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Abstract 

This thesis describes the synthesis of new oxygenated plastics and elastomers from CO2 and 

bio-derived feedstocks, where non-covalent cross-linking interactions between chains are 

employed to improve and tune thermomechanical properties. Networks are established 

through reversible metal-ligand bonding, macromolecular entanglements, and thiol-ene 

crosslinking during vat photopolymerization 3D printing. This thesis aims to develop strategies 

to improve the thermomechanical properties of CO2-derived polymers, to match those of the 

current petrochemical incumbents.  

Chapter 1 provides an introduction to the latest progress in the development of 

sustainable and oxygenated plastics and elastomers. Specifically, polyesters and polycarbonates 

produced through lactone ring-opening polymerisation and epoxide/CO2 ring-opening 

copolymerisation to form high molar mass homopolymers and ABA triblock polymers. The 

potential of macromolecular networking strategies and the chemistries to facilitate non-

covalent interactions are discussed.  

Chapter 2 reports new CO2-derived thermoplastic elastomers (TPEs) together with a 

generally applicable method to augment tensile mechanical strength and Young's modulus 

without requiring material re-design. These TPEs combine high glass transition temperature 

(Tg) amorphous blocks comprising CO2-derived poly(carbonates) (A-block), with 

low Tg poly(ε-decalactone), from castor oil, (B-block) in ABA structures. The poly(carbonate) 

blocks are selectively functionalized with metal-carboxylates, where the metals are Na(I), 

Mg(II), Ca(II), Zn(II) and Al(III). The colorless polymers, featuring <1 wt% metal, show 

tunable thermal (Tg), and mechanical (elongation at break, elasticity, creep-resistance) 

properties. The best elastomers show >50-fold higher Young's modulus and 21-times greater 

tensile strength, without compromise to elastic recovery, compared with the starting block 
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polymers. They have wide operating temperatures (−20 to 200 °C), high creep-resistance and 

yet remain recyclable.  

Chapter 3 describes well-defined, high molar mass CO2 terpolymers prepared from 

cyclohexene oxide (CHO), cyclopentene oxide (CPO), and CO2 by using a [Zn(II)Mg(II)] 

catalyst. In the catalysis, CHO and CPO show reactivity ratios of 1.53 and 0.08 with CO2, 

respectively; as such, the terpolymers have gradient structures. The poly(cyclohexene 

carbonate)-grad-poly(cyclopentene carbonate) (PCHC-grad-PCPC) have high molar masses (Mn 

>86 kg mol-1) and good thermal stability (Td > 250 ˚C). All the polymers are amorphous with 

a single, high glass transition temperature (96 < Tg < 108 °C). The polymer entanglement 

molar masses, determined using dynamic mechanical analyses, range from 4 < Me < 23 kg 

mol−1 depending on the polymer composition (PCHC:PCPC). These polymers show superior 

mechanical performance to PCHC; specifically, the lead material (PCHC0.28-grad-PCPC0.72) 

shows 25% greater tensile strength and 160% higher tensile toughness. These new plastics are 

recycled, using cycles of reprocessing by compression moulding, four times without any loss 

in mechanical properties. They are also efficiently chemically recycled to selectively yield the 

two epoxide monomers, CHO and CPO, as well as carbon dioxide, with high activity (TOF = 

270−1653 h−1). The isolated recycled monomers are repolymerized to form a thermoplastic 

showing the same material properties.  

Chapter 4 reports the successful additive manufacturing of a series of poly(carbonate-

b-ester-b-carbonate) elastomers, derived from carbon dioxide and bio-derived ε-decalactone. 

By employing a highly active and selective [Co(II)Mg(II)] polymerisation catalyst, an ABA 

triblock copolymer (Mn = 6.3 kg mol-1, ÐM = 1.26) was synthesised on a 200 g scale, formulated 

into  resins which were 3D printed using digital light processing (DLP), and a thiol-ene-based 

crosslinking system. A series of elastomeric and degradable thermosets were produced, with 

varying thiol cross-linker length and poly(ethylene glycol) content, to produce complex triply 
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periodic geometries at high resolution. Thermomechanical characterisation of the materials 

reveals printing-induced microphase separation and tunable hydrophilicity. These findings 

highlight how utilising DLP can produce sustainable materials from low molar mass polyols 

quickly and at high resolution. The 3D printing of these functional materials may help to 

expedite the production of sustainable plastics and elastomers with potential to replace 

conventional petrochemical-based options. 

Chapter 5 concludes the thesis and discusses future work to build on and extend the 

research. 

Chapter 6 provides the experimental details for Chapters 2-4. 

Chapter 7 is an appendix containing all supplementary information, figures, schemes, 

and tables that supports the results reported and discussed in Chapters 2-6.  
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1.1  Sustainable Polymers 

A century on from their discovery, synthetic polymers have become ubiquitous in modern 

society.1 From inexpensive packaging to specialised electronics, we are increasingly reliant on 

polymers in almost every aspect of our lives. However, the vast majority of plastics we produce 

are derived from fossil fuels and are unable to degrade within a reasonable timescale once 

disposed of.2 This demand for plastics presents numerous environmental and societal 

challenges that urgently need addressing.3 We may need new, bio-derived, biodegradable, and 

affordable materials with thermal and mechanical properties to challenge those of their 

environmentally persistent counterparts.4 This chapter aims to outline some of the technical 

challenges we face, recent progress in the synthesis of sustainable polymers, and polymer 

networking strategies capable of improving their properties.    

 The versatile property profile of synthetic polymers, their durability, their low cost, and 

their light weight, have revolutionised almost every industrial sector. The complex architecture 

and topology of macromolecules offers numerous handles to tune their properties to highly 

specialised requirements, for a given application. These extraordinary properties have led to 

the mass production and adoption of polymers around the world. However, the durable and 

chemically inert nature of such materials have led to their accumulation throughout the 

environment. As a society we are now only starting to realise the extent of the damage this 

macro- and microplastic pollution is causing to the natural world.5   

 It is clear that a ‘business as usual’ response to this growing crisis is untenable. This 

would only lead to rapidly increasing plastic pollution over the coming decades. Instead, we 

urgently need both the reduction and replacement of plastic products (pre-consumption) as 

well as improved plastic waste disposal, collection, and recycling (post-consumption). This 

could result in an 80% reduction in oceanic plastic waste.6 This multifaceted response is 
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inherently complex and will require decisive action from global policy decision makers around 

the world.  

 

Figure 1.1. Schematic representation and comparison between linear and circular plastic 
economies. 

 

 Of the 6300 million metric tonnes of plastic waste generated, only 9% has been 

recycled.7 Effective and efficient recycling is an essential cornerstone to addressing the plastic 

waste crisis. Unfortunately, it is predicted that the growth of plastic waste is outpacing current 

efforts to mitigate plastic pollution.8 Current recycling technologies cannot meet the current, 

let alone future, needs for plastic waste recycling. These processes are severely limited by 

material degradation and incompatibilities from complicated wate streams. New and emerging 

recycling technologies need further development to be used at scale.9, 10 There are three key 

instruments of change required to incentivise the accelerated development of recycling 

technologies: 1) Extended producer responsibility to ensure producers are physically and/or 

financially responsible for the plastic they produce; 2) Financially incentivising research into 

new recycling technologies through tax credits; and 3) Promoting the use of recycled plastic as 

a feedstock through coordinated regulatory policy.4 This is essential to develop a truly circular 
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plastic economy and to move away from the well-established linear economy which is resulting 

in enormous levels of pollution (Figure 1.1).11 

Physical plastic waste is not the only form of pollution that must be addressed. In 2015, 

