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Abstract 

An increasing demand for polymer materials coupled with depleting fossil-fuel reserves 

necessitates a shift in the polymer industry to sustainably sourced products. Therefore, developing 

materials from renewable sources that have properties comparable to those of commodity 

polymers is a critical endeavour. To replace the petroleum derived products that are on the market 

already, materials from renewable sources must first be developed and their properties matched to 

industry standards to fulfill the demands of their application.  

To address this challenge, a method for incorporating itaconic acid into polymeric materials 

was developed. This was accomplished by functionalizing bio-derived itaconic acid with a 

methacrylate group in a four-step synthesis route. Two novel itaconate-based monomers were 

obtained and subjected to polymerization by various methods of reversible-deactivation radical 

polymerization. Polymers of target molecular weight and narrow dispersities were achieved in 

high conversion reactions. The two distinct monomers gave polymers with a range of properties, 

with glass transition temperatures for the two species being -40 and 14°C. Both displayed strong 

thermal stability, and tunable rheological properties across the synthesized range of molecular 

weights (10 000 to 400 000 g/mol). Typically, challenges are faced when attempts are made to 

polymerize itaconic acid. However, by functionalizing the molecule with a methacrylate group, 

the polymerization of the itaconate-based monomers could proceed with characteristics typical of 

methacrylic monomers. This work therefore shows how methacrylate functionalization can be a 

potential pathway for incorporating bio-sourced itaconic acid into polymeric materials.  

In a second study, the material properties of renewably sourced polymers were improved 

through vitrimer chemistry. By introducing reversible boronic-acid ester exchange chemistry into 

the polymer matrix, a material that is both cross-linked and recyclable was obtained. This allowed 

for enhanced tensile strength, hardness, and rubbery rheological behaviour to be observed in the 

previously gel-like polymers. By incorporating diblock copolymers into the matrix and 

consequently inducing microphase separation in the material, rheological properties that 

approached standards typical of commercial materials were achieved. Phase-separated regions of 

high glass transition temperature within the material increased the tensile strength and improved 

the creep resistance of the material without impeding the ability to relax stress or self-heal. Further, 

mechanical and thermal properties were preserved through three rounds of recycling. Overall, this 
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study demonstrated the ability to modulate and improve the macroscopic properties of renewably 

sourced polymers by coupling vitrimer chemistry with microphase separation. 

In summary, this work presents two strategies for improving renewable polymer materials. 

First, it demonstrates an alternative method for incorporating biomolecules into polymers. Second, 

it explores how microstructures in vitrimer networks can enhance the properties of renewable 

polymers, making them more comparable to petroleum-based materials. Simplifying the 

integration of biomolecules and optimizing phase separation and cross-linking in vitrimers could 

further help renewable polymers meet the performance standards needed for wider applications. 
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Resume 

Une demande croissante de matériaux polymères, couplée à l'épuisement des réserves de 

combustibles fossiles, nécessite un changement dans l'industrie des polymères vers des produits 

issus de sources durables. Par conséquent, le développement de matériaux provenant de sources 

renouvelables présentant des propriétés comparables à celles des polymères les plus courants 

constitue un enjeu crucial. Pour remplacer les produits dérivés du pétrole actuellement sur le 

marché, il est d'abord nécessaire de développer des matériaux renouvelables dont les propriétés 

satisfont les normes industrielles afin de répondre aux exigences de leurs applications. 

Pour relever ce défi, une méthode d'incorporation de l'acide itaconique dans les matériaux 

polymères a été développée. Cela a été réalisé en fonctionnalisant de l'acide itaconique biosourcé 

avec un groupe méthacrylate selon une voie de synthèse en quatre étapes. Deux nouveaux 

monomères à base d'itaconate ont été obtenus pour ensuite être soumis à des polymérisations par 

différentes méthodes de polymérisation radicalaire à désactivation réversible. Des polymères 

possédant la masse moléculaire ciblée et ayant une faible dispersité ont été obtenus avec des taux 

de conversion élevés. Les deux monomères distincts ont conduit à des polymères présentant une 

gamme de propriétés comme des températures de transition vitreuse de -40 et de 14 °C. Les deux 

ont démontré une stabilité thermique élevée et des propriétés rhéologiques modulables sur toute la 

gamme de masses molaires synthétisées (de 10 000 à 400 000 g/mol). 

En général, la polymérisation de l'acide itaconique pose des défis. Cependant, en 

fonctionnalisant la molécule avec un groupe méthacrylate, la polymérisation des monomères à 

base d'itaconate a pu se dérouler avec des caractéristiques typiques des monomères 

méthacryliques. Ce travail démontre ainsi comment la fonctionnalisation méthacrylate peut 

constituer une voie prometteuse pour incorporer l'acide itaconique biosourcé dans des matériaux 

polymères. 

Dans une deuxième étude, les propriétés des polymères renouvelables ont été améliorées grâce 

à la chimie des vitrimères. En introduisant une réaction réversible des esters boroniques dans la 

matrice polymère, un matériau à la fois réticulé et recyclable a été obtenu. Cela a permis 

d'améliorer la résistance à la traction, la dureté et le comportement rhéologique élastique desdits 

polymères dont les propriétés étaient semblables à celles d’un gel avant le procédé décrit ci-dessus.  
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En incorporant des copolymères dibloc dans la matrice et en induisant ainsi une micro-

séparation de phase, des propriétés rhéologiques se rapprochant des standards des matériaux 

commerciaux ont été obtenues. Les régions à température de transition vitreuse élevée ségrégées 

par phases ont augmenté la résistance à la traction et ont amélioré la résistance au fluage sans 

toutefois compromettre la capacité du matériau à relaxer les contraintes ou à s'auto-cicatriser. De 

plus, les propriétés mécaniques et thermiques ont été préservées après trois cycles de recyclage. 

Dans l'ensemble, cette étude a démontré la capacité à moduler et améliorer les propriétés 

macroscopiques des polymères renouvelables en couplant la chimie des vitrimères à la séparation 

des microphases. 

En résumé, ce travail présente deux stratégies pour améliorer les matériaux polymères 

renouvelables. Premièrement, il démontre une méthode alternative pour incorporer des 

biomolécules dans les polymères. Deuxièmement, celui-ci explore comment les microstructures 

des réseaux de vitrimères peuvent améliorer les propriétés des polymères renouvelables, les 

rendant ainsi plus comparables aux matériaux à base de pétrole. Simplifier l'intégration des 

biomolécules et optimiser la séparation des phases ainsi que la réticulation dans les vitrimères 

pourraient contribuer davantage à l’atteinte des normes de performances requises pour un plus 

grand nombre d’application.  
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Chapter 1: Introduction 

1.1 Overview 

The increasing demand globally for both robust polymeric materials and sustainable solutions 

to mitigate the impact that daily routines have on the environment has created growing awareness 

on the importance of moving from traditional petroleum-based polymers towards renewable 

alternatives.1, 2 Polymers derived from fossil fuels, which currently encompass 99% of the polymer 

market, are significant contributors to the environmental pollution that results in global warming.3 

Annually, 3.3% of greenhouse gas emissions are related to the polymer industry, and it is estimated 

that 90% of the polymer related greenhouse gases are emitted during the production stage of 

refining fossil fuels to obtain polymeric materials.4 Therefore, switching to renewable sources has 

the potential to significantly decrease the worldwide negative impacts of the polymer industry.  

Various routes have been proposed for incorporating more sustainable sources into polymeric 

materials. Emerging methods may be categorized into three broad groups, with the first being to 

derive traditional monomers from renewable sources. Using, for example, bioethanol as a 

feedstock, traditional and well-known monomers such as ethylene can be obtained that is 

chemically identical to its petroleum-based analog.5 The second method involves the 

polymerization of renewably sourced chemicals without their modification, revealing new classes 

of polymers with distinct properties. Polylactide (PLA) is one such example that has emerged on 

an industrial scale as a green alternative for food packaging.6 Its production involves the 

fermentation of starches to produce lactic acid, which can then produce PLA through 

polycondensation reactions. A third method used in producing new, renewably sourced polymers 

involves the functionalization or chemical modification of the renewable compound before 

polymerization.7 Feedstock oils that occur naturally in plants, such as limonene, menthol, α-pinene 

and β-pinene are commercially available terpenes that following functionalization, generate 

polymers with an increased bio-content.8 

Employing the second or third method, a plethora of readily available feedstocks can be 

exploited for use in new polymeric materials with greater renewable content. However, to compete 

with petroleum derived polymers, the economics of the starting feedstock must be favourable and 

the material properties of the obtained polymers must be competitive with industry standards. 
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Advances in biomanufacturing has opened the door to not only new bio-sourced chemicals to act 

as feedstock materials, but the commercialization of bioreactors, which has made the cost of these 

materials more feasible.9 As such, the US Department of Energy has named twelve chemicals as 

being the top value-added chemicals from biomass which have the potential to beneficially reshape 

the chemical industry.10 Itaconic acid (IA) is one of these twelve chemicals, however, since being 

named, has yet to emerge as a promising alternative in the polymer industry.11 Previous attempts 

at generating polymers of itaconic acid have focused on direct polymerization methods, without 

exploring the opportunity of functionalizing IA before polymerization. As a result of its chemical 

structure, polymerizing IA directly, either at the site of its unsaturated carbon bond, or by 

dehydration of its carboxylic acid groups lead to complicated reactions.12 Thus, functionalization 

could be a viable route to more readily incorporate IA into polymeric materials. 

However, for a renewably sourced alternative to successfully compete with its petroleum-based 

counterparts, the material properties of the product cannot be compromised. This is where 

polymerizing sustainable molecules directly, or functionalizing them before polymerization, leads 

to challenges. Polymerizing new chemical species inherently leads to a distinct polymer with 

unique thermal, rheological and mechanical behaviour, that may not be suitable for a direct 

application, and thus requires additives or other copolymers to be made useful.13, 14 In 

functionalizing chemical species like IA into a more readily polymerizable form, the resulting 

monomer may lead to polymers with, for example, high critical entanglement molecular weights 

and consequently weaker mechanical strength and poorer rheological properties.15 Nevertheless, 

methods exist to help overcome these deficiencies. For instance, introducing cross-linking between 

polymer backbones, copolymerization, employing specific molecular architectures, or including 

additives can help tune properties to suit the desired application. However, no alternative comes 

without drawbacks.  

In the past two decades, vitrimer networks have emerged as an attractive way to add cross-

linking into polymeric materials, reminiscent of a thermoset, without impeding the recyclability of 

the material.16-18 This is achieved by designing the cross-links to be reversible using dynamic 

covalent chemistry, such that the materials flow under pre-designed criteria, allowing for their 

reprocessing like thermoplastics. A broad range of covalent chemistries have been explored for 

vitrimers, including amine exchange, imine exchange, boronic acid ester exchange, or disulfide 

exchange.17 By incorporating vitrimer chemistry into polymeric materials that may not be as 
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naturally robust, rheo-mechanical properties can be tuned allowing for bio-sourced polymers to be 

comparable to benchmarks and further allow for recyclability and durability of the material.19 Still, 

with just 1% of the polymers on the market being renewably-sourced,20 the need to advance the 

options for bio-sourced polymers remains apparent. The development of new alternatives from 

promising chemical species and methods to tune and improve their material properties are required 

so that the diverse applications of polymeric materials may be covered.  

1.2 Objectives 

The primary objective of this work is an investigation into methods of developing bio-based 

polymeric materials using renewable sources. This study did not encompass the feasibility of 

production, use, or end-of-life of the materials, which in designing an appropriate replacement for 

polymers, are important lifecycle stages that eventually must be accounted for. In particular, the 

environmental footprint encompassing all stages of the product lifespan, biodegradability, social 

impact, and use of renewable sources are all of relevance in designing sustainable materials. This 

work, however, presents an important initial step in exploring the use of renewable sources in 

plastic formulations. Broader questions encompassing the research were thus: 

1. Can renewably sourced materials be incorporated into polymeric materials, with controlled 

polymerization kinetics, predictable molecular weights, and narrow dispersities? 

2. How can the quality of renewable polymeric materials be made more comparable to market 

standards? 

To examine these questions, two research projects were undertaken. First, the functionalization 

of itaconic acid was completed to investigate if its polymerization can be improved to allow for 

the realization of an itaconic-acid based polymeric material. A methacrylate group was affixed to 

the IA species via a four-step synthesis route, and its polymerization kinetics using three methods 

of reversible deactivation radical polymerization (RDRP) were studied. Secondly, a study on 

controlling rheo-mechanical behaviour in bio-sourced polymeric materials was conducted. With 

the intention of improving rheo-mechanical properties of polymers resulting from high molecular 

weight bio-sourced species, vitrimer chemistry was introduced into the materials. Further tuning 

of rheological behaviour was studied by inducing microphase separation in the material via the use 

of advanced polymer architectures.  
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The scope of the first project included: 

1. Synthesis of two novel itaconic acid-based monomers by functionalization with a 

methacrylate group, which differ in pendant side arms; 

2. Investigation of the ease of polymerization and reaction kinetics of functionalized IA via 

methods of RDRP; and 

3. Thermal and rheological testing to understand the material behaviour and potential. 

The scope of the second project included: 

1. Synthesis of boronic-acid ester exchange vitrimer networks from commercially available 

bio-sourced monomers, of both homogeneous and microphase separated architectures; 

2. Investigation of the mechanical properties imparted by dynamic cross-linking within the 

network; 

3. Comparison of the effect of microphase architecture with respect to their abilities to control 

the material’s rheological properties; and 

4. Investigation of the recyclability of the material and retention of properties through 

reprocessing. 
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Chapter 2: Literature Review 

This chapter provides essential background on key topics relevant to the thesis. It offers an 

overview of the current state of the literature, contextualizing the contributions of this work within 

the academic landscape. 

2.1 Polymers of Itaconic Acid 

2.1.1 Overview of Itaconic Acid 

In emerging chemical process design and synthesis pathways, an increasing emphasis is being 

placed on practices characterized by “green chemistry”.21 Implementing renewable feedstocks is 

a key parameter in green chemistry, as the field is characterized by minimizing or eliminating the 

use of hazardous substances.22 Intrinsic to this is using non-depletable starting materials. 

Depletable materials pertain to those derived from fossil fuels or obtained through mining or 

drilling operations,23 whereas renewable feedstocks are most commonly from agricultural 

products. While the motivation behind choosing alternatives for fossil-fuel-derived starting 

materials is predominantly to mitigate harm against human and environmental health, it also offers 

the benefit of revealing new chemical building blocks with unique features.24 Looking towards 

different sources for platform materials reveals many compounds over and above those which can 

be obtained from fossil fuels, thereby opening the door to a wide range of new materials. The 

economic feasibility of using these chemicals as starting materials has also improved, as moving 

away from petroleum feedstocks has seen the industrialization of alternative production methods.25 

One chemical which is emerging as a renewable feedstock and is being produced on an 

industrial scale is itaconic acid (IA). IA is a naturally occurring unsaturated dicarboxylic acid, with 

structural similarities to petroleum-based acrylic and methacrylic acids, thus leading to its 

increasing substitution for these two compounds.26 All three compounds are shown below in Figure 

2.1. 
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Figure 2.1. Structural comparison of itaconic acid and petroleum-based counterparts.27 

Itaconic acid is produced during fermentation of select microorganisms. For example, it is 

currently being produced industrially using the fungus Aspergillus terreus, favoured for its daily 

production capacity of 86g/L.28 The generation of IA is through the citric acid cycle intermediate 

cis-aconitate, so can be produced from Aspergillus terreus when growing on sugars including 

glucose, classifying it as a renewable chemical feedstock. However, while using pure glucose or 

sucrose as the growth substrate is the current practice, it also increases the cost of production.29 

Alternative methods including the use of agricultural residues from wheatgrass, cassava, sago and 

corn have been reported as effective in IA production, and if implemented on an industrial scale, 

could reduce manufacturing costs.30, 31 

Global production of IA in 2020 was estimated at 80,000 tons,11 encompassing a market valued 

at 98.4 million USD in 2021.32 The compound annual growth rate between 2022 and 2027 is 

expected to be 6.5%, as the applications for the use of itaconic acid are extensive, including as 

coatings for paper, metal and concrete, in polymers, and biofuels, to cosmetic additives and textile 

modification.32 The increasing demand for IA, for its renewability and broad range of applications 

means it can be a promising, inexpensive starting material suitable for use in green synthesis 

pathways. 

The potential for IA to contribute to a more sustainable chemical industry was highlighted in 

2004 when it was listed as one of the “Top-12 Platform Chemicals” in a report commissioned by 

the US Department of Energy summarizing renewable feedstocks.10 However, IA was removed 

from this list in 2010, due to comparatively little progress in its research relative to other 

compounds such as bioethanol.33 Contributing to this fall in ranking are the difficulties which are 

faced when attempting to polymerize IA. 

While IA has been scouted as a candidate feedstock for a more sustainable chemical industry, 

its relevance still depends on many factors. Industrialization of its synthesis via fungi has increased 
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its level of production, but using agricultural residues in place of glucose or sucrose will allow for 

its production costs to become more comparable to petroleum-based feedstocks. It is imperative 

to note that while IA is in principle accessible from renewable sources, the products obtained from 

it are not necessarily “green”, as using renewable feedstocks is just one of 12 principles defining 

“green chemistry”.22  

2.1.2 Polymerization 

Using renewable feedstocks in the polymer industry, much like the rest of the chemical 

industry, has the potential to reduce the carbon emissions of this sector, which emits 925 Mt of 

CO2 annually.34 Moving away from non-renewable resources, while improving sustainability, can 

also help to align the sector with consumers and businesses who are increasingly seeking 

sustainable options. Generating more options for sustainable polymeric materials is critical, as no 

one renewably sourced material is likely to be able to encompass all applications. Due to its 

structural similarities with acrylates and methacrylates, IA has received considerable attention 

since as early as the 1950’s.35 In these early studies, free radical polymerization of the unsaturated 

double bond failed to yield high molecular weight polymers and proceeded sluggishly.36 However, 

advancements in polymerization methods (specifically the development of reversible-deactivation 

radical polymerization techniques) have improved upon these preliminary results, and the 

increasing relevance of IA as a chemical feedstock indicates that it should be revisited as a potential 

renewably sourced building block for the polymer industry. The polymerization of IA at its 

unsaturated double bond is depicted in Figure 2.2 below. 

 

Figure 2.2. Polymerization of itaconic acid (IA) at its double bond.24 

The polymerization rates of acrylates, methacrylates, and IAs are in a ratio of 1000:100:1, 

demonstrating the extremely slow behaviour of IAs relative to popular counterparts.37 It is 

hypothesized that this slow rate of polymerization is due to the deprotonation of the double bonded 
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carbon in itaconic acid forming a resonance stabilized radical, delaying the propagation step in 

chain growth.12 Using low pH environments below 3.8 encourages increasing rates, as does 

increasing the pressure of the system, with some reports increasing the pressure to as high as 4900 

bar, but in both cases, the obtained molecular weights remain low.38, 39 Even under these more 

favourable acidic conditions, the homopolymerization of IA achieves just 35% conversion after 68 

hours of reaction under free radical polymerization at 50°C.35 

More recently, reversible deactivation radical polymerization (RDRP) has been used with IA 

and its derivatives with better success. RDRP techniques include nitroxide-mediated 

polymerization (NMP), atom transfer radical polymerization (ATRP), and reversible addition and 

fragmentation chain transfer polymerization (RAFT). In RDRP, polymerization is controlled by a 

group which reacts reversibly (e.g., termination or chain transfer) with the free radical. These 

reversible reactions moderate the kinetics of the polymerization, where the radical is capped into 

its dormant form, effectively lowering the concentration of free radicals in the reaction media. As 

a result, polymer chains are less likely to undergo premature termination, and the resulting 

polymers have lower dispersities compared to polymers obtained by free radical polymerization.40 

RDRP also allows more controlled polymeric architectures to be achieved, with block copolymers, 

for example, becoming a possibility by injecting a second batch of monomer sequentially onto the 

macroinitiator species capped with the reversible groups.  

In previous reports, RDRP methods have been fine-tuned to find conditions for 

homopolymerizing itaconic acid derivatives with more favourable outcomes.12 ATRP of dibutyl 

itaconate achieved 23-31% conversions and molecular weights of 4 900 – 7 500 g/mol, under 

optimized conditions employing a CuBr/ PMDETA catalyst.41 RAFT polymerization of dibutyl 

itaconate achieved ~70% conversion and molecular weights of ~40 000 g/mol using optimized 

chain transfer agents. However, to reach these molecular weights, the reaction was required to run 

for lengthy periods of ~150 hours.42 In most RDRP studies, copolymers of itaconic acid and 

additional compounds are employed to allow for greater molecular weights and conversions. 

An alternative route to polymerizing IA is step-growth polycondensation reactions to produce 

polyesters, as depicted in Figure 2.3. 
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Figure 2.3. Polycondensation polymerization of IA to form polyesters.24 

Similarly, ring-opening addition condensation polymerization, as shown in Figure 2.4, can be 

used to generate polyesters of IA. 

 

 

Figure 2.4. Ring opening polymerization of IA to form polyesters.24 

In reports regarding the synthesis of IA containing polyesters, the double bond in the backbone 

has allowed for interesting material properties to be obtained. Inducing crosslinking can allow for 

hydrogel microspheres to be obtained for applications in drug delivery, to produce shape memory 

materials, as well as make elastomers and thermally cured coatings.43-45 However, challenges 

common to these studies were a reduction in final molecular weight and slower rates of reaction 

when the itaconic acid content was increased. Additionally, while the double bond allowed for 

interesting features to be observed in the final material, it also resulted in crosslinking and gelling 

of the reaction mixture when high conversions were sought.46 Enzymatic reactions have been used 

to obtain IA containing polyesters, but long reaction times of 94 hours were necessary to achieve 

a relatively modest molecular weight of 11 900 g/mol.47  

Incorporating IA into polyesters has been shown to be of benefit, as the unsaturated double 

bond allows for interesting modifications giving complexity to the final material. For example, the 

double bond has been exploited to introduce UV-initiated cross-linking into polyesters based off 

IA.48 IA can be a useful, renewably sourced tool for incorporating these desirable features in a 
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broad range of industries. However, the extent to which it can be incorporated into the final 

material is limited. High IA content in polyesters lead to crosslinking and reduced reaction extents, 

so it has been used primarily as an additive to achieve desired properties, rather than as the 

component making up the bulk of the polymer. 

2.1.3 Functionalization Prior to Polymerization 

Functionalization with an acrylate or methacrylate group has been applied previously to a 

broad scope of molecules, allowing for polymerizable monomers with applications in biomaterials, 

coatings, UV-curable resins, drug-delivery systems, and standard everyday polymer applications.8 

In the final polymer, the acrylate or methacrylate group creates the main backbone, with the group 

that was functionalized serving as the pendant arm. This allows for the starting molecule to be 

carried into the material. As such, polymer scientists have employed this method to carry desired 

properties into their final material, from specific material properties, or functional groups, to bio-

content.  

The ability to bring specific functional groups into polymers by functionalizing the base 

molecule has been exploited for a range of applications. Glycidyl methacrylate originates from the 

base chemical glycidol, which due to its epoxy group, enables the final polymer to take part in 

crosslinking and further reactions, being particularly desirable for use in coatings, adhesives, and 

medical materials.49-51 Methacrylated ethylene glycol enables the realization of a biocompatible 

and water-soluble polymers, with purpose in hydrogels, drug delivery systems, and contact 

lenses.52 In these cases, the choice of group being carried into the final material via the 

methacrylate backbone allows for tunable material properties, to fit the purpose of the application. 

While bringing desirable chemical or mechanical properties into materials has prompted the 

development of functionalization techniques, making the synthesis routes well reported, applying 

this method with the purpose of increasing the polymer’s bio-content is becoming more popular.8 

Lignin, chitosan, and plant cellulose have all been employed in synthesis schemes with the 

purpose of generating methacrylic monomers for polymerization.53, 54 Functionalization typically 

requires an esterification reaction, with methacrylic anhydride or methacryloyl chloride reacting 

with the molecule to be functionalized (typically with the hydroxyl forms). Currently, methacrylic 

anhydride and methacryloyl chloride are commercially available, coming from petroleum derived 

sources. Due to this, the resulting monomers are not entirely bio-derived but offer an improved 
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bio-content compared to conventional polymers. Following functionalization, the resulting 

monomers can be polymerized by conventional RDRP schemes due to their methacrylic structure. 

As such, applying methacrylate functionalization to IA could provide a route to incorporate its bio-

content into polymeric materials more readily. 

