding the difference in T, between C12 and C14, the findings
indicate that the mean T, is the same. One possible explanation for this
observation is that when there is a sufficient amount of methylene repetition in
the polymer, the impact of increased flexibility and reduced crosslinking density

on T, is less pronounced compared to its epoxy nature.
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Figure 5.8: The relationship between dicarboxylic acid carbon number and glass

transition temperature
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Figure 5.9: The overall trend of dicarboxylic acid carbon number and glass transition

temperature
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5.2 Influence of catalyst and dicarboxylic acid structure on
topological transition

5.2.1 Stress relaxation results

During transesterification bond exchange, as the reactants and products have the
same chemical properties and the concentration of the ester and hydroxyl groups
before ([A— B — B'] and [A’]) and after ([A" — B’] and [A — B] ) the reaction is
balanced, there is no thermodynamic preference for either side. In that case, the
speed for the forward (k;) and reverse (k,) reactions is the same. Temperature
affect the reaction kinetics in the form of Arrhenius equation as follows:

[A—B — B'[[A"] —Eqr

Keq [A—BI[A - B 1,kf k,=A, e RT

where A, is the pre-exponential factor E, is the activation energy for relaxation,
R is the universal gas constant and T the absolute temperature. This
characteristic of transesterification bond exchange is responsible for the
temperature-dependent viscosity of associative CANs type of vitrimers. To
demonstrate this behaviour, the stress relaxation behaviour of vitrimer
formulation C6Z5 across temperatures ranging from 200°C to 230°C was picked
out and is depicted in Figure 5.10 as an example. The results indicate a positive

correlation between temperature and the rate of stress relaxation.
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Figure 5.10: The stress relaxation behaviour of the crosslinked vitrimer C6Z5 at

different temperatures from DMA analysis
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Since the system is a pure transesterification vitrimer, the stress relaxation
behaviour o(t) of the material is represented as an exponential function

depending on time as follows?20;
—=er (5-2)

where g, is the initial applied stress and t is the characteristic relaxation time.

The dependence of relaxation time on temperature follows an Arrhenius law:

1 Ear
— — e RT -
T Koe (5-3)

The pre-exponential factor K, is the frequency of collisions and E,, is comparable
to the activation energy for the chemical reaction. Taking natural logarithm on

both sides of the equation, there is a linear relationship between the natural

logarithm of the relaxation time t, with an intercept equal to ani and slope equal
0

E,
to =
R

Int =1 1+E‘”1 5-4
nt—nk,0 R T (5-4)

The activation energy E, in the context of viscous flow describes how sensitive
the viscosity of associative CANs (Covalent Adaptable Networks) is to changes
in temperature. Higher values of E,,- mean that the viscosity decreases rapidly as
the temperature increases, whilst vitrimers with lower E, show less pronounced
viscosity changes. This characteristic can be advantageous when incorporating
vitrimeric materials into practical applications. Systems with high E,, values are
expected to exhibit improved dimensional stability at service temperatures due to
the high energy barrier of the bonds, while also allowing for fast processing at the
required reprocessing temperature. The y-intercept of the Arrhenius fit is
In(1/K,), which can be interpreted as the relaxation time without thermal
constraints??!. The coefficients obtained by fitting Eq. (5-4) to experimental data

for all formulations are reported in Table 5.2.
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Table 5.2: Intercepts and slopes for the Arrhenius fitting for the vitrimer formulations

Material In(1/K,) E,-/R

C621 -11.513 | 97615
C622.5 -11.513 | 89973
C6Z5 -8.5172 | 71594
C871 -23.131 | 15635
C8z2.5 -17.728 | 12515
C875 -18.421 | 11777
C101 -15.425| 11551
C10z2.5 -17.322 | 12153
C10Z5 -18.644 | 11834
C12z1 -13.921 | 10742
C12z2.5 -23.719 | 13713
C1275 -18.932 | 11201
Cl14z1 -13.816 | 10240
C14z2.5 -16.629 | 10650
C1475 -16.341 | 10417

5.2.2 Influence of catalyst

Figure 5.11-Figure 5.15 illustrate the stress relaxation behaviour of vitrimer
formulations made of the same dicarboxylic acid and epoxy composition with
different catalyst levels (1 mol%, 2.5 mol%, 5 mol%) under the same temperature.
Formulations with higher catalyst content exhibit faster stress relaxation. This
phenomenon has also been observed in other studies’®222223224' The presence
of the catalyst provides a pathway for the reaction to happen with a much lower
energy barrier by activating both the ester and alcohol groups simultaneously?2°.
The mechanism of lowering the energy barrier remains consistent for a specific
type of bond exchange associated with a particular catalyst. This is characterised
by a constant activation energy, which remains unchanged despite variations in
catalyst concentration’®4221, However, an increase in catalyst content provides
more sites for bond exchange to occur therefore increases the overall rate of
transesterification. As the activation energy (E,-) and the amount of catalyst
together determine the reaction rate. This relationship is described by Eg.(5-2),
where the activation energy is constant for all catalyst concentrations, but the pre-

exponential coefficient (4,). increases with increasing catalyst content.
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Figure 5.11: Vitrimer C6 stress relaxation at 230°C from DMA analysis
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Figure 5.13: Vitrimer C10 stress relaxation at 230°C from DMA analysis

109




—

—C1225
—C1222.5
—C1221

Normalized stress
© ©O © o ©o ©o o
wW B~ O OO ~N o W

5000 10000 15000 20000 25000
Time (s)

o

Figure 5.14: Vitrimer C12 stress relaxation at 180°C from DMA analysis

Z —C1425
—C14225
£ 05 ——C14Z1

0 2000 4000 6000 8000 10000 12000 14000
Time (s)

Figure 5.15: Vitrimer C14 stress relaxation at 180°C from DMA analysis

The topological transition temperature (T,) is utilised as an indication of the solid-
to-liquid transition temperature when the material reaches a viscosity of 102
Pa-s.! This is calculated from the relaxation time recorded by stress relaxation

experiments with the employed Maxwell relation:
n=Gt" (5-5)

G =1 MPa as a default value for rubbers; therefore T, is the temperature at which
the relaxation time 7* reaches 10°s. This value greatly exceeds the time frame

of laboratory observation. Therefore, the temperature at which t* reaches 10° s
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is extrapolated using the Arrhenius fitting from Eq.(5-2), using the activation

energy and pre-exponential factor value reported in Table 5.3.

The data and the fitting are illustrated in Figure 5.15-Figure 5.20. The issue of
limited testing temperature ranges, which has historically led to potentially
unreliable predictions, is a critical point of consideration. Traditionally, tests have
been conducted within a narrow 20-30°C range, primarily due to the limited
window that allows for effective observation—a constraint deeply rooted in the
field's legacy. In recognition of this significant limitation, this thesis has adopted
an innovative approach. The methodology involves adjusting the data points
through the application of exponential decay fitting to the relaxation times
obtained from the actual data. This strategy is aimed at yielding more reliable and
accurate predictions, thus addressing a long-standing limitation in the field. The
T, values for all the formulations are listed in Table 5.3 and shown in Figure 5.21.
The results show that catalyst content has significant effect on T,,.. A decrease of
30 to 65°C in T, is observed when the catalyst concentration increases from 1%
to 5%. The obtained fittings for all formulations follow an exponential

dependence.