1.7 gigatonnes of carbon dioxide-equivalent (Gt-CO2 equiv.) of greenhouse gas emissions were 

emitted from polymer production worldwide.12 Without efforts to apply renewable energy, 

recycling and demand-management strategies, this is forecasted to rise to 6.5 Gt-CO2 equiv. 

by 2050. Managing demand for polymers will be critical to help with decarbonisation but 

demand will continue to increase. Therefore, the adoption of bio-based and sustainable plastic 

alternatives is critical.13 Furthermore, we specifically need new materials that can, not only rival 

but, outperform the petroleum derived incumbents.14     

 The design and development of new sustainable polymers is central to reducing plastic 

pollution, reducing emission from their production, and reducing our dependence on fossil-

fuel derived monomers. Aliphatic oxygenated polymers have emerged as lead candidate 

materials. They are most commonly produced from the ring-opening polymerisation (ROP) 

of lactones or cyclic carbonates and the ring-opening copolymerisation (ROCOP) of epoxides 

with cyclic anhydrides or CO2.
15 This offers a large pool of monomers to choose from, many 

of which can be produced from renewable sources like terpenes, vegetable oils or 

carbohydrates.16 Moreover, CO2 is a cheap, overly-abundant, waste product, which can be 

directly enchained with an epoxide to produce a polycarbonate.17   

 It is critical that new materials are designed with end-of-life options in mind. These 

materials must be able to be mechanically recycled, chemically recycled to monomer, and/or 

degraded on demand.18, 19 The high concentration of ester and carbonate linkages within 

oxygenated polymers facilitate their acid or base catalysed hydrolysis into hydroxy acids, 

alcohols or CO2. Furthermore, the catalysed depolymerisation of oxygenated polymer to 
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monomers is proving an increasingly viable route to recycle these renewable materials without 

sacrificing their mechanical performance.20 

 Despite the attractive monomer scope and multiple end-of-life options, oxygenated 

polymers exhibit sub-par mechanical properties. Often too brittle, the poor toughness restricts 

the potential applications for these materials, hindering their mass adoption.21 It is imperative 

we design, develop, and produce new sustainable, oxygenated polymers with a holistic 

approach.22 Monomer source, thermomechanical properties, end-of-life options must all be 

considered. We need new sustainable polymers with not only improved material properties but 

with approaches and strategies to augment, tune, and tailor those properties to given 

applications.    

1.2 Heterocycle Ring-Opening Polymerisation and 

Heterocycle/Heteroallene Ring-Opening 

Copolymerisation 

Since Wallace Carothers reported the thermally induced ring-opening polymerisation (ROP) 

of trimethylene carbonate (TMC) in 1932, heterocycle ROP has become of the most powerful 

tools to produce aliphatic polyesters, polycarbonates, and polyethers from lactones, cyclic 

carbonates and epoxides, respectively (Figure 1.2).23 As concerns surrounding the finite 

availability of fossil resources and the environmental longevity of polyolefins have grown, the 

production of oxygenated polymers from ROP has become increasingly attractive.24 The 

majority of commercial polyesters are synthesised by condensation polymerisation. Two key 

examples are polycarbonate (PC, from bisphenol A) and poly(ethylene terephthalate) (PET). 

While these are commonly used in packaging and as rigid engineering plastics, their synthesis 
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lacks control (ÐM > 2.0), and the removal of small molecule by-products is highly energy 

intensive.  

On the other hand, lactone/cyclic carbonate ROP can produce polymers with high atom 

efficiency and precise control of the molar mass, end-group fidelity, tacticity and even 

stereochemistry.25 Through catalyst and initiator selection, ROP can be employed to deliver 

liner, star-shaped, branched/graft, and cyclic polymers.26 Furthermore, a mixed monomer 

feedstock can be used to produce random, statistical or gradient copolymers and sequential 

monomer addition can afford (multi-)block copolymers. The ROP of lactide (LA) is used to 

produce hundreds of thousands of tonnes of corn-derived poly(lactic acid) (PLA) plastic every 

year.27 Despite the relatively low glass transition temperature (Tg) of PLA (60 ˚C), it is already 

finding growing use as a packaging material and in biomedical products, like stents and sutures.   

 

Figure 1.2. General ring-opening polymerisation (ROP) of a) lactones (cyclic esters), b) cyclic 

carbonates, and c) epoxides with key relevant monomers shown. 

 

 Discrete coordination complexes are most often utilised as homogeneous catalysts for 

ROP for their ease of synthesis, high turn-over frequencies (TOFs), and the ease of which they 

can be removed from the resulting polymeric materials.28, 29 Recently, organocatalytic species 
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have received great attention as metal-free alternatives.30 These organocatalysts are extremely 

promising but most are limited by their toxicity and the difficulty in removing them post-

polymerisation. Many different lactone/cyclic carbonate ROP processes have been reported 

exploiting coordination-insertion, cationic, anionic, zwitterionic, and bio-chemical 

mechanisms. However, common to all, is the thermodynamic/enthalpic driving force of ring-

strain release in the cyclic monomer.31 As a result, the majority of monomers used in ROP are 

rings of three to eight atoms. The lack of ring strain exhibited in much larger cyclic monomers 

decreases this enthalpic driving force and the decreasing entropy, which arises from the loss 

in translational degrees of freedom of the polymer chain, can dominate. Subsequently, larger 

cyclic monomers are much harder to polymerise, although entropically driven heterocycle 

ROP is feasible. This need for ring strain limits the monomers available and, therefore, the 

diversity of polymer and material properties that are readily accessible from ROP. 

 

Figure 1.3. General ring-opening copolymerisation (ROCOP) of a) epoxide/CO2 and b) 
epoxide/cyclic anhydride with key relevant monomers shown. 

 

 The (ROCOP) of epoxides with CO2 or cyclic anhydrides is an alternative controlled 

means to produce aliphatic polycarbonates and polyesters respectively.32 Unlike in 

lactone/cyclic carbonate ROP, two different co-monomers are enchained in a perfectly 
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alternating fashion and therefore allows for far greater structural diversity of the resulting 

polymers (Figure 1.3).33 For example, in the ROCOP of epoxides with anhydrides there are 

two separate handles to tune thermomechanical properties. By introducing more flexible or 

rigid monomers the Tg can be decreased or increased respectively. For example, switching 

from rigid bi-cyclic cyclohexene oxide (CHO) to flexible mono-cyclic propylene oxide (PO) in 

the ROCOP with CO2 results in a 90 ˚C reduction in the Tg.
34 

The best performing catalysts for ROCOP are metal complexes.33 Specifically, it is now 

quite well established that heterodinuclear catalysts (those containing two metal centres) 

provide impressive TOFs, high selectivities, and obviate the need for toxic and heavy 

cocatalysts.35 These two metal centres work in a synergistic fashion to afford efficient and 

effective ROP and ROCOP catalysis.36 Initiation for both mechanisms begin with a reaction 

between the pre-catalyst and protic species, deliberately incorporated to control the molar mass 

of the final polymer or from residual impurities present in the monomers. The resulting metal-

alkoxide intermediate then allows for propagation reactions to take place. Monomers are 

incorporated sequentially during ROCOP either through a) insertion of CO2 into the alkoxide 

to form a carbonate intermediate, which goes on to attack and ring-open an epoxide to 

regenerate the alkoxide or b) the alkoxide attacks the anhydride to form a metal-carboxylate 

intermediate which ring-opens an epoxide and reform the starting alkoxide. During 

propagation, chain transfer reactions can occur more rapidly than the propagation reactions 

themselves. These are reactions in which the catalyst from a growing polymer chain switches 

between other chains with hydroxy end-groups, resulting in narrow molar masses.  Finally, the 

polymerisation is terminated through the removal of monomer, reduction in temperature or 

addition of water and/or acids.  