2.2 Tuning Properties by Vitrimer Networks 

2.2.1 Entanglement Molecular Weight 

Polymer macromolecules with a long carbon backbone present unique rheological and 

mechanical properties, in part due to the interactions arising between chains.55 The ability for the 

backbones to interpenetrate and create a distinctive topology of entanglements has implications on 

their mobility and relaxation, both in melts, solutions, and as solids.56 Large degrees of 

interactions, such as knotting of the polymer backbones, coils, and loops restrict movement within 

the network, behaving as physical cross-links holding the materials structure in place.57 Whereas 

rubbers including neoprene gain elastic properties from permanent chemical cross-links in the 

matrix, high degrees of entanglement in polymer matrices impart rubbery qualities due to the 

physical cross-links.58  

The mechanical properties of polymer materials are highly dependent on the absence or 

presence of entanglements. In polymers with a high glass transition temperature, macroscopic 

properties go from brittle to tough as entanglements become more significant, while in low glass 

transition temperature polymers, introducing entanglements changes the material from gel-like to 

rubbery type.59 This allows it to experience large deformations and give an elastic response. In 

most applications, the properties of the entangled materials are more desirable than their 

disentangled analogs.55 For entanglements to arise in networks, the polymer backbones must be of 

sufficient length to be able to wrap around each other. The ability to coil and loop is also dependant 

on the side arms off the carbon backbone, and therefore the molecular weight that will cause 

entanglements to exist within the polymer is unique to each polymer species.60 This point, termed 

the critical entanglement molecular weight, Mc, is typically in the range of 1 000 to 20 000 g/mol 

for polymer materials encountered on the market. Polyethylene and polystyrene, for example, have 

Mc values of 1 150 and 26 000 g/mol, respectively.61, 62 Typically, as the molecular weight of the 

monomer used to generate the polymer increases, so does the resulting polymer’s Mc. The presence 
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of large pendant arms off the polymer backbone add bulk to the polymer, preventing the chain 

from looping and coiling, and subsequently impeding entanglements.  

Functionalizing chemical species to produce novel monomers inherently leads to monomers 

of substantial molecular weight, due to the combination of starting species. This in turn causes the 

Mc of the resulting polymers to be high, and the material properties at conventional molecular 

weights to be disappointing.63 Simply increasing the molecular weight of the polymers to be above 

the Mc threshold is also not necessarily practical. Targeting larger molecular weights in the 

synthesis can be difficult in conventional radical polymerization due to the fast termination of the 

system, and processing of larger macromolecules is challenging due to the increased viscosity of 

the molten state.64 Therefore, when functionalizing a renewable chemical species with the intention 

of carrying bio-content into the final polymeric material, there exists a new challenge which is 

being able to obtain the same macroscopic properties of conventional petroleum polymers caused 

by entanglements. 

2.2.2 Vitrimer Networks 

Vitrimer networks were first introduced by Liebler in 2011, describing a new class of polymer 

materials bridging thermosets and thermoplastics.16 Specifically, they are polymer networks cross-

linked by dynamic covalent bonding that therefore maintain a cross-linked matrix but can flow 

and be reprocessed under certain stimuli.18 The cross-links in the network can undergo exchange 

reactions without the depolymerization of the polymer itself, allowing for rearrangements in the 

network while preserving the mechanical integrity. Where this becomes a significant advantage is 

in developing reprocessable and recyclable materials. Thermosetting materials, including 

traditional rubbers, are composed of a permanently cross-linked matrix.65 While this forms a rigid 

and robust network with strong mechanical properties, its environmental sustainability is limited, 

motivating the development of vitrimer networks with dynamic cross-links. 

However, associative dynamic covalent chemistry can also be applied to improve the 

properties of bio-sourced materials. Instead of being limited to producing reprocessable 

replacements for traditional thermosets, the concept can have many beneficial implications. While 

chain entanglements mimic permanent chemical bonds and impart elastic behaviour, introducing 

covalent bonding into materials can mimic chain entanglements when the polymers have large Mc 

values, producing desirable macroscopic properties. This is particularly useful when trying to 
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impart improved material properties into bio-sourced materials, as it does not impede the 

environmental considerations of the material. For example, Yang et al. introduced reversible 

transesterification bonding into bio-based soybean oil networks, resulting in vitrimers with tensile 

strength exceeding 16 MPa, that were fully reprocessable at 180°C without catalysts.66 In addition, 

softwood kraft lignin was shown by Moreno et al. to effectively produce partially bio-based 

vitrimers with polyethylene glycol divinyl ether, with the benefit of the lignin requiring no 

processing before vitrification. Varying the lignin content allowed for a range of mechanical 

properties to be realized, and mechanical properties were retained upwards of 90% compared to 

the virgin material through recycling.67 

Dynamic chemistry can strengthen and impart desirable qualities to polymeric materials, and 

it has been shown that designing networks at the microscopic level can be used to attain targeted 

macroscopic properties. For example, employing different types of associative chemistry allows 

for exchange to be triggered by different stimuli. Transesterification reactions cause the bonding 

in the network to respond to changes in temperature, whereas disulfide exchange is stimulated by 

light or heat, imine exchange is responsive to pH changes, and boronic acid ester exchange is 

driven by moisture.18 Selecting the mode of cross-linking allows for the reprocessing to be 

achieved by the respective method, and the extent of cross-linking has proven to alter the 

macroscopic material responses. By varying the ratio of cross-linking within epoxy vitrimers, it 

has been shown that the tensile strength of the resulting material could cover two orders of 

magnitude (0.18 to 25 MPa) with the same epoxy prepolymers being used as the starting material.68 

In designing materials with their environmental impact in mind, combining vitrimer chemistry 

with bio-sourced monomers can allow for required material properties to be achieved through 

reversible cross-linking, and compensate for any property shortcomings arising from the use of 

bio-based alternatives. 

2.2.3 Methods to Control Creep 

Despite the early optimism of vitrimer networks as being a replacement for thermosetting 

materials, their associative dynamic bonding lends itself to poor creep resistance.69 Network 

rearrangements allowed by the ongoing reformation of bonds in the material, which give the 

benefit of self-healing, reprocessability, and constant cross-linking density (lending itself to 

mechanical strength), also exchange when exposed to prolonged stresses. The creeping behaviour 
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termed “cold flow” has limited the application of vitrimers for load-bearing and long-term 

structural uses.70 Methods to try and minimize this downfall are being explored, to allow vitrimers 

to contend on the commercial market as a viable alternative to thermosets. 

Enhancing mechanical stability can be completed by increasing the amount of cross-linking in 

the material, as this reduces the chain mobility in the network, slowing the rearrangement of 

bonding within the material.71, 72 Torkelson also explored using a small fraction of permanent 

bonding within the material to reduce creep. In this study, the extent of permanent links was minor 

enough as to not impede reprocessing but could reduce creep by 71% compared to the network 

lacking the permanent bonding.73 Since vitrimer creep tends to worsen with increased temperature, 

due to the increased mobility of the polymer backbones, including a high glass transition 

temperature monomer into the polymer material has been shown to limit the creep at moderate 

temperatures. Fillers, such as metal complexes that engage with imine bonds, were shown to 

effectively supress creep, enhance mechanical properties, and solvent and acid resistance, without 

preventing recyclability.74 

Inducing microphase separation, by blending incompatible polymers, or by using block 

copolymers in the network, has also emerged as a successful method for improving creep 

resistance.75 In this strategy, it is hypothesized that self-assembly into highly ordered topologies 

causes localization of the cross-linking, resulting in regions of high cross-link density that restrict 

strand diffusion. Sumerlin and Lessard’s initial work in combining block copolymers with 

vitrimers investigated a system of AB type block copolymers, in which both blocks had glass 

transition temperatures below the service temperature.76 In this sense, the stability of the system 

came from the regions of high cross-linking restricting deformation. Ishibashi et al. studied a 

similar AB system, with two low Tg components. This work agreed with previous studies that the 

block topology was effective in resisting creep behaviour at high temperatures relative to statistical 

counterparts, but noted the block topology was causing an increase of network defects such as 

loops and dangling ends.77 In using low Tg components, the block lacking cross-linking acts as a 

region of network mobility, which can have the drawback of allowing greater deformation under 

applied stresses. Despite this, block vitrimer systems of a high Tg and a low Tg component are less 

frequently reported.  
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Fang et al. reported a series of triblock ABA vitrimers with glassy A regions, highlighting the 

potential of including a hard region in the block vitrimers.78 In this work, the cross-linking of the 

soft phase also allowed tuning of the macroscopic properties, with the ability to minimize the 

necking that is observed in traditional thermoplastic elastomers, potentially making them suitable 

for higher stress applications.78 Incorporating hard blocks can limit creep behaviour even further 

at the service temperature, as the structure is held in the hard blocks due to the high Tg and held in 

the soft regions due to cross-linking. Just as in thermoplastic elastomers, using this network 

architecture could allow for a combination of plastic and elastic properties at service temperatures, 

such as rubbery behaviour.  

Efforts have been successful in determining strategies to reduce the creeping nature of 

vitrimers. However, they are yet to be completely comparable to traditional thermosets, and thus, 

ongoing studies into improving creep control are being made. 
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Chapter 3: Methacrylate Functionalization of Itaconic Acid 

for Improved Polymerization 

3.1 Preface 

Chapter 3 consist of a manuscript that details a novel synthetic route to obtain a new family of 

itaconic acid-based methacrylic monomers, by a four-step synthesis route. After thorough 

characterization of the intermediates was completed, kinetic studies of the monomer’s 

polymerization by three methods of reversible deactivation radical polymerization (RDRP) 

ensued. A series of homopolymers was synthesized by reversible addition-fragmentation chain 

transfer polymerization (RAFT) for two novel monomers, targeting a range of molecular weights 

(10 000 to 400 000 g/mol). The ability of RAFT to control the polymerization across the target 

molecular weights was examined. The polymer’s thermal behaviour was assessed, as was the 

rheological behaviour of one analog. A series of block copolymers was made, showing the ability 

of the itaconate-based methacrylate to be polymerized into more advanced architectures.  

The objective of this chapter encompasses the first objective of the thesis (see Chapter 1), being 

an investigation into methods of including renewable sources into polymeric materials. 

Specifically, an alternate method to incorporate itaconic acid into polymeric materials which 

overcomes the well-documented difficulties of its polymerization was pursued. The article 

demonstrates an effective synthesis route to obtain the targeted monomers and confirms that using 

methods of RDRP is effective in producing polymers of defined molecular weight and architecture, 

with tunable rheological properties and good thermal stability. 

Note that this manuscript has been prepared for submission to the journal Polymer Chemistry. 

As per the journal’s formatting requirements, the Supporting Information, including experimental 

methods, are excluded from the main body of the article and are provided in Appendix A.  

3.2 Abstract 

Itaconic acid (IA) is a renewable molecule with increasing industrial availability. However, 

IA-based polymers have been limited by low molecular weights and conversions. In this work, we 

report the synthesis of two novel methacrylate-functionalized itaconic acid monomers. Using 
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various reversible-deactivation radical polymerization methods, we achieved well-defined 

polymers with high conversions (≥98%) in moderate reaction times (i.e., 70 minutes by atom 

transfer radical polymerization at temperatures ~80°C). Homopolymers of these two monomers 

exhibited a range of properties, with glass transition temperatures (Tg) ranging from -40°C for 

heptyl-functionalized moieties to 14°C for benzyl-functionalized moieties. Consistent reaction 

kinetics enabled the synthesis of pre-designed AB-type diblock copolymers, demonstrating the 

potential of the heptyl-functionalized derivative as a soft block in phase-separated materials. The 

favorable reaction kinetics of these methacrylate-functionalized itaconic acid monomers make this 

approach a promising pathway for incorporating renewable content into polymeric materials. 

3.3 Introduction 

In emerging chemical synthesis pathways and polymer innovations alike, the relevance of 

using renewable feedstocks is overwhelmingly apparent. Since the publication of the twelve 

principles of green chemistry in 1998 by Anastas and Warner,1 growth has been observed in 

research publications and patents which reference the concept.2, 3 An essential aspect of this field 

is using renewable feedstocks instead of those from fossil fuels or mining. While this is motivated 

largely by the desire to mitigate the carbon emissions accompanying the extraction of these 

depletable resources, it also offers the benefit of revealing new chemical building blocks with 

unique features.4 The economic feasibility of using these alternative chemical starting materials 

has also seen improvements, as moving away from petroleum feedstocks has led to the 

industrialization of production methods for these alternative chemicals.5 

Itaconic acid (IA) is a naturally occurring chemical whose production via the citric acid cycle 

intermediate cis-aconitate has been commercialized, using the fungus Aspergillus terreus in 

bioreactors.6 The potential for IA to contribute to a more sustainable chemical industry was 

highlighted in 2004, when it was listed as one of the “Top-12 Platform Chemicals” in a report 

commissioned by the US Department of Energy summarizing renewable feedstocks.7 However, 

IA was removed from this list in 2010, due to comparatively little progress in its research relative 

to other compounds such as bioethanol.8 Contributing to this are the difficulties faced when 

attempting to polymerize IA.  

The aspects of IA which make it an exciting chemical feedstock, namely its dicarboxylic acid 

structure with a naturally occurring unsaturated group, have also been the features that impede its 
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use in the polymer industry. Early attempts of polymerization at the double bond using free radical 

polymerization (FRP) proceeded sluggishly to give low molecular weight polymers, hypothesized 

to be caused by the carboxylic acid stabilizing the propagating radical via resonance.9, 10 While 

advancements in methods of reversible deactivation radical polymerization (RDRP) have brought 

greater success to the polymerization of IA and its derivatives than FRP, fine tuning of reaction 

conditions have still resulted in slow reactions yielding low molecular weights and suboptimal 

conversion.11  

Looking towards polycondensation reactions of the carboxylic acids to produce polyesters is 

not more promising. In these polyesters, the unsaturated double bond can be cross-linked to yield 

unique materials such as hydrogel microspheres, UV cured coatings12 or shape memory 

materials,13 however, attempting to reach high conversions often leads to the double bond inducing 

gelling in the reaction mixture.14 A reduction in final molecular weight of these polymers is also 

typical when attempts to increase IA content are made. 

Recently, various other renewable and bio-sourced molecules have successfully been 

incorporated into novel polymeric materials via functionalization. From plant oil triglycerides, 

Yuan et al. demonstrated a method of obtaining a series of methacrylate monomers, imino ether 

monomers and cyclic norbornene monomers from which polymers with varying mechanical 

properties could be realized.15 The methacrylate and acrylate functionalization of various terpene 

feedstocks by Atkinson et al. presented a pathway from terpene waste streams to well-defined 

ABA triblock copolymers with promising qualities for application as pressure-sensitive adhesives 

and thermoplastic elastomers.16, 17 Lignin-derived vanillin,18 lactic acid,19 gum rosin,20 and abietic 

acid are several other examples of renewable feedstocks which have been functionalized with a 

methacrylate group to give polymeric materials with an increased green content. However, until 

now, this method has yet to be attempted on itaconic acid. 

In the present study, we extend the strategy of methacrylate functionalization to derivatives of 

IA, to overcome the previous pitfalls of IA polymerizations. A sequential hydroboration-oxidation 

and esterification reaction pathway transforms the unsaturated double bond on the itaconate 

backbone, that when applied to various itaconate derivate starting materials, presents the 

opportunity to realize a series of novel itaconate methacrylate monomers. Here, we describe the 

synthesis, characterization, and polymerization of two novel, itaconic acid-based methacrylate 
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monomers: diheptyl itaconyl methacrylate (DHIAMA) and dibenzyl itaconyl methacrylate 

(DBIAMA). Methods of reversible deactivation radical polymerization (RDRP) are used to obtain 

homopolymers of both, validating the easy incorporation of IA into polymers via this strategy. 

Initial screening of the homopolymers showed p(DHIAMA) to have a low glass transition (-40 

°C), with p(DBIAMA) having a Tg of 14°C. Adjusting the molecular weight of p(DHIAMA) 

showed the potential to tune the polymer’s rheological properties, and an initial investigation into 

the suitability of p(DHIAMA) to serve in specialized materials was conducted by polymerizing 

p(DHIAMA) with p(MMA) into targeted diblock architectures, obtaining hard-soft AB polymers. 

3.4 Results and Discussion 

3.4.1 Monomer Synthesis 

 The presence of an unsaturated double bond in the backbone of IA was successfully exploited 

to functionalize this renewable feedstock with a methacrylate group. An overview of the synthesis 

scheme is shown in Figure 3.1, and detailed methods for the synthesis are provided in the 

Supporting Information (Appendix A, Section A1.9). As a first step in the synthetic pathway, the 

carboxylic acid groups of IA are functionalized by an esterification reaction, allowing for a range 

of distinct monomers to be obtained by varying the choice of alcohol used in this step. The 

synthesis was completed independently using both heptanol and benzyl alcohol in the first step, 

serving as the functional arms branching off from the itaconic acid core. These two groups were 

chosen to explore the potential of tuning the final polymeric properties of our itaconic acid-based 

monomer due to the flexible saturated carbon chains of heptanol contrasted to the rigid nature of 

benzene ring. In both cases, the proposed pathway could be carried out successfully, as confirmed 

by 1H NMR of the intermediates and final monomers (see Supporting Information, Appendix A, 

Section A1.9).  
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1 

Figure 3.1. Schematic overview for obtaining methacrylate monomers of IA derivatives. 

3.4.2 Polymerization by Methods of Reversible Deactivation Radical Polymerization 

To demonstrate ubiquity of the obtained methacrylate monomers, DHIAMA was subjected 

to polymerization by the three most common methods of reversible deactivation radical 

polymerization using conventional reaction conditions. Kinetic plots displaying the reaction 

results from the three employed methods are shown in Figure 3.2. 

 

2 

Figure 3.2. RDRP reaction kinetics for DHIAMA: Molecular weight and dispersity (Đ) 

throughout polymerization by: (A) ATRP; (B) NMP; and (C) RAFT. Linearized monomer 

conversion during polymerization is shown by: (D) ATRP; (E) NMP; and (F) RAFT. 

Nitroxide Mediated Polymerization: The obtained diheptyl functionalized monomer was 

subjected to polymerization by NMP as described in the Supporting Information (Appendix A, 
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Section A1.10). To ensure control of the reaction, as methacrylate homopolymers tend to generate 

high dispersity polymers from NMP methods (Đ = 1.5 - 4),21 DHIAMA was copolymerized with 

small amounts of styrene in the initial monomer mixture (fST,0 = 0.1).22 Previous studies 

incorporating itaconic acid, specifically dibutyl itaconate, into polymeric materials via NMP 

required styrene as a copolymer as well, and found increasing dibutyl itaconate content above 20 

mol% led to drastic plateauing of the molecular weight as reaction conversion increased.23 It was 

hypothesized to be partially due to itaconates having a high tendency to partake in chain-transfer 

reactions.9, 24 In this study by Kardan et al. utilizing BlocBuilder as the SG1, the reaction 

conversions decreased with itaconate content, led to dispersities >1.5, and obtained low molecular 

weight polymers (Mn= 2 600 g/mol).23  

Kinetic plots in Figure 3.2 of monomer conversion (X) expressed as ln[1/1-X] against time 

show strong linear dependency with reaction time, indicating the reaction progressed as a 

controlled radical polymerization. From samples obtained for GPC throughout the reaction, the 

molecular weight and dispersity of the polymer could be monitored throughout the reaction. A 

consistent increase in molecular weight was observed up to DHIAMA conversions of 83%, which 

coupled with low dispersities for NMP (Đ < 1.4) suggest a mechanism analogous to an active chain 

end and successful living polymerization.   

Atom Transfer Radical Polymerization: DHIAMA was tested under traditional ATRP 

conditions (Appendix A, Section A1.11 of the Supporting Information details the methods used) 

to assess the ubiquity of DHIAMA, given the challenges of itaconate polymerization across known 

techniques. Specifically, for ATRP, the deprotonation of itaconic acid during chain growth causes 

coordination complexes to form between conventional copper catalysts and the deprotonated 

itaconic acid, leading to catalyst deactivation and the cessation of polymerization.25 Using cyclic 

itaconimides prevents this unfavorable interaction,26 as does using itaconate derivatives,24 but 

homopolymers in literature made by these methods tend towards high dispersities (> 1.5), and low 

conversions (< 40%), respectively.27, 28 

Affixing a methacrylate group to itaconic acid has eliminated these challenges. The pseudo 

first-order dependance of monomer conversion with reaction time is shown in Figure 3.2, after an 

induction period, indicate that the commonly used and commercially available Cu(I)Br, EbiB, and 

PMDETA system effectively controls polymerization. This, along with narrow molecular weight 
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distributions (Đ < 1.2), and an increasing molecular weight across the conversion of 93% support 

the application of ATRP for DHIAMA polymerization.  

Reversible Addition Fragmentation Chain-Transfer Polymerization: Studies have 

extended RAFT to the polymerization of itaconates and itaconimides with improved conversions 

and polymer characteristics (40 000 g/mol, 70% conversion) relative to other RDRP methods, 

however, long reaction times are required (>150 hours)29 and the dispersities are higher than typical 

for RAFT (Đ = 1.70).30 Here, 2-cyano-2-propyl dodecyl trithiocarbonate was selected as the RAFT 

chain transfer agent, due to its commercial availability and known ability to effectively polymerize 

methacrylates.31 Detailed methods of the synthesis are provided in the Supporting Information 

(Appendix A, Section A1.12). As with other RDRP methods, kinetic plots show linear (as ln[1/(1-

X)]) dependance of conversion with time (see Figure 3.2), and narrow molecular weight 

distributions are paired with a steady increase in molecular weight with conversion.  

It should be noted that the molecular weight determined by gel permeation chromatography 

calibrated using narrow molecular weight distribution p(MMA) standards deviates from the 

theoretical molecular weight determined by the monomer conversion at the reaction time, due to 

not knowing the Mark-Houwink coefficients for this novel polymer. However, it appears this 

deviation is not as severe for the NMP reaction, which could be caused by a portion of the nitroxide 

initiator failing to be activated in the reaction. In all three reversible deactivation radical methods, 

monomodal GPC traces and dispersities below 1.3 indicate the polymerizations proceeded by 

controlled radical mechanisms,31 confirming the universality of DHIAMA to a range of 

polymerization methods. 

RAFT was selected as the preferred method for the preparation of a series of homopolymers 

for both DHIAMA and DBIAMA, due to its simplicity and ability to produce polymers exhibiting 

low dispersities. This was conducted with the intent of determining if the reaction could be 

controlled across a range of molecular weights, with target molecular weights ranging from 10 000 

g/mol to 400 000 g/mol. The polymerization of the series resulted in polymers with low dispersities 

and Mn values near those targeted, as determined by gel permeation chromatography equipped 

with a light scattering detector. Table 3.1 and 3.2 show the molecular weight results of the 

DHIAMA and DBIAMA series of homopolymers, respectively. From the polymer series, the dn/dc 

value relating the sample concentration to the RI detector output of the GPC could be determined 
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as 0.066 ± 0.004 for p(DHIAMA) and 0.127  ± 0.006 for p(DBIAMA). Knowing the dn/dc allows 

for the exact molecular weight of the homopolymer samples to be known in future GPC samples 

run, and the consistency between dn/dc values in the polymer series indicates good sample 

preparation and reliable molecular weight results. In all cases, the polymerization reaction was 

carried out as detailed in the methods (Appendix A, Section A1.12). 
Table 1  

Table 3.1. Molecular weight results for the series of p(DHIAMA) homopolymers by RAFT. 

Polymer Target  Mn (g/mol) Conversion (%)a Mn (g/mol)b Đc dn/dcd 

H1 10 000 98 8600 1.07 RIdetectore 

H2 17 000 89 15 700 1.07 0.074 

H3 20 000 99 28 700 1.07 0.067 

H4 30 000 97 37 000 1.07 0.068 

H5 35 000 95 39 000 1.05 0.064 

H6 40 000 95 64 900 1.12 0.059 

H7 100 000 95 93 900 1.09 0.063 

H8 200 000 97 148 900 1.13 0.063 

H9 400 000 94 198 200 1.60 0.069 

aCalculated from the integrals of monomer peaks in NMR; b,c,dDetermined from GPC LS detector of final 

dried samples; eH1 was analyzed using the GPC RI detector due to inaccuracies of LS detector at low 

molecular weights. 

Table 2  

Table 3.2. Molecular weight results for the series of p(DBIAMA) homopolymers by RAFT. 