Table 5.3: Topological transition temperatures for all formulations

Activation | Average .
Formulation (:’%3) Energy Earg T&??ngﬁr Fitted T, (°C)
(kd/mol) (kd/mal)

C6Z1 | 112.25 81.16 104.25
C6z2.5| 82.08 74.8 71.83 73.44 83.92
C6z5 | 47.43 59.52 66.12
C8z1 | 150.02 112.82 136.34
C8z2.5 | 123.61 104.05 104.93 107.63 126.31
C8z5 | 92.19 97.91 104.09
C10z1 | 121.89 96.04 123.63
C10z2.5 | 117.15 101.04 98.49 98.17 113.68
C10z5 | 91.43 98.39 91.42
Cl1271 | 114.15 85.39 121.20
C12z2.5| 92.35 107.1 93.85 99.85 84.54
C12z75 | 68.89 89.08 74.13
Cl14z1 | 97.45 101.76 99.27
C14z72.5 | 76.67 82.01 85.62 86.95 76.29
C14z5 | 72.27 73.08 72.36
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Figure 5.17: Dependence of the relaxation time on temperature of vitrimer C8
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Figure 5.21: Topological transition temperature as function of catalyst content
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5.2.3 The effect of monomer dicarboxylic acid structure on vitrimer
relaxation

The macroscopic flow and stress relaxation behaviour is the result of the bond
exchange reaction, the speed of which is a statistical effect. The speed it is
determined by two factors: (i) the amount of the reacting groups; and (i) their
accessibility. Taking into consideration the molecule structure and the reaction
pattern, there are five factors that influence the bond exchange rate: the amount
of hydroxyl and ester groups, chain flexibility, catalyst concentration, crosslinking
density, and the statistical distance between reaction groups2?®.To examine the
influence of dicarboxylic acid chain length on the overall topology rearrangement
and stress relaxation behaviour, it is necessary to take into account all five
factors. However, the impact of catalyst concentration on bond exchange has
been extensively investigated and does not contribute to the other factors on the

dicarboxylic acid structure level.

Table 5.4: Influence of increasing methylene groups in dicarboxylic acid chains on

bond exchange rate

Effect of increasing CH>
o ) _ Effect on bond
Factor/property repetition in linear dicarboxylic
_ . exchange
acid chain
Crosslink density ! 1
Chain flexibility 1 1
Functional groups ! !
Distance between functional ) .
groups

The individual influence of increasing methylene units in the linear dicarboxylic
acid chain for crosslinking density, chain flexibility, the availability of functional
groups, and the distance between the functional groups for transesterification are
listed in Table 5.4. Longer chain length leads to fewer crosslinks in the same
space and it is easier for hydroxyl ends and ester groups to move through the

network and reach each other to complete transesterification. Also, longer chains
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bring more flexibility to the backbone which grands more adaptability to the
backbones to change their configuration. Conversely, lengthening the chain
introduces two factors that inhibit bond exchange: a reduction in the relative
density of functional groups and an increased distance that exchangeable ends

must travel to take part in the reaction.
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Figure 5.22 illustrates the dependence of T, on chain length and catalyst
concentration. T, shows an increase-plateau-decrease pattern as chain length
increases. After reaching the peak, the disparity in T,, between formulation groups
decreases as the chain length approaches its upper limit. Formulation C6, with
the shortest linear methylene chain in the chain, exhibits the fastest stress
relaxation and bond exchange, along with the lowest corresponding T, when 5
mol% catalyst is present. This vitrimer has the highest functional group density
and the shortest travel distance, promoting localised and vigorous bond
exchange. Consequently, the potential hindrances of diffusion, resulting from
high crosslink density and stiff chains, are comparatively less significant. The fact
that vitrimers synthesised using suberic acid and sebacic acid (formulations C8
and C10) have the highest T,, and the decreasing trend after that, gives a clear
indication that when gradually increasing the length of the dicarboxylic acid chain,
at first, the end-to-end distance plays a more significant role in the
transesterification reaction. This is due to the greater relative difference created
by the addition of chain length, considering the short repeating units. This effect

is attenuated as the number of methylene groups increases further.
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Simultaneously, the reduction in crosslink density and the presence of longer
chains allow for more flexibility within the network. This effect overrides the
influence of the increase in reaction end distance and decrease in functional
group density. A similar influence of the longer alkyl chains on T, is reported by
Yang et al.??” where a 12°C drop in T,, was observed between epoxy vitrimers
cured by dodecanedioic acid and octadecanedioic acid with the same catalyst
content. As the chain length increases continuously, and the molecular weight of
the backbone between exchangeable crosslinks reaches a certain level, there is
a threshold beyond which the change in chain length no longer affects the
entanglement or flow rate of the network but instead dilutes the density of reaction
ends??8, This leads to a decrease in the bond exchange rate, resulting in slower

stress relaxation and a higher T,,.
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Figure 5.22: Topology freezing temperature of all formulations

5.2.4 Relationship between catalyst concentration, activation energy
and the kinetics coefficient of bond exchange

Figure 5.23 report the activation energy for the relaxation of materials. The value
of the activation energy is greatly affected by the difference in the dicarboxylic
acid structure. The result in Figure 5.23 shows the lowest average E,, of 71.8
k] /mol for C6 before a peak in E,, for C8 of 104.9 k] /mol. Then the value steadily

decreases to 85.6 K] - mol™! as the length of the dicarboxylic acid goes up to C14.
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Since the catalyst used is same for all materials for this work, the variations could
only be the result of the different chemical construction based on the various
studies that the amount of the catalyst does not affect the activation energy for
the bond exchange and the relaxation. The change of also has a great agreement
to the trend of the influence of their structure on T,. Similar principles for the
probability of the reaction to take place based on the crosslink density and the
abundance of the functional groups, chain flexibility also applies to this case??°.
The activation energy is related to the nature of both the catalyst and the reaction
the range of the value across a great span. For the transesterification reaction
catalysed by Zn(acac)z, the reported E,. varies from 24 kJ/mol to 163

k]/mol229'23°.
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Figure 5.23: Activation energy as a function of chain length
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Figure 5.24: Topology freezing temperature as a function of chain length
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As discussed in 5.1, the effect of the amount of catalyst on the system does not
play a significant role in determining its glass transition temperature. The
utilisation of the stress relaxation model provides a valuable estimation of the
extent of catalyst-induced bond exchange that would bring into the system at a
temperature, much lower than the topology transition temperature. Therefore, to
better visualise the effects, the expected relaxation time for each formulation is
obtained from the modified fittings based on Eq.(5-5) is listed in Table 5.5. Across
the table, the relaxation time ranges from 1.30 x 107 s to 3.65 x 10! s. The
relaxation time does decrease with the increase in catalyst content. However, for
the DSC tests, the overall testing time is on a scale of 103s, and even the shortest
relaxation time is on a scale of 4 orders of magnitudes greater than this. This the
idea that bond exchange around a temperature that is much lower than its
topology transition temperature is insignificant to alter the results of glass

transition behaviour. When the measurement of the T, is conducted over an

extended time frame that is at an extremely slow temperature ramp rate, the
result would possibly show some dependency between catalyst concentration

and T,.

Table 5.5: Estimated relaxation time for all vitrimer formulations at their T,

C6 C8 C10 C12 Cl4
1% 1.49x108s | 1.92x10s | 5.33x101%9s | 3.65x1011s | 1.26x1010s
2.5% 5.49x107s | 5.62x101%s | 2.00x10%s | 7.66x10° s | 1.12x10° s
5% 1.30x107s | 4.28x10° s | 3.95x10° s | 5.12x10° s | 1.72x10° s

To conclude, the findings of this study indicate Ty is largely consistent for the
same dicarboxylic acid-based formulation regardless of catalyst content, T, is
unaffected by catalyst, in agreement with previous research?®5. This is due to the
fact that the catalyst influences the bond exchange and bond exchange is very
slow at the temperature at which glass transition occurs. This underscores the
notion that bond exchange at a temperature substantially lower than its topology
transition temperature has a negligible impact on altering the glass transition
behaviour. There is a marked variation in T, between formulations made using
different dicarboxylic acids highlighting a strong correlation between methylene

repetitions in the dicarboxylic acid chain and T, Increased number of repetitions
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is linked to decreased T,. As the dicarboxylic acid chain reached length over 12
methylene repetition, the value of T, starts to stabilise. The overall trend observed
is attributed to the fact that longer dicarboxylic acid chains result in a lower T, due
to decreased crosslink density?3>136 and increased chain flexibility®.
Additionally, the stabilisation of these longer chains may involve the adoption of
cyclic conformations, further influencing their thermal properties. This is crucial
for tailoring vitrimers to specific applications.