This vast monomer scope includes many potentially bio-derived monomers like CHO,37, 38 

limonene oxide (LO),39 phthalic anhydride (PA),40 and tricyclic anhydrides (TCA).41 This wide 
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range of commercially available monomers allows for the introduction of functional groups 

which can impart desired material properties or offer downstream post-polymerisation 

functionalisation sites, allowing for further tuning of material properties.42 Often bespoke and 

functionalised monomers must be synthesised to achieve equivalent functionality from 

lactone/cyclic carbonate ROP. These syntheses are often challenging, multi-step processes 

which have limited commercial potential.43, 44 Furthermore, ROCOP allows for the 

incorporation of aromatic functionality into the polymer backbone which is particularly 

challenging in ROP.   

Control of the molar mass achievable with ROP and ROCOP derives from tuning the 

ratio of protic species, which act as both initiators and chain transfer agents (CTA), and the 

loading of monomer in the reaction. As a result, low molar mass (Mn < 10 kg mol-1) viscous 

liquids are easily accessible. These polyols are commonly used in the synthesis of polyurethanes 

(PUs) for applications as flexible and rigid foams, elastomers, coatings, and adhesives.45-50 

Conversely, in order to produce high molar mass materials (Mn > 100 kg mol-1), pure 

monomers are required. Residual protic species like water can ring open lactones, epoxides 

and cyclic anhydrides to form hydroxy acids, diols and diacids, respectively, which can act as 

initiators and subsequently reduce the molar mass of the polymer produced. Extensive drying, 

distillation, and sublimation is often essential to remove these impurities and prepare 

monomers suitable for the synthesis of high molar mass materials. Due to this synthetic 

challenge, to date, there have been limited reports of high molar mass oxygenated polymers 

which can be processed into free-standing films.51-57 Therefore, we are only in the infancy of 

understanding their thermomechanical properties and potential applications. 

 Both lactone/cyclic carbonate ROP and epoxide/CO2 ROCOP can yield a wide range 

of different oxygenated and sustainable polymers. The structural diversity achievable results in 

a range of Tgs for the homopolymer spanning over 200 ˚C (Figure 1.4). We can relate the Tg 
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of these materials to the flexibility/rigidity of the polymer backbone. Incorporating aliphatic 

or aromatic rings results in a rigid plastic with elevated an Tg (in excess of 100 ˚C). On the 

other hand, polymers with long aliphatic segments within the backbone delivers soft 

viscoelastic liquids with Tgs below room temperature. While we can easily relate the repeat unit 

structure to the thermal properties, this is much more complicated with respect to mechanical 

properties. This is because there are numerous factors which influence the physical behaviour 

of the materials. These include the molar mass, dispersity, entanglement molar mass (Me), 

interchain interactions, physical crosslinking, chain confirmation, and crystallinity. 

Deconvoluting the factors that determine the mechanical performance of an oxygenated 

homopolymer is complicated and to date, this has proven to be extremely challenging. This 

becomes increasingly complex for blends and co-, ter- or block polymer structures, where 

multiple structures interact on multiple length scales. It will be essential to understand the 

design principles that govern the production of new high performance oxygenated and 

sustainable polymeric materials to find alternatives capable of replacing the fossil-derived 

incumbents.    

 

Figure 1.4. Glass transition (Tg) of key oxygenated homopolymers.   
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1.3 CO2-Derived Polycarbonates 

CO2-derived polycarbonates, produced from CO2/epoxide ROCOP, are an attractive class of 

materials and key in reducing the 1.7 Gt-CO2 equiv. emitted every year.10, 12  CO2 is a cheap 

and abundant waste feedstock suitable for use in existing manufacturing infrastructure.58 When 

directly used in the ROCOP with epoxides, CO2 allows for a threefold reduction in greenhouse 

gas emissions relative to the corresponding polyether: for every molecule of CO2 polymerised, 

two more are saved through the replacement of epoxide.59-61  

Table 1.1: Uniaxial Tensile Properties of CO2-Derived Polycarbonate Homopolymers 

Polymer aMn [ÐM] bTg (˚C) cσ (MPa) dεb (%) eEy (GPa) fUT (MJ m-3) 

PCHC57 121.6 [1.09] 126 40.0 ± 1.8 3.3 ± 0.3 2.16 ± 0.06 0.9 ± 0.1 

PvCHC57 124.5 [1.06] 118 52.2 ± 1.0 4.9 ± 1.3 1.33 ± 0.11 1.6 ± 0.6 

PCPC57 114.4 [1.06] 85 58.5 ± 1.7 7.1 ± 1.9 1.70 ± 0.09 2.9 ± 1.1 

PeCHC57 72.6 [1.34] 105 46.7 ± 1.3 18.7 ± 4.2 1.31 ± 0.05 7.0 ± 1.5 

PLimC52 53.4 [1.10] 130 55.0 15 0.95 - 

aDetermined by SEC. bDetermined by DSC. cUltimate tensile strength. dStrain at break. 
eYoung’s modulus. fTensile toughness.  

 

While low molar mass CO2-derived polyols are increasingly employed in the synthesis 

of PUs, their potential as high molar mass materials remains unrealised (vide supra). 

Furthermore, while there are a handful of reports of high molar mass polycarbonates 

synthesised directly from CO2, few authors have explored their thermomechanical properties. 

Rosetto et al. reported the synthesis of a series of polycarbonate homopolymers with molar 

masses, exceeding 100 kg mol-1.57 These materials were poly(cyclohexene carbonate) (PCHC), 
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poly(vinyl cyclohexene carbonate) (PvCHC), poly(cyclopentene carbonate) (PCPC), and an 

ethyl-substituted PeCHC, derived from the hydrogenation of PvCHC (Table 1.1).   

Commonly reported PCHC displayed a high Tg but was extremely brittle with an 

elongation at break (ε) of 3%. Rheological analysis of PCHC elucidated the molar mass 

between macromolecular entanglements was 56 kg mol-1. Therefore, it is unlikely that the 

material achieves the critical molar mass (Mc), where increasing molar mass does not improve 

mechanical performance. Typically Mc > 3-6 Me.
62 This lack of entanglements results in a weak 

polymer network for the thermoplastic which severely limits the ability to process PCHC and 

subsequently, possible applications. Ultra-high molar masses (Mn >> 300 kg mol-1) would be 

required to produce critically entangled PCHC. However, processing will likely be extremely 

challenging as a result of the high viscosity at elevated high molar mass.     

Conversely, PCPC was found to have an Me an order of magnitude lower than PCHC at 4 

kg mol-1. Consequently, at Mn ~ 100 kg mol-1 it is sufficiently entangled and the materials 

exhibits high tensile strengths (σ = 59 MPa) and a moderate elongation at break, double that 

of PCHC (7%). Its mechanical properties are similar to polystyrene and, with a higher Tg, its 

thermal properties are superior to poly(L-lactide) (PLLA).63 Despite these impressive 

thermomechanical properties, PCPC exhibits a high but slightly reduced Tg of 85 ˚C, relative 

to 126 ˚C for PCHC. 

PvCHC displayed a moderate improved tensile strength (52 MPa) and elongation at break 

compared to PCHC (5%). This improvement is attributed to the increased degrees of freedom 

provided by the pendent vinyl group. This effect is increased upon hydrogenation of the vinyl 

substituent. The ethyl substituent in PeCHC results in a slight reduction in tensile strength (47 

MPa) but a much-improved strain at break (19%). As a result, the tensile toughness for PeCHC 

is over 200% greater than PvCHC, 100% greater than PCPC, and over 600% than PCHC.  
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Greiner and co-workers reported the synthesis of poly(limonene carbonate) (PLimC) as 

thermally resistant, hard and transparent plastic.52 While they report the synthesis of high molar 

mass PLimC (Mn > 100 kg mol-1) they only report mechanical testing on a lower mass sample 

(Mn > 53 kg mol-1). Its Me wasn’t measured but might be quite high on the basis of the structural 

similarity to PCHC and PvCHC. PLimC is a particularly attractive bio-based polycarbonate as 

limonene oxide (LO) can be produced from naturally occurring limonene.64 Limonene exists 

as a mixture of cis and trans isomers, in a 6:4 ratio, which can be extracted from citrus peel. 