Polymer Target Mn (g/mol) Conversion (%)a Mn (g/mol)b Đc dn/dcd 

B1 10 000 97 15 400 1.15 0.127 

B2 15 000 94 22 400 1.16 0.126 

B3 20 000 99 30 700 1.11 0.135 

B4 30 000 99 45 900 1.14 0.122 

B5 60 000 99 88 000 1.13 0.118 

B6 100 000 91 105 200 1.27 0.126 

B7 200 000 87 136 000 1.40 0.136 

aCalculated from the integrals of monomer peaks in NMR; b,c,dDetermined from GPC LS detector of final 

dried samples. 
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The RAFT polymerizations of DHIAMA consistently produced satisfactory results, across a 

range of molecular weights. High conversions (> 89%) were achieved in the standard 

polymerization time of 7 hours, and narrow monomodal GPC traces were obtained (not higher 

than 1.13) from most of the polymers. The exception comes from H9, where extremely high 

molecular weights were targeted. Although the GPC trace still gave a single peak, the obtained 

polymer had a greater dispersity (1.60), indicating the reaction was not as controlled as the others. 

This result is not surprising as the RAFT polymerization of methacrylic monomers is known to be 

less successful when targeting high molecular weight polymers.32  

The RAFT polymerization of DBIAMA, using the same conditions, gave defined polymers but 

of a higher dispersity than the DHIAMA polymers. Monomer conversion expressed in terms of 

ln[1/(1-X)] exhibited linear dependance with reaction time, and no significant plateauing of the 

molecular weight was observed with conversion. Example kinetic plots for the polymerization of 

p(DBIAMA) are provided in the Supporting Information (Appendix A, Figure A11 and A12). 

While this series of polymerizations exhibited somewhat broader molecular weight distributions, 

at conventional molecular weights the obtained polymers still produced Đ <1.3 and monomodal 

GPC traces. Slight shouldering was observed in reactions targeting the highest Mns, which coupled 

with the jump in dispersity may indicate branching occurred. Both the increased reaction speed 

and the possibility of branching are thought to be caused by the electron-dense benzyl side chains. 

This trend has been noted previously by other groups, where benzyl containing monomers display 

larger propagation rates than saturated alternatives.33, 34 The most recent IUPAC benchmark values 

give the propagation rate of benzyl methacrylate being nearly double that of methyl methacrylate, 

for example.35 

3.4.3 Thermal Properties 

The influence of the selected side chain on the thermal properties of the polymer were 

evaluated via thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC). 

Both p(DHIAMA) and p(DBIAMA) were determined to have excellent thermal stability under 

standard processing temperatures, with the onset of 10 wt% decomposition occurring at 262°C and 

256°C for p(DHIAMA) and p(DBIAMA), respectively. A clear two-step decomposition pattern is 

displayed by both p(DHIAMA) and p(DBIAMA), with about 80% of the weight being 

decomposed in the first stage (Figure A13 and A14). This proportion of weight loss corresponds 
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well to the pendant chain branching off the backbone that is joined by the itaconate core. 

Decomposition of the methacrylate-resembling backbone follows, with the onset of 10 wt%, 

relative to the starting mass, of the second decomposition occurring at 398°C and 387°C for 

p(DHIAMA), and p(DBIAMA), respectively.   

Thermal transitions of polymers, as assessed by DSC, are influenced via several structural 

factors. The mobility of the polymer’s backbone, intermolecular forces, the presence and 

architecture of pendant groups, and cross-linking between chains all influence the Tg, as well as 

crystalline and melting temperatures (Tc and Tm, respectively). DSC traces for both p(DHIAMA) 

and p(DBIAMA) lacked Tm and Tc transitions, indicating amorphous polymers (Figure 3.3). We 

then probed how the differing pendant arms of p(DHIAMA) compared to p(DBIAMA), as well as 

the molecular weight, would influence the glassy transition of the polymers. According to the 

Flory-Fox equation for monodisperse polymers,36 

𝑇𝑔 = 𝑇𝑔,∞ −
𝐾

𝑀𝑛
 

(3.1) 

the glass transition temperature increases with the molecular weight, Mn, until the deviation away 

from the glass transition temperature at an infinite polymer chain length, Tg,∞, becomes minimal 

(at infinite molecular weight, there is no free volume associated with any chain ends). Assessing 

the Tgs of the p(DHIAMA) and p(DBIAMA) series revealed this molecular weight dependance of 

the glassy transition, and Figure 3.3 shows the experimental glass transition temperature data 

contrasted with the model fitting for both polymer sets. By fitting the experimental data to the 

Flory-Fox equation, the Tg,∞ of p(DHIAMA) and p(DBIAMA) was evaluated to be -40.4°C, and 

13.9°C, respectively. 
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Figure 3.3. (A) Gel permeation chromatography traces of p(DHIAMA) homopolymer series; (B) 

Differential scanning calorimetry traces of p(DHIAMA) homopolymer series; (C) Flory-Fox 

model for p(DHIAMA) series; (D) Gel permeation chromatography traces of p(DBIAMA) 

homopolymer series; (E) Differential scanning calorimetry traces of p(DBIAMA) homopolymer 

series; (F) Flory-Fox model for p(DBIAMA) series. 

While the inclusion of heptyl side arms produced a soft material with a low Tg, substituting 

these arms for benzyl groups did not have the ability to increase the glass transition as substantially 

as anticipated. While the pendant benzyl arms offer some rigidity, preserving most of the backbone 

composed from itaconic acid and a methacrylate group indicates the range of accessible glass 

transition temperatures is limited. With a transition temperature near ambient conditions, the 

applications for this benzyl derivative may be less broad than the heptyl alternative, however, it 

offered a preliminary screening on the extent to which the final polymer’s properties depend on 

the functional group used in the first step of the monomer’s synthesis. With a glass transition 

temperature well below ambient conditions, the heptyl derivative is deemed suitable for a range of 

soft-polymer applications including rubber toughening,37 flexible electronics, sensors, 
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thermoplastic elastomers, or shape memory materials.38 It was therefore selected for further 

assessment. 

3.4.4 Homopolymer Rheological Properties 

Using the series of p(DHIAMA) homopolymers, frequency sweeps and viscosity 

measurements were completed to gauge their dependance on molecular weight, as shown in Figure 

3.4 for H5, H7 and H9. As expected, the viscosity increases with molecular weight, and the range 

of shearing rates resulting in the zero-shear viscosity plateau becomes smaller. To estimate the 

molecular weight of entanglement, the zero-shear viscosities were plotted against the number 

average molecular weight of the polymer samples (Appendix A, Figure A16). However, the zero-

shear viscosities exhibited a linear dependance with molecular weight, indicating the critical 

molecular weight has likely not been obtained in our sample series. As DHIAMA is a highly bulky 

monomer, it is possible the critical molecular weight is greater than H7, as polymethyl 

methacrylate alone has a Mc of 20 kg/mol,39 and lauryl methacrylate, a monomer half the molecular 

weight of DHIAMA, gives polymers with a critical molecular weight of 225 kg/mol.40, 41  

 

4 

Figure 3.4. Frequency sweeps using a fixed strain of 0.1% for: (A) H5; (B) H7; and (C) H9. 

Across the molecular weights (39 kg/mol to 198 kg/mol) and the tested frequencies (0.01 to 

100 rad/s), the loss modulus was dominant, indicating the polymer’s tendency to flow even at 

ambient conditions. The strong dependency of the elastic modulus on the frequency further 

highlights this fluid behavior of the tested samples, with no rubbery plateau region appearing in 

the sweep range. Despite the common fluid-like characteristic of the DHIAMA-based polymers, 

adjusting the molecular weight does allow for the value of the modulus to be tuned. As the 

molecular weight increased from 39 kg/mol to 198 kg/mol, an order of magnitude increase was 

observed for the loss modulus, with the storage modulus at low frequencies increasing several 
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orders of magnitude.  Although the chains of the largest 198 kg/mol sample are not completely 

entangled, as hypothesized from the viscosity measurements, more chain-to-chain interactions due 

to the larger size are evidently imparting more structure and elasticity. It should be noted that the 

rheological tests were completed at ambient conditions, as the storage modulus of even the largest 

sample was below the detection threshold of the instrument when testing was done at conventional 

processing temperatures of 170°C. 

3.4.5 Block Copolymer Synthesis 

In many value-added applications including those listed previously, defined and advanced 

polymer architectures are required, which can be realized through methods of reversible 

deactivation radical polymerization. To test the potential of DHIAMA in obtaining targeted 

architectures, a series of diblock copolymers were synthesized via RAFT. As the copolymer, 

methyl methacrylate was selected due to its commercial availability, and its high glass transition 

temperature, which is expected to contrast against the softer p(DHIAMA). The potential of block 

copolymers is not fully obtained when microphase separation between the blocks does not occur, 

and so the monomer-monomer interaction parameter was determined (Supporting Information, 

Appendix A, Section A3.1), and used to estimate the segregation strength of the system when 

designing the block-copolymers.   

For a monodisperse and symmetric block copolymer, the Flory-Huggins enthalpic interaction 

parameter, 𝜒 , can be used to help understand the phase separation behavior. The Flory-Huggins 

enthalpic parameter can be estimated using Equation 3.2,42 as follows:  

𝜒 =
𝑉̅

𝑅𝑇
(𝛿𝐷𝐻𝐼𝐴𝑀𝐴 − 𝛿𝑀𝑀𝐴)2 

 

(3.2) 

where: 𝑉̅ is the average molar volume approximated by 𝑉̅ =  √𝑉𝐷𝐻𝐼𝐴𝑀𝐴𝑉𝑀𝑀𝐴 ; 𝛿 is the solubility 

parameter and is determined for DHIAMA by group contribution theory; R is the universal gas 

constant; and T is the temperature of the system. Then, the enthalpic parameter is used with the 

total degree of polymerization, N, to estimate the segregation strength. For a symmetric and 

monodisperse diblock polymer, it is estimated that microphase separation will occur when (χN) 

exceeds a value of 10.5.43 Detailed calculations can be found in the Supporting Information for the 

segregation strength of the system (Appendix A, Sections A3.1 and A3.2). A series of diblock 
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polymer, varying in DHIAMA content, were designed with (χN) > 10.5 to study the phase-

behavior across a range of compositions, and exhibit DHIAMA’s ability to produce polymers of a 

targeted design. A macro-RAFT initiator was synthesized by the polymerization of methyl 

methacrylate, and then re-initiated in the presence of DHIAMA in extensions targeting DHIAMA 

molar compositions of 0.20 to 0.75 (Methods are detailed in the Supporting Information, Appendix 

A, Section A1.13 and kinetic results in Section A3.3). Table 3.3 details the molecular weight 

results of the macro-RAFT initiator and diblock polymer series. 

Table 3  

Table 3.3. Polymerization results of the p(MMA-b-DHIAMA) diblock series. 

Polymer Macro-RAFT 

Mn
a (g/mol) 

Macro-

RAFT Đb 

Block Two 

Target Mn 

(g/mol) 

Block Two 

Conversionc 

(%) 

Mn, 

GPCd 

(g/mol) 

Mn, NMRe 

(g/mol) 

Đf 

MbH1 10 000 1.12 10 500 91 19 600 21 500 1.14 

MbH2 10 000 1.12 24 000 91 26 800 36 700 1.15 

MbH3 10 000 1.12 85 000 90 52 200 115 800 1.29 

MbH4 10 000 1.12 118 000 98 65 900 162 800 1.38 

a,b,d,fMeasured by GPC using p(MMA) standards; cCalculated using the integrals of monomer peaks in 

NMR; eCalculated from the NMR of the dried sample knowing p(MMA) polymer peak represented 10000 

g/mol. 

In the chain extension reactions, DHIAMA was shown to be added onto the macro-RAFT 

initiator in a controlled manner, achieving molecular weights close to those targeted for the 

extension. The absence of shoulders in the GPC traces (Figure 3.5) indicates the successful re-

initiation of the macro-RAFT agent across the series. In the case of MbH1 and MbH2, low Đ < 

1.15 indicates there was a controlled addition of the DHIAMA, resulting in a well-defined block 

copolymer. Targeting higher molecular weights for MhB3 and MhB4 resulted in increased Đ, 

which is again likely due to the reported observations about RAFT being less controlled in 

methacrylate polymerizations targeting high molecular weights.32 As was the case in the 

homopolymerizations, DHIAMA exhibited high conversions in the diblock reactions, and its ease 

of polymerization under moderate conditions shows its potential for use as a soft block in block 

copolymer applications (i.e., thermoplastic elastomers).  

 



Chapter 3  Methacrylate Functionalized Itaconates 

30 

 

3.4.6 Block Copolymer Phase Separation 

After obtaining the series of diblock copolymers, it was desired to know if phase separation 

was achieved across the compositions. While the χN values were estimated to be above 10.5 by 

over an order of magnitude (Supporting Information, Appendix A, Section A3.2), the applicability 

of exceeding this value to achieve phase separation in the asymmetric diblock polymers of this 

study is unknown, as the minimum χN value was developed specifically for symmetric diblock 

polymers.43 Thus, more concrete evidence was sought to verify the existence of microdomains. 

Differential scanning calorimetry was completed for the polymers, with all the traces shown in the 

Supporting Information (Figure A22). For polymers MbH1 and MbH2, two Tgs can be observed, 

supporting that the p(DHIAMA) regions have separated from the p(MMA) regions. However, due 

to the minimal MMA content in MhB3 and MhB4, the presence of a second Tg is not discernable. 

The absence of p(MMA)’s Tg alone is not substantial enough to say the block copolymers formed 

a miscible system, for if that were the case, there would be one observed Tg. This one transition 

temperature would be the weight average of the two polymers respective Tgs, but for both MhB3 

and MhB4, the single transition temperature is still near the value of DHIAMA’s glass transition 

temperature.  

To substantiate the findings from DSC, small angle x-ray scattering (SAXS) experiments were 

completed on solvent cast films of the diblock copolymers. Shown in Figure 3.5, the SAXS 

patterns indicate microphase separation exists for all the polymers in the series. From the scattering 

profiles, the interdomain spacing, d, can be calculated using Equation 3.3,44 as follows: 

𝑑 =
2𝜋

𝑞∗
 

(3.3) 

where; q* is the position of the first scattering peak from the spectra. The interdomain spacing was 

seen to be smallest for MbH1, with a value of 17.1 nm, and increased correspondingly with the 

polymers increasing molecular weights and DHIAMA content (See Table 3.4). MbH4 resulted in 

the largest interdomain space of 28.3 nm and gave scattering peaks at √3q* and √12q*, indicative 

of spherical inclusions. Although this sample had the greatest molecular weight, and thus the 

influence from degree of polymerization was the most substantial to support its microphase 

separation, the results are still encouraging as it is composed of just 6 wt% MMA. Its SAXS profile 

that indicates two regimes is encouraging in that the system will readily phase separate even when 
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one regime is significantly smaller. This is a particularly useful characteristic for applications such 

as thermoplastic elastomers requiring small hard regions anchored in an elastic matrix. 

 

5 

Figure 3.5. Diblock copolymer characterization: (A) Schematic of p(MMA-b-DHIAMA) 

polymer; (B) Gel-permeation chromatography traces of macro-RAFT agent and final p(MMA-b-

DHIAMA) diblock polymers; (C) SAXS curves of the p(MMA-b-DHIAMA) series indicating 

the presence of microdomains; (D) Differential scanning calorimetry trace of MbH1 presenting 

two Tgs. 

The SAXS tells of microphase separation, but the microstructure of the regions is less apparent, 

and they lack long-range order. The absence of every characteristic peak, and distinct long-range 

order may be attributed to fast evaporation of the solvent during casting, as well as a lack of chain 

uniformity as observed with the Đ exceeding 1.3 for the largest block copolymer.45 At best, 

tentative microstructures can be assigned using the broad SAXS peaks compounded with 

knowledge of the copolymer composition, shown in Table 3.4. MbH1 displays a peak at 2q and 

may correspond to a lamellar morphology given its weight composition near parity. MbH2, being 

73% DHIAMA by weight, could be expected to follow a gyroid or cylindrical morphology, with 

p(MMA) cylinders surrounded by a DHIAMA matrix. It exhibits SAXS peaks at √4q* and √12q*, 

aligning with the characteristic peaks of hexagonally packed cylinders. Finally, MbH3 shows 

peaks at √3q* and √10q* supporting the presence of unordered spherical patterns.44  
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Table 4  

Table 3.4. Composition and morphology of p(MMA-b-DHIAMA) diblock series. 

Polymer FDHIAMA
a Wt% 

DHIAMAb 

Interdomain spacingc 

(nm) 

Microstructure 

MbH1 0.22 0.54 17.1 Lamella 

MbH2 0.39 0.73 19.9 Hexagonal 

MbH3 0.72 0.91 25.1 Not well ordered spherical 

MbH4 0.79 0.94 28.3 Not well ordered spherical 

a,bCalculated from the dried sample’s NMR using the integrals of the polymer peaks; cCalculated from the 

principial peak q* of SAXS results. 

3.4.7 Block Copolymer Rheological Properties 

To allow for reasonable comparison in rheological properties between block copolymers of 

varying p(DHIAMA) content, the molecular weight of the polymers must be comparable. An 

additional block copolymer (MbH5), with decreased p(DHIAMA) content but the same molecular 

weight as MhB4, was therefore synthesized to ensure fair comparability between rheological 

properties and that of pure p(DHIAMA). Figure 3.6 shows the SAXS results of MbH5 as well as 

of H9. The presence of scattering peaks in MbH5 at √6q* and √14q* gives indication a gyroid-like 

structure may exist, whereas the absence of any scattering peaks in H9 confirms the homopolymer 

exists as one homogenous phase. Table 3.5 shows the composition of the block copolymers used 

in rheological analysis.  
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Table 5  

Table 3.5. Molecular weight and composition of p(MMA-b-DHIAMA) diblock polymers for 

rheological assessment. 

Polymer Macro-RAFT 

Mn
a (g/mol) 

Macro-

RAFT Đb 

Mn, 

GPC 

RIc 

(g/mol) 

Mn, NMRd 

(g/mol) 

Đe FDHIAMA
f Wt% 

DHIAMAg 

H9 -- -- 81 700 198 200h 1.39 1.00 1.00 

MbH4 10 000 1.12 65 900 162 800 1.38 0.79 0.94 

MbH5 32 200 1.15 61 000 160 000 1.46 0.492 0.80 

a,b,c,eDetermined by RI detector of GPC; d,f,gCalculated from the dried sample’s NMR using the integrals 

of the polymer peaks and known p(MMA) block weight; hDetermined by the LS detector of GPC. 

Frequency sweeps conducted on the three samples reveal the significant impact microphase 

separated hard inclusions have on the rheological behavior. p(DHIAMA) was shown previously to 

have tunable rheological properties, to an extent, just by altering molecular weight. However, due 

to the hypothesized high entanglement weight, the molecular weights of the synthesized series all 

gave flowing and soft viscoelastic materials. This soft characteristic, when paired with a hard 

segment in diblock copolymer architectures, allows for elastic behavior to be realized. 

p(DHIAMA) shows no intersection of the viscous and elastic moduli in the tested frequency range 

of 0.1 to 100 s-1, with the loss modulus dominating, indicating it is structurally relaxed. With a 

p(MMA) block composing 6 wt% of the final polymer, this behavior changes drastically as can be 

seen in Figure 3.6. Hard inclusions acting as anchors within the soft p(DHIAMA) matrix resist the 

shearing, giving the block copolymer MhB4 an elastic modulus 300 times greater than the pure 

p(DHIAMA) at 25°C and 0.1 s-1. This increase is even more substantial moving to MhB5, where 

the p(MMA) block composes 14 wt% of the matrix, and the elastic modulus is over 6500 greater 

than H9 at the previously mentioned conditions.  



Chapter 3  Methacrylate Functionalized Itaconates 

34 

 

 
6 

Figure 3.6. (A) Frequency sweep results using a fixed 0.1% strain for diblock p(MMA-b-

DHIAMA) contrasted with p(DHIAMA) homopolymer; (B) SAXS results of MbH5 and H9 

showing refraction in the diblock system and lack of microdomains in the homopolymer. 

With the ability to produce block-copolymers of pre-designed architectures, a range of 

microphase structures can be accessed. In turn, this allows for the flowing behavior of 

p(DHIAMA) to be controlled by imparting hard regions with a high Tg, giving way to elastic 

behavior. Observing the ratio of elastic versus loss moduli of the three polymers across the tested 

frequency range indicates how different the materials behave, as MbH5 is fully dominated by 

elastic behavior across the range, whereas H9 is dominated strongly by loss. Further, the 

dominance of loss at low frequency ranges in H9 is several orders of magnitude greater than the 

dominance at high frequencies. This ratio varies less across the frequency range for MbH5. These 

differences can be exploited, with a range of properties achievable by varying the content of 

p(MMA) in the diblock copolymer. This is exhibited by MbH4, where the elastic and loss modulus 

displayed a crossover point at which they were equal. Thus, in the current study, varying the 

molecular weight of the p(DHIAMA) homopolymer allowed for the magnitude of the elastic and 

loss modulus to be altered, with further tuning of their ratio achieved by including a phase-

separated hard block.  



Chapter 3  Methacrylate Functionalized Itaconates 

35 

 

3.5 Conclusion 

Hydroboration-oxidation of itaconic acid derivatives, followed by esterification allowed for 

the synthesis of a new set of itaconate-based methacrylates to be realized, which avoids the pitfalls 

typically experienced when polymerizing itaconic acid. Two novel monomers, heptyl arm 

containing DHIAMA and benzyl arm containing DBIAMA, were synthesized. Various methods of 

RDRP were used in DHIAMA polymerizations with high monomer conversion, to produce 

polymers of target molecular weight and narrow dispersity. A range of p(DHIAMA) and 

p(DBIAMA) polymers were obtained by RAFT in a controlled manner; however, larger molecular 

weights saw a broadening of dispersity. Changes to the side arms in the first step of the synthesis 

offers the ability to alter the final polymer’s behavior, with the glass transition temperatures of 

p(DHIAMA) and p(DBIAMA) being -40 and 14°C, respectively.  

Adjusting the molecular weight of p(DHIAMA) polymers gave the ability to tune the 

rheological properties, which were characterized as being loss-dominant due to the low glass 

transition temperature and hypothesized high entanglement molecular weight of the polymer. 

Designing phase-separated diblock copolymers where p(MMA) acted as a macro-RAFT agent in 

chain extensions saw the easy polymerization of DHIAMA able to be utilized, to reliably obtain 

pre-designed polymers. Phase separation of these diblocks was confirmed by SAXS to give various 

microphase morphologies, which in turn allowed for elastic-dominant rheological properties to be 

realized.   
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Chapter 4: Boronic Ester Vitrimers: Balancing Self-Healing 

and Creep Through Self-Assembling Block Copolymers 

4.1 Preface  

After the successful synthesis of itaconate-based methacrylate monomers and their 

polymerization, efforts were then made to find a suitable application. While the low Tg of 

p(DHIAMA) lends itself to the potential for rubber toughening or plasticizing brittle polymers, 

initial blending experiments revealed little compatibility between p(DHIAMA) and materials 

which would require plasticization. Other uses for low Tg polymers, such as rubbery elastics were 

then considered. However, this is when the hypothesized high critical molecular weight of 

entanglement of p(DHIAMA) became problematic. Using p(DHIAMA) without modification 

would not lead to macroscopic properties acceptable for practical use. Considerations were then 

taken for developing a material with useful properties, without impeding the environmental 

considerations.  

While cross-linking the soft p(DHIAMA) material could allow for more desirable elastic 

properties, this would prevent it from being reprocessable, and not align with the goals of 

developing better alternatives to what is already available. So, to impart structure, and mimic the 

chain entanglements of rubbery elastic materials, associative dynamic covalent chemistry was 

selected to give vitrimeric and bio-based networks. Adding reversible cross-linking into the 

material was hypothesized to be able to produce mechanical behaviours that would not only exceed 

the non-cross-linked material, but by varying the extent of cross-linking could allow for a wide 

degree of tunability, making DHIAMA applicable to many applications. 

 C13-methacrylate (C13MA) is a commercially available, renewably sourced monomer, that 

has a Tg comparable to p(DHIAMA). Furthermore, it also has a high Mc that makes its properties 

at conventional molecular weights unsatisfactory. C13MA was selected as a substitute for 

DHIAMA in this next study on how to improve the macroscopic behaviour of low Tg, bio-based 

monomers with high Mc values. This substitution was made due to the lab materials and time 

required for the synthesis of DHIAMA, making it challenging to scale up its production to be used 

in projects investigating mechanical properties. Boronic acid ester exchange was selected for 

cross-linking, since it is catalyst-free, and has low activation energies for viscous flow, meaning it 
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allows for easy reprocessing. Finally, the creeping behaviour of vitrimers had to be addressed if 

the final material properties were to be comparable to industrial benchmarks. Cross-linking block 

copolymers was therefore selected, with the purpose of comparing the inclusion of AB type hard-

soft copolymers in soft cross-linked networks, to networks lacking microphase separation. 