The change of functional groups before and after the cure was examined using
FTIR. The result shows the completion of the addition esterification. A marked
increase in hydroxyl and ester groups is observed, evidenced by the elevation of
the broadened O-H stretching peak at 3450 cmt and the C=0 stretching peak at
1730 cm? respectively. Concurrently, a notable disappearance of epoxy groups
is recorded, as indicated by the decline of the oxirane ring breathing stretch at
910 cm. These changes collectively signify the successful reaction between the
epoxy and dicarboxylic acids. The catalyst plays a pivotal role in this
transformation, actively stimulating the epoxy ring opening during polymerisation
and further facilitating transesterification for both network formation and the
adaptability of the crosslinked chains. Despite the active involvement of the
catalyst, the study confirms that homopolymerisation of the epoxy does not
transpire during the manufacturing process across all formulation groups. This is
attributed to the controlled reaction temperature, which is maintained below the
threshold required for homopolymerisation, effectively preventing any inadvertent
rise in T,;. This approach ensures the achievement of complete crosslinking by
the conclusion of the reaction progress for all formulations, establishing a
consistent final degree of crosslinking for formulations with identical dicarboxylic

acid and epoxy composition, irrespective of their catalyst level.

The transesterification bond exchange reaction involves reactants and products
that maintain balanced concentrations, leading to no thermodynamic preference
for either side of the reaction. This balance results in equal forward and reverse
reaction speeds, with the rate following Arrhenius temperature dependence?. The

link between temperature and the rate of stress relaxation which is reflected by
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the activation energy of the Arrhenius relationship is directly influenced by the
chemical nature of the material. The results of stress relaxation show a strong
acceleration of bond exchange with increasing catalyst concentration, which in
agreement with previous findings in the literature®16, Quantification of this
influence though fitting of the Arrhenius dependence shows that the activation
energy of the bond exchange reaction is not affected significantly by the
concentration of the catalyst. This is because the pathway and mechanism the
bond exchange reaction depend on the chemical nature of the catalyst but not by
its amount’®. In contrast, the pre-exponential factor of the Arrhenius relationship
increases as a function of catalyst amount, which is attributed to the increase in

exchange sites for transesterification with increasing catalyst content.

In addition to catalyst amount, the amount and accessibility of reacting groups,
chain flexibility, crosslinking density, and statistical distance between reaction
groups influence the kinetics of the bond exchange reaction. Longer dicarboxylic
acid chain lengths result in fewer crosslinks, enhancing the mobility and
interaction of hydroxyl ends and ester groups for transesterification. This also
increases the backbone flexibility, allowing more adaptable configuration
changes. However, the extended chain length introduces limitations to bond
exchange by reducing the relative density of functional groups and increasing the
distance for exchangeable ends to participate in the reaction. This interplay of
factors underscores the complexity of bond exchange reactions and their
influence on macroscopic flow and stress relaxation behaviour and is reflected in
the topological freezing temperature results obtained in this study resulting in an

increase-plateau-decrease dependence of topological transition on chain length.
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6 High temperature behaviour of dicarboxylic acid-
epoxy vitrimers

Vitrimers stand apart from conventional thermoset materials due to their
possession of exchangeable bonds, endowing them with exceptional adaptability
in terms of shape. Nonetheless, their remarkable temperature-dependent
behaviour necessitates a thorough investigation into its implications. While the
material response around its glass transition and topology temperatures has
been studied previously, achieving a comprehensive understanding across the
full temperature range mandates an exploration of its behaviour beyond the
topology transition point. Particularly, delving into the material behaviour at
temperatures surpassing the critical transition points is highly relevant. Central to
this exploration is the understanding of the distinctive phenomenon of rapid bond
exchange occurring within this specific temperature range and its potential
ramifications on a spectrum of material properties. In essence, untangling the
intricate interplay of these factors across various temperature regimes

significantly enhances the comprehensive grasp of vitrimers.

6.1 Rheological behaviour

6.1.1 The development of vitrimer physical properties from uncured
mixture

Figure 6.1 illustrates the curing response of vitrimer C6Z1, capturing both
mechanical data and thermal information during the curing process. The
temperature profiles for the corresponding DMA and DSC experiments are

identical, as evidenced by the identical yellow and orange curves indicating that

the heating programs for DSC and rheological tests are the same. These profiles
start with a heating ramp of 10°C/min from 30°C to 160°C, followed by a period
of isothermal conditioning of 2-hour at 160°C. Notably, after an initial fluctuation
stage, characterised by noise in the loss modulus (G") during the early stages of
curing - especially at the onset of crosslinking, which is indicative of the material
transition from a viscous state with high energy dissipation to a more solid, elastic

state where viscous flow and energy loss are significantly reduced - the material
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experienced a rapid increase in both loss modulus (G") and storage modulus (G")
coinciding with the onset of the curing reaction as indicated by the enthalpy curve.
However, in contrast to typical thermosetting materials, as the reaction nears
completion, which occurs approximately 1 hour after its initiation showing as the
end of the increase of enthalpy, both modulus values continued to increase. This
suggests that the vitrimer undergoes rearrangement towards a more
interconnected stage and denser network without any significant thermal
changes. The underlying mechanism for this phenomenon is believed to involve
the transesterification reaction facilitated by the catalyst. The duration of this
process may vary depending on the temperature to which the material is
subjected. A study by Dusk and Matejka'®® revealed that for the Azelaic acid-
DGEBA system, achieving a steady state when heated at 110°C requires 60-80

hours, whereas gelation occurs in just 6 hours.
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Figure 6.1: The dynamic thermal mechanical development of vitrimer C6Z5

Figure 6.2 illustrates the change of storage and loss modulus as the temperature
goes through a heat and cool ramp right after the curing process shown in Figure
6.1. Following the two-hour curing period, the material exhibits intriguing thermo-

mechanical behaviour, with both the storage and loss moduli increasing with
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temperature. The noise observed during the rheology tests under single
frequency oscillation mode, particularly for the loss modulus (G"), can be
attributed to the limitations of the rheometer, especially when maintaining a set

amplitude over an extended period. In contrast, during the cooling process, both
moduli decrease until the temperature approaches the glass transition
temperature. This indicates the presence of a temperature range above the glass
transition temperature where the material modulus shows a positive correlation
with temperature. Specifically, for the C6Z5 formulation, the loss modulus begins
to increase at around 115°C, while the storage modulus exhibits a noticeable rise
at approximately 70°C during the subsequent cooling phase which indicates the

beginning of the material glass transition region.
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Figure 6.2: Temperature-dependent mechanical behaviour of cured C6Z5

Figure 6.3 illustrates the complex modulus development within the uncured C6Z5
mixture. This involved a sequential procedure that initiated with subjecting the
mixture to a temperature ramp of 10°C, beginning from room temperature. This
temperature ramp was executed across three distinct temperature points: 160°C,
170°C, and 180°C. Following this temperature ramp, each of the temperature

conditions was followed by a consistent isothermal period spanning 2 hours. The
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modulus evolution is similar for all three experiments up to about 2000 s. As the
thermal profiles begin to diverge, distinct trends emerge in the modulus. The most
rapid increase in modulus is observed at 180°C, whilst the slowest increase
occurs at 160°C, which is evident around the 2000 - 2500 s time interval.
Subsequently, the modulus continues increasing, reaching values of 0.46, 1.30,
and 1.83 MPa for the materials cured at 160°C, 170°C, and 180°C, respectively.
This shows that the curing temperature not only affects the reaction rate between
the dicarboxylic acid and epoxy but also influences the extent and speed of

reaching the crosslinking state.
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Figure 6.3: Evolution of storage modulus during C6Z5 vitrimer curing at different

temperatures

One potential explanation for the trend observed is that the material has a higher
modulus at elevated temperatures?3. Similar to rubbers, vitrimers are composed
of interconnected macromolecules. At equilibrium, the polymer chains in vitrimers
are coiled and adopt a random configuration, a state driven by the system
inherent entropy?®2. This randomness can be visualised as a series of
interconnected segments. The orientation between consecutive segments is
statistically random, causing the entire chain to follow a random walk behaviour.
When an external mechanical force is applied, these polymer chains align in the
direction of the applied stress. This alignment is a thermodynamic response,

driven by the system desire to minimise its free energy?33. However, this ordered
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state leads to a decrease in the configurational entropy of the polymer chains, as
the number of possible microstates the system can occupy is reduced. Upon
heating, the kinetic energy of the polymer chains increases, granting them greater
mobility. This mobility allows the chains to attempt to revert to their original,
entropically favourable configurations. The chains aim to return to a coiled,
random state to maximise their entropy. However, this entropic drive is
counteracted by the enthalpic contribution from the applied mechanical stress,

resulting in a net increase in the material's modulus**3.