PLimC has a high tensile strength (55 MPa) and relative to the other high molar mass CO2-

dervied polycarbonates discussed, has a high elongation at break (15%). While LO is an 

attractive monomer, it is challenging to polymerise. Zinc-β-diiminate are able to catalyse the 

ROCOP of LO with CO2 however they can only polymerise the trans isomer.65 This results in 

the 40% cis isomer going to waste. Kleij and co-workers reported an Al-(amine)tris(phenolate) 

catalysts which can polymerise both isomers but the molar mass achievable is very low due to 

the use of ionic cocatalysts.66, 67  

Recent developments have revealed the potential for polycarbonates, prepared from the 

ROCOP of CO2 and epoxides to be chemically recycled back to the constituent monomers.57, 

68-74 This depolymerisation can often be catalysed by the same species used for the 

polymerisation. Reforming monomer offers an attractive and alternative end-of-life option. 

After a material has been mechanically recycled to the point that the thermomechanical 

performance starts to deteriorate, the material can be transformed back to the constituent 

monomers and repolymerised to produce a virgin material. This further highlights the potential 

role CO2-derived polycarbonates are able to play in a fully circular polymer economy.    
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1.4 Switch Polymerisation Catalysis 

In attempt to mimic the complexity of natural biopolymers, various strategies have been 

developed to produce well-defined sequence controlled copolymers.75 In 2014, Williams and 

co-workers reported a dinuclear, dizinc catalyst (1a, Figure 1.5), already known to be active 

for the ring-opening copolymerization (ROCOP) of epoxides and CO2/cyclic anhydrides, was 

also active for the ROP of lactones.76  

 

Figure 1.5. Examples of switch polymerisation catalysts.   

 

The two mechanisms are bridged by a common metal-alkoxide intermediate and 

switching between the two mechanisms is possible through control over the chain end-group 

chemistry (Figure 1.6). The fast insertion of CO2/cyclic anhydride (zeroth rate order) into the 

metal-alkoxide initiator forms a thermodynamically stable metal-carbonate/carboxylate, which 

must react with an epoxide to reform the bridging metal-alkoxide species. Therefore, lactone 

ROP only occurs when CO2 or cyclic anhydride is fully consumed or when it is removed. This 

allows for a one-pot synthesis of (multi-)block sequence controlled copolymers through the 

triggering of switches. By combining lactone/cyclic carbonate ROP with epoxide/anhydride 

or CO2 ROCOP, copolymers with both polyester and polycarbonate blocks were synthesised.77 

The large monomer scope containing lactones, epoxides, anhydrides, and heteroallenes creates 
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opportunities to tune structure and therefore properties, through the precise addition of 

specific functionalities. 

 

Figure 1.6. Possible switch catalysis polymerisations bridged by metal alkoxide intermediate.   

 

Many other groups have since investigated switch catalysis and many other catalysts 

have been shown follow the same rules for switch polymerization.78-80 These include, a 

dimagnesium (1b) species,81 a heterodinuclear zinc/magnesium species (1c) which displays 
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superior activity to the homodinuclear dizinc species,82, 83 an aluminium salphen catalyst shown 

to deliver copolymers with up to 27 blocks (2),84 a 𝛽-diimine zinc complex also capable of 

producing statistical copolymers at low CO2 pressures (3),85 and a range of organic species (4).86 

 Since its discovery, there have been quite a few developments and advances in the use 

of switch polymerisation catalysis to expand the oxygenated block copolymer structures 

accessible. Low molar mass triblock copolymer polyols were produced from a mixed monomer 

feedstock of CHO, CO2, and ε-caprolactone (ε-CL) with cyclohexane diol (CHD) acting as the 

CTA.87 Due to the rapid insertion of CO2 into the metal-alkoxide propagating species, a 

hydroxy telechelic block of PCHC was produced. By removing the CO2 from the reaction 

mixture, the polymerisation mechanism switched to the ROP of ε-CL and the PCHC acted as 

a macroinitiator with polycaprolactone (PCL) forming the outer blocks. It was later shown 

that an analogous all polyester copolymer could be produced with the use of phthalic anhydride 

(PA), CHO, and ε-DL.88 The central semi-aromatic block, poly(cyclohexene phthalate) 

(PCHPE), was formed first, due to the rapid anhydride insertion. Once the PA was completely 

consumed, the polydecalactone (PDL) blocks were installed to produce the low molar mass 

triblock copolymer. 

Further studies revealed that a four-component monomer mixture of CHO, PA, ε-CL, and 

CO2 could be employed to synthesise complex block copolymer structures from a single 

catalyst.89 This study revealed the differences in monomer reactivity and shed light on how to 

produce oxygenated polymers with predictable composition and block sequences. This 

understanding was subsequently exploited to yield pentablock copolymers by combing lactone 

ROP, epoxide/CO2 ROCOP, and epoxide/anhydride ROCOP in a one-pot synthesis.90, 91 

Switch polymerisation catalysis has also been used with a mixture of L-lactide-O-

carboxyanhydride (OCA) and CHO in a closed one-pot reaction to produce poly(L-lactide-b-
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cyclohexene carbonate).92 The CO2 liberated during the ROP of the OCA is recycled in the 

ROCOP with CHO, with up to 91% atom efficiency.  

It is critical to consider how to characterise the block copolymers produced through switch 

polymerisation catalysis. This is essential to confirm the formation of a block copolymer 

structure and to understand the composition of the blocks within the chain.93 There are several 

experimental methods to aid in this characterisation: 1) An increase in molar mass by size-

exclusion chromatography (SEC) after switching polymerisation mechanism; 2) End-group 

analysis with the addition of 2-chloro-4,4,5,5-tetramethyl dioxaphospholane (Figure 1.7) 

followed by 31P{1H} NMR to determine the environment/block at the hydroxyl chain ends; 94 

3) A single diffusion coefficient would be observed by DOSY NMR for a block copolymer as 

opposed to two or more for a physical blend of homopolymers; 4) The presence of 1H NMR 

signals corresponding to the repeat units immediately adjacent to neighbouring blocks, 

junction units, further confirm a block architecture; 5) 13C{1H} NMR can reveal the presence 

of signals corresponding to a random copolymer formed as a result of transesterification block 

scrambling; 6) A distinct change in thermomechanical properties (Tg, complex viscosity (η), 

tensile mechanical properties) should be observed for a block copolymer when compared to 

the constituent homopolymers and; 7) Repeated precipitations and washings shouldn’t result 

in a change in relative ratios of the blocks however this ratio would result in a change for 

mixture of homopolymers as they are physically separated. 