By completing this second study, as outlined in Chapter 1, insight was to be gained on how 

bio-based monomers such as DHIAMA, which if synthesized by functionalization and therefore 

have poor mechanical properties due to high Mc values, can be incorporated in materials with 

better, and tunable, mechanical and rheological properties. As such, this chapter details the 

synthesis of four vitrimeric networks, cross-linked by boronic acid ester exchange chemistry. 

Comparisons are made between two block-copolymer containing networks which display a distinct 

microphase separated topology, and two networks that lack microphase separation due to being 

composed of statistical polymers and small molecules. Phase separation was confirmed by atomic 

force microscopy for prepolymers, and small angle X-ray scattering for the final networks. 

Mechanical properties were assessed via tensile tests, through two rounds of reprocessing, to 

confirm the retention of properties during recycling. Thermal behaviour was characterized, and 

the ability to self-heal both fractured interfaces and surface scratches was examined. Rheological 

behaviour and nanoindentation tests exemplified the difference in viscoelastic properties of the 

block containing networks as compared to the homogenous networks.  

This chapter consists of a manuscript that is to be submitted for publication in the Journal of 

Polymer Science. As per journal guidelines, the materials and methods can be found in the 

Supporting Information for the Chapter 4, provided in Appendix B.   

4.2 Abstract 

Vitrimers offer notable advantages, such as enhanced recyclability and self-healing, but their 

susceptibility to creep under sustained stress remains a limitation to their widescale adoption. Here, 

we incorporated hard-soft AB block copolymers into dynamic networks to improve creep 

resistance and hardness while sustaining self-healing properties. Nitroxide mediated 

polymerization (NMP) was used to synthesize prepolymers containing boronic acid functionality 

of either statistical [poly(alkyl methacrylate-co-vinyl boronic acid)] or AB diblock [poly(methyl 

methacrylate-co-acrylonitrile)-block-poly(alkyl methacrylate-co-vinyl boronic acid)]. These 

prepolymers, along with a small-molecule diboronic ester cross-linker, were blended individually 
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with a statistical, 2,3-diol-functional prepolymer to form 4 different boronic ester networks: N1 

(statistical/ statistical), N2 (statistical/ diblock), N3 (statistical/ diblock), and N4 (statistical/ small 

molecule cross-linker). Small-angle X-ray scattering (SAXS) confirmed spherical poly(methyl 

methcarylate) (PMMA) microdomains in blocky N2 and N3. Mechanical tests showed improved 

tensile strength and hardness in N2 and N3 compared to the homogeneous blend of N1. While 

small-molecule cross-linked N4 had the highest toughness, N3 exhibited the greatest hardness due 

to higher PMMA content. Notably, microphase separation in N2 and N3 enhanced their creep 

resistance and recovery. Stress relaxation tests revealed slower relaxation in the blocky networks, 

but stress was still fully recovered with characteristic relaxation times less than 33 seconds. All the 

networks retained their mechanical properties through recycling by hot pressing at 115°C and 

exhibited bulk self-healing at ambient conditions. These results highlight the potential of 

incorporating small amounts (<10 wt%) of phase-separated microdomains in vitrimer networks to 

enhance their rheo-mechanical properties.  

4.3 Introduction  

The ever-increasing production of polymers worldwide underscores their extensive use in 

modern life. Annual polymer production is projected to triple by 2060, up from 460 million tonnes 

in 2019.1 To mitigate the impacts of global warming and plastic waste pollution, it is imperative to 

transition from petroleum-based feedstocks to renewable bio-based alternatives and recyclable 

polymers with circular life cycles. 

Polymers are traditionally divided into thermosets and thermoplastics, with the former 

characterized by a network of permanent cross-links. The cross-linked structure in thermosets 

provides excellent thermomechanical properties but limits their ability to be reprocessed and 

recycled. These limitations represent significant environmental and economic challenges. 

Recently, covalent adaptable networks (CANs) have bridged the gap between thermosets and 

thermoplastics, utilizing dynamic covalent bonds to cross-link polymer backbones. Vitrimers are 

a subset of CANs featuring associative dynamic bond exchanges. The emergence of CANs 

including vitrimers have unlocked the potential for materials possessing both robust mechanical 

properties with the ease of reprocessing. Systems using dynamic covalent bonds including Diels-

Alder adducts, disulfides, imines and boronic acid esters allowing bond exchange to be triggered 

by various external stimuli, such as light, heat, or moisture.2, 3 The exchanges of covalent bonds 
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allow for self-healing, good stress relaxation, weldability, reprocessability and recyclability.4, 5 The 

tunability offered by different dynamic bond chemistries enables CANs and vitrimers to be applied 

to various feedstocks, presenting significant opportunities for developing sustainable polymers. 

For example, upcycling of post-consumer waste plastics can be achieved by the introduction of 

dynamic covalent bonds.6, 7 Another promising avenue involves applying dynamic cross-linking 

chemistries to bio-based feedstocks, making them more industrially relevant by enhancing their 

thermo-mechanical properties to levels comparable with traditional fossil-based alternatives.8 

Vitrification has been applied to numerous bio-sourced precursors, including derivatives of 

lignin, saccharides, furans, fatty acids, terpenes, and natural rubber, resulting in promising 

elastomeric vitrimers.9 For example, Li et al. used epoxidized soybean oil with natural glycyrrhizic 

acid to develop fully biobased and recyclable vitrimers.10 These vitrimers showed excellent 

thermal stability (> 300°C), good welding, repairing, and shape memory, and could be chemically 

degraded. Averous et al. also developed a fully biobased vitrimer, using bio-based furan dialdehyde 

with a combination of amines.11 There, the material could be completely depolymerized to recover 

its constituent building blocks, due to the use of cross-linking transimination reactions.  

More recently, our group developed a series of vinylogous urethane vitrimers of poly(β-

myrcene).12 We reported that poor mechanical properties of brush-like terpene elastomers could 

be improved and highly tuned through vitrification. Three rounds of reprocessing in this study 

showed retained mechanical properties, which could be varied by over an order of magnitude due 

to variations in cross-linking density and modulations of glass transition (Tg). In addition, bio-

based vitrimeric rubbers exhibited stimuli responsive properties including reprogrammable shape 

memory effects.12 

Despite the many advantages of vitrimers, including improved recyclability and self-healing, 

they also present a significant pitfall: high susceptibility to creep.  The exchange of covalent bonds 

results in lower dimensional stability of vitrimers compared to traditional thermosetting materials 

on long time scales. Recent efforts have explored various methods to enhance creep resistance in 

vitrimers. For example, introducing a dual network system, which combines dynamic covalent 

cross-links with a very small fraction of non-reversible static ones (< 5%) has proven effective in 

reducing creep without hampering recyclability, but does suppress stress-relaxation.13, 14 
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Inducing microphase-separation within the material has also been shown to reduce creep. 

Specifically, Lessard et al. demonstrated that diblock copolymers of AB structure, even when both 

blocks were made of soft, low Tg polymers, improved creep resistance and creep recovery when 

compared to their statistical analogs.15 The tuning of soft-soft AB diblock vitrimers was also 

demonstrated by Ishibashi et al., where viscoelastic behavior was shown to be influenced by both 

the morphology of the phase separation and cross-linking density.16 Implementing the use of a hard 

block in conjunction with a cross-linkable soft block, Weerathaworn et al. explored how chain 

architecture can unleash a breadth of mechanical properties.17 Specifically, AB, ABA, and BAB, 

led to hard, tough, and elastomeric materials respectively, with A representing the hard regime. In 

all cases, cross-linking of block-copolymers causes anchoring of the materials shape to be 

observed, due to the existence of phase-separated regimes stabilizing the structure thus mitigating 

the vulnerability to creep.17 Recently, studies on the rheo-mechanical properties of bio-based imine 

vitrimers of AB hard-soft diblock copolymers with cross-links limited to the hard section found 

that microphase separation drastically enhances surface hardness and creep resistance while 

reducing the tensile properties.14 The reduction in tensile properties was attributed to the low 

entanglements in the soft block.  

Until now, however, few studies have employed block copolymer vitrimers using boronic acid 

ester exchange as the dynamic cross-linking method. Furthermore, previous research on boronic 

acid-based vitrimers has primarily focused on small molecules as cross-linking agents, while the 

use of polymer-polymer cross-links directly within the polymer backbone remains unexplored. 

Wang et al. demonstrated that the macro-cross-linker approach leads to superior mechanical 

properties by preventing formation of network defects and cross-linking loops.18   

In designing this study, we aimed to demonstrate the potential for vitrimer chemistry to 

improve and tune the characteristics of polymers derived from renewable feedstocks, which on 

their own lack the properties to compete with commodity polymers. C13-methacrylate (C13MA), 

a vegetable oil derived long chain alkyl methacrylate with a bio-renewable carbon content of 76% 

was used in the polymers to serve as a soft block comprising the bulk of the material.19 Due to its 

long pendant chain (causing a low Tg) and high entanglement molecular weight (Mc), it lacks the 

robustness and elastic properties that are required for it to be useful in most applications.  
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For the dynamic exchange mechanism, boronic acid ester exchange was selected due to being 

well characterized and non-toxic. Boronic acid ester exchange has been used previously in 

biomedical and biotechnological applications such as hydrogels20 and glucose sensors21, and 

displays rapid exchange kinetics that can be exploited for materials capable of self-healing under 

ambient conditions.22, 23 It also does not require catalysts for the establishment of bonding, and 

vitrimers based from boronic-acid ester exchange can be blended mechanically, eliminating the 

need for solvents.24, 25 The reprocessibility of the materials in the study was examined, by 

comparing mechanical and thermal attributes of the initial material with reprocessed material. 

Here, vitrimers cross-linked by three methods are to be compared. The first is a blend of 

statistical polymers where cross-linking is within the polymer backbones. The second is a blend 

of statistical polymers cross-linked by a small molecule. The final system is a blend containing 

diblock copolymers and statistical polymers. Figure 4.1 shows examples of the blending 

mechanism and resulting homogeneous or phase-separated networks.  

We also created two versions of the block-statistical polymer blend with different block 

copolymer content to explore tunability. Phase separation in the block-copolymer containing 

systems was confirmed, prior to assessing the rheo-mechanical, thermal, and self-healing 

properties. We found that using block-copolymers in vitrimers cross-linked by polymer-polymer 

interactions was effective in improving both creep resistance, and creep recovery, without 

impeding the ability to self-heal under ambient conditions, or relax stress.  
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Figure 4.1. Components, blending methods and resulting networks. 

 4.4 Results and Discussion 

4.4.1 Synthesis and Characteristics of Prepolymers 

Nitroxide mediated polymerization (NMP), a form of reversible deactivation radical 

polymerization (RDRP) was used for the prepolymer synthesis, with SG1-based BlocBuilder 

alkoxyamine serving as both initiator and nitroxide source. NMP ensured targeted molecular 

weights (Mn) could be realized with a relatively low dispersity (Đ), and that block-copolymers 

could be obtained. NMP also avoids the use of sulfur containing chain transfer agents and toxic 

metallic ligands, as is the case for reversible addition fragmentation chain transfer (RAFT) 
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polymerization and atom transfer radical polymerization (ATRP), respectively. Avoiding these 

components thus simplifies the post-polymerization processing, as both the sulfur chain transfer 

agents and metallic ligands must be removed from polymers synthesized via these methods before 

further manipulation into the desired function.26 

Figure 4.2 illustrates the molecular structure of the 3 prepolymers synthesized and Table 4.1 

summarizes their molecular characteristics (Note: In the nomenclature used, “P” refers to 

prepolymer, “S” or “B” the molecular architectures of either statistical or block, and “GM” or 

“VP” the functional monomer contained in the polymer being either GMMA or VPBA, 

respectively).  P1-S-GM is a statistical terpolymer of C13MA, styrene and diol functional glycerol 

monomethacrylate (GMMA). A low concentration, initially 10 mol% of styrene was used as a 

controlling comonomer for SG1-based NMP.27 P2-S-VP is a statistical copolymer of C13MA with 

functional 4-vinylphenylboronic acid (VPBA). Previously Savelyeva et al. showed VPBA can 

effectively control the polymerization of methacrylates using BlocBuilder.28 Finally, P3-B-VP is a 

diblock copolymer of poly(methyl methacrylate-co-acrylonitrile)-block-poly(C13MA-co-VPBA). 

Acrylonitrile was used as the controlling comonomer of the first block to increase the polarity and 

ensure microphase separation. This architecture will induce hard-soft microphase separated 

regions within the network after cross-linking, allowing their influence on macroscopic properties 

to be studied. 
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Figure 4.2. Prepolymer characteristics: (A) Schematic of the three prepolymers synthesized by 

NMP; (B) GPC traces of the first block and block addition of P3-B-VP showing a distinct 

molecular weight increase from the second block addition; (C) DSC traces of the three 

prepolymers with their glass transition temperatures indicated by arrows: two Tgs are observed 

for P3-B-VP due to microphase separation; (D) AFM imaging in the phase channel of P3-B-VP 

showing microphase separation. 

Table 6  

Table 4.1. Molecular weight, dispersity, glass transition temperature and composition of the 

prepolymers. 

Prepolymer Mn
a 

(g/mol) 

Đb Tg
c 

(°C) 

FC13MA
d FMMA

d FGMMA
d FVPBA

d FStyrene
d 

P1-S-GM 20 800 1.40 -52 0.75 0 0.14 0 0.11 

P2-S-VP 19 100 1.50 -48 0.89 0 0 0.11 0 

P3-B-VP 37 700 1.53 -48 & 104 0.54 0.40 0 0.06 0 

a,b Determined by GPC compared to PMMA standards; c Determined by DSC; d Calculated from 1H NMR 

of the purified prepolymers. 
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The synthesis of the GMMA containing prepolymer P1-S-GM as well as the VPBA containing 

prepolymers P2-S-VP and P3-B-VP followed the procedures detailed in the Supporting 

Information (Appendix B, Section B2). C13MA was the main component comprising 80 to 90 

mol% of the statistical prepolymers. C13MA was selected to increase the bio-content of the final 

vitrimers and demonstrate how the mechanical properties of its polymers can be tuned by 

vitrification. 

Sampling during the polymer synthesis was done to monitor the composition and reaction 

kinetics by 1H NMR and GPC analysis. Pseudo-first order kinetics of monomer conversion with 

time showed a linear dependance, and a steady increase of Mn with conversion (see Supporting 

Information, Appendix B, Figure B2, B6 and B10) indicate the living characteristic behavior of 

the controlled radical polymerization.26 Final polymer compositions were determined by 1H NMR 

(Appendix B, Figure B3, B7 and B12), and indicate the incorporation of functional groups was 

near the designed concentration. The GPC traces of P3-B-VP (Figure 4.2) show a clear monomodal 

shift towards higher Mn values, from 8.1 kg/mol for the first PMMA-rich block to 37.7 kg/mol for 

the diblock, with Đ of 1.53 indicating a successful chain extension.  

Following the synthesis and purification of the prepolymers, P3-B-VP displayed very distinct 

macroscopic properties compared to the statistical prepolymers. Notably, all prepolymers 

contained over 75 wt% C13MA; however, P3-B-VP was mechanically firmer at ambient 

conditions, forming rigid flakes. In contrast, P2-S-VP was a firm gel, exhibiting greater stiffness 

than P1-S-GM, which exhibited more elastic behavior. Given that P2-S-VP has the highest C13MA 

content, we hypothesize that the interactions between the VPBA groups in its backbone contribute 

significantly to the rigidity of the material. Images of the prepolymers, demonstrating their varying 

properties, are provided in the Supporting Information (Appendix B, Figure B4, B8 and B13). 

The thermal stability and transitions of the prepolymers were investigated by thermal 

gravimetric analysis (TGA) and differential scanning calorimetry (DSC), respectively. P1-S-GM 

had the lowest onset of 10 wt% degradation among the prepolymers with Tonset10wt% of 202°C  while 

the VPBA-based prepolymers exhibited Tonset10wt% of 243°C and 228°C for P2-S-VP and P3-B-VP, 

respectively. The slightly higher thermal stability of the VPBA-based prepolymers can be 

attributed to the strong VPBA-VPBA interactions. All prepolymers displayed relatively good 

thermal stability under conventional processing temperatures. A low Tg was observed for the three 
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prepolymers (ranging from -52 to -46°C), due to their high C13MA content, with P3-B-VP 

showing a second Tg at 105°C corresponding to the PMMA block in its structure. The presence of 

two Tgs gives strong indication that P3-B-VP exists with two separate microphase domains, and 

the DSC trace is shown in Figure 4.2. 

Microphase separation in the P3-B-VP diblock prepolymer was further examined using atomic 

force microscopy (AFM), as illustrated in Figure 4.2. The AFM image of a solvent-cast film of the 

prepolymer, obtained in tapping mode and displayed in the phase channel, reveals clear evidence 

of self-assembly, showcasing distinct patterns consistent with either a cylindrical or lamellar 

morphology. Given that the prepolymer comprises 20% PMMA by weight, the phase separation 

observed in the AFM images suggests that the micro-domains are likely cylindrical in shape. 

4.4.2 Synthesis of small molecule cross-linker 

The small molecule cross-linker synthesis details are provided in the Supporting Information 

(Section B2.5). The capping of benzene 1,4-diboronic acid (BDB), for use in the small-molecule 

cross-linked network was completed to allow BDB to be soluble during solvent blending. 

Successful capping was confirmed by 1H NMR. 

4.4.3 Network Formation and Characteristics 

To form the vitrimers, the diol-containing prepolymer, P1-S-GM, was blended with boronic 

acid-containing prepolymers P2-S-VP, P3-B-VP, and BDB, resulting in 4 different vitrimeric 

networks of N1 to N4 with distinct molecular architectures. Table 4.2 details the exact 

compositions of each network. 
Table 7  

Table 4.2. Network characteristics: microstructure, prepolymers, glass transition temperature 

and composition of the four networks. 

Network Prepolymer 

1 

Prepolymer 

2 / or 

XLinker 

VPBA:GMMA 

ratio 

Feature Tg
 

(°C) a 

wt% 

C13MAb 

wt% 

MMAb 

wt% 

GMMAb 

wt% 

VPBAb 

wt% 

Styreneb 

N1 P1-S-GM P2-S-VP 0.50 Statistical -50 88.5 — 6.2 2.4 2.9 

N2 P1-S-GM P3-B-VP 0.25 Block -51 82.0 6.4 7.0 1.4 3.3 

N3 P1-S-GM P3-B-VP 0.50 Block -50 79.8 10.3 5.3 2.1 2.5 

N4 P2-S-GM BDB 0.90 Small-

Molecule 

-51 80.6 — 9.0 6.2c 4.2 

aApparent glass transition determined by DSC; bCalculated from the composition of prepolymers; c wt% 

of BDB cross-linker. 
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Network N1 is composed of two statistical prepolymers, forming a homogeneous phase with 

cross-linking between polymer backbones. Networks N2 and N3 combine the prepolymer P1-S-

GM with the block copolymer P3-B-VP, leading to small phase-separated hard domains of PMMA 

within a cross-linked soft matrix of mostly C13MA. The key difference between N2 and N3 is that 

N3 contains a higher proportion of P3-B-VP, which increases the cross-linking density and PMMA 

content. N4, on the other hand, uses P1-S-GM and a small-molecule cross-linker (BDB) to create 

its homogeneous structure. All networks exhibit a stoichiometric imbalance between GMMA and 

VPBA, allowing for associative exchange, with GMMA in excess to facilitate this process.29, 30 

The weight fractions of GMMA across the networks remain comparable, such that different cross-

link stoichiometries can correspond to different cross-linking density, ensuring consistent 

evaluation.  

The detailed procedure of network formation is provided in the Supporting Information 

(Appendix B, Section B3.1). The networks were formed by dissolving the prepolymers in 

approximately 100 wt/v% tetrahydrofuran (THF) and mixing them at appropriate ratios. The 

constituents rapidly gelled upon blending, as illustrated by the example image of network N4 in 

Figure 4.3.23, 31 Subsequently, the networks were vacuum-dried and then subjected to hot pressing 

to shape the vitrimers into dogbone specimens for tensile testing and disks for rheometry (detailed 

methods are in the Supporting Information, Appendix B, Section B1.2.8). We hypothesized that 

hot pressing not only aids in the removal of residual solvent but also promotes further reactions 

between the two components. 

 

9 

Figure 4.3.  (A) SAXS curves of the four networks; distinct scattering peaks are seen in block-

containing networks; (B) Rapid gelation was observed in the cross-linking procedure of N4. 
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To verify network formation beyond the observed rapid gelation, Attenuated Total Reflectance 

Fourier Transform Infrared Spectroscopy (ATR-FTIR) spectra were compared, shown in the 

Supporting Information (Figure B20). Networks showed a reduction in -OH stretching at 3200 

cm⁻¹ (VPBA)32 and 3500 cm⁻¹ (GMMA),33 when compared to the spectra of the prepolymers, 

confirming bond formation. Signals were not fully eliminated due to the intentional stoichiometric 

imbalance that leaves some hydroxyl groups of GMMA unbound. 

As a result of the associative nature of cross-linking bonds in vitrimers, the cross-linking 

density within them remains constant despite the dynamic character of the bonds.5 Consequently, 

ideal vitrimers will not dissolve when they are introduced to non-reactive solvents, but rather swell, 

enabling the gel content and swelling ratio to be determined.4 To estimate gel content and swelling 

ratios, samples were immersed in toluene for 48 hours, confirming that a cross-linked system had 

been established in networks N1 through N3. N2, having the lowest cross-linking density 

(VPBA:GMMA = 0.25), exhibited the highest swelling ratio, with N1 and N3 producing more 

comparable swelling ratios due to their identical cross-linking density (VPBA:GMMA = 0.5). 

The gel content, however, was less influenced by cross-linking stoichiometry and more by 

PMMA content. Increasing PMMA content from N1, N2 to N3 caused gel contents of 67.4 ± 

12.4%, 84.5 ± 2.7%, and 89.9 ±  2.2% to be observed for the networks, respectively. This may be 

attributed to the microphase separation forcing the soft, functional regions of the polymer chains 

to aggregate together in a smaller space, encouraging not only the occurrence of cross-linking, but 

also forming regions of high cross-linked density within the network, anchoring the polymers 

together.34, 35  

Contradicting the observed gelation during synthesis, a reduction in FTIR -OH stretching 

signal, and significantly improved mechanical robustness after cross-linking of P1-S-GM with the 

small molecule BDB, N4 dissolved after 48 hours in toluene. This may be attributed to 1,2-

propanediol, resulting from the cross-linking reaction of BDB with VPBA during the synthesis of 

the vitrimer, remaining in the network and cleaving the boronic acid cross-linking.  

4.4.4 Network microphase characterization 

The microscopic architecture of the networks was investigated using small-angle X-ray 

scattering (SAXS). The resulting SAXS patterns (Figure 4.3) reveal that the inclusion of block 

copolymers in N2 and N3 introduced a distinct microstructure, while the absence of scattering 
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peaks in N1 and N4 suggests that the statistical polymers used in these systems formed 

homogeneous networks. From the principle scattering peaks, q*, the domain spacing, d, was 

calculated using the formula 𝑑 =
2𝜋

𝑞∗
.36 For N2 and N3, domain spacing was 25.0 nm and 26.7 nm, 

respectively. These results align with the increased amount of PMMA in N3 compared to N2 

causing a larger domain spacing. Subsequent scattering peaks for N2 appeared at √3q* and √12q*, 

while for N3, they occurred at √3q* and √9q*. Given the microphase regions account for 6 wt% 

of N2 and 10 wt% of N3, the scattering patterns correspond to spherical microphase structures 

lacking long-range order.37 Factors such as polymer dispersity, cross-linking variability, and 

conducting SAXS on bulk samples may have contributed to the absence of a more well-defined 

microphase pattern.38 Nonetheless, the presence of multiple peaks supports the existence of non-

homogeneous microphase architectures in block copolymer based N2 and N3.  