Another potential explanation for the behaviour observed could be that crosslink
build-up occurs more rapidly at higher curing temperatures, consistent with
findings of the dependence in reaction enthalpy at different curing temperature in
Figure 4.21-Figure 4.25, that the reaction rate of curing is higher at elevated
temperatures, resulting in differences in the rate of modulus increase between
1700 s and 2500 s from the beginning of the temperature. Subsequently, the
modulus of the materials continues to increase and approaches toward an
equilibrium value during the period of curing is another indication of the existence

of the ultimate crosslink stage.

Figure 6.4 illustrates the variation in complex modulus of C6Z5 cured at
temperatures of 160°C, 170°C, and 180°C when subjected to a heat-cool ramp,
with temperatures transitioning from 200°C to 260°C and then down to 70°C
directly following their initial 2-hour curing process, as depicted in Figure 6.3.
During the subsequent heat and cool ramp, all materials cured at different

temperatures exhibits similar results to those reported in s

Table 6.1. Although the modulus data contain noise due to testing conditions
approaching the equipment torque limits, which impacts the consistency of
oscillation, the complex modulus still shows a clear trend. It continues to increase
as the temperature rises and decreases upon cooling, until the temperature
approaches the glass transition temperature, and the material starts entering its
glassy region as depicted in Figure 6.4. Specifically, the modulus of the material
cured at 170°C and 180°C approaches approximate values at the peak

temperature of 14.2 MPa and 5.6 MPa, respectively. Upon cooling, the modulus
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values converge, reaching 1.80 MPa at a temperature of 110°C. Conversely, the
material cured at 160°C requires more time to reach a peak modulus of 1.8 MPa,
with a lower value of 1.2 MPa at 110°C. There is a noticeable difference in the
speed of modulus increase towards the highest temperature among the three
materials. In addition, after the heating ramp, all materials have a higher modulus

at the same temperature compared to the value before the ramp.
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Figure 6.4:Temperature-dependent mechanical behaviour of C6Z5 cured at different

temperatures

Table 6.1: Modulus at temperature of 160°C,170°C and 180°C

Cure temperature End of cure Ramp Modulus
(°C) Modulus (MPa) temperature (°C) (MPa)
170 1.11
180 1.16
160 0.46 180 1.51
170 1.48
160 1.44
180 2.18
170 1.30 170 2.12
160 2.07
180 2.29
180 1.82 170 2.23
160 2.17

Table 6.1 reports the complex modulus for all three experiments at the end of the

cure, together with the values of the modulus during the heat-cool ramp for each
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material at temperatures of 160°C, 170°C, and 180°C. The modulus of all
materials increases dramatically after being subjected to the highest temperature
of 250°C compared to their end of cure value. The material cured at 160°C
exhibits the most significant increase of about 210%, followed by increases of
about 60% and 25% for the materials cured at 170°C and 180°C, respectively.
There is an exponential relationship between crosslink development and
temperature; the material cured at 160°C for 2 hours initially would display the
lowest crosslink density compared to the other two materials. However, this
difference is rapidly compensated by a faster crosslink build-up during heating at

higher temperatures.

Despite the application of a temperature ramp, variations in modulus persist
among the materials cured at different temperatures. Specifically, the modulus at
160°C after the heating ramp for the materials cured at 160°C and 170°C
accounts for 65% and 95% of the value for the material cured at 180°C which is
a direct indication of the difference in crosslinking density. Of all three materials,
the one cured at 180°C has the longest time at the optimum conditions for
crosslinking which allows it to form more crosslinks compared to the other two.
The idea of the ultimate state of crosslinks proposed by Disek and Matejka'®®
suggests that when allowed enough time, a vitrimer could reach the equilibrium
state in which the maximum crosslinking would be reached. Based on that, the
modulus difference appearing at 250°C could be explained as at the end of the
heating ramp of the materials cured at 170°C and 180°C the material has enough
time to reach a similar state of crosslinking while when cured at 160°C the
crosslinking is less established due to the lower initial reaction rate and bond

exchange rate.

Apart from the hypothesis of establishment of the crosslinks, part of the results
reported here can be attributed to rubber elasticity. Figure 6.5 shows the complex
modulus for three materials at the temperature of 180°C, 170°C and 160°C after
being subjected to 250°C. The points obtained from each sample follow a linear
relationship with respect to temperature. Assuming the crosslinking density

remains constant during this period, this effect only accounts for 7% of the
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modulus change for material cured at 160°C when the measuring temperature
changes from 180°C to 160°C during the cooling ramp and 11% and 12.6%
respectively for the ones cured at 170°C and 180°C. As seen in the linear
relationship coefficients listed in 250°C

Table 6.2, the increase in the slope of the line indicates that the effect is intensified
in the case of material cured at higher temperature as evidence that more
crosslinks are formed in those materials. Overall, the rubber elasticity only has a
minor contribution to the change in modulus as a function of temperature. When
allowed enough time for all three materials to reach the ultimate crosslinking
stage during the initial curing, a unified temperature dependent modulus

behaviour is expected.
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Figure 6.5: Complex modulus of the materials cured under different temperatures after
being elevated to 250°C

Table 6.2: The parameters of the linear relationship illustrated in Figure 6.5

Cure temperature (°C) Slope (MPa/K) Intercept (MPa)
160 0.0035 1.155
170 0.0055 1.186
180 0.0063 0.886
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6.1.2 Multi-frequency oscillation rheological behaviour

This section introduces the multi-frequency oscillation rheological behaviour. By
subjecting materials to different oscillation frequency, insights into viscoelastic
properties and understanding of their performance under diverse conditions can
be gained. This approach is useful for characterising the dynamic behaviour of

materials, especially in complex systems like vitrimers.
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Figure 6.6: The change of modulus of C10Z5 regarding temperature

Figure 6.6 displays the changes in the complex modulus of cured material C10Z5
during a sequential heating-cooling ramp, with a frequency sweep ranging from
0.1 rad/s to 100 rad/s, and three data points per decade. From 30°C to 90°C, the
material's modulus decreases, a shift attributed to its transition from a glassy to
a rubbery state. This phase sees the material exhibiting varied frequency
responses. Subsequently, the material enters a phase where its modulus is
indifferent to frequency, as the modulus sharply falls to its lowest at 0.08 MPa.
Approaching 150°C, a gradual increase in modulus occurs, linked to crosslink
development. The temperature rise sees continued modulus growth, with the
material regaining frequency response around 190°C. This upward trend remains

during the cooling phase from a high of 270°C to 220°C, concluding with a peak
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modulus value of 1.8 MPa. As cooling progresses, a modulus reduction is noted
from 220°C, continuing until nearing its glass transition temperature at about
130°C. Concurrently, the modulus's frequency response seems to fade around
240°C in the cooling stage, lasting until the material cools to roughly 190°C.
Furthermore, a marked enhancement in the modulus is observed post exposure
to elevated temperatures. This can be ascribed to the progressive development

of the network structure. It also leads to a rise in the T, of the materials post the

heating ramp, moving from 70°C prior to the ramp to 110°C afterward.