 

Figure 1.7. Hydroxyl end-capping with of 2-chloro-4,4,5,5-tetramethyl dioxaphospholane for 
end-group analysis.94 
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The majority of early studies into switch polymerisation catalysis produced only low molar 

mass block copolymers and subsequently, the materials are viscous liquids and no mechanical 

testing on the materials was conducted. Higher molar masses (Mn > 50 kg mol-1) would usually 

be required to produce free standing films. One option is to use higher monomer loadings in 

the polymer synthesis however, this would require a low loading of CTA and minimal protic 

impurities in the monomers. Another option is to carry out an isocyanate coupling with the 

low Mn polyols. The chain extension of the triblock copolymers results in a high molar mass 

multi-block copolymer. The isocyanate coupling of a PDL-PCHPE-PDL triblock copolymer 

resulted in a range of tough elastomers and self-healing plastics depending on the content 

(wt%) of PCHPE within the material.95 

 

1.5 Thermoplastic Elastomers (TPEs) 

Thermoplastic elastomers (TPEs) are reprocessable alternatives to vulcanized rubber since 

they feature physical, rather than chemical, cross-linking, hence enabling efficient material 

recycling. They are industrially important in automotives (tubing, tyres), electronics (cables), 

apparel (shoe soles) and speciality products (sports equipment and medical devices).96 

Petrochemical TPEs are derived from a range of olefins including styrene, butadiene, ethene, 

octene, propene or acrylates.97 Block polymer TPEs feature phase-separated ABA structures, 

where the A domains comprise of rigid or glassy polymer blocks (Tg or Tm > room 

temperature) and B domains, the majority phase, are elastomers (Tg and Tm < room 

temperature). Physical crosslinks between the hard domains in combination with the flexible 

and extendible nature of the soft domains yields a material exhibiting both high ultimate tensile 

strength (σ) and strain (εb) at break.98, 99 Commercial TPEs typically exhibit ultimate tensile 
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strengths of 20-40 MPa, Young’s moduli of >6 MPa, and with an elongations at break of 

>650%.98 

 

Figure 1.8. Comparison of morphological arrangements of immiscible A and B blocks in an 
ABA triblock copolymer. Reproduced and adapted from Ref. 100 with permission from the 
Royal Society of Chemistry.100 

 

The desirable properties of TPEs arise from the incompatibility of the A and B blocks.101 

Unfavourable block interactions drive the phase separation of the copolymers in the solid state. 

This leads to the polymers self-organising into nanosized regions of the two pure domains and 

the observation of two Tgs, matching that of the Tg the pure constituent homopolymer. This 

typically results in fractions of the glassy block within an elastomeric matrix. The precise 

morphology can be body-centred cubic (BCC) spheres, hexagonally-packed cylinders (HEX), 

gyroid or lamellae (Figure 1.8) and are characterised by indexing the small-angle X-ray 

scattering pattern. The morphology adopted, and therefore the mechanical performance of the 

material, is determined by (i) the degree of polymerization N, (ii) the volume fraction 

(composition) of the hard block fhard, (iii) the polymer architecture, and (iv) the Flory-Huggins 
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interaction parameter χ.102, 103 Consequently, when designing a new TPE, the macroscopic 

properties of the material can be tuned by altering the molar mass of the polymer and the 

chemical composition of the A and B blocks, where the weight% (wt%) of the blocks can be 

used as a proxy for the volume fraction of the respective block. Block polymers with the best 

elastomeric performance typically feature ~20–30 wt% A-block compositions and have overall 

Mn > 60 kg mol−1.104 The resulting microphase-separated morphology for elastomers is 

typically BCC or HEX.96 

The syntheses of the ABA block polyolefins requires careful control over monomer 

addition timing, macro-monomer purification and, in some case, very low temperatures with 

the associated energy inputs.96 Therefore, sustainable materials need straight-forward polymer 

syntheses, ideally operating with a single catalyst, and in one reactor to compete with existing 

procedures.  

 

Figure 1.9. Phase diagram for conformationally symmetrical diblock or triblock copolymer. 
Reproduced and adapted from Ref. 105 with permission from Elsevier.105 

 

Sustainable oxygenated homopolymers are often extremely brittle or exist as viscous 

liquids under ambient conditions. Not only does this limit their potential applications but 
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consequently, they fail to match the property profile of incumbent petroleum derived 

materials. Utilising a block polymer design can significantly enhance the mechanical properties 

of bio-derived polymers. Previously reported oxygenated ABA triblock copolymers (Figure 

1.10) are subsequently discussed and their mechanical performance compared (Figure 1.11). 

Hillmyer and co-workers pioneered the development of sustainable oxygenated TPEs.106 

Hillmyer’s work has explored the synthesis of ABA copolymers through the ring-opening 

polymerization (ROP) of two or more bio-derived lactone monomers to produce TPEs with 

varying central mid-blocks and PLA outer blocks.  
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Figure 1.10. Previously reported block combinations for the synthesis of oxygenated ABA 
triblock copolymer TPEs and plastics.   
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 Wanamaker et al. reported poly(lactide-b-menthide-b-lactide) (PLA-PM-PLA), where 

the lactide monomers used for the end blocks are derived from the natural carbohydrates 

found in corn and the menthide soft block is derived from menthol, extracted from mint.107 

The block copolymer was synthesised through the ROP of menthide, using a ZnEt2 catalyst, 

to produce α,ω-hydroxy telechelic polymenthide (B). Upon addition of lactide, and a AlEt3 

catalyst, the polylactide end blocks (A) were synthesised to produce the final ABA copolymer. 

The resulting ABA triblock copolymers behaved as elastomers, with a moderate ultimate 

tensile strength and Young’s modulus of 1.7 MPa and 1.4 MPa respectively, and with a high 

elongation at break of 960%. The relatively low Tg of the atactic PLA (60 ˚C) outer blocks 

limits the operating temperature window (OTW) of these TPEs (-20 ˚C to 60 ˚C).   

Replacing the outer blocks with semi-crystalline PLLA facilitates enhanced physical cross-

linking over the fully amorphous stereo-irregular counterparts.108 The introduction of isotactic 

PLA improves the mechanical properties of the resulting elastomers, with an ultimate tensile 

strength of 20 MPa, Young’s modulus of 25 MPa, and an elongation at break of 750%. Blends 

of the ABA block copolymers with PLLA and PDLA outer blocks were produced to form 

stereocomplexes. This further enhanced the physical crosslinking in the semi-crystalline 

domains and resulted in ultimate tensile strengths of 21 MPa, Young’s modulus of 37 MPa 

and elongations at break of 1000%. Not only does the use of stereoregular PLA improve the 

mechanical properties of the TPE but it widens the OTW. The Tm of the outer blocks was 

observed at ~150 ˚C, resulting in a 90 ˚C increase in upper operating temperature. Moreover, 

the Tm increased further to over 200 ˚C upon formation of the stereocomplexes. 

An analogous synthetic procedure was later employed to produce ABA triblock copolymer 

TPEs, using a Sn(Oct)2 catalyst, with varying central block compositions. Martello et al. used 

6-methyl-ε-caprolactone and Watts et al. used γ-methyl-ε-caprolactone, to form TPEs with 

PLA outer blocks flanking poly(6-methyl-ε-caprolactone) and poly(γ-methyl-𝜀-caprolactone), 
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respectively.109, 110 The poly(6-methyl-ε-caprolactone) containing ABA triblock copolymer 

exhibited good mechanical properties: an ultimate tensile strength of 4.2 MPa, Young’s 

modulus of 31 MPa and an elongation at break of 1360%. Poly(γ-methyl-ε-caprolactone) was 

found to have a low Me of 2.9 kg mol-1 and subsequently produced tough TPEs when used in 

an ABA triblock copolymer, ultimate tensile strength of 24 MPa, Young’s modulus of 4.8 MPa, 

and an elongation at break of 1029%.  

Schneiderman et al. went on to study the use of poly(𝜀-caprolactone-co-ε-decalactone) as a 

central block with PLA outer blocks.111 The incorporation of poly(ε-decalactone) supressed 

the crystallinity of poly(ε-caprolactone) and resulted in a low Tg miscible block. The copolymer 

mid-block was used to produce TPEs with an ultimate tensile strength of 18 MPa, Young’s 

modulus of 3.5 MPa, and an elongation at break of 1200%. The improvement in mechanical 

properties, relative to the purely PDL midblock TPE, is attributed to the reduced entanglement 

molar mass of the central block.  