4.4.5 Network Mechanical Properties 

After confirming network formation and the microphase-separated structures in N2 and N3, 

uniaxial tensile testing was performed at room temperature. The tensile properties were influenced 

by both cross-linking density and the presence of PMMA regions, and the results are shown in 

Figure 4.4. 
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Figure 4.4. Network properties: (A) Frequency sweep of the networks at 130°C; (B) DMTA 

results of elastic and loss moduli from 25°C to 150°C under a shear strain of 0.5%; (C) 

Mechanical properties obtained through uniaxial tensile testing. 

We first examined the influence of incorporating a PMMA block while keeping the cross-

linking density constant by comparing N1 (composed of P1-S-GM with P2-S-VP) and N3 (P1-S-

GM with P3-B-VP). Although N1 and N3 had similar cross-linking, N3 achieved a maximum 

stress at break of 0.54 ± 0.05 MPa—more than double N1’s 0.21 ± 0.03 MPa—demonstrating the 

reinforcing effect of the 10 wt% PMMA block. Subsequently, we compared N2 with N3 as both 

were made of the same prepolymers but N2 had 6.4 wt% PMMA and half the cross-linking relative 

to N3. Interestingly, N2 exhibited ~60% lower stress of 0.34 ± 0.2 MPa and higher strain at break 

of  84.3 ± 8.4 %. Comparing N1 to block copolymer-based N2 and N3, the incorporation of PMMA 
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systematically increased the maximum stress at break and reduced the networks ability to deform. 

This trend shows the high tunability of the diblock copolymer approach. However, the network 

made of the BDB small molecule cross-linker, N4, exhibited considerably different tensile 

properties by having the highest stress and strain break of 0.68 ± 0.03 MPa and 138.8 ± 6.6 %, 

respectively. The high toughness in N4 can be attributed to its higher cross-linking density. 

To assess network hardness, an indenter with a Berkovitch tip was used to generate force-

displacement curves. The average hardness results from nine indentation tests for each vitrimer 

are presented in Figure 4.5. N1, the statistical polymer-polymer network, possessed the lowest 

hardness while block-copolymer based N3 exhibited the highest hardness. Interestingly, although 

N4’s higher cross-linking provided the greatest tensile strength, N3’s PMMA microphase separated 

block resulted in the highest hardness from indentation testing.  

Next, the mechanical reprocessability of the vitrimers was examined. Regardless of cross-

linking mechanism, all networks showed excellent preservation of their mechanical properties 

through three cycles of hot pressing and tensile testing. Following the first round of tensile testing 

(R×0), N1 and N2 samples were subsequently cut up into small pieces, then repressed into new 

tensile bars for retesting. Completing this process twice revealed no statistically significant 

differences in either maximum tolerable stress or maximum strain achieved compared to the R×0 

processed tensile bars. The detailed results of tensile tests are provided in Supporting Information 

(Table B7). Furthermore, the samples preserved good optical clarity during the reprocessing. 

Initially, all networks exhibited a striking transparent appearance, with only slight yellowing 

occurring after three cycles of processing and tensile testing, shown by images of N2 in Figure 

4.5. 
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Figure 4.5. Recycling and hardness: (A) Tensile bars of N2 after the initial shaping (R×0), and 

after the second re-shaping (R×2); (B) Stress-strain plots from uniaxial tensile testing for N2 

across three rounds of processing and after having healed in bulk; (C) Hardness modulus of the 

networks as determined from nanoindentation experiments. 

4.4.6 Thermal Properties 

The networks thermal transitions and stability were analyzed using DSC and TGA, 

respectively, with the results provided in the Supporting Information (Figure B17 for DSC and 

Figure B18 for TGA). Samples from both freshly solvent-mixed networks and twice-processed 

networks were analyzed to verify the retention of thermal properties during reprocessing under 

heat. DSC traces showed all four networks had similar Tgs ranging from -51.8 to -50.5°C, and that 

this transition was unaffected from reprocessing. Thermal decomposition, measured as the onset 

of 10 wt% loss, varied based on the prepolymers used. Due to thermal stability differences between 

prepolymers, the resulting networks showed decomposition temperatures aligned with the 

contributions from their constituents. In N4, where just P1-S-GM is cross-linked via BDB small 

molecule, the 10 wt% loss decomposition temperature increased from 202°C for the prepolymer 

to 220°C after the network formation, giving indication that incorporating boronic ester chemistry 

into the polymers does not negatively affect the thermal stability of the material. Table B3 provides 

the TGA of the unprocessed, and twice reprocessed networks and their onset temperature of 10 

wt% decomposition. Some slight increase in the Tonset10wt% was observed, indicating some thermal 

decomposition of the networks which were more prominent in blocky samples. An additional 

isothermal TGA experiment on N2 showed a minimal 2.75 wt% decrease over three hours at 
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150°C, which can be attributed to moisture loss in the first 30 minutes (Figure B19). This result 

confirms that the networks can withstand standard processing temperatures without significant 

degradation. 

4.4.7 Network Rheological Properties 

The rheological behavior of the networks was first assessed through strain sweep tests to 

examine the linear viscoelastic region (LVR), as shown in the Supplementary Information 

(Appendix B, Figure B22). Figure 4.4 shows the elastic (G′) and loss (G′′) modulus traces from 

dynamic mechanical thermal analysis (DMTA). Across the temperature range of 25 to 150°C, the 

networks exhibited a dominant elastic moduli (G′ > G′′) corroborating the elastic nature of the 

vitrimers. The observed rubbery plateau also confirmed the formation of cross-linked structures in 

all cases. The magnitude of the elastic modulus increased with cross-link density in the networks.  

In addition, frequency sweep tests were conducted at 50, 90, and 130°C (Figure 4.4 and 

Supplementary Information, Appendix B, Figure B23). These revealed the distinct dynamics 

which exist between the networks. Notably, the homogeneous networks, N1 and N4, showed a 

significant decrease in their elastic modulus at low frequencies (<1 s⁻¹) as we conducted the 

frequency sweep tests at higher temperatures. Between the tests at 50 and 130°C, the elastic 

modulus of N1 and N4 dropped seven-fold, and four-fold, respectively. This decline reflects 

increased polymer chain mobility and faster associative bond exchange in their cross-linking at 

higher temperatures and longer time scales. In contrast, the block-copolymer networks, N2 and 

N3, showed much lower declines in elastic modulus over the same temperature range at low 

frequencies (<1 s-1), revealing a more stable elastic behavior from 50 to 130°C. Even with the test 

at 130°C being conducted above the Tg of the PMMA domains, adding chain mobility, the 

microphase separation evidently helped retain elastic behaviour.  

The recyclability of vitrimer networks stems from associative covalent bond exchanges that 

enable continuous cross-link reformation. This also allows the networks to relax internal stress, 

and the speed at which stress can be relieved gives indication of their ease of processability. Fast 

stress relaxation can come from both rapid dynamic exchange and fewer cross-links.39 We 

conducted stress relaxation tests to examine how the microphase separated PMMA domains and 

BDB small cross-linker would influence the networks flow behaviour. Following the Kohlrausch–

Williams–Watts equation model, stress relaxation in vitrimers can be described by a stretched 



Chapter 4  Boronic Ester Vitrimers 

57 

 

exponential (Supporting Information Equation B4) with parameters τ* (characteristic relaxation 

time) and β (relaxation deviation factor away from an ideal Maxwellian model).13 The extreme 

cases occur when β is equal to one and zero, representing an ideal single Maxwellian element and 

a complex multiple relaxation mode, respectively.16 The homogeneous statistical-based networks, 

N1 and N4, displayed β values from 0.70 to 0.87. In contrast, the block-copolymer-based networks, 

N2 and N3, had lower β values of 0.57 to 0.65 and 0.51 to 0.59, respectively. This indicates a 

higher deviation from the ideal Maxwell model, suggesting a more complex relaxation mechanism 

due to the phase-separated microstructure. Notably, increasing the loading of microphase-

separated PMMA in N2 and N3 led to greater deviations from the Maxwellian single element 

model. 

Regardless, across the samples, stress relaxation was rapid. τ* varied between 1.0 and 33.1 s 

across the four networks. The fast and complete stress relaxation is manifested in networks that 

are composed of fast exchanging bonds, lending to easy reprocessing. Despite having the highest 

cross-link density, N4 displayed the smallest τ* values. With cross-linking existing via small 

molecule interactions, the movement of polymer chains in the network is not required for the stress 

to be relaxed, but instead can be achieved by the rearrangement of the small molecules. This agrees 

with Wang et al., who showed polymer-polymer cross-linking leads to slower relaxation times 

compared to polymer-small molecule interactions.39 Comparing N1 and N3, which have similar 

degrees of cross-linking, incorporating PMMA domains restricts strand movement in the network, 

leading to higher τ* values. All the characteristic relaxation times and β values can be found in the 

Supporting Information (Appendix B, Table B4). 

The activation energy for viscous flow was then estimated by fitting the characteristic 

relaxation time with an Arrhenius-type model (Equation B5) as suggested by Leibler et al.40 The 

small-molecule bound N4 displayed the lowest activation energy for viscous flow (Ea = 48 kJ/mol), 

with the PMMA domains and increased cross-linking of N3 requiring the highest activation energy 

of 56 kJ/mol.  

Network dynamics that result in favourable relaxation times, low activation energies for 

viscous flows, and easy reprocessing, are also what lead to an important disadvantage of vitrimers: 

their susceptibility to creep. We performed creep tests to examine the impact of microphase 

structure on the vitrimers dimensional stability. Increased cross-link density from N1 to N4 
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improved creep resistance, but both exhibited limited recovery. As it was observed by the 

temperature dependance of the elastic modulus in the frequency sweeps, increasing the 

temperature allows for faster cross-linking exchanges. This manifested in the creep resistance 

experiments: creep in N1 and N4 increased more than fourfold between 90°C and 130°C with 

shear strain rising from 5% to 19% for N1, and from 2% to 8% for N4. Results from creep tests 

are shown in Figure 4.6 and Figure B26 (Supporting Information, Appendix B). 
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Figure 4.6. Creep resistance: (A) Normalized stress relaxation of the networks at 90°C; (B) 

Creep recovery curves at 90°C; (C) Load-displacement (depth) curves of the networks as 

obtained from indentation using a Berkovitch tip. 

In contrast, creep resistance significantly improved with the incorporation of PMMA-based 

block copolymers, as seen in N3, which shared N1’s cross-link density but exhibited a maximum 

shear strain of only 1 % at 90°C and 2 % at 130°C. This lower and less temperature-sensitive creep 

in N3 is attributed to the microphase separation between PMMA and the cross-linked C13MA 

domains, which effectively anchor the network and restricts strand movement even above PMMA’s 

Tg. This is consistent with the finding of Asempour et al., and the phenomena reported by 

Summerlin et al., where AB block-copolymers cross-linked by small molecules were shown to 

have superior creep resistance compared to their statistical analogs above the Tg of the system.14, 

15 Again, this trend was verified by Fang in vitrimers composed of ABA type polymers.41 

Creep recovery was also observed in the block-containing networks. While the homogeneous 

networks N1 and N4 displayed minimal recovery and higher temperature sensitivity, N2 and N3 

achieved significant recovery (recovering at a minimum, 54.2% of shear strain; see Supporting 

Information, Appendix B, Table B6 for creep recovery values). The creep data collected through 

rheology aligns with the load-displacement behaviour obtained through indentation tests, shown 
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in Figure 4.6. Indentation showed N1 had the highest displacement depth, while N3 had the lowest. 

Microphase separation simultaneously improved creep resistance, and creep recovery.  

4.4.8 Self-Healing Attributes 

We continued by examining the ability of the networks to self-heal both in bulk and surface 

scratches, as illustrated in Figure 4.7. Recently, Jiang et al. showed that up to 40% of tensile 

strength could be recovered in poly(styrene-b-isoprene-b-styrene) triblock based vitrimers using 

boronic acid cross-linkers, with healing conducted at 100°C.25 In the work here, three tensile bars 

of each network were tested for their bulk self-healing properties. Each sample had already 

undergone three rounds of reprocessing, was hot-pressed into tensile bars, and then cut at their 

midpoint using a scalpel. Afterwards, the two halves were manually placed together, and left under 

ambient conditions at 22°C and approximately 60% relative humidity for 100 hours. A Kimwipes® 

box was placed on top of the tensile bars to hold them in place and maintain contact between the 

two pieces. All four networks demonstrated healing at their cut interface. While seams remained 

visible in N2 through N4, N1 completely repaired the cut, resulting in a smooth surface, as shown 

in Figure B27 (Supporting Information, Appendix B). To test the weld strength, weights were 

clipped onto the bars; each network held at least 15 grams without failure, as shown in Figure 4.7. 

Tensile testing on the healed bars showed N3, containing the most phase-separated PMMA 

loading, had the lowest recovery but still regained 56 ± 17 % of its original tensile strength and 58 

± 18% of its strain. Interestingly, for N1, healing exceeded initial performance, reaching 143 ± 

25% of its original maximum stress and 122 ± 24% of its strain, likely due to pressure-induced 

polymer chain alignment from the Kimwipes® box that was placed on top.42, 43 While network 

architecture influenced healing efficiency, it did not prevent bulk recovery in any network. Our 

approach of polymer-polymer cross-linking along with incorporation of as little as 10 wt% PMMA 

microphase separated domains drastically could enhance the rheo-mechanical properties without 

halting self-healing. To our best knowledge, this is among the first reports showing room 

temperature self-healing of block copolymer-based networks. 
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Figure 4.7. Self-healing: (A) Recovered mechanical properties relative to R×0 values from 

uniaxial tensile testing of test bars that underwent bulk-healing at their middle; (B) Images 

before and after bulk-healing of N2; and (C) of N3; (D) Images before and after (24 hours) 

scratch repair of N1; (E) Images before and after (50 hours) scratch repair of N4. 

Following bulk healing success, surface scratch healing was also examined. Samples were 

manually scratched with a sharp scalpel and monitored over 24 hours at 60°C. N1 completely 

closed its defect within this period (Figure 4.7), while other networks displayed slower healing. 

Adding a drop of water to the scratched areas—thereby promoting the breakage of moisture-

sensitive boronic acid bonds—and extending the time by 25 hours enabled N4 to nearly eliminate 

its scratch. The high cross-link density and rigidity of N4 initially inhibited healing, but added 

moisture permitted greater chain movement due to release of the boronic acid cross-links near the 

scratch, leading to defect closure. Importantly, block-copolymer networks N2 and N3 also showed 

partial healing. Although their improved creep resistance and phase-separated microstructure 

limited complete scratch removal, some regions visibly closed. All the scratch healing images can 
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be seen in Figure B28. The hard PMMA microphase-separated domains in N2 and N3 limited the 

bulk chain motion, yet areas where the scratch contacted itself were repaired.  

4.5 Conclusion 

We investigated the influence of hard-soft AB block copolymers on the rheo-mechanical and self-

healing properties of dynamic networks. Nitroxide mediated polymerization was employed to 

synthesize 3 prepolymers of (1) diol-functional statistical, (2) boronic acid-functional statistical, 

and (3) boronic acid-functional AB diblock copolymers. Diblock polymer (3) used PMMA as the 

first block, giving p(MMA)-block-p(C13MA-co-VPBA). 

Four different networks were then synthesized. Homogenous network N1 was formed from 

blending statistical polymer (1) with statistical polymer (2). Similarly, network N4 was formed by 

blending statistical polymer (1) with a difunctional small molecule cross-linker (BDB). In contrast, 

block copolymer-based networks (N2 and N3) were formed from cross-linking statistical polymer 

(1) with AB diblock polymer (3). SAXS confirmed the existence of spherical PMMA microphase 

separated domains within N2 and N3. Incorporating PMMA hard blocks proved effective in 

improving the tensile strength and hardness of the networks, when compared to homogenous 

blends of equal cross-linking. While N4 (BDB cross-linked) had the highest toughness of the 

networks, N3 had the greatest hardness due to its PMMA content. Through three rounds of 

recycling, all the networks exhibited a retention of their mechanical properties.  

Rheological studies confirmed a rubbery plateau in all the networks. Next, frequency sweep 

tests revealed the elastic modulus of block containing networks N2 and N3 were less temperature 

dependent compared to homogeneous counterparts. In addition, stress relaxation tests showed 

slower relaxation times in blocky networks which was attributed to microphase separation. 

Regardless, full and relatively rapid stress relaxation was observed in all the networks (τ* < 33 s).  

Creep resistance and recovery were found to be greatly improved in the N2 and N3 blocky 

networks. The PMMA micro domains anchored the network both below and above the Tg of the 

PMMA. In addition, all networks displayed bulk-healing under ambient conditions after being cut.  

These findings highlight the potential to tailor mechanical properties, such as creep resistance and 

self-healing, by leveraging polymer-polymer cross-linking within vitrimer networks of AB 

copolymers. Our strategy, which combines polymer-polymer cross-linking with the addition of as 
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little as 10 wt% PMMA microphase-separated domains, could significantly improve rheo-

mechanical properties while preserving self-healing capabilities. 

4.6 References 

(1) Mavroeidi, E.;  Dubois, M.;  Dellink, R.;  Bibas, R.; Lanzi, E., Plastic waste projections to 

2060. In Global Plastics Outlook, OECD Publishing: Paris, 2022. 

(2) Lorero, I.;  Rodríguez, A.;  Campo, M.; Prolongo, S. G., Thermally remendable, weldable, 

and recyclable epoxy network crosslinked with reversible Diels-alder bonds. Polymer 

2022, 259, 125334. 

(3) Yang, S.;  Park, S.;  Kim, S.; Kim, S.-K., Vitrimer with dynamic imine bonds as a solid-

state electrolyte for lithium metal batteries. Materials Today Energy 2024, 45, 101690. 

(4) Van Zee, N. J.; Nicolaÿ, R., Vitrimers: Permanently crosslinked polymers with dynamic 

network topology. Progress in Polymer Science 2020, 104, 101233. 

(5) Denissen, W.;  Winne, J. M.; Du Prez, F. E., Vitrimers: Permanent organic networks with 

glass-like fluidity. Chemical Science 2016, 7 (1), 30-38. 

(6) Yue, L.;  Bonab, V. S.;  Yuan, D.;  Patel, A.;  Karimkhani, V.; Manas-Zloczower, I., 

Vitrimerization: A novel concept to reprocess and recycle thermoset waste via dynamic 

chemistry. Global Challenges 2019, 3 (7), 1800076. 

(7) Miravalle, E.;  Bracco, P.;  Brunella, V.;  Barolo, C.; Zanetti, M., Improving sustainability 

through covalent adaptable networks in the recycling of polyurethane plastics. Polymers 

2023, 15 (18). 

(8) Kumar, A.; Connal, L. A., Biobased transesterification vitrimers. Macromolecular Rapid 

Communications 2023, 44 (7), 2200892. 

(9) Lucherelli, M. A.;  Duval, A.; Avérous, L., Biobased vitrimers: Towards sustainable and 

adaptable performing polymer materials. Progress in Polymer Science 2022, 127, 101515. 

(10) Wu, J.;  Yu, X.;  Zhang, H.;  Guo, J.;  Hu, J.; Li, M.-H., Fully biobased vitrimers from 

glycyrrhizic acid and soybean oil for self-healing, shape memory, weldable, and recyclable 

materials. ACS Sustainable Chemistry & Engineering 2020, 8 (16), 6479-6487. 

(11) Dhers, S.;  Vantomme, G.; Avérous, L., A fully bio-based polyimine vitrimer derived from 

fructose. Green Chemistry 2019, 21 (7), 1596-1601. 

(12) Asempour, F.; Marić, M., Vitrification: Versatile method to modulate properties of 

myrcene-based rubbers. ACS Applied Polymer Materials 2023, 5 (8), 6364-6376. 

(13) Li, L.;  Chen, X.;  Jin, K.; Torkelson, J. M., Vitrimers designed both to strongly suppress 

creep and to recover original cross-link density after reprocessing: Quantitative theory and 

experiments. Macromolecules 2018, 51 (15), 5537-5546. 

(14) Asempour, F.;  Laurent, E.;  Ecochard, Y.; Maric, M., Reprocessable biobased statistical 

and block copolymer methacrylic-based vitrimers with a shape memory effect. ACS 

Applied Polymer Materials 2024, 6 (1), 956-966. 

(15) Lessard, J. J.;  Scheutz, G. M.;  Sung, S. H.;  Lantz, K. A.;  Epps, T. H., III; Sumerlin, B. 

S., Block copolymer vitrimers. Journal of the American Chemical Society 2020, 142 (1), 

283-289. 

(16) Ishibashi, J. S. A.;  Pierce, I. C.;  Chang, A. B.;  Zografos, A.;  El-Zaatari, B. M.;  Fang, 

Y.;  Weigand, S. J.;  Bates, F. S.; Kalow, J. A., Mechanical and structural consequences of 

associative dynamic cross-linking in acrylic diblock copolymers. Macromolecules 2021, 

54 (9), 3972-3986. 



Chapter 4  Boronic Ester Vitrimers 

63 

 

(17) Weerathaworn, S.;  Meyer, A.; Abetz, V., Vitrimers based on block copolymers with 

diverse block sequences. Polymer 2024, 308, 127311. 

(18) Wang, J.;  Zhang, X.;  Jiang, L.; Qiao, J., Advances in toughened polymer materials by 

structured rubber particles. Progress in Polymer Science 2019, 98, 101160. 

(19) Krishnakumar, B.;  Pucci, A.;  Wadgaonkar, P. P.;  Kumar, I.;  Binder, W. H.; Rana, S., 

Vitrimers based on bio-derived chemicals: Overview and future prospects. Chemical 

Engineering Journal 2022, 433, 133261. 

(20) Terriac, L.;  Helesbeux, J.-J.;  Maugars, Y.;  Guicheux, J.;  Tibbitt, M. W.; Delplace, V., 

Boronate ester hydrogels for biomedical applications: Challenges and opportunities. 

Chemistry of Materials 2024, 36 (14), 6674-6695. 

(21) Aung, Y.-Y.;  Kristanti, A. N.;  Lee, H. V.; Fahmi, M. Z., Boronic-acid-modified 

nanomaterials for biomedical applications. ACS Omega 2021, 6 (28), 17750-17765. 

(22) Gosecki, M.; Gosecka, M., Boronic acid esters and anhydrates as dynamic cross-links in 

vitrimers. Polymers 2022, 14 (4). 

(23) Tajbakhsh, S.;  Hajiali, F.;  Guinan, K.; Marić, M., Highly reprocessable, room temperature 

self-healable bio-based materials with boronic-ester dynamic cross-linking. Reactive and 

Functional Polymers 2021, 158, 104794. 

(24) Röttger, M.;  Domenech, T.;  van der Weegen, R.;  Breuillac, A.;  Nicolaÿ, R.; Leibler, L., 

High-performance vitrimers from commodity thermoplastics through dioxaborolane 

metathesis. Science 2017, 356 (6333), 62-65. 

(25) Jiang, C.;  Wang, C.;  Zhang, S.;  Bi, H.;  Wu, Y.;  Wang, J.;  Zhu, Y.;  Qin, J.;  Zhao, Y.;  

Shi, X.; Zhang, G., Reprocessable and self-healable boronic-ester based poly(styrene-b-

isoprene-b-styrene) vitrimeric elastomer with improved thermo-mechanical property and 

adhesive performance. Reactive and Functional Polymers 2024, 198, 105893. 

(26) Lamontagne, H. R.; Lessard, B. H., Nitroxide-mediated polymerization: A versatile tool 

for the engineering of next generation materials. ACS Applied Polymer Materials 2020, 2 

(12), 5327-5344. 

(27) Nicolas, J.;  Dire, C.;  Mueller, L.;  Belleney, J.;  Charleux, B.;  Marque, S. R. A.;  Bertin, 

D.;  Magnet, S.; Couvreur, L., Living character of polymer chains prepared via nitroxide-

mediated controlled free-radical polymerization of methyl methacrylate in the presence of 

a small amount of styrene at low temperature. Macromolecules 2006, 39 (24), 8274-8282. 

(28) Savelyeva, X.;  Chondon, D.; Marić, M., Vinyl phenylboronic acid controlling co-

monomer for nitroxide mediated synthesis of thermoresponsive poly(2- morpholinoethyl 

methacrylate). Journal of Polymer Science Part A: Polymer Chemistry 2016, 54 (11), 

1560-1572. 

(29) Brutman, J. P.;  Delgado, P. A.; Hillmyer, M. A., Polylactide vitrimers. ACS Macro Letters 

2014, 3 (7), 607-610. 

(30) Denissen, W.;  Rivero, G.;  Nicolaÿ, R.;  Leibler, L.;  Winne, J. M.; Du Prez, F. E., 

Vinylogous urethane vitrimers. Advanced Functional Materials 2015, 25 (16), 2451-2457. 