Figure 6.7-Figure 6.15 present a comprehensive investigation into the dynamic
mechanical properties of nine distinct cured vitrimers. These vitrimers are
prepared by utilising sebacic acid, suberic acid, and adipic acid as dicarboxylic
acids, combined with varying concentrations (1%, 2.5%, and 5%) of zinc
acetylacetonate hydrate. These formulations are designated as C10Z1, C10Z2.5,
C10z5, C871, C8Z2.5, C8Z5, C6Z1, C6Z2.5, and C6Z5. The experimental
analysis entails subjecting these materials to a controlled heating ramp while
concurrently performing multiple frequency scans. The mechanical
characteristics examined encompass the normalised storage modulus (G'/G*),

the loss modulus (G"/G*), and the loss tangent (Tan ).
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Figure 6.7: Rheological heating scan from 50°C to 270°C with lines for constant
frequency converging at a significant temperature for C10Z1 amplified with three
functions: (a)G'/G*, (b)G”/G* and (c)Tan d

Initially, with an increase in frequency, there is a notable elevation in the value of
the normalised storage modulus. This aligns with increased molecular mobility
and more efficient energy transfer mechanisms operating at elevated
frequencies. As the temperature increases, a discernible phase materialises,
during which the materials showcase a period devoid of frequency dependence.
Within this interval, the molecular mobility attains a state of saturation, resulting
in a consistent storage modulus across different frequencies. Of particular
significance is the subsequent occurrence of a reversal in the frequency-
dependent effect on storage modulus. With increasing frequency, there is a
reduction in the storage modulus value. This observation underscores the
intricate interplay between molecular mobility, crosslinking, and energy

dissipation, collectively shaping the dynamic response of the material.

Initially, as frequency increases, the normalised loss modulus is reduced. Yet, the
efficacy of this frequency dependence gradually wanes, culminating in a

temperature regime where loss modulus reaches its minimum, signifying an
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absence of frequency dependency. Following this, a reversal transpires, and

elevated frequencies instigate an increase in the normalised loss modulus.

The loss tangent exhibits comparable behaviour, following the established
pattern. Importantly, the temperature at which this reversal is initiated closely
corresponds with the previously observed transitions in the storage and loss
modulus curves. This consistent phenomenon is present in all materials. At lower
temperatures, G'/G* displays a positive correlation with frequency, while the
decrease in normalised loss modulus and Tand signifies a solid-like behaviour of
the material at these temperatures. Following the transition phase, a reversal in
influence is evident, suggesting a more liquid-like behaviour attributed to an
accelerated bond exchange rate, enabling the material to flow. This transition
exhibits distinct sensitivity to temperature changes across varying parameters.
The transition of G'/G* spans a broader temperature range, whereas Tand or
normalised loss modulus (G”/G*) transition occurs more abruptly or at a specific
temperature. Remarkably, a notable observation arises regarding the frequency-
dependent separation of response enhancers, particularly following the
transitional phase, as the catalyst content increases. This observation
underscores the intricate influence of frequency on material properties, revealing

its interplay with catalyst content in a dynamically evolving system.
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Figure 6.8: Rheological heating scan from 50°C to 270°C with lines for constant

frequency converging at a significant temperature for C10Z2.5 amplified with three
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Figure 6.9: Rheological heating scan from 50°C to 270°C with lines for constant

frequency converging at a significant temperature for C10Z5 amplified with three

functions: (a)G’/G*, (b)G”/G* and (c)Tan &
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Figure 6.10: Rheological heating scan from 50°C to 270°C with lines for constant
frequency converging at a significant temperature for C8Z1 amplified with three
functions: (a)G’/G*, (b)G”/G* and (c)Tan d
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Figure 6.11: Rheological heating scan from 50°C to 270°C with lines for constant
frequency converging at a significant temperature for C822.5 amplified with three
functions: (a)G’/G*, (b)G”/G* and (c)Tan &
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Figure 6.12: Rheological heating scan from 50°C to 270°C with lines for constant
frequency converging at a significant temperature for C825 amplified with three
functions: (a)G’/G*, (b)G”/G* and (c)Tan d
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Figure 6.13: Rheological heating scan from 50°C to 270°C with lines for constant
frequency converging at a significant temperature for C6Z1 amplified with three
functions: (a)G’/G*, (b)G”/G* and (c)Tan &
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Figure 6.14: Rheological heating scan from 50°C to 270°C with lines for constant

frequency converging at a significant temperature for C6Z2.5 amplified with three
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Figure 6.15: Rheological heating scan from 50°C to 230°C with lines for constant

frequency converging at a significant temperature for C625 amplified with three
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A significant factor to consider is the duration over which the small amplitude
oscillatory shear (SAOS) experiments were conducted; they span a considerably
shorter timeframe compared to the static relaxation experiments performed under
a predetermined strain. This difference might account for the observed liquid-like
behaviour even when the material appears to be in a solid state. Consequently,
the threshold viscosity of 10'? Pa-s used in the relaxation experiment to delineate

between liquid and solid states may not be universally applicable.

Table 6.3: The temperature required for rheological relaxation

Material Frequency (rad/s) Relaxation time (s) Temperature (°C)
c1071 0.1 10165 202.6
100 0.06 608.9

C1072.5 0.1 10165 242.4
100 0.06 536.1

C1075 0.1 10165 200.5
100 0.06 463.7

cs71 0.1 10165 259.2
100 0.06 527.0

C8725 0.1 10165 250.4
100 0.06 529.7

C875 0.1 10165 210.2
100 0.06 488.3

C671 0.1 10165 269.5
100 0.06 840.9

C672.5 0.1 10165 241.9
100 0.06 989.6

C675 0.1 10165 157.6
100 0.06 749.4

Table 6.3 presents the temperatures at which the vitrimeric materials achieve
relaxation for both the longest and shortest scanning periods observed during
frequency sweep tests. These relaxation times, corresponding to each test
frequency, were derived, and integrated into the stress relaxation function (as per
Eq.(5-4), utilising parameters from Table 5.2. The data indicates that the
temperature required for instantaneous material relaxation at the lowest
frequency (0.1 rad/s)—corresponding to the most extended relaxation time—
ranges between 157.6°C and 269.5°C. This range is consistent with the test
temperature parameters, suggesting that at these temperatures, the materials

would remain unresponsive to strain changes at a scanning frequency of 0.1
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rad/s. For higher scanning frequencies, however, significantly elevated
temperatures are necessary. There is an average temperature increase of 411°C
resulting in a range spanning from 463.7°C for C10Z5 to a peak of 989.6°C for
C6Z2.5. Notably, relaxation is closely tied to catalyst loading. Materials with a 5%
catalyst exhibit an average temperature drop of 92°C to achieve frequency
indifference compared to those with a 1% catalyst composition. This indicates
that the material should exhibit instantaneous relaxation across all tested
frequencies, especially at the temperatures corresponding to a frequency of 100
rad/s. However, in the conducted experiment, the temperature did not exceed the
temperature requirement. Instead, a unified modulus across all frequencies was
evident at a considerably lower temperature range of 130-230°C. Therefore, the
behaviours observed during testing may not be solely attributable to the

temperature-dependent relaxation characteristics of vitrimeric materials.