 

Figure 1.11. Ashby plot of oxygenated ABA triblock copolymers compared to incumbent 
petrochemical-derived TPEs.    
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PDL and PLA were employed in the synthesis of ABA triblock copolymer which were 

chain extended by Hillmyer in an isocyanate coupling to produce higher order multiblock 

copolymers.112 These materials were injection moulded and displayed superior mechanical 

properties than when compression moulded. This improvement is attributed to sheer-induced 

domain alignment. The best performing specimens displayed an ultimate tensile strength of 

6.7 MPa, a Young’s modulus of 3.4 MPa, and a strain at break of 1020%. 

Feng and co-workers have synthesised a range of CO2-derived polycarbonate ABA triblock 

copolymer plastics, using a triethyl borate catalyst. Jia et al. reported an all polycarbonate ABA 

triblock copolymer featuring a poly(octene carbonate) central block with PCHC outer blocks, 

which resulted in elastomers with an ultimate tensile strength of up to 3.2 MPa, a Young’s 

modulus of 2.5 MPa, and an elongation at break of 454%.113 In related work, Feng reported 

the synthesis of ABA triblock copolymers featuring a poly(propylene carbonate-co-propylene 

oxide) central block with flanking poly(N-tosyl propylene urethane) blocks to produce 

toughened plastics which display superior mechanical properties to polyethylenes. The best 

performing triblock copolymer exhibited an ultimate tensile strength of 29.2 MPa, Young’s 

modulus of 1.3 GPa, and an elongation at break of 476%.  

Liu et al. proceeded to improve the mechanical properties through the synthesis of a series 

of triblock copolymers with stereoregular PLA A blocks with polycarbonate B blocks.114 A 

plethora of polycarbonate central blocks were explored, with the use of ethylene oxide, 

propylene oxide, butylene oxide, and octene oxide all employed. The best performing plastic 

featured a poly(propylene carbonate) mid-block with an ultimate tensile strength of 32.6 MPa, 

Young’s modulus of 1.2 GPa, and an elongation at break of  654%. Finally, Lui et al. also 

reported the synthesis of a series of heat-resistant thermoplastics through the formation of a 

poly(cyclohexene phthalate-b-propylene carbonate-ran-ether-b-cyclohexene phthalate) triblock 
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copolymer.115 An ultimate tensile strength of 25.7 MPa, Young’s modulus of 38.0 MPa and an 

elongation at break of 835% was determined for the linear triblock copolymer produced.  

Zhang et al. synthesised fully degradable TPEs composed of a poly(1,3-trimethylene 

carbonate) (PTMC) central block with semi-crystalline PLA outer blocks.116 A range of 

elastomers and plastics were produced with varying PLA contents however, the inconsistent 

processing conditions and mechanical testing procedures convolute evaluation of the 

performance of these triblock copolymers. Denk et al. reported ABA triblock copolymers 

where PCHC and poly(dimethyl siloxane) (PDMS) are used as the A and B blocks 

respectively.117 The high polycarbonate content across the series of materials resulted in a range 

of plastics with mechanical properties superior to PCHC. The toughest plastic exhibited an 

ultimate tensile strength of 27.9 MPa, a Young’s modulus of 1.7 GPa, and an elongation at 

break of 18%.  

Schüttner et al. reported the synthesis of TPEs with a poly(citronellyl glycidyl ether 

carbonate) central block and PLA outer blocks.118 This is a rare example of a low Tg central 

block formed through the ROCOP of CO2 and a bio-derived epoxide. The resulting soft 

elastomers exhibited a maximum tensile strength of 2.9 MPa, Young’s moduli ranging from 

0.15 to 1 MPa and elongations at break up to 600%.  

While the PLA containing TPEs discussed display good mechanical properties, they 

require challenging processing conditions as a result of the semi-crystalline outer blocks 

regularly used. Furthermore, the scope of potential monomers which can be utilised from ROP 

alone is narrow. Switchable catalysis allows for the coupling of epoxide/CO2 ring-opening 

copolymerization (ROCOP) with cyclic ester ring-opening polymerization (ROP), using a 

single catalyst and reactor process.77 Williams and co-workers used a [Zn(II)Mg(II)] 

heterodinuclear metal catalyst to produce high molar mass ABA triblock copolymers, 
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comprising CO2-polycarbonate PCHC (A-blocks) and castor oil-derived PDL (B-block).83 The 

catalysis was well-controlled and as the CO2 content was increased, the polymer properties 

varied from adhesives, to low-strength elastomers, to toughened plastics. The best performing 

elastomer contained 26 wt% PCHC however, was very weak relative to commercial styrenic 

TPEs, exhibiting an ultimate tensile strength of 1.4 MPa, Young’s modulus of 3.9 MPa, and 

elongation at break of 1400%. 

Williams and co-workers explored the synthesis of TPEs with alternative outer blocks, 

while retaining the attractive, fully amorphous, low Tg, central PDL block. Switching from 

PCHC to PLimC outer blocks yielded a weakened material, with the best elastomer displaying 

an ultimate tensile strength of 1.1 MPa, Young’s modulus of 2.0 MPa, and an elongation at 

break of 2563%.119 The ROCOP of CHO with PA is an effective means to produce semi-

aromatic, amorphous, outer blocks in a PDL containing TPE.104 The best performing 

elastomer of these all polyester ABA triblock copolymers displayed an ultimate tensile strength 

of 6.5 MPa, Young’s modulus of 5.0 MPa, and an elongation at break of 6.5%.  

The oxygenated triblock copolymers discussed are all promising candidates to replace 

incumbent, petroleum derived, plastics and thermoplastic elastomers. While the best 

performing materials possess mechanical properties comparable to some of the commercial 

petrochemical products, they fail to offer property improvements (Figure 1.11). Sustainable 

alternative materials should not only match the property profile of current petrochemical-

derived polymers but exceed them in order to enable their widespread adoption. Furthermore, 

it is imperative to design materials where the thermomechanical properties can be simply tuned 

without complete material re-design and re-optimisation. The formation of polymer networks 

is proving to be an attractive means to strengthen, toughen and tune the thermomechanical 

properties of polymeric materials and, in some cases, retaining the potential for mechanical 

recycling.120 
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1.6 Polymer Networks 

The covalent cross-linking of polymer chains can transform individual macromolecules into a 

single molecule with an effectively infinite molar mass.121 These cross-links restrict the 

segmental motion of chains and subsequently the flow of a, otherwise, viscous liquid to 

produce a solid material. Strong covalent cross-linking results in a thermoset, a material which 

is incapable of undergoing thermal reprocessing. A material behaves as an elastomer when the 

polymer chains cross-linked have a Tg below room temperature, for example, natural rubber. 

A Tg greater than room temperature typically gives rise to a rigid solid, for example, epoxy 

structural adhesives. While these materials are extremely useful in a wide array of applications, 

the inability to mechanically recycle them limits their end-of-life options.  