(31) Mo, R.;  Yu, D.;  Li, W.;  Sheng, X.; Zhang, X., Storage-stable and self-crosslinkable 

combinations of boronic acid containing polymers and diol containing polymers enabled 

by the latex system. Polymer 2024, 299, 126977. 

(32) Man, Y.;  Peng, G.;  Lv, X.;  Liang, Y.;  Wang, Y.;  Chen, Y.; Deng, Y., Microchip-grafted 

p(nipaam-co-vpba) with thermoresponsive boronate affinity for capture–release of cis-diol 

biomolecules. Chromatographia 2015, 78 (3), 157-162. 



Chapter 4  Boronic Ester Vitrimers 

64 

 

(33) McKenzie, A.;  Hoskins, R.;  Swift, T.;  Grant, C.; Rimmer, S., Core (polystyrene)–shell 

[poly(glycerol monomethacrylate)] particles. ACS Applied Materials & Interfaces 2017, 9 

(8), 7577-7590. 

(34) Watanabe, K.;  Katsuhara, S.;  Mamiya, H.;  Yamamoto, T.;  Tajima, K.;  Isono, T.; Satoh, 

T., Downsizing feature of microphase-separated structures via intramolecular crosslinking 

of block copolymers. Chemical Science 2019, 10 (11), 3330-3339. 

(35) Formon, G. J. M.;  Storch, S.;  Delplanque, A. Y. G.;  Bresson, B.;  Van Zee, N. J.; Nicolaÿ, 

R., Overcoming the tradeoff between processability and mechanical performance of 

elastomeric vitrimers. Advanced Functional Materials 2023, 33 (52), 2306065. 

(36) Bates, F. S.; Fredrickson, G. H., Block copolymer thermodynamics: Theory and 

experiment. Annual Review of Physical Chemistry 1990, 41 (Volume 41), 525-557. 

(37) Hamley, I. W.; Castelletto, V., Small-angle scattering of block copolymers: In the melt, 

solution and crystal states. Progress in Polymer Science 2004, 29 (9), 909-948. 

(38) Kim, G.; Libera, M., Morphological development in solvent-cast 

polystyrene−polybutadiene−polystyrene (sbs) triblock copolymer thin films. 

Macromolecules 1998, 31 (8), 2569-2577. 

(39) Wang, Z.;  Gu, Y.;  Ma, M.; Chen, M., Strong, reconfigurable, and recyclable thermosets 

cross-linked by polymer–polymer dynamic interaction based on commodity 

thermoplastics. Macromolecules 2020, 53 (3), 956-964. 

(40) Montarnal, D.;  Capelot, M.;  Tournilhac, F.; Leibler, L., Silica-like malleable materials 

from permanent organic networks. Science 2011, 334 (6058), 965-968. 

(41) Fang, H.;  Gao, X.;  Zhang, F.;  Zhou, W.;  Qi, G.;  Song, K.;  Cheng, S.;  Ding, Y.; Winter, 

H. H., Triblock elastomeric vitrimers: Preparation, morphology, rheology, and 

applications. Macromolecules 2022, 55 (24), 10900-10911. 

(42) Schrickx, H. M.;  Sen, P.;  Balar, N.; O’Connor, B. T., Strain alignment of conjugated 

polymers: Method, microstructure, and applications. Cell Reports Physical Science 2024, 

5 (7), 102076. 

(43) Beiermann, B. A.;  Kramer, S. L. B.;  May, P. A.;  Moore, J. S.;  White, S. R.; Sottos, N. 

R., The effect of polymer chain alignment and relaxation on force-induced chemical 

reactions in an elastomer. Advanced Functional Materials 2014, 24 (11), 1529-1537. 

 

 



Chapter 5  General Discussion and Future Work 

65 

 

Chapter 5: General Discussion and Future Work 

The development of eco-friendly polymers is a complex and multifaceted challenge requiring 

the consideration of many factors. Opinions vary on which challenge should take priority, from 

utilizing renewable sourcing, designing for recyclability, and biodegradability to lifecycle energy 

requirements, carbon footprint, mechanical performance, durability, and economic viability.79 

Determining the best balance of these considerations is, in most cases, subjective, and highly 

application dependent. Reaching a consensus on the definition of a “green” material and 

establishing standardized methods to quantify its impact are needed to streamline research and 

accelerate development. Additionally, regulatory frameworks and public awareness will be crucial 

in achieving meaningful progress in sustainable polymer adoption. 

In this thesis, we considered methods of incorporating renewable feedstocks into polymeric 

materials and focused on how to improve upon their mechanical properties to make them more 

competitive with commodity polymers. Specifically, itaconic acid was initially picked as a 

promising biomolecule to increase the renewable content of polymers. Due to its poor behaviour 

in polymerization reactions,36 it was hypothesized that functionalizing it with a methacrylate group 

could allow for its easier polymerization into higher molecular weight products and more complex 

and useful architectures. Through a four-step synthesis procedure, an itaconic-acid based 

methacrylate was obtained, and it was shown to readily polymerize using standard methods of 

reversible deactivation radical polymerization. While it is interesting to demonstrate an alternative 

way to obtain polymers of itaconic acid with predictable polymerization results due to its 

methacrylate functionality, the four-step synthesis procedure to obtain the monomer undoubtedly 

impedes this method from being “green”. The demanding synthetic route used in this work caused 

challenges in trying to scale up the monomer production. To conduct experiments on mechanical 

properties, or bulk material properties, the material and labour investments for the monomer 

production using the synthetic route in this work would be very great. However, that is not to say 

this method of functionalizing biomolecules for polymer applications is impractical, but rather that 

the synthetic route used in this work to functionalize itaconic acid would require modification.  

This study demonstrated a pathway for obtaining polymers with enhanced bio-content due to 

the functionalization of itaconic acid, and future work in refining the synthetic pathway could 

improve its relevance. The current route, requiring organic solvents, metal catalysts, and two 
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rounds of purification undoubtedly counteracts any environmental benefit of using itaconic acid 

as opposed to a petroleum-based molecule. Determining the atom economy of the process would 

emphasize the negative aspects of this method, but as a preliminary study, it demonstrated how 

renewable molecules may be used to increase the renewable content of polymers. To increase the 

feasibility of these itaconic acid-based methacrylate’s, developing a single step, or one-pot 

synthesis procedure for the monomer would be beneficial. Alternatively, efforts could be made to 

generate methacrylic families of other biomolecules that can be functionalized in an easier process.  

If a low cost, renewable feedstock could be functionalized in fewer steps, then there could be 

high potential for this method. Lignin, chitosan, plant cellulose and vegetable oils, functionalized 

with methacrylates previously, may be viable options.8, 53 To generate a fully renewable monomer, 

however, this would require an alternative production method be developed for methacryloyl 

chloride or methacrylic anhydride. This presents a roundabout dilemma, as efforts to improve the 

green production of these molecules could instead be put towards developing the green production 

of methyl methacrylate itself, to produce renewably sourced polymers of the same chemical 

identity as those already adopted by the market. To simplify the implementation of products on a 

larger scale, developing ways to obtain chemically identical species such as ethylene, styrene, or 

methyl methacrylate that use renewable feedstocks is likely the most promising route to move the 

polymer industry away from petroleum dependence. 

Being able to directly polymerize renewable feedstocks is a second viable alternative. While 

this requires property modulation after polymerization, it offers the ability to obtain fully 

renewable materials. Polylactic acid (PLA) is the third most used renewable polymer, after bio-

sourced derivatives of polyethylene terephthalate and polyethylene.80 As PLA is the only one of 

the top three with a chemical structure distinct from petroleum alternatives, it exemplifies the 

potential for polymers of renewable sources to be polymerized, and implemented at a large scale, 

despite the fact it requires additives to achieve useful mechanical properties.81 However, the 

broader acceptance of additives for performance tuning in the industry already suggests this should 

not be seen as a limitation, but rather as part of the design process in renewable polymer 

development. Innovation is required regardless of the method chosen to develop renewable 

polymers, whether creating renewable analogs of conventional polymers, polymerizing 

biomolecules and tuning the final properties, or functionalizing biomolecules and then tuning the 
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properties. However, the first two methods may require fewer innovations be made, making the 

prospect of their success more readily realized.  

Advanced polymer networks, like vitrimer networks, offer promising prospects for 

recyclability and mechanical adaptability.18 Vitrimers could revolutionize the market by replacing 

non-recyclable rubbers and providing a way to enhance the properties of biobased polymers.82 

Additionally, they could even serve to functionalize post-consumer waste, allowing existing 

polymers to be recycled or upcycled into new products.83 With this approach, vast amounts of 

already-produced polymers could become resources for sustainable materials, creating a more 

circular economy. However, achieving strong creep resistance in vitrimer networks remains 

challenging. Using dynamic covalent chemistries with slower bond exchange rates, incorporating 

mixed static and dynamic networks, or inducing microphase separation could unlock greater 

mechanical stability for these materials, potentially seeing their greater breakthrough in 

transforming the polymer industry. 

Building from the work reported in Chapter 4, incorporating diblock copolymers into vitrimers 

networks could offer an opportunity to control creep. Specifically, block copolymers with a high 

Tg component are not commonly reported, but as it was shown in this work, have the potential to 

improve and tune macroscopic material properties. Further studies on the amount of the hard block 

to include in the network, the influence of the diblock hard:soft ratio, and comparing diblock-

diblock polymer cross-linked networks with diblock-small molecule cross-linked networks, would 

provide meaningful information on how to best utilize microphase separation to obtain desirable 

properties in vitrimer networks. 

Developing the ability to use renewable sources for polymeric materials is, however, just one 

of many considerations to be made. The product’s end of life is also a significant factor, which has 

great influence on the environmental impact of the material. Although about 80% of plastics 

produced are thermoplastics 84—meaning they are technically recyclable—actual recycling rates 

are low, with less than 9% of plastics being recycled.85  This underscores a breadth of problems. A 

lack of policies regulating or mandating recycling, lack of education on recycling, insufficient 

infrastructure, and added difficulties when using recycled materials as opposed to virgin materials 

all contribute to manufacturers continuing to use virgin materials. Thus, a reform is required for 

the end-of-life of polymer materials.  Developing renewably sourced, and recyclable polymers is 
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not of great benefit if the recycling never occurs, and the renewably sourced material’s end of life 

represents a source of waste in the environment.  

Increasing recycling rates, while not impossible, requires the collaboration and agreement from 

a multitude of groups. The energy requirements of collecting, sorting, and recycling of materials 

can outweigh the energy requirements of using virgin material.86 This is no different for vitrimeric 

materials. For their “recyclability” to be a benefit, they would need to be sorted with their own 

types and reprocessed before re-use. Essentially, the current recycling dilemma would need to be 

fixed, and recycling rate increased beyond their current 9% if the recyclability of vitrimers is to 

have a positive impact on the thermoset polymer industry.  

As polymer scientists, we can contribute to improving the end-of-life of polymer materials by 

developing not only recycling strategies, but by designing biodegradable materials. Of potentially 

more significance than using renewable sources, developing materials that do not persist on the 

earth for centuries or millennia is an opportunity to minimize the industry’s footprint. Some may 

argue this requires the development of composting facilities, infrastructure, and public awareness 

to ensure the biodegradation occurs, but this argument is no different than what already exists for 

improving recycling, and in this case, the degradation would see the removal of the material from 

the land. 

Vitrimers could offer an interesting method of increasing the biodegradability of polymeric 

materials. Due to the reversible nature of covalent chemistries used in vitrimer networks, 

incorporating a high degree of the reversible cross-linking between small chain polymer oligomers 

could also allow for network degradation. If short-chain polymers could be small enough that 

biodegradation may be feasible, cross-linking them to a high degree could offer the opportunity to 

generate a material, that after a service life, could be un-cross-linked and degraded. Future research 

projects into what vitrimer chemistry would be best suited for this application, what polymer 

should be used for the short chain oligomers, and if this is a feasible method of breaking down 

materials would be highly exciting. 

 Developing eco-friendly polymers will require a balance of renewable sourcing, recyclability 

and biodegradability while maintaining current performance levels. In addition to these scientific 

developments, reducing the overall consumption of polymers has the potential to lessen the strain 

of the industry. Currently, projections predict the use of polymers to continue to increase,87 but the 
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importance of encouraging the reduction of their use cannot be downplayed. In shifting the 

industry to more sustainable practices, collaboration across disciplines, industries, governments 

and citizens will be required. Defining how to rank an environmentally friendly material will help 

streamline innovations, while improving recycling and composting infrastructure, and promoting 

alternatives will see a considerable shift occur on a market level. Although incremental advances 

in policy and academia might appear small individually, cumulative efforts can drive the 

comprehensive change needed to transition the polymer industry towards sustainability. The 

combined development of renewable sources, engineering practices for material properties, and 

end-of-life solutions will be essential to meet the diverse demands polymers fulfill today.
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Chapter 6: Conclusions 

This thesis aimed to answer first if renewably source materials could be incorporated into 

polymeric materials with controlled polymerization kinetics, predictable molecular weights and 

narrow dispersities. Secondly, it sought to determine how the properties of renewable polymeric 

materials may be made more comparable to market standards 

To address the first objective, itaconic acid was transformed in a four-step synthesis scheme to 

see the addition of a methacrylate group at its backbone. This allowed for a novel family of bio-

soured itaconic acid-based methacrylates to be developed, demonstrating how bio-derived 

feedstocks can be functionalized to allow their incorporation into polymeric materials with 

enhanced renewable content. By the addition of a methacrylate group, the difficulties in 

polymerizing itaconic acid which had previously hindered its use in polymeric materials could be 

circumvented, allowing for the new monomers to display reliable polymerization kinetics typically 

expected of methacrylates. The resulting polymers were thermally stable, and adjusting the 

pendant arms of the itaconic acid allowed for the resulting polymers to give glass transition 

temperatures across a 60°C range. The predictable polymerization kinetics could be exploited to 

give designed molecular architectures, namely diblock copolymers.  

Thermal and rheological testing of the polymers revealed the ability to tune these properties 

by means of adjusting the polymer’s molecular weight. Copolymerizing into diblock copolymers 

also gave a greater ability to impart elastic behaviour to the polymers, thus leading the way into 

addressing the second objective of the thesis. This second objective was to explore methods of 

improving the macroscopic material properties of renewable polymers. Specifically, the influence 

of various molecular architectures in bio-based vitrimer networks on material properties was 

examined. Vitrimers, networks cross-linked by associative dynamic covalent chemistries, have the 

potential to replace thermosets with recyclable analogs, and serve as a mechanism of enhancing 

the material properties of renewable feedstocks which are not serviceable on their own. Their poor 

creep resistance, however, has prevented this from occurring so far. In the second project of this 

work, AB type diblock copolymers were cross-linked with statistical polymers, and compared to 

networks of just statistical, and statistical-small molecule kinds. Since the “A” in the diblock 

copolymers was a high Tg polymer, and was a minor phase in the networks, this cross-linking 

resulted in small and hard spherical microphase inclusions within a soft cross-linked matrix. 
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Rheological, mechanical, and thermal properties were reported, as was the ability of the networks 

to be reprocessed, and self-heal. Most notably, the small microphase separated inclusions were 

highly effective in reducing the susceptibility to creep, and recover from creep, when compared to 

the two homogenous networks both below and above the glass transition temperature of the A 

block. This did not however, impede their ability to relieve stress, be reprocessed, or self-heal. 

By incorporating reversible cross-linking into the renewably sourced polymer matrix and 

inducing microphase separation from the inclusion of diblock copolymers in the blend, the second 

project of this work demonstrated methods to significantly improve the macroscopic properties of 

bio-sourced C13MA. Structure could be imparted to the material by the addition of the cross-

linking, and creep could be better controlled by using diblock copolymers. Adjusting the ratio of 

cross-linking and diblock polymer within the blends can allow for a breadth of macroscopic 

properties to be designed, allowing for biobased materials to behave like their petroleum derived 

counterparts on the market.  

In summary, this work demonstrated an approach for incorporating renewable feedstocks into 

polymeric materials and highlighted how molecular architecture in vitrimer networks significantly 

influences material properties, offering a promising method for property tuning in sustainable 

polymers. Future studies into functionalizing biomolecules in a simpler route, various vitrimer 

architectures, and degradation mechanisms could further enhance the capabilities of bio-based 

vitrimer networks, enabling the creation of more sustainable, high-performance materials capable 

of meeting market demands.
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Appendix A: Supporting Information to Chapter 3 

A1 Experimental Methods 

A1.1 Materials and Reagents 

All materials purchased were reagent grade. Azobisisobutyronitrile (AIBN, Millipore Sima, 

≥98.0%) was recrystallized from methanol and dried in vacuum before being used. Methyl 

methacrylate (MMA, ≥99.0%, Millipore Sigma) and styrene (≥99.0%, Millipore Sigma) were 

passed through a column of basic alumina mixed with 5 wt% calcium hydride to remove inhibitors 

before being used. 2-cyano-2-propyl benzodithioate (RAFT agent) was purchased from Sigma 

Aldrich. BlocBuilder™ (alkoxyamine for NMP) was obtained from Arkema. 1-heptanol (≥99.9%, 

Oleris) was purchased from Arkema. Bis(pinacolato)diboron (B2Pin2, ≥99.0%) was purchased 

from Chem Impex. Itaconic acid (IA, ≥99.0%), benzyl alcohol (≥99.0%), butylated 

hydroxytoluene (BHT, ≥99.0%), para-toluene sulfonic acid monohydrate (pTSOH⋅H2O, ≥99.0%), 

benzyl alcohol (≥99.0%), anhydrous magnesium sulfate (MgSO4, ≥97.0%), copper (I) chloride 

(CuCl, ≥99.0%), sodium tert-butoxide (NaOtBu, ≥97.0%), sodium perborate tetrahydrate 

(NaBO3⋅4H2O, ≥96.0%), methacryloyl chloride (≥97.0%), triethylamine (≥99.5%), ethyl α-

bromoisobutyrate (EbiB, ≥98%), copper (I) bromide (CuBr, ≥99%), N,N,N′,N′′,N′′- 

pentamethyldiethylenetriamine (PMDETA, ≥99%), anhydrous tetrahydrofuran (THF, ≥99.9%), 

deuterated chloroform (CDCl3, ≥99.0%), silica gel 60 (230-400 Mesh ASTM) and celite  were all 

purchased from Millipore Sigma. Bis[(2-diphenylphosphino)phenyl] ether (DPEPhos, ≥98.0%), 

tetrahydrofuran (THF, HPLC grade), methanol (≥99.8%), ethyl acetate (≥99.0%), hexanes 

(≥99.0%), dichloromethane (≥99.8%), toluene (≥99.0%), and 1,4-dioxane (≥99.0%) were all 

purchased from Fisher Scientific.  

A1.2 1H NMR Spectroscopy 

1H NMR spectra were obtained using a Bruker AVIIIHD 500 MHz Spectrometer using an 

average of 16 scans in deuterated chloroform (CDCl3) at room temperature.  

A1.3 Gel Permeation Chromatography 

Samples for gel permeation chromatography were run on two independent instruments. 

For samples collected during the polymerizations for kinetic analysis, the molecular weight 

and dispersity was collected using gel permeation chromatography (Waters Breeze) calibrated with 
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narrow molecular weight distribution MMA) standards. HPLC grade THF at a flowrate of 

0.3mL/min was used as the mobile phase for detection by a differential refractive index detector 

(RI 2414). The instrument was equipped with three Waters Styragel HR columns which were 

heated to 40°C during the analysis. The Mark-Houwink-Sakurada equation was not applied for the 

analysis of these samples, and the resulting molecular weight and dispersity data is therefore 

relative to the calibration from the p(MMA) standards. The p(MMA) standards obtained from 

Varian ranged from 2 710 g/mol to 1 677 000 g/mol. 

For final polymers the samples were first dried under reduced pressure at 70°C overnight to 

remove any moisture. The following day, solutions of the samples were prepared in HPLC grade 

THF in concentrations of approximately 2 mg/mL, and these solutions were then allowed to fully 

dissolve overnight in the fridge. The samples were then filtered through 2 μm filters and added to 

an Agilent 1260 Infinity II multidetector suite system equipped with refractive index and multi-

angle light scattering detector. Calibration of the system was completed using Varian narrow 

p(MMA) standards (2 710 g/mol to 1 677 000 g/mol). This system had two Polypore separation 

columns, set at 40°C and a flowrate of 0.3 mL/min with HPLC grade THF as the eluent. 

Determination of absolute molecular weight and dn/dc by light scattering using the Agilent 

software assumed all the injected sample mass eluted from the column and was contained within 

the integration peak of the sample. 

A1.4 Differential Scanning Calorimetry 

The glass transition temperatures for the sets of polymers were determined by differential 

scanning calorimetry using a TA Instruments Discovery 2500 under a nitrogen atmosphere, 

following a heat/cool/heat cycle. The samples were equilibrated at -90°C for 5 minutes before 

being heated to 20°C at a rate of 2°C/min, held at 20°C for 5 minutes, and cooled back to -90°C at 

a rate of 2°C/min. They were then once again held at -90°C for 5 minutes and then heated a final 

time to 20°C at 2°C/min. The glass transition temperature was taken from the second heating cycle 

using the glass/step transition analysis tool in the TA Instruments Universal Analysis 2000 software 

where the inflection point is reported as the glass transition temperature. 

A1.5 Thermal Gravimetric Analysis 

The thermal stability of the synthesized polymers was evaluated using a TA Instruments 

Discovery 5500 instrument under a nitrogen flowrate of 25 mL/min. Samples were loaded onto 
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platinum sample pans, and heated from 25 to 700°C at a rate of 10°C/min. The onset temperature 

at a weight loss of 10% is reported, obtained from using the weight loss at temperature tool in the 

TA Instruments TRIOS software. 

A1.6 Rheology 

Prior to rheological assessment, the samples were dried under vacuum for 48 hours at 40°C. 

An Anton Paar MCR 302 instrument was used for rheology and viscosity tests, equipped with a 

25 mm parallel plate sample mount. Samples were added to the parallel plate apparatus using a 

spatula, except for MbH1 which was first hot-pressed into a disk shape due to being more rigid. 

Frequency sweep tests were performed at a strain of 0.1%, and the samples were allowed to 

equilibrate at the testing temperature for 10 minutes before being run. 

A1.7 Thin Film Preparation 

Approximately 0.2 g of diblock polymer samples were dissolved in minimal amounts of THF, 

and then applied using a glass pipette onto a glass microscope plate. The samples were then added 

to an oven at 120°C and ambient pressure for 3 hours, after which reduced pressure was applied. 

The oven was then turned off and allowed to cool to room temperature overnight. 

A1.8 Small Angle X-RAY Scattering 

SAXS patterns were obtained on a SAXSpoint 2.0 (Anton Paar) instrument using a Cu Ka 

radiation source with an Eiger R 1M horizontal detector. The detector was set at 557 mm, with the 

radiation source giving a wavelength of 1.54 Å. The thin film samples were laid onto 10 mm x10 

mm sample holders obtained from Anton Paar. The samples were exposed to X-Rays for 20 

minutes per frame, for a total of three frames per sample; The SAXS patterns were corrected and 

given as a function of the scattering vector (q=(4π/λ)sinθ, with 2θ being the scattering angle in 

degrees (°) and q in nm-1). 

A1.9 Synthesis of Monomer 

An overview of the first synthesis step is shown in Schematic A1. 

 

Schematic A1. Functionalization of itaconic acid via dehydration. 
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Step 1. Itaconic acid (23.74 g, 182.5 mmol, 1 eq.) was added to a 250 mL three-necked round 

bottom flask containing a magnetic Teflon stir bar along with para-toluene sulfonic acid 

monohydrate (pTSOH⋅H2O) (2.37g, 10 wt% of itaconic acid) and butylated hydroxytoluene (BHT) 

(237 mg, 1wt% of itaconic acid). 1-heptanol (52.85 mL, 374.1 mmol, 2.05 eq.) was subsequently 

added and the flask was heated at 110°C under strong nitrogen bubbling for 2.5 hours via an oil 

bath, while connected to a Dean-Stark apparatus. The mixture was then cooled to room temperature 

and diluted with 400 mL of ethyl acetate in a separatory funnel.  This organic fraction was first 

washed with 400 mL of saturated NaHCO3 solution then 400 mL of brine, before being dried with 

MgSO4, and filtered. Excess solvent was removed by rotary evaporation to obtain diheptyl 

itaconate (55.49 g, 170.0 mmol) as a colourless oil with 93% yield. 