Table 6.4: Transition temperature for vitrimers via stress relaxation and rheological

experiment.
Sample G'/G* (°C) G"/G*(°C) | Tand (°C) | T, (r) (°C) | AT,(°C)
C10Z1 130 210 170 170 123.6 46.4
C10z2.5 140 210 160 160 113.7 46.3
C10z5 140 150 150 150 91.4 58.6
C871 130 240 170 170-180 136.3 33.7
C8z2.5 130 190 150 150 126.3 23.7
C875 130 180 150 150 104.1 45.9
C6z1 160 230 160 160 104.2 55.7
C6z2.5 150 190 160 160 83.9 76.1
C6Z5 140 170 140 140 66.1 73.9

The transition temperatures for all materials are recorded in Table 6.4. Increasing
the amount of catalyst significantly narrows down the temperature range for the
normalised storage modulus transition. For instance, the transition range of
material C10 reduces from 80°C (130-210°C) to just 10°C (140-150°C) as the
catalyst amount increase from 1% to 5%. Similarly, for C8, the difference is 60°C,
reducing the range from 110°C (130-240°C) to 50°C (130-180°C). However, this
difference appears to be lower as the dicarboxylic acid chain is shortened,
reducing the range from 70°C (160-230°C) to 30°C (140-170°C). This behaviour

confirms that the material exhibits a more pronounced response to temperature

138



with higher catalyst content. The transition occurs at a slightly lower temperature
with increasing catalyst content, with an average drop of 20°C from 1% to 5%
catalyst for all materials. However, the influence of the catalyst on the transition
temperature in the rheological study is much more subtle compared to its impact
on the material relaxation behaviour. At the higher end of the temperature ramp,
materials containing 5% catalyst display a more pronounced separation
compared to those with 1% catalyst. This observation provides compelling
evidence linking the observed temperature-dependent behaviour to the rate of
bond exchange, a phenomenon influenced by variations in the catalyst
concentration. The underlying theoretical framework posits that increased
catalyst content induces accelerated bond exchange within the materials even at
the same temperatures. Consequently, this increased bond exchange rate gives
rise to an intensified response, thereby contributing to the increased the thermal-

dependant response exhibited by the material.

In a study conducted by Fang et al.*®, it was observed that during the transitional
temperature range, the material exhibits power law relaxation. This behaviour
implies that the material transitions into a hyper-elastic gel state. This conclusion
is further supported by the observation that, at this stage, the material displays
parallel values of G’ (storage modulus) and G” (loss modulus), with a notably high
ratio of G'/G”. The transition temperatures measured from relaxation are much
lower than those obtained from rheological frequency sweeps, with a difference
ranging from 73.8 to 23.7°C, as shown in Table 6.4. Furthermore, the difference
in T, obtained by rheological tests shows lower sensitivity to the amount of

catalyst present.

6.2 Thermal degradation of vitrimeric materials

Figures 6.16 to 6.18 illustrate the thermal degradation behaviour of materials as
a function of temperature, ranging from room temperature to 600°C. Upon
heating, these materials generally begin to decompose at around 300°C, marked
by a sharp decline in weight, which eventually stabilises at a final weight. The
temperatures at which this weight loss stabilises vary: C6 shows the lowest

stabilisation temperature at approximately 430-440°C, while C8 and C10 stabilise
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around 490°C, and C12 and C14 exhibit the highest stabilisation temperatures at
around 500°C. There is also considerable variation in the remaining char of these
materials. For instance, in Figure 6.16, C10 demonstrates a notably lower char
residue at the end of the reaction, with only 12% remaining, whereas the char for

other materials ranges between 16%-22%.

However, this pattern alters for vitrimers with 2.5% and 5% catalyst content. In
Figure 6.17, C6, C8, and C10 end with 16% of their initial weight, but C12 only
retains 12%, and C14 concludes with 8%. With 5% catalyst, C6 and C8 still show
more residual at 600°C, retaining 16% of the initial weight, while C10, C12, and
C14 exhibit a value of 12%. This discrepancy could be attributed to differences in
the degradation mechanism influenced by the monomer variation. There is a
possibility of additional decomposition processes in the vitrimer systems made

with dicarboxylic acids containing more methylene groups in their main chain.
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Figure 6.16: Thermal degradation of vitrimers containing 1% catalyst in terms of weight

loss
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Figure 6.18: Thermal degradation of vitrimers containing 2.5% catalyst in terms of

weight loss

Figures 6.19 to 6.21 display the rate of decomposition reactions at various
temperatures, revealing distinct patterns in the reaction curves. Vitrimer samples
C10, C12, and C14 exhibit a second reaction peak within the temperature range
of 460-470°C. In contrast, C6 demonstrates a unique pattern compared to the
others. The majority of its reaction occurs before a notable drop in the reaction
rate at 410°C, and specifically in C6Z5 (as shown in Figure 6.21), there is a minor
peak preceding the major peak at 410°C. For C8, the reaction rate displays a

broad yet more symmetric single peak shape, peaking around 410°C. This
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indicates a variance in the reaction mechanisms of the vitrimers; while the
reactions of C6 predominantly occur at temperatures below 410°C, the
degradation of C10, C12, and C14 involves reactions at higher temperatures. The
transition in this shift of reaction mechanism could explain the form of the reaction

rate for C8, which seems to be influenced by both reaction series.
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Figure 6.19: Rate of the thermal degradation vs. temperature curves of vitrimers

containing 1% catalyst
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Figure 6.20:. Rate of the thermal degradation vs. temperature curves of vitrimers

containing 2.5% catalyst
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Figure 6.21: Rate of the thermal degradation vs. temperature curves of vitrimers

containing 5% catalyst

Figures 6.22 to 6.26 illustrate the progression of thermal degradation as the
temperature steadily increases. Specifically, in Figure 6.21, during the initial
decomposition stage between 300-380°C, there is a pronounced dependence of
the reaction rate on catalyst concentration, with the most significant variance
observed at 360°C. A similar dependency is noticeable in C8, as depicted in
Figure 6.22. However, as the dicarboxylic acid chain length increases, the
discernible difference in reaction rates is primarily evident between vitrimers
containing 1% and 5% catalyst. Notably, for vitrimers C10, C12, and C14, those
with 5% catalyst demonstrate a more rapid reaction during the initial phase of
decomposition.
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Figure 6.22: Rate of the thermal degradation vs. temperature curves of vitrimer C6
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Figure 6.23: Rate of the thermal degradation vs. temperature curves of vitrimer C8
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Figure 6.24: Rate of the thermal degradation vs. temperature curves of vitrimer C10
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Figure 6.25: Rate of the thermal degradation vs. temperature curves of vitrimer C12
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Figure 6.26: Rate of the thermal degradation vs. temperature curves of vitrimer C14

Studies on the thermal degradation mechanism of polyesters indicate that the
presence of hydrogen in the beta position to the ester group facilitates the
scission of aliphatic fragments predominantly through -hydrogen scission. This
occurs via a six-membered cyclic transition state, involving the transfer of a
hydrogen atom from the alkyl group in beta position to the ester group to the ester
carbonyl goup?34. The initial pyrolysis predominantly yields vinyl and carboxyl-
terminated compounds, which subsequently undergo decarboxylation as

suggested by 235236 as illustrated in Figure 6.27.
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Figure 6.27: Scheme of intramolecular B-hydrogen scission process

These carboxyl-terminated compounds may further degrade into diacid, diolefin,

and other short-chain products. In the vitrimer design, the varying factor in
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monomer structure is the number of methylene units in the aliphatic chain. As
degradation progresses, dicarboxylic acids are formed. A study of the thermal
decomposition of a series of linear dicarboxylic acids reveals an increase in
decomposition temperature from 200°C for succinic acid (C4HsO4) to 250-300°C
for glutaric acid (CsHsOa), and then to 350-400°C for adipic acid (CsH1004)%".
However, the degradation pathway of dicarboxylic acids containing more than
seven carbons has not been extensively analysed. Analysis of the decomposition
reactions revealed differences between adipic and sebacic acid derivatives. The
latter demonstrated a minor yet significant decomposition process at
temperatures exceeding 425°C, whereas the former appeared to degrade in a
single step?®. This could share similar reaction roots to the observation of the
second reaction peaks in the thermal degradation of the vitrimers reported.