Transient, reversible, and dynamic cross-linking is widely employed in nature to bestow 

soft materials with impressive mechanical properties. These interactions can reinforce 

interchain interactions in plastics and in the hard domains of TPEs to strengthen and toughen 

the bulk mechanical properties. Furthermore, these interactions can offer equivalent 

improvements in mechanical performance as covalent cross-linking, without sacrificing the 

ability to reprocess and recycle. These non-covalent interactions can be classified into three 

categories: strong physical cross-linking, weak physical cross-linking, and dynamic covalent 

cross-linking (Figure 1.12).   
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Figure 1.12. Schematic representation of non-covalent macromolecular networking 
interactions. Reproduced from Ref. 120 with permission from the American Chemical 
Society.120 

 

 As previously discussed, introducing crystalline domains into a material, such as a TPE, 

is an extremely effective means to incorporate strong physical cross-linking.108 These 

intrinsically high-energy phases reduce the likelihood of chain pull-out from a domain, 

reinforcing and strengthening the material. The introduction of high Tg blocks and, therefore, 

physical cross-linking from glassy, domains can also act to reinforce inter-chain interactions.83 

The advantage of glassy, as opposed to crystalline, domains is the simplification of processing 

conditions. Semi-crystalline regions require controlled heating and cooling to produce a 

constant degree of crystallinity and reproducible mechanical properties. Furthermore, similar 

strong physical cross-linking can arise from the packing of helical polymers, such as collagen 

in nature, to form nanofibers.122  
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 Weaker physical interactions are capable of forming cross-linked materials, however, 

the relatively low strength of these interactions can give rise to transient and reversible 

interactions. These interactions can arise from intra-molecular interactions such as hydrogen 

bonding, electrostatic interactions, and π-π stacking. Weak physical cross-linking can also arise 

from supramolecular interactions, such as the association of hydrophobic domains in 

microphase separated hydrogels or host-guest interactions. Metal-ligand interactions are 

commonly employed by living organisms to form coordination complexes capable of 

reinforcing a polymer matrix.123 These are a powerful means to control and tune the resulting 

mechanical properties. The control over the metal and the ligand used facilitates the control 

over both the cross-link strength and the timescale of that interaction.124  

Dynamic covalent cross-linking can be introduced through the inclusion of reactive 

moieties along the polymer chain which can reversibly associate and dissociate during high 

temperature processing. These functionalities include: imine bonds, boronate ester bonds, 

disulfide bonds, hydrazone bonds, oxime bonds, and reversible Diels-Alder reactions. Leibler 

and co-workers first reported the synthesis of these covalent adaptable networks (CANs) or 

vitrimers in 2011, exploiting the transesterification of hydroxy-ester networks.125 Since then, 

the development of vitrimers has flourished to provide an array of new materials.126 While this 

new class of materials show great promise, they are typically hindered by their intense and 

inherent colour, esoteric chemistries, tendency to creep, and by a need for an associative 

exchange mechanism to maintain properties.  

To date, there have been only a few examples of the use of dynamic covalent or strong 

and weak cross-linking to toughen bio-renewable and oxygenated TPEs. Vidal et al. reported 

the synthesis of high Tg boron-containing polyesters through the ROCOP of a pinacol boronic 

ester-phthalic anhydride with various epoxides.127 Deprotection to form pendent boronic acids 

followed by dehydration results dynamic covalent cross-linking through the formation of 
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boroxine rings. These boron-containing polyester are utilised as the A-block in AB and ABA 

triblock copolymers, with PDL as the B-block. While these materials behave as elastomers, the 

tensile mechanical properties are not reported. This is in part due to the instability of the 

boroxine cross-links which hydrolyse even in the presence of trace quantities of water. This 

environmental instability likely limits the applications accessible when employing this form of 

dynamic network. 

Yang et al. reported the synthesis of fully CO2-derived poly(cyclohexene carbonate-b-

allyl glycidyl ether carbonate-b-cyclohexene carbonate) TPEs.128 The pendent alkenes in the 

central block were functionalised to install diols to every repeat unit of the block and the 

addition of a boronic ester generated the formation of a healable thermoplastic elastomer. The 

TPEs reported behave as moderate elastomers with the strongest exhibiting an ultimate tensile 

strength of 6.7 MPa, Young’s modulus of 10.1 MPa and an elongation at break of 250%. 

Unfortunately, the change in mechanical properties upon formation of the dynamic boronic 

ester network were not reported. 

An alternative approach by Zhao et al. demonstrated that the mechanical properties of 

a CO2-based polyurethane thermoset could be tuned by varying the ratio of rigid CO2-

polycarbonate to the soft polyester.129 These materials were synthesized through the grafting 

of poly(γ-methyl-ε-caprolactone) onto pendent alcohol groups decorating a poly(vinyl 

cyclohexene oxide-co-cyclohexene oxide) backbone, followed by isocyanate coupling.  

 Clarke et al. report the synthesis of an all-acrylic ABA triblock copolymer where the 

outer A-blocks were functionalised with pendent carboxylic acids.130 The outer blocks 

dehydrate upon heating to 200 ˚C and an acid-anhydride dynamic network was established. 

This improved creep-resistance and the mechanical properties of the triblock copolymer. The 

best performing material exhibited a Young’s modulus of 2.9 GPa ultimate tensile strength of 
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42 MPa and an elongation at break of 123%. This reflected a 5700 times, 20 times, and 5.4 

times improvement in Young’s modulus, ultimate tensile strength and elongation at break 

respectively. While the magnitude of enhancement of mechanical properties is notable, the 

materials require 24 hours of thermal compression to be mechanically recycled due to the slow 

timescale of the acid-anhydride exchange.  

 Another example of a networked TPE with a fully saturated carbon backbone is 

reported by Robertson and co-workers. Ding et al. reported the synthesis of ABA triblock 

TPEs with poly(styrene) as the outer block and a copolymer of poly(lauryl acrylate), derived 

from vegetable oils, and poly(acrylamide) as the central block.131 The poly(acrylamide) formed 

a transient hydrogen bonding network which reduced the effective entanglement molar mass 

and improved the mechanical properties. This resulted in an over 10 times increase in ultimate 

tensile strength and a 2 times increase in elongation at break, however, precise results from 

mechanical testing are not reported.  

Gregory et al. reported the synthesis of ionomer networks of all polyester triblock 

copolymer elastomers.132 These feature a PDL central block and semi-aromatic outer blocks, 

which were functionalised to install pendent carboxylic acids and were neutralised to form 

sodium and lithium ionomers. This strategy improved the mechanical performance of the 

TPEs without compromising the ability to thermally reprocess the materials. The Young’s 

modulus, ultimate tensile strength, and elongation at break of the best performing elastomer 

were 8.8 MPa, 19.5 MPa and 2420% respectively. This reflected a 19 times increase in modulus 

and a 59 time increase in tensile strength, with no significant loss in the elongation at break. 

 Gregory et al. later utilised an analogous approach to produce TPEs with a PTMC 

central block flanked by the same semi-aromatic outer blocks.133 Functionalisation to produce 

zinc ionomers improved the mechanical properties of the already high-performance 
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elastomers. The PTMC central block was able to undergo strain-induced crystallisation upon 

extension. The formation of crystallites stiffens the material and results in a rapid increase in 

stress at approximately 400% strain. The best unfunctionalised TPE exhibited a Young’s 

modulus of 7.1 MPa, ultimate tensile strength of 25.9 MPa, and an elongation at break of 

822%. The addition of the Zn(II) ionomeric cross-links resulted in a Young’s modulus of 41.6 

MPa, an ultimate tensile strength of 62.3 MPa and an elongation at break of 851%. This 

reflected a 5.9 times and 2.4 times increase in modulus and tensile strength respectively. These 

results highlight the great potential of metal-ligand cross-linking to enhance and tune the 

mechanical properties of sustainable oxygenated polymers.  
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Figure 1.13. Previously reported ABA triblock copolymer networks.   
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1.7 Aims and Objectives 

The main objective of this thesis is to explore how the formation of polymeric networks can 

enhance the mechanical properties of CO2- and bio-derived plastics and elastomers. The 

principle questions this thesis aims to answer are: 1) Can metal-ligand interactions be used to 

toughen and tune the thermomechanical properties of oxygenated elastomers without 

compromising the ability to mechanically recycle?; 2) How does regulation of the entanglement 

molar mass influence the thermomechanical properties of terpolymer plastics?; 3) Is it possible 

to 3D print sustainable polyols as degradable and elastic thermosets in high resolution? These 

studies aim to expand the property profile of CO2-derived polycarbonates through the 

development of new functional materials. In each instance, exploration of the end-of-life 

options of the materials should be undertaken, leading to a final question: 4) Is it possible to 

bridge the divide between the performance of these CO2-derived polycarbonates and the 

petro-polymers used today?  