 

Figure A1. 1H NMR of diheptyl itaconate: δ 6.32 (A) (s, 1H), 5.69 (B) (s, 1H), 4.15 (C) (t, 2H), 

4.09 (D) (t, 2H), 3.34 (E) (s, 2H), 1.65 (F) (m, 4H), 1.31 (G) (m, 16H), 0.89 (H) (t, 6H). 
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Figure A2. 1H NMR of dibenzyl itaconate: δ 7.36 (A) (m, 10H), 6.41 (B) (s, 1H), 5.76 (C) (s, 

1H), 3.43 (F) (d, 2H). 

An overview of the second synthesis step is shown in Schematic A2. 

 

  

Schematic A2. Boration of the itaconic acid derivative. 

Step 2.To a flame-dried and nitrogen-purged 250 mL round bottom flask containing a magnetic 

Teflon stir bar was added copper chloride (178.2 mg, 1.8 mmol, 0.06 eq.), sodium tert-butoxide 

(518.9 mg, 5.4 mmol, 0.18 eq.), bis[(2-diphenylphosphino)phenyl] ether (1.050 g, 1.8 mmol, 0.06 

eq.) and lastly anhydrous tetrahydrofuran (60mL) before being stirred for 30 minutes under a 
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nitrogen atmosphere. Bis(pinacolato)diboron (8.380 g, 33 mmol, 1.1 eq.) was added with the 

remaining anhydrous tetrahydrofuran (30 mL) and stirred for 10 minutes. Previously synthesized 

diheptyl itaconate (9.794 g, 30 mmol, 1 eq.) was added with methanol1 (4.87 mL, 120 mmol, 4 

eq.) and left under nitrogen to stir overnight. The mixture was passed through a bed of celite the 

following day, and the solvent removed by rotary evaporation to yield a pale blue oil containing 

the excess bis(pinacolato)diboron. The product was used without further purification. 

 

Figure A3. 1H NMR of borated diheptyl itaconate: δ 4.05 (A) (td, 4H), 3.02 (B) (m, 1H), 2.71 

(C) (dd, 1H), 2.51 (D) (dd, 1H), 1.61 (E) (q, 4H), 1.24 (F) (m, 16H), 1.15 (G) (dd, 1H), 0.99 (H) 

(dd, 1H), 0.88 (I) (td, 6H). 
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Figure A4. 1H NMR of borated dibenzyl itaconate: δ 7.34 (A) (m, 10H), 5.09 (B, C) (m, 4H), 

3.16 (D) (m, 1H), 2.83 (E) (dd, 1H), 2.63 (F) (dd 1H), 1.28 (G) (m, 12H), 1.05 (I) (dd, 1H). 

An overview of the third synthesis step is shown in Schematic A3. 

  

Schematic A3. Oxidation of borated adduct. 

Step 3. The adduct from S2 (15 mmol, 1 eq.) was dissolved in tetrahydrofuran (60 mL) and 

reverse osmosis water (60 mL) in a 250 mL round bottom flask, to which was added sodium 

perborate tetrahydrate (6.924 g, 45 mmol, 3 eq.) and then stirred for 1.5 hours. The reaction was 

quenched by the addition of 90 mL reverse osmosis water and washed with 120 mL of brine, then 

extracted with 180 mL of ethyl acetate. Two more extractions of the aqueous phase were completed 
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using 120 mL of ethyl acetate. The combined organic fractions were washed with 150 mL of brine, 

before being dried with MgSO4, filtered, and the excess solvent removed by rotary evaporation to 

obtain a yellow-green oil. Purification by column chromatography at 70:30 hexanes:ethyl acetate 

was monitored by thin line chromatography to isolate a colourless oil as the product (3.3 g, 9.58 

mmol) in a 63.9 % yield across both Step 2 and Step 3.  

 

Figure A5. 1H NMR of oxidized diheptyl itaconate: δ 4.09 (A) (dt, 4H), 3.82 (B) (t, 2H), 3.02 

(C) (p, 1H), 2.72 (D) (dd, 1H), 2.62 (E) (dd, 1H), 2.29 (F) (t, 1H), 1.20-1.72 (G) (m, 20H), 0.88 

(H) (m, 6H). 
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Figure A6. 1H NMR of oxidized dibenzyl itaconate: δ 7.36 (A) (m 10H), 5.15 (B, C) (m 4H), 

3.86 (D, E) (h, 2H), 3.13 (F) (tt, 1H), 2.86 (G) (dd, 1H), 2.72 (H) (dd, 1H), 1.98-2.58 (I) (br, 1H). 

An overview of the fourth synthesis step is shown in Schematic A4. 

  

Schematic A4. Methacyrylation of oxidized itaconate. 

Step 4. To a flame dried 1000 mL reactor containing a magnetic stir bar, 370 mL of 

dichloromethane was added, and subsequently cooled in an ice bath. The educt from S3 (17.47 g, 

50.7 mmol, 1 eq.) was then dissolved into the solvent, and triethylamine was added (13.5 mL, 96.3 

mmol, 1.9 eq.). Methacryloyl chloride (5.95 mL, 60.8 mmol, 1.2 eq.) was then added dropwise, 

and the mixture was allowed to warm to room temperature while being stirred overnight. The 
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reaction was quenched the following day by the addition of 150 mL of saturated NaHCO3 solution. 

The resulting aqueous phase was extracted twice more with 150 mL of dichloromethane each time, 

and the combined organic phases washed with 150 mL of brine before being dried with anhydrous 

MgSO4 and filtered. Evaporation of excess solvent by rotary evaporation produced a peach hued 

oil that was purified by column chromatography using hexanes: ethyl acetate at 70:30, in which 

the product was the first to elute from the column as a colourless oil yielding 76.2% (15.94 g, 38.6 

mmol). 

 

Figure A7. 1H NMR of diheptyl itaconyl methacrylate: δ 6.11(A) (s, 1H), 5.6 (B) (s, 1H), 4.40 

(C) (m, 2H), 4.12 (D) (dt, 4H), 3.26 (E) (dq, 1H), 2.86 (F) (dd, 1H), 2.57 (G) (dd, 1H), 1.95 (H) 

(s, 3H), 1.20-1.72 (I) (m, 20H), 0.91 (J) (td, 6H). 
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Figure A8. 1H NMR of dibenzyl itaconyl methacrylate: δ 7.36 (A) (m, 10H), 6.03 (B) (s, 1H), 

5.55 (C) (s, 1H), 5.15 (D) (m, 4H), 4.43 (E) (qd, 2H), 3.35 (F) (m, 1H), 2.95 (G) (dd, 1H), 2.65 

(H) (dd, 1H), 1.89 (I) (s, 3H). 

A1.10 Nitroxide Mediated Polymerization of DHIAMA 

An overview of the polymerization is given in Schematic A5. 

 

 

Schematic A5. Polymerization conditions via nitroxide mediated polymerization. 

BlocBuilder was used as the nitroxide initiator and radical source during the nitroxide mediated 

polymerization of DHIAMA. Due to its methacrylic structure, styrene was used as a comonomer 
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in small amounts ~ 10 mol% with DHIAMA to impart control over the nitroxide mediated 

polymerization2. For the synthesis of the polymer, DHIAMA (1.466 g, 3.55 mmol), styrene (41 

mg, 0.39 mmol), and BlocBuilder (23 mg, 0.06 mmol) were dissolved in an equivalent mass of 

toluene (1.76 mL) in a 10 mL three-neck round-bottom flask containing a magnetic stir bar, and 

fitted to a reflux condenser. Nitrogen gas was purged through the solution for 30 minutes before 

the flask was placed in an oil bath preheated to 90°C for 6 hours. Samples for 1H NMR and GPC 

were taken periodically for kinetic analysis. The reaction was stopped by removing the flask from 

the oil bath and allowing the solution to cool to room temperature before being precipitated three 

times with methanol from THF. The resulting viscous liquid was dried overnight under reduced 

pressure at 40°C.  

A1.11 Atom Transfer Radical Polymerization of DHIAMA 

An overview of the polymerization is given in Schematic A6. 

 

Schematic A6. Polymerization conditions via atom transfer radical polymerization. 

A standard method of ATRP was employed to synthesize a homopolymer of DHIAMA. The 

target degree of polymerization, representing the number of repeat monomer units, was set to 50, 

with the degree of polymerization: ligand: catalyst: initiator ratio set to 1:1:0.5:1. For the synthesis, 

half the total volume of solvent dioxane (1.15 mL) was added into a 10mL three-necked-flask, to 

which the catalyst copper I bromide (4 mg, 0.027 mmol) and ligand PMDETA (9.6 mg, 0.055 

mmol) were weighed in, and stirred by a magnetic stir bar under nitrogen purge for 15 minutes. 

Atop this setup was a reflux condenser. The DHIAMA (1.15 g, 2.78 mmol), remaining solvent 

(final solution 50wt% monomer and solvent) and initiator EBiB (10.8 mg, 0.055 mmol) were then 

introduced to the reactor, and the mixture was left to purge for an additional 15 minutes. To start 

the reaction, the three-necked-flask was submerged halfway into an oil bath preheated to 80°C. 

Samples for GPC and NMR were taken throughout the reaction to permit kinetic analysis. The 
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reaction was stopped by removing the reactor from the oil bath, with the polymer then being 

precipitated 3 times by methanol and THF.  

A1.12 Reversible Addition Fragmentation Chain Transfer Polymerization of DHIAMA 

An overview of the polymerization is given in Schematic A7. 

 

Schematic A7. Polymerization conditions via reversible addition-fragmentation chain transfer. 

Reversible addition-fragmentation chain transfer polymerization was selected for the synthesis 

of the homopolymer series, for its ability to produce nearly monodisperse polymers with active 

chain ends. Having high control over the degree of polymerization and maintaining a low 

dispersity renders it favourable for producing samples where the molecular weight dependance of 

properties can be studied.  

Aside from the runtime, reaction conditions were maintained constant for the homopolymer 

series. As an example for  DH-20k, the reaction setup began with the addition of DHIAMA (1 g, 

2.42 mmol), the chain transfer agent 2-cyano-2-propyl benzodithioate (11.19 mg, 0.051 mmol), 

the initiator AIBN (1.66 mg, 0.010 mmol) and the solvent, dioxane (2 mL, to reach a volumetric 

solution ratio of 1:2 for monomer: solvent), to a 10 mL three-necked-flask. A magnetic stir bar was 

added to the flask, and the mixture was stirred under nitrogen purge for 30 minutes before being 

added to a preheated oil bath at 72°C to begin the reaction. Samples for GPC and NMR were taken 

throughout to allow for kinetic analysis, and the reaction was terminated by removing the flask 

from the oil bath and cooling the mixture. Polymers were obtained by being precipitated three 

times using methanol and THF. 
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A1.13 Block Copolymer Synthesis 

An overview of the two-step polymerization is given in Schematic A8. 

 

 

Schematic A8. Two-step polymerization conditions of diblock copolymers via reversible 

addition-fragmentation chain transfer. 

Preparation of the macro-RAFT CTA agent was completed following the method outlined in 

Section A1.12 above, using methyl methacrylate (MMA) as the monomer, a volumetric solution 

volume of 1:1 (monomer:dioxane) and a temperature of 85°C. Following three precipitation 

cycles, the macro-RAFT agent was then dried in a fume hood for 24 hours and then under reduced 

pressure at 40°C for 24 hours to remove any remaining solvent. Chain extensions of the macro-

RAFT agent again followed the procedure outlined above. As an example for MbH1: p(MMA) 

macro-RAFT agent (800 mg, 0.080 mmol), AIBN (3.94 mg, 0.024 mmol), DHIAMA (840 mg, 

2.04 mmol) and dioxane (3 mL, to reach an approximate polymer/monomer: solvent ratio of 2:1) 

were added to a 10mL three-necked-flask. The mixture was stirred under nitrogen purge for 30 

minutes before being added to a preheated oil bath at 74°C to initiate polymerization. The reaction 

was stopped by cooling the mixture, and the polymer precipitated three times from THF using 

methanol.  
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A2 Homopolymers 

A2.1 Nuclear Magnetic Resonance 

An example NMR spectra of p(DHIAMA) is given in Figure A9 and for p(DBIAMA) in Figure 

A10. 

 

Figure A9. 1H NMR of p(DHIAMA): δ 3.07-3.25 (A) (br, 1H), 2.71-2.89 (B) (br, 1H), 2.48-2.67 

(C) (br, 1H). 
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Figure A10. 1H NMR of p(DBIAMA): δ 3.07-3.25 (A) (br, 1H), 2.71-2.89 (B) (br, 1H), 2.48-

2.67 (C) (br, 1H), (trace impurities at 1.85 and 3.76 from THF). 
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A2.2 p(DBIAMA) Reaction Kinetics 

Polymerization kinetics of p(DBIAMA) following the procedure outlined in Section A1.12 are 

shown in Figure A11 and A12. 

 

Figure A11. Pseudo-first order monomer conversion with time for a standard polymerization of 

dibenzyl itaconyl methacrylate using RAFT at 74°C. Monomer conversion was determined from 

the integration of monomer peaks in NMR samples. 
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Figure A12. Molecular weight and dispersity of the growing polymer chains during the 

polymerization of DBIAMA by RAFT. Molecular weight and dispersity values were determined 

from GPC samples analyzed by an RI detector. 

A2.3 Thermal Gravimetric Analysis 

Results from TGA following the methods outlined in Section A1.5 are shown in Figure A13 and 

A14. 
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Figure A13. Thermal gravimetric results of p(DHIAMA) (H7), indicating a two-step 

decomposition process. 

 

Figure A14. Thermal gravimetric analysis results of p(DBIAMA) (B4), indicating a two-step 

decomposition process. 
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A2.4 p(DHIAMA) Viscosity Sweep 

Viscosity sweeps conducted on the p(DHIAMA) series are shown in Figure A15. 

 

Figure A15. Example viscosity curves of p(DHIAMA) homopolymers from which zero-shear 

viscosity values were obtained from the plateau at low frequencies. 
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Figure A16. Zero-shear viscosities gave a good linear fit (R2=0.8434) with molecular weight 

under the tested homopolymers. The molecular weight of entanglement was not in the 

synthesized range. 

 

A3 Block Copolymers 

A3.1 Solubility Parameter Calculation p(DHIAMA) 

The Hoftyzer-Van Krevelen method was used to estimate the solubility parameter of DHIAMA 

(δDHIAMA) using group contribution3. In this approach, the solubility parameter is given by Equation 

A1: 

𝛿2 = 𝛿𝑑
2 + 𝛿𝑝

2 + 𝛿ℎ
2 (A1) 

where: 

𝛿𝑑 =
∑ 𝐹𝑑𝑖

𝑉
; 𝛿𝑝 =

√∑ 𝐹𝑝𝑖
2

𝑉
; 𝛿ℎ = √

∑ 𝐸ℎ𝑖

𝑉
 

 

(A2) 
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The parameters of the relevant functional groups in DHIAMA can be found in literature. 

Table A1. Structural group solubility parameter contributions3 

Structural Group Fd (J0.5cm1.5mol-1) Fp (J0.5cm1.5mol-1) Eh (J mol-1) 

-CH3 420 0 0 

-CH2- 270 0 0 

>CH- 80 0 0 

=CH2 400 0 0 

=C< 70 0 0 

-COO- 390 490 7000 

 

A pycnometer was used to find the density of p(DHIAMA) as ρ = 1.05 g/cm3, leading to a molar 

volume of Vp(DHIAMA) being 392.8 cm3/mol. Thus, the solubility parameter was estimated as 

δDHIAMA = 18.8 (J/cm3)0.5. 

A3.2 Flory-Huggins Interaction Parameter Calculation 

The interaction parameter of p(DHIAMA) and p(MMA) systems can be calculated using the 

Flory-Huggins method by: 

𝜒 =
𝑉̅

𝑅𝑇
(𝛿𝐷𝐻𝐼𝐴𝑀𝐴 − 𝛿𝑀𝑀𝐴)2 

(A3) 

with the average volume given by Equation A4. 

 𝑉̅ = √𝑉𝐷𝐻𝐼𝐴𝑀𝐴𝑉𝑀𝑀𝐴 (A4) 

where R is the universal gas constant and T is the absolute temperature. 

From literature, the molar volume of p(MMA) is 86.5 cm3/mol and δMMA = 23.5 (J/cm3)0.5 4. 

Their interaction parameter can then be estimated as χ = 1.627 at 25°C. To expect phase 

separation in the polymer, the (χN) value must exceed 10.5, where N is the total degree of 

polymerization. Using this, the block copolymers were designed such that the degree of 

polymerization for the target composition would be expected to result in microphase separation, 

as shown in the table. 
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Table A2. χN values of the targeted p(MMA-b-DHIAMA) block copolymers. 

Copolymer Mn p(MMA), GPC Mn p(DHIAMA), target Ntotal, expected (χN) 

MbH1 10 000 10 500 125 203.4 

MbH2 10 000 24 000 158 257.1 

MbH3 10 000 85 000 306 497.9 

MbH4 10 000 118 000 386 628.0 

MbH5 32 300 137 000 655 1 065.7 

 

With the χN values falling over an order of magnitude above 10.5, it is estimated the diblock 

polymers will likely exhibit phase separation if synthesized as designed.  

A3.3 Block Copolymer Reaction Kinetics 

Example reaction kinetics using the methods outlined in Section A1.13 for the synthesis of a 

diblock copolymer are given in Figure A17 through A20. 

 

Figure A17. Pseudo first-order conversion of MMA during polymerization by RAFT. 
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Figure A18. Molecular weight and dispersity values during the polymerization of MMA to 

generate the macro-RAFT agent. 

 

Figure A19. Pseudo first-order conversion of DHIAMA during the chain extension of the 

p(MMA) macro-RAFT agent to give a diblock copolymer. 
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Figure A20. Molecular weight and dispersity of the growing polymer during the chain extension 

reaction to produce p(MMA-b-DHIAMA). 
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A3.4 Nuclear Magnetic Resonance 

An example of a NMR spectra of a diblock copolymer is given in Figure A21. 

 

Figure A21. 1H NMR of p(MMA-b-DHIAMA): δ 3.50-3.65 (A) (3H, p(MMA)), 3.07-3.25 (B) 

(1H, p(DHIAMA)), 2.71-2.89 (C) (1H, p(DHIAMA)), 2.48-2.67 (D) (1H, p(DHIAMA)). 

 

A3.5 Copolymer Composition Calculation 

The composition of the diblock copolymers was determined using the 1H NMR spectrum of 

the dried samples. The integration values found from the chemical shifts were used in Equation 

A5 to determine the composition:  

𝐹𝑖 =  

(∫ (
1

Number of Hydrogens
)

range end

range start
)

𝑖

∑ ∫ (
1

Number of Hydrogens
)

range end

range start

𝑁 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠
1

 

(A5) 
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A3.6 Differential Scanning Calorimetry 

The results of DSC on the diblock copolymers, following the method outlined in Section A1.4, are 

given in Figure A22.  

 

Figure A22. Differential scanning calorimetry results of the p(MMA-b-DHIAMA) series with 

discernable glass transition temperatures indicated by arrows. 
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Appendix B: Supporting Information to Chapter 4 

B1 Experimental Methods 

B1.1 Materials and Reagents 

All chemicals were used as received, unless otherwise stated here. VISIOMER® Terra C13-

methacrylate (C13MA, Evonik), styrene (MilliporeSigma), methyl methacrylate (MMA, 

MilliporeSigma), and acrylonitrile (AN, MilliporeSigma) were purified in a column of basic 

alumina and 5 wt% calcium hydride to remove inhibitors before use. Glycerol monomemthacrylate 

(GMMA) was purchased from Polysciences. 4-Vinylphenylboronic acid (VPBA, ≥95%) and 1,4-

Benzenediboronic acid (98%) were purchased from AK Scientific. BlocBuilder™ (BB, 

alkoxyamine for NMP) was obtained from Arkema. 1,2-Propanediol (≥99.5%), pinacol (98%), 

deuterated chloroform (99.8%), dioxane (≥99.0%), dimethylformamide (DMF, ≥99.9%), toluene 

(≥99.5%) and molecular sieves were purchased from Millipore Sigma. Methanol, (MeOH, 

≥99.8%), tetrahydrofuran (THF, HPLC grade, ≥99.9%), chloroform (≥99.8%), and anhydrous 

magnesium sulfate (MgSO4) were purchased from Fisher.  

B1.2 Instrumentation and Methods 

B1.2.1 Proton Nuclear Magnetic Resonance (1H NMR) 

1H NMR spectra were collected using a Bruker AVIIHD 500 MHz spectrometer with an 

average of 32 scans using deuterated chloroform (CDCl3) as the diluent. To dissolve the VPBA 

based copolymers in CDCl3 for NMR analyses, excess amount of pinacol was added to the samples 

to cap the boronic acids. 

B1.2.2 Fourier Transform Infrared (FTIR) Spectroscopy 

FTIR spectra were collected using a Thermo Scientific Nicolet iS50 FTIR Spectrometer. The 

instrument was equipped with a single bounce diamond attenuated transmission reflectance (ATR) 

for solids. Samples were subjected to 32 scans in the range of 4000 - 400 cm-1. 

B1.2.3 Atomic Force Microscopy (AFM) 

A Cypher VRS SPM (Asylum-Research-Oxford Instruments) machine was used in tapping 

mode for the atomic force microscopy phase imaging. The prepolymer was dissolved in THF and 
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transferred onto a Teflon plate to dry out overnight at room temperature followed by vacuum 

drying in an oven at 50°C. The dried polymer film was then transferred onto an AFM sample 

holder for analyses in air. 

B1.2.4 Small Angle X-Ray Scattering (SAXS) 

Measurements were taken of bulk samples on a SAXS point 2.0 (Anton Paar) instrument. A 

Cu Ka radiation source with a wavelength of 1.54 Å was used with an Eiger R 1M horizontal 

detector set at 557 mm. The samples of the bulk material were placed on a sample holder provided 

by Anton Paar, and exposed to X-ray for 20 minutes per frame, for three frames per sample. The 

SAXS patterns were corrected and given as a function of the scattering vector q= (4π/λ)sinθ, where 

2θ is the scattering angle in degrees (°) and q is in nm-1. The domain spacing was then determined 

by the following equation: 

𝑑 =
2𝜋

𝑞 ∗
 

where q* is the principal peak, being the first major peak in the SAXS patterns. 

B1.2.5 Gel Permeation Chromatography (GPC) 

Samples taken during prepolymer synthesis and of final prepolymers were run on a Waters 

Breeze gel permeation chromatography instrument using HPLC-grade THF to determine the 

number average molecular weight (Mn), and the dispersity (Đ = Mw/Mn). A flowrate of 0.3mL/min 

was used to run the samples through the system operated at 40°C consisting of a guard column, 3 

Styragel HR columns, and a refractive index (RI 2414) detector. The system calibration was 

completed with a series of poly(methyl methacrylate) (PMMA) standards from Varian (with a 

calibration range from 875 to 1 677 000 g/mol), and molecular weights reported are relative to 

those PMMA standards.  

Polymer samples containing 4-vinylphenylboronic acid (VPBA) were capped using pinacol 

and molecular sieves prior to being analyzed by GPC.  

B1.2.6 Thermogravimetric Analysis (TGA) 

Thermal stability of prepolymers and networks was assessed by a TA Instrument Discovery 

5500 under nitrogen, using platinum pans. For determining the temperature of decomposition, 

samples were heated at a rate of 10°C/min from 25°C to 600°C. In the TA Instruments TRIOS 
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software, the onset tool was used to determine the onset of 10 wt% degradation, with the 

corresponding temperature reported. For the isothermal test, the sample was first heated to 100°C 

and held for 30 min to remove any moisture, before being heated to 150°C and held isothermal for 

180 min. 

B1.2.7 Differential Scanning Calorimetry (DSC) 

The glass transition temperature (Tg) of prepolymers and vitrimeric blends was evaluated using 

a TA Instruments Discover 2500 under a nitrogen atmosphere, in aluminum hermetic pin-hole 

pans. The samples were subjected to a heat/cool/heat cycle: first being held at -90°C for 3 min, 

then heated to 140°C at a heating rate of 10°C/min, held isothermal for 3 min, and cooled again at 

a rate of 10°C/min to -90°C, held isothermal for 3 min, and heated a final time to 140°C at 

10°C/min. Using the second heating ramp, the Tg was determined using the as the curve inflection 

point and glass transition tool in the TA Instruments TRIOS software. 