Table 6.5 provides a breakdown of temperatures at which 5% and 10% weight
losses occur for each material. Thess data suggests that thermal stability is
influenced by dicarboxylic acid chain length, a trend that remains consistent
across varying catalyst concentrations. A comparative analysis of the
degradation behaviour based on the number of CH2 groups in the alkylene chains
reveals distinct differences. For instance, the temperatures corresponding to 5%
(Td5%) and 10% (Td10%) weight losses increase by 43.5°C and 34.1°C,
respectively, when transitioning from C6Z1 to C14Z1. However, this differential
reduces for materials with 2.5% and 5% catalyst concentrations. The degradation
profiles predominantly exhibit a single-step decline, resulting in nearly identical
trends for Td5% and Td10%. Literature sources?3%24° propose that polymer
scission predominantly occurs at the propyl group situated between the aromatic
rings and the carbon-oxygen bond opposite these rings. A plausible explanation
for the observed trends is that an extended dicarboxylic acid chain length reduces
the proportion of bonds susceptible to decomposition, leading to an elevated
overall degradation temperature. This is consistent with findings on diesters
derived from linear dicarboxylic acids, where thermal stability was found to
increase with the carbon number 24%, Figure 6.28 shows a trend where shorter
methylene chain lengths?#? and increased catalyst concentrations correspond to

reduced decomposition temperatures. This can be attributed to the dual role of

146



the catalyst: facilitating vitrimer bond exchange and promoting vitrimer oxidation
by reducing the decomposition reaction's activation energy. This observation
aligns with findings by M. Giebler et al.?*3, where networks prepared with 2.5
mol% zinc(ll)-acetylacetonate hydrate as a catalyst in an epoxy-anhydride

vitrimer system exhibited superior thermal stability compared to those with 5
mol% catalyst.
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Table 6.5: 5% and 10% weight loss temperature for all vitrimeric materials

Td5% Td10%

Material Tds% Td10% A\_/I:edrSao/oge A-\Il-ji;ge Star_ldgrd Star_ldgrd

(°C) (°C) =C) °C) Deviation Deviation

Q) (C)
321.5 349.7

Co6Z1 319.1 351.0 320.6 350.3 1.3 0.7
321.0 350.2
310.4 333.6

C672.5 321.2 348.1 315.7 342.2 5.4 7.6
315.5 344.9
305.9 324.6

C6Z5 297.6 315.3 303.8 322.1 5.4 6.0
307.8 326.5
332.7 363.3

C871 332.2 365.3 337.4 367.6 8.5 5.8
347.2 374.2
321.6 357.4
324.5 353.2

C872.5 315.1 349.7 322.0 353.5 5.0 3.2
326.7 353.9
3125 344.8
319.7 353.8

C875 316.1 3518 316.6 351.7 3.1 5.0
318.3 356.5
336.3 363.0

C10z1 338.0 361.6 337.2 362.4 0.9 0.7
337.4 362.6
333.1 362.1

C10z2.5 319.2 356.5 327.0 360.0 7.1 3.0
328.6 361.3
321.3 342.8

C10Z5 312.9 336.4 317.5 341.0 4.3 4.0
318.4 343.8
368.7 391.8

Cl12z71 349.3 377.8 357.7 383.5 10.0 7.4
355.0 380.8
333.0 362.3
335.8 363.1

Cl1272.5 3102 335.0 327.9 354.6 11.9 13.2
332.8 357.8
331.0 363.1

C12z5 325.2 352.6 329.0 3554 3.3 6.8
330.7 350.5

Cl14z1 386.9 402.6 364.1 384.4 23.5 16.8
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Td5% Td10%
Material | 1d5% Td10% A\_/I_e;r;/oge A-\Il-ji;ge Standard Standard
(°C) (°C) °C) (°C) Deviation Deviation
(°C) (°C)
340.0 369.3
365.4 381.5
333.7 362.2
Cl4z25 | 340.4 367.9 333.2 360.7 7.5 8.1
325.5 351.9
313.6 348.0
323.8 352.9
C14z5 3224 3524 321.0 351.7 4.9 2.5
323.9 353.4

Overall, the epoxy-dicarboxylic acid formulations undergo significant changes in
mechanical properties during the curing process. The initial rapid increase in
modulus followed by a more gradual increase under isothermal condition
suggests the building of the crosslinks at the early stage of the curing process
and ongoing rearrangements towards a denser network without significant
thermal changes'®. This behaviour is due to the esterification and the
subsequent transesterification reaction facilitated by the catalyst. Increasing the
cure temperature results in higher modulus at the end of the cure for the same
amount of time. This can be attributed to the dual impact of temperature on the
reaction speed and the crosslinking extent. A higher curing temperature
accelerates the crosslinking rate and concurrently diminishes the duration

needed for the material to attain its ultimate crosslinked state1°.

The investigation into the cured material complex modulus during a stepwise
heat-cool ramp across various frequencies unveils a marked, temperature-
sensitive modulus trajectory and a range of temperature where the material
shows frequency-independent modulus behaviour*®. As the temperature rises,
the material transitions from a glassy to a rubbery state, leading to a reduction in
modulus. This transition also displays varied responses to changing frequencies,
eventually reaching a stage where the modulus remains mostly unchanged
regardless of frequency. However, as temperature continues to increase, the
modulus begins to increase, due to the emergence and growth of crosslinks and
the material reverts to a frequency-dependent behaviour. In cooling for a high

temperature, a decrease in modulus is observed, intensifying as the material
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approaches its glass transition temperature. After exposure to higher
temperatures, a notable increase in modulus is observed, potentially linked to the
ongoing evolution of the network structure, subsequently elevating the material
glass transition temperature post-heating. The cause of the frequency
independence of modulus is likely due to the influence of structural relaxation and
bond exchange induced relaxation!®®. During the span of the frequency-
independent temperature range the effect of the two relaxations can potentially
counteract each other. The catalyst content has a significant influence on the
span of the transition temperature and the sensitivity of the response frequency.
The range of the transition is reduced with increasing catalyst, whilst the
sensitivity on frequency also increases. This can potentially be attributed to the
fact that the influence of temperature on bond exchange rate is stronger with

higher load of catalyst.

When exposed to higher temperatures, the materials exhibit consistent thermal
degradation patterns. Formulations with shorter methylene chain lengths and
higher catalyst concentrations display lower decomposition temperatures. This is
attributed to the fact that catalyst not only aids in the exchange of vitrimer bonds
but also enhances vitrimer decomposition in nitrogen atmosphere by lowering the
activation energy needed for the decomposition reaction. Moreover, formulation
with longer dicarboxylic acid chains possess fewer decomposition-prone bonds,
culminating in elevated overall degradation temperatures. This observation is in
agreement with prior findings pertaining to the thermal stability of diesters derived

from linear dicarboxylic acids.
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7 Limitation and general impact of the research.

7.1 Limitations of the research

The cure analysis carried in this work covered a breadth of formulation, which led
to limited tests of repeatability of DSC results. Although duplicated dynamic tests
indicate good reproducibility, ideally a minimum of three DSC tests should have
been carried out for each experimental condition and formulation. This would
have allowed more robust comparisons of kinetics parameters between
formulations as well as elimination of potential errors in experimental work.
Similar limitations in terms of reproducibility also apply to the rheological

experiments of this study.

The kinetics framework used is well suited for mechanisms that involve a single
conversion variable and in the particular case of the isoconversional methods and
the autocatalytic model adopted a single mechanism. The experimental results
show the dominance of a single mechanisms and the superposition tests carried
out the relative validity of the single conversion variable assumption. However,
there are secondary mechanisms that result in variations of total enthalpy across
experiments in the same formulation and the superposition of dynamic and
isotherm data show differences that are around 9%. Incorporation of additional
mechanisms and underlying variables would have increased the accuracy of

kinetics models.

In examining materials made with different catalyst levels, the study is limited by
the range of formulations tested. A more extensive exploration of various catalyst
amounts would allow a more comprehensive understanding. Furthermore, the
inability to produce reference materials without any catalyst, due to the necessity
of a catalyst for epoxy ring opening, leaves a gap in understanding the unique

nature of exchangeable bonds and conventional thermosetting polymers.