B1.2.8 Compression Molding of Test Bars and Disks 

Dog-bone shaped test bars for tensile testing, as well as disks for rheological testing, were 

produced with a Carver manual hydraulic press with Watlow temperature controllers. Dried 

vitrimeric samples were cut into small fragments, and arranged in steel molds, sandwiched 

between Teflon plates before being transferred into the preheated press. The dimensions of each 

dog-bone were 3.2 mm wide × 1.5mm thick × 15.0 mm long while the disks were 25 mm in 

diameter and 1 mm in thickness. Bars and disks were pressed at 115°C and 6 metric tonnes (Mt) 

for 20 min, then 8 Mt for 20 min, and finally 12 Mt for 20 min, with 30 sec of degassing at 0 Mt 

between each pressure increase. The total press time was 60 ± 5 min. The hot press plates were 

cooled down to 30 ± 10°C using tap water, before releasing the pressure and removal of sample. 

B1.2.9 Dynamic Mechanical Analysis (DMA) and Rheology 

An Anton Paar MCR 302 was used for rheological and DMA testing. DMA tests were 

completed on 25 mm disks using a parallel plate geometry with a gap distance of 1 mm. The sample 

were heated from room temperature to 150°C at a rate of 5°C/min, and a frequency of 1 Hz. 

Rheological tests were also performed using the same parallel plate setup. Strain sweep tests were 

performed on the networks at 50 and 150°C to confirm the linear viscoelastic region (LVR) when 

subjected to a frequency of 1 Hz. Frequency sweep tests were performed at 0.1% strain and from 
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50 – 130°C. Stress relaxation tests were performed at 0.1% fixed strain from 90 to 130°C with 

10°C increasing increments each for 1000 s with 1 N normal force. Creep-recovery tests were 

performed by applying 250 Pa for 300 s, followed by 0 Pa for 500 s, for a total test time of 800 s. 

B1.2.10 Tensile Testing 

Uniaxial tensile tests were conducted using a Shimadzu Easy Test instrument with a 500 N 

load cell as complying with ASTM standard D638-14. Test bars were clamped and tested at an 

overhead strain rate of 10 mm/min at room temperature. Stress-strain curves were used to 

determine the strain (% elongation) and stress at break. 

B1.2.11 Indentation 

A Nanovea M1 Hardness Tester Nano-indentator equipped with a Berkovich tip was used. A 

load of 20 mN with an approaching load rate and unloading rate of 40mN/min, and 20mN/min, 

respectively, were applied. An approach speed of 2.5 μm/min was selected, with a contact load of 

0.3 mN that was held for 30 s between the loading and unloading phase. Nine tests were conducted 

on different locations of the network surface. The Nanovea software was used to calculate the 

hardness of the material. 

B1.2.12 Swelling and Gel Fraction 

The swelling ratio and gel fraction of the networks were assessed in toluene. The samples were 

added to a capped 20 mL vial and excess toluene at room temperature for 48 hours. Afterwards, 

the swollen samples were removed from the solvent, with excess solvent removed by gently 

dapping using a Kimwipes and weighed to determine the swelling ratio by Equation B1: 

Swelling Ratio =
ms − m0

m0
 × 100 (B1) 

where, ms is the swollen sample mass and m0 is the original sample mass before the swelling 

experiment.  

The swollen samples were then dried under reduced pressure at 60°C for 24 hours, before 

weighing again. This dried sample mass (md) could then be used to determine the gel content of 

the networks by Equation B2: 

Gel Content (%) =
m𝑑

m0
 ×  100 (B2) 
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B2 Synthesis and Characterization of Polymers and Crosslinker 

B2.1 Statistical Copolymer: poly(GMMA-co-C13MA-co-Styrene): P1-S-GM 

 

Figure B1. Synthesis of statistical P1-S-GM polymer via nitroxide mediated polymerization 

using BlocBuilder. 

C13-methacrylate  (25 g, f C13MA = 0.8 mol %), GMMA (1.86 g , fGMMA = 0.1 mol %), styrene 

(1.21 g, fstyrene = 0.1 mol %), 0.4 g BlocBuilder (1.048 mmol, Mn, target = 25 kg/mol at 100% 

conversion), dioxane (28.5 grams, 50 wt% of solution), and DMF (1 mL, as internal reference for 

NMR analyses) were added to a 250 mL three necked round bottom flask equipped with a Teflon 

stir bar and an overhead reflux condenser cooled to 5°C.  

The solution was purged with ultrapure nitrogen gas for 45 min at room temperature prior to 

transferring the reactor to an oil bath preheated at 90°C, marking the start of the reaction. At this 

time zero, 0.2 mL of was drawn via syringe to be evenly split for GPC and NMR analysis. 0.2 mL 

aliquots were periodically taken throughout the reaction for GPC and NMR analysis to assess the 

polymerization kinetics. After 330 min, the reactor was removed from the oil bath to cool down to 

< 40°C. Subsequently, the reaction solution was transferred to a beaker and triply precipitated into 

excess MeOH, from THF , yielding a white polymer, which was then dried under reduced pressure.  
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Figure B2. P1-S-GM synthesis reaction results: (A) Pseudo-first order kinetics of the statistical 

polymerization of poly(C13MA-co-Styrene-co-GMMA) (P1-S-GM) with C13MA (pink circles), 

GMMA (navy diamonds), and styrene (orange squares). Styrene appears to be preferentially 

polymerized and was fully incorporated by the final sample time of 330 minutes; (B) Number 

average molecular weight (Mn) (pink circles) as determined by GPC, theoretical molecular 

weight (dashed line) as determined by  overall monomer conversion (Xoverall = ∑ 𝑋𝑖𝑓0,𝑖  with f0,i 

initial mol% of the monomer i) from 1H NMR, and dispersity (Ð) (orange crosses) determined by 

GPC. 

 

 

 

 

 

 

 

 

 

B A 
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Figure B3. 1H NMR of the final dried P1-S-GM polymer: δ 6.87 – 7.26 (purple square) (5H, 

Styrene), 3.82 – 4.17 (blue star) (2H, C13MA), 3.46 – 3.82 (orange circle) (2H, GMMA). 

 

 

Figure B4. (A) TGA curve of P1-S-GM with the onset of 10 wt% degradation at 202°C; (B) 

image of P1-S-GM in a beaker. 

 

 

 

 

 

 

 

 

 

 

 

B A 
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B2.2 Statistical Copolymer: poly(VPBA-co-C13MA): P2-S-VP 

 

Figure B5. Synthesis of statistical poly(C13MA-co-VPBA) (P2-S-VP) copolymer via nitroxide 

mediated polymerization using BlocBuilder. 

 

C13MA( C13MA18.52 g, fC13MA = 0.9), VPBA  (1.13 g , fVPBA = 0.1), BlocBuilder (0.3 g, Mn, 

target = 25 kg/mol at 100% conversion), dioxane (19.7 g, 
𝑚𝑑𝑖𝑜𝑥𝑎𝑛𝑒

∑ 𝑚𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠
= 2), water (1 mL) to open 

potential Broxines,  and DMF (1 mL, for internal reference in NMR analysis) were added to a 

three necked flask with a Teflon stir bar, overhead reflux condenser, thermal coupleand the outlets 

capped with rubber septa. The solution was stirred to allow the BlocBuilder and VPBA to fully 

dissolve, before the reactor was attached to a reflux condenser chilled to 5°C. A nitrogen purge 

was then introduced to the solution and purged for 30 minutes, before the reactor was placed atop 

a heating mantle and heated to 85°C.  Time zero was taken to be when the solution reached 70°C, 

and aliquots samples for GPC and NMR were taken periodically. After 340min, the solution was 

removed from the heating mantle and cooled before being transferred into a beaker and then 

precipitated in MeOH and reprecipitated from THF three times. The purified prepolymer, shown 

in Figure B8, was dried out at 40 ˚C under vacuum overnight.   
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Figure B6. P2-S-VP synthesis reaction results: (A) Pseudo-first order kinetics of the statistical 

polymerization of P2-S-VP with C13MA (pink circles), and VPBA (navy diamonds) determined 

by 1H NMR; (B) Mn (pink circles), dispersity (orange crosses) determined by GPC, and 

theoretical molecular weight (dashed line) versus overall monomer conversion throughout the 

polymerization. 
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Figure B7. 1H NMR of the final dried P2-S-VP polymer: δ 7.50 – 7.80 (purple circle) (2H, 

VPBA), 3.75 – 4.15 (blue star) (2H, C13MA). 
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Figure B8. (A) TGA curve of P2-S-VP with the onset of 10 wt% degradation at 243°C; (B) 

Image of P2-S-VP. 

B2.3 Block copolymer poly(MMA-co-AN)-block-poly(C13MA-co-VPBA): P3-B-VP 

 

Figure B9. Sequential synthesis of block P3-B-VP copolymer via NMP using BlocBuilder. First, 

poly(MMA-co-AN) macroinitiator is synthesized in bulk and then the macroinitiator was 

dissolved in dioxane and chain extended with C13MA/VPBBA to form a diblock copolymer. 
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 MMA (78.7 grams, fMMA = 0.9), acrylonitrile (AN, 5.16 grams, fAN =0.1) and BlocBuilder 

(0.80 gram) were added to a 250 mL 3-neck round bottom reactor with a Teflon stir bar and 

overhead reflux condenser chilled to 2°C. The solution was purged with ultrapure nitrogen for 45 

minutes. The mixture was heated to 95°C using a heating mantel. Time zero was taken to be when 

the mixture reached 70°C, and aliquot samples were taken periodically for GPC and NMR 

analyses. After 65 minutes, the mixture was cooled (< 40 ˚C), and precipitated three times in cold 

MeOH from THF. The resulting white polymer (PMMA, Mn = 8100 g/mol, Đ = 1.55) was dried 

under reduced vacuum at 40°C overnight. 

 

 

Figure B10.  PMMA synthesis results: (A) Pseudo-first order kinetics of the PMMA 

macroinitiator synthesis in bulk at 95°C; (B) Mn (pink circles) and dispersity (orange crosses) 

determined by GPC, theoretical molecular weight (dashed line), versus overall monomer 

conversion throughout the polymerization. 

For the chain extension polymerization, the PMMA macroinitiator (9.0 grams, ~ ca. 1.11 

mmol) was first dissolved overnight in dioxane (51.6 g, ~60 wt% of polymerization solution) and 

along with C13MA (26.16 g, fC13MA = 0.88) , VPBA (1.97 g, fVPBA= 0.12 ), DMF (4 mL), and water 

(5 mL) were added into a 250 mL three-necked reactor with a thermal well, Teflon stir bar and 

overhead reflux condenser chilled to 3°C to prevent evaporation of solvent and monomer. The 

solution was purged with nitrogen for 45 minutes before being placed atop a heating mantle and 

heating at 85°C. The time zero was set to be when the solution reached 70°C. Aliquots samples 

were taken periodically for NMR and GPC analyses. After 180 min, the solution was transferred 
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to a beaker and precipitated in cold MeOH four times from THF. The resulting polymer was dried 

under vacuum at 40°C overnight.  

 

 

Figure B11. Block extension synthesis results: (A) Pseudo-first order kinetics of the PMMA-rich 

block extension polymerization of P3-B-VP with C13MA (pink circles), and VPBA (navy 

diamonds); (B) Mn (pink circles), dispersity (orange crosses) determined by GPC, and theoretical 

molecular weight (dashed line) versus overall monomer conversion throughout the 

polymerization. 
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Figure B12. 1H NMR of the final dried P3-B-VP polymer: δ 7.47 – 7.79 (purple square) (2H, 

VPBA), 3.76 – 4.12 (blue star) (2H, C13MA), 3.44 – 3.76 (orange circle) (3H, MMA). The 

VPBA was capped with pinacol for easier dissolution in CDCl3. 
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Figure B13. (A) TGA curve of P3-B-VP with the onset of 10 wt% degradation at 228°C; (B) 

Image of P3-B-VP. 

 

B2.4 Gel Permeation Chromatography 

The GPC results of the three prepolymers are given in Figure B14. 

 

Figure B14. Gel permeation chromatography traces of the three prepolymers displaying 

monomodal distributions. 
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B2.5 Synthesis of Capped Benzene Diboronic (BDB) Acid Small Molecule Cross-linker 

An overview of the BDB synthesis is given in Figure B15. 

 

Figure B15. Synthesis of capped benzene diboronic acid. 

A bifunctional small molecule cross-linker was synthesized based on previously published 

literature1. In brief, 1,4-phenylenediboronic acid (1.50 g, 9.0 mmol), 1,2-propanediol (1.38 g, 

18.01 mmol), anhydrous THF (40 mL), and distilled water (0.2 mL) were combined in a round-

bottom flask. The mixture was stirred at room temperature for 2 hours. Then, magnesium sulfate 

(3 g, 25 mmol) was added, and the reaction was allowed to proceed overnight at room temperature. 

The mixture was then filtered and concentrated under reduced pressure using a rotary evaporator. 

The resulting material was dissolved in hexanes, filtered, and concentrated to yield a white solid. 
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Figure B16. 1H NMR of capped benzene diboronic acid: δ 7.84 (orange circle) (s, 4H), 4.76 

(purple square) (m, 2H), 4.48 (blue star) (dd, 2H), 3.92 (blue star) (dd, 2H), 1.44 (blue triangle) 

(d, 6H). 

B2.6 Calculating Polymer Composition 

The composition of the prepolymers was determined from the 1H NMR spectrum shown in the 

respective synthesis procedures. Table 1 summarizes the chemical shifts used to determine the 

incorporation of the various monomers into the final polymers. 

Table B1. 1H NMR shift ranges of polymer constituents 

Component Shift Range (ppm) Number of Hydrogen Atoms 

Poly(MMA) 3.50 – 3.70 3 

Poly(C13MA) 3.75 - 4.15 2 

Poly(VPBA) 7.50 - 7.80 2 

Poly(GMMA) 3.00 – 3.50 2 

Poly(styrene) 6.80 – 7.25 5 
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The values of these integrated regions were used in Equation B3 to determine the composition:  

𝐹𝑖 =  

(∫ (
1

Number of Hydrogens
)

range end

range start
)

𝑖

∑ ∫ (
1

Number of Hydrogens
)

range end

range start

𝑁 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠
1

 

(B3) 

 

For P3-B-VP, due to the overlapping NMR peaks, a stoichiometric incorporation of methyl 

methacrylate and acrylonitrile was assumed for the first block. Thus, the AN content of the polymer 

was taken to be 1:9 of the MMA content.  

B3 Synthesis and Characterization of Networks 

B3.1 Network Synthesis 

Networks 1, 2, and 3 were prepared by the same method. Using network 1 as an example, P1-

S-GM (8 grams, 4.58 mmol of GMMA) was dissolved in 8 grams of THF, and P2-S-VP (5 grams, 

2.11 mmol of VPBA) was dissolved in 5 grams of THF. To the solutions of VPBA containing 

prepolymers, ~0.1 mL of methanol was added, to break boroxine crosslinking occurring between 

VPBA groups which caused the prepolymer to swell rather than dissolved in THF. The two 

prepolymer solutions were then combined and stirred, with gelling occurring rapidly after mixing.  

Network 4 was prepared by dissolving P1-S-GM (4.5 grams, 2.45 mmol GMMA) in 3.5 mL 

of chloroform that had been dried for 48 hours over molecular sieves. BDB cross-linker (297.6 

mg, 2.20 mmol boronic esters) was dissolved in 0.5 mL of the dried chloroform. The two solutions 

were then combined, and gelling was observed within five minutes of mixing. Following 

crosslinking, the networks were dried at 40°C and reduced pressure for at least 12 h to remove 

solvent and moisture. 

B3.2 Differential Scanning Calorimetry 

Following the method outlined in Section B1.2.7, DSC was conducted on the networks. Heat 

scans were completed on the material immediately following cross-linking and drying (R×0) as 

well as on two-times reprocessed (via hot-pressing) material (R×2). Minimal changes in the glass 

transition temperature indicate thermal properties were retained throughout processing. The results 

are shown in Figure B17, with the Tgs given in Table B2. 
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Figure B17. Differential scanning calorimetry (DSC) curves of the four networks.  

Table B2. Glass transition temperatures of the unprocessed, and twice reprocessed networks. 

 Tg (˚C) of networks  

Recycle N1 N2 N3 N4 

R×0 -50.5 -51.4 -50.1 -50.8 

R×2 -50.8 -50.1 -50.1 -51.3 

 

B3.3 Thermogravimetric Analysis 

Following the method outlined in Section B1.2.6, TGA was conducted on the networks. 

Analysis was completed on the material following cross-linking and drying (R×0) as well as on 

the two-times reprocessed (via hot processing) material (R×2). An increase in the onset of 

degradation temperature was observed for the networks, indicating a fraction of the less thermally 

stable material was removed from the material during the reprocessing it had undergone. The 

results are shown in Figure B18, with the onset temperature of 10 wt% loss given in Table B3. 



Appendix B  Supporting Information to Chapter 4 

124 

 

 

Figure B18. thermal gravimetric analysis (TGA) curves of the four networks.  

Table B3. Onset temperature of 10 wt% decomposition of the unprocessed, and twice 

reprocessed networks. 

 Tonset, 10 wt% (˚C) of networks 

Recycle N1 N2 N3 N4 

R×0 209.53 209.36 214.96 219.75 

R×2 224.01 225.66 241.20 225.09 

 

An isothermal TGA experiment was also conducted on N2. This experiment showed marginal 

weight loss (< 3 wt%) when the sample was held at 150°C for 3 hours. The slight decrease in 

weight could be attributed to remaining moisture being driven off or probable degradation 

following the ramp in temperature. The resulting curve is given in Figure B19. 
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Figure B19. Isothermal TGA experiment on N2. 
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B3.4 Fourier Transform Infrared Spectroscopy 

Following the method outlined in Section B1.2.2, ATR-FTIR was conducted on the 

prepolymers and their networks. An example spectra of N1 and its prepolymers (P1-S-GM and 

P2-S-VP) is shown in Figure B20. -OH stretching at 3200 cm-1 for P2-S-VP and 3450 cm-1 for P1-

S-GM is reduced in the final network N1 due to the cross-linking between -BOH and -COH groups. 

 

 

Figure B20. ATR-FTIR of prepolymers P1-S-GM and P2-S-VP and their respective network 

N1.  
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3.5 Swelling Ratio and Gel Content  

Using the method outlined in Section B1.2.12, swelling and gel content tests were conducted 

on the networks. Equation B1 and B2 were used to determine the swelling ratio and gel content, 

and the results are given in Figure B21. Large swelling ratios are observed due to the relatively 

small amounts of crosslinking (~2 – 6 wt% of network). N4 dissolved in the swelling test: it is 

hypothesized the presence of moisture or the small capping molecules generated during its network 

formation could cleave the network bonds. 

 

Figure B21. Swelling ratio and gel content of networks N1 through N3. 
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B3.6 Dynamic Mechanical Analysis and Rheology 

B3.6.1 Strain Sweep Test and Linear Viscoelastic Region 

The method detailed in Section B1.2.9 was used to determine the linear viscoelastic region of 

the networks under a constant frequency of 1 Hz prior to further rheological testing. The results 

are shown in Figure B22. 

 

Figure B22. Evaluation of the linear viscoelastic region (LVR) of the vitrimers. Strain sweep 

tests (left) and stress-strain sweep tests (right) of the networks. 
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B3.6.2 Frequency Sweeps 

Frequency sweeps under a constant strain of 0.1% were conducted on the networks as detailed 

in Section B1.2.9. The results are shown in Figure B23. 

 

 

Figure B23. Frequency sweep tests: (A) at 50°C; and (B) at 90°C. 
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B3.6.3 Stress-Relaxation Tests 

The networks were subjected to stress-relaxation tests between 90 and 130°C. The method of 

the test is detailed in Section B1.2.9. 

 

Figure B24. Stress-relaxation: (A) of N1; (B) of N2; (C) of N3; and (D) of N4. 

The networks displayed Maxwellian stress-relaxation behaviour, undergoing full relaxation. 

The normalized stress-relaxation plots G(t)/G0 were fit to a stretched exponential decay model to 

allow for the estimation of the characteristic relaxation time (τ*) and β, where β relates to the 

breadth of the relaxation distribution. The decay model is shown by Equation B4, and the fitting 

parameters are summarized in Table B4. 
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𝐺(𝑡)

𝐺0
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𝛽

) 
(B4) 

 

Table B4. Characteristic relaxation times and β fitting parameters of the networks from 90 – 

130°C 

 T (°C) τ* (s) β 

N1 

90 12.5 0.72 

100 7.8 0.76 

110 5.0 0.80 

120 3.2 0.81 

130 1.9 0.87 

N2 

90 20.6 0.57 

100 12.7 0.60 

110 8.2 0.62 

120 5.6 0.64 

130 3.8 0.65 

N3 

90 33.1 0.51 

100 20.1 0.53 

110 13.3 0.56 

120 9.0 0.57 

130 6.2 0.59 

N4 

90 4.7 0.70 

100 2.9 0.72 

110 2.0 0.75 

120 1.3 0.79 

130 1.0 0.84 

 

The parameters were then fit to Equation B5 to determine the activation energy for viscous flow. 

𝑙𝑛𝜏∗ =
𝐸𝑎

𝑅𝑇
+ 𝑙𝑛𝜏0 

(B5) 

where: Ea is the activation energy for viscous flow, R is the universal gas constant, T is the 

temperature, and τ0 is the Arrhenius pre-factor. The goodness of fit of data to the equation are 

shown in Figure B25 and the activation energy for viscous flow is given in Table B5. 
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Figure B25. An Arrhenius relationship was observed between the relaxation time and 

temperature for the networks from stress-relaxation experiments. 

 

Table B5. Activation energy for viscous flow for the networks. 

Network N1 N2 N3 N4 

Activation energy (kJ/mol) 50.5 51.4 56.0 48.5 
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B3.6.4 Creep Tests 

Creep tests using a pressure of 250 Pa for 300 seconds, followed by 0 Pa for 500 seconds were 

conducted on the networks. The results of the test at 130°C are given in Figure B26. The shear 

strain recovery of the networks from tests at 90°C and 130°C are given in Table B6. 

 

Figure B26. Creep recovery of the networks at 130°C. 

 

Table B6. Creep recovery of the networks. 

Test N1 N2 N3 N4 

Shear strain recovery at 90°C (%) 11.7 63.8 57.4 32.0 

Shear strain recovery at 130°C (%) 2.1 54.2 58.3 13.1 
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B3.7 Self-Healing 

B3.7.1 Bulk Healing 

Bulk healing was completed by pressing tensile bars using the method in Section B1.2.8, and 

then cutting the bars at their center using a scalpel. The bars were manually placed together and 

held in place by the weight of an empty KimWipe box, under ambient conditions for 100 hours. 

The bars were then subjected to tensile testing using the method in Section B1.2.10. Photos of the 

process are given in Figure B27. 

 

 

Figure B27. Bulk healing progression where 1 is precut, 2 is immediately post cut, 3 is post 

healing, and 4 is post tensile testing: (A) of N1; (B) of N2; (C) of N3; and (D) of N4. 
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B3.7.2 Scratch Healing 

Scratch healing was conducted at 60°C for all networks. After 25 hours, scratches on N2 – N4 

were exposed to a drop of water to encourage the reformation of boronic acid ester crosslinking. 

Figure B28 includes progression photos of scratch healing. 

 

Figure B28. Scratch healing progression at 60°C, where hour 25 – 50 saw the addition of water 

to the location of the scratch to encourage boronic-acid ester exchange reactions. 
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B3.8 Tensile Data 

Reprocessing of the tensile bars, by cutting into pieces and then repressing in a hot press, was 

completed to assess the mechanical properties through recycling. Table B7 summarizes the average 

data of at least three tensile bars.  

Table B7. Tensile properties through reprocessing and bulk healing of the networks. 

Network Property  R×0  R×1  R×2  Bulk Healing  

N1 
Stress (kPa)  212.2 ± 33.1  203.2 ± 18.3  197.2 ±14.1  302.8 ± 25.6  

Strain (%)  101.0 ± 17.8  106.5 ± 9.9  102.8 ± 7.0  123.5 ± 11.3  

N2 
Stress (kPa)  314.5 ± 19.7  291.0 ± 29.8  338.7 ± 40.2  238.4 ± 3.1  

Strain (%)  84.3 ± 8.4  79.4 ± 5.7  89.4 ± 8.4  71.0 ± 4.3  

N3 
Stress (kPa)  541.2 ± 50.0  ---  --  304.3 ± 43.8 

Strain (%)  61.4 ± 2.1  --  --  35.4 ± 5.5 

N4 
Stress (kPa)  677.1 ± 28.6  --  --  597.9 ± 10.1  

Strain (%)  138.8 ± 6.6  --  --  121.4 ± 14.6   
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