In the study of the relationship between monomer structure and vitrimer
properties, the focus is confined to the change in the dicarboxylic acid
component. The potential influence of the type and structure of the epoxy, which

holds significant promise for fine-tuning material properties, is not considered
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here. Further exploration could encompass the functionality of the monomers and
the study of branched carboxylic acids or monomers, offering a more rounded

insight into material behaviour and properties.

7.2 General impact of the research

The understanding of the transesterification bond exchange mechanism and its
impact on the properties of vitrimers developed in this work has significant
practical implications. By understanding the intricacies of vitrimers, researchers
and industry professionals can potentially develop formulations that are not only
more efficient but also highly adaptable to a range of conditions and applications.
A focus point of this research is the elucidation of the transesterification bond
exchange mechanism in CANs vitrimers. This mechanism, often overlooked or
not fully understood in previous studies, is foundational for the dynamic behaviour

of these materials.

This study delves into the practical realm by quantifying the significance of
variables such as catalyst concentration and dicarboxylic acid chain length. The
results highlight the negligible influence of catalyst-induced bond exchange on
the glass transition behaviour, given the timescales of standard experimental
measurements. This investigation further unravels the complex interplay between
temperature, catalyst concentration, dicarboxylic acid chain length, and bond
exchange kinetics in associative CANs vitrimers. These critical findings not only
provide enhanced understanding of vitrimer properties but also have substantial
implications for the design and application of these materials. By manipulating
the parameters of formulation, researchers and material scientists can engineer
vitrimers with specific characteristics. For example, controlled flow rates and
material viscosity can be achieved by the incorporation of additional bond
exchange mechanisms?*, as well as additional functionalities of the material,
when difunctional norbornene monomers are introduced to the system,
photocurable vitrimers were obtained by thiol-ene reaction?*®. Advancements in
monomer and catalyst design in vitrimers have led to notable applications, such
as self-healing materials in the automotive industry for car parts that repair

themselves after damage?*6. In electronics, specially designed vitrimers are used
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for flexible circuits and screens, supporting the development of advanced flexible
devices?*’. Additionally, vitrimers designed for recyclability are contributing to
sustainable material solutions, promoting a circular economy’. One of the
standout findings of this research is the enhanced thermal stability observed in
materials with longer acid chains. This suggests a strategy on how materials can
be designed for applications that necessitate high thermal resistance. However,
the dynamic nature of the ester bonds may restrict the extend of such superior
mechanical property. To address the problem, further work need to consider the
incorporation of thermally more stable bonds such as boronic esters?#®, aromatic

sulphide crosslinks’6:249,

The elucidation of the kinetics of the epoxy-dicarboxylic acid reaction and the
development of the corresponding cure kinetics models has practical implication
with respect to the processing of these materials. The models can be used to
optimise cure profiles in order to minimise process time and cost and in the case
of large, thick components, minimise the risk of significant temperature
overshoots. The wide range of formulations covered in cure kinetics analysis also
allows material selection considerations to be taken into account in process
design. This can potentially provide information relevant to processability and
manufacturing cost during the stage of material selection for a specific application

of a vitrimeric system.

8 Conclusions and recommendation for further work

8.1 Conclusions

The key conclusions of this study are as follows:

e The curing of DGEBA and dicarboxylic acids primarily involves addition
esterification and a slower transesterification, resulting in crosslinked vitrimer
structures. These reactions are temperature-dependent and maintain

consistent mechanisms across both dynamic and isothermal conditions.
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The apparent activation energy of the epoxy- dicarboxylic acid reaction
decreases from 121 to 74 k] - mol~! as the carbon chain length increases from
6 carbons to 14, due to increased monomer flexibility.

The diffusion limitation modified autocatalytic model describes the cure
kinetics of epoxy- dicarboxylic acid systems with an average 84% goodness
of fit.

The T, of epoxy-dicarboxylic acid vitrimers decreases with increasing
dicarboxylic acid methylene repetitions from 36°C for the dicarboxylic acid
with 6 units to lowest of 6°C for 14 units due to the reduction in crosslink
density and increased chain flexibility.

T, is not affected by catalyst concentration as the bond exchange relaxation

is extremely slow at the temperature range of T,.

Increasing the concentration of the catalyst speeds up bond exchange and
reduces the topological freezing temperature (7,) with an average reduction
of 30°C to 65°C when the catalyst concentration increases from 1% to 5%.
There is a distinct pattern in the relationship between chain length and T,
including an increase from an average of 80°C, to a plateau of 120°C and
110°C, and then a decrease to 90°C and 80°C for the material using 6,8,10,12
and 14 carbons in the dicarboxylic acid chain. This pattern underscores the
balance between crosslink density, functional group density, chain flexibility,
and the distance between functional groups and bond exchange rate.

The modulus of epoxy-dicarboxylic acid vitrimer during the curing process,
increases with rising temperature, indicating faster crosslinking. At elevated
temperatures, the modulus increases further due to rubber elasticity and
additional crosslinking.

Vitrimer structures with longer dicarboxylic acid chains exhibit enhanced
thermal stability and higher degradation temperatures. The concentration of
the catalyst plays a role in determining decomposition temperatures, given its
dual function in vitrimer bond exchange and aiding oxidation.

There is a temperature range above the glass transition in which the materials
exhibit frequency independent modulus due to the superposition of bond

exchange induced relaxation and structural relaxation. The span of this range
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period is reduced by about 70°C when for increasing catalyst concentration
from 1% to 5%.

8.2 Recommendation for further work

The comprehensive understanding of the transesterification bond exchange
mechanism in CANs vitrimers, as developed in this work, is promising in terms of
formulation tailoring and optimisation. To realise this impact, future work should
address practical application of these findings. The potential for tailoring vitrimer
properties, as highlighted in the study, should be explored in depth. By
manipulating variables such as catalyst concentration and dicarboxylic acid chain
length, the development of vitrimers with specific, desirable characteristics can
be achieved.. However, it is crucial to consider the thermal and dynamic
mechanical performance of these vitrimers, especially for aerospace
applications. Their use in primary structural components of aerospace might be
constrained due to limitations like glass transition temperature (Tg) and reduced
performance in hot/wet conditions. Although they could still be viable for interior
or secondary components in aerospace, meeting the industry specific demands
necessitates further testing and optimization. Consequently, immediate
applications in sectors like electronics, automotive interiors, or consumer goods,
where the material thermal stability and tailorability align well with less stringent
requirements, appear more feasible. Additionally, ongoing research should aim
to enhance the hot/wet performance of these vitrimers and modify their polymer
structure, thereby extending their applicability to aerospace and other high-

performance domains.

To overcome the limitations identified in the study with DSC analysis, a more
extensive experimental campaign for kinetics characterisation is necessary. This
will bolster the robustness of the curing kinetics analysis, providing more reliable
and consistent results. In terms of kinetics modelling, future work should aim to
apply models than involve multiple mechanisms as well as more than one degree

of cure variable.

Furthermore, the study of materials made with different catalyst levels should be

expanded to include a wider range of formulations. Despite the necessity of a
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catalyst for epoxy ring opening, alternative methods or materials should be
explored to allow comparison with a non-catalysed system to gain a deeper
understanding of the unique nature of exchangeable bonds and conventional
thermosetting polymers.

The investigation into the rheological behaviour of vitrimers should be expanded
in terms of the formulations examined as well as the number of repeat
experiments carried out. This will allow a more comprehensive examination of the
relationship between dicarboxylic acid structure, catalyst, and the frequency-

independent transition temperature is thoroughly explored.

The study of the relationship between monomer structure and vitrimer properties
should be broadened to include the potential influence of the type and structure
of the epoxy. Increasing the length of the epoxy molecule can achieve effects
equivalent to increasing the length of the dicarboxylic acid, whereas providing
branching can result in more intensified effects governed by cross-linking.
Overall, altering the epoxy pre-polymer structure will provide an additional design

variable in the context of material tailoring.
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