 

Figure 1.14. Aims and objectives of this thesis – the formation of polymer networks to 
toughen and tune the thermomechanical properties of CO2- and bio-derived materials.  
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2.1  Introduction 

In Nature, biopolymer-metal networks are often utilised to reinforce and toughen 

materials. Examples include peptide-iron-catechol complexes employed by marine mussels in 

byssal threads to adhere them to rocks in tidal regions;1 zinc complexes that harden insect 

mandibles;2 and calcium-polymer bonds which provide structural support in shells, bones, and 

skeletons.3 Here, metal-polymer coordination chemistry is selected as a means to moderate 

elastomer properties since both the binding energy (thermodynamics) and ligand exchange 

lability (kinetics) are tuneable. This should allow for enhanced thermomechanical properties 

while maintaining the ability to mechanically reprocess the material. We hypothesised that 

from a common precursor, elastomeric properties might be modified by changing both the 

metal and loading used. This strategy could be advantageous since it would eliminate the need 

for new monomers or stereocomplex crystallisations to toughen thermoplastic elastomers 

(TPEs), both of which can be difficult to scale, control and may impact negatively upon 

recycling.  

In fact, commercial elastomer-metal networks are known, sometimes referred to as 

ionomers when low metal loadings are applied. For example, the TPE ionomer Surlyn™ is a 

random copolymer of ethylene and methacrylic acid reinforced with sodium ions and is used 

in food packaging, medical devices, and sporting goods. So far, commercial ionomers feature 

rather ill-defined polymer structures and so deconvoluting influences of metal coordination 

chemistry would be very challenging. Recently, the incorporation of metals into better-defined 

polymer matrices has drawn interest for their responsive luminescence, self-healing, catalytic, 

and toughening potential.4-7 Many of these materials have specific but limited applications, in 

part because of their intense colours.  

Well-defined polymer-metal complex interactions are much better understood in soft 

materials, like hydrogels, and have shown real promise in improving material properties.8-10  
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There is much less investigation of their potential to moderate plastics or elastomers; material 

classes typically exhibiting 100-1000 times greater tensile strength and 10-100,000 times higher 

Young’s modulus than gels. By applying strategies adopted in modern hydrogels, elastomers 

and plastics have the potential for dramatic improvements in mechanical properties.11-16 One 

example, from Valentine et al., demonstrated that incorporating iron-catechol interactions into 

a very low tensile strength polyether improved tensile strength and toughness.17 In 2022, 

Williams and co-workers reported ABA block polymer TPEs (A=polyester, B= 

polyester/carbonate) featuring sodium-, or zinc-carboxylate complexation in the hard domains 

which showed high tensile strengths and Young’s moduli.18, 19 The correlations between 

material properties and either the nature of, or loading of, different metals is under-explored.  
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2.2 Aims 

The work in this chapter aims to synthesise and characterise new types of carbon dioxide- 

(CO2) and bio-derived TPEs. These are described together with a generally applicable method 

to augment thermomechanical properties without requiring material re-design. CO2-derived 

polycarbonate, poly(vinyl-cyclohexene carbonate) (A-block), and bio-derived polyester, poly(ε-

decalactone) (B-block), will be combined in an ABA block copolymer. These TPEs will 

combine high glass transition temperature (Tg) amorphous poly(carbonates) blocks (A-blocks), 

with low Tg poly(ε-decalactone) (B-block), derived from castor oil, in ABA structures. 

The poly(carbonate) blocks will be selectively functionalised with metal-carboxylates 

through thiol-ene post polymerisation functionalisation. The polymer coordination chemistry 

will then be investigated with sodium(I), magnesium(II), calcium(II), zinc(II) or aluminium(III) 

as a strategy to reinforce A-block domains in TPEs. These metals are selected to be colourless, 

Earth-abundant, inexpensive, low-weight, non-toxic, and to feature strong bonding to 

carboxylic acids. The goals are to discover methods to moderate the TPE tensile strength, 

Young’s modulus, and toughness without compromising elasticity, elastic recovery or 

recyclability. 

The steps taken to achieve these aims will involve: 1) Synthesising poly(carbonate-b-ester-

b-carbonate) triblock copolymers featuring alkene functionality in the outer blocks, this will 

then be exploited to install carboxylate ligands to every repeat unit of the poly(carbonate) 

blocks and coordinated to various metals and in various quantities; 2) The thermomechanical 

properties will then be explored to elucidate how valency and ionic radii of the metals 

employed can be used to tune material properties; 3) The ability for these novel materials to 

be mechanically recycled and degrade in aqueous environments will be studied. In future, it is 

hoped these materials could substitute high-volume petrochemical elastomers and be utilised 

in high-growth fields like medicine, robotics, and electronics. 
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2.3 Ionomer Synthesis 

2.3.1 Synthesis of ABA Triblock Copolymer 

The ABA triblock copolymer, poly(vinylcyclohexene carbonate-b-ε-decalactone-b-

vinylcyclohexene carbonate) (PvCHC-PDL-PvCHC) was prepared using switchable catalysis 

in a one-pot process with a heterodinuclear [LZnMg(C6F5)2] catalyst and 1,4-

benzenedimethanol (BDM), as both initiator and chain transfer agent (CTA) (Scheme 2.1). 

Starting from a mixture of ε-decalactone (ε-DL) and 4-vinyl-cyclohexene oxide (vCHO), the 

[Zn(II)Mg(II)] metal catalyst first carries out the ring-opening polymerisation (ROP) of ε-DL, 

forming only a hydroxy telechelic poly(ε-decalactone) (PDL B-block). Next, the steel reactor 

was pressurised with CO2 (20 bar), triggering a switch in polymerisation mechanism to the 

alternating ring-opening copolymerisation (ROCOP) of CO2/epoxide and forming the desired 

ABA triblock copolymer (Figure S7.2.1). The benefits of this highly selective and well-

controlled catalytic system are: (i) no need for any intermediate polymer isolation or 

purification, and (ii) production of monomodal, high molar mass polymers with high end-

group fidelity (Mn > 50 kg mol-1, ÐM = 1.2).20  
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Scheme 2.1. Synthesis of poly(carbonate-b-ester-b-carbonate) ionomers. (i) ε-DL ROP at 80˚C 
catalysed by [LZnMg(C6F5)2] with BDM as bifunctional initiator, where [Cat]0/[BDM]0/[ε-
DL]0 = 1/4/1644 (1-vinyl), [ε-DL]0 = 1.7 M, toluene. (ii) CO2/vCHO ROCOP, CO2 (20 bar), 
80 ˚C. PvCHC-PDL-PvCHC (1-vinyl): Mn, SEC = 97 kg mol-1(ĐM = 1.09), 29 wt% PvCHC by 1 
H NMR spectroscopy. 2-vinyl: Mn, SEC = 67 kg mol-1(ĐM = 1.12), 21 wt% PvCHC. (iii) Thiol-
ene functionalisation (rt, 1 h) with 3- mercaptopropionic acid (3-MPA) and DMPA 
photoinitiator, 365 nm. [2-vinyl] = 5 wt %, THF. For PCOOHCHC-PDL-PCOOHCHC (2-
COOH), 30 wt% PCOOHCHC. (iv) Coordination of Na(I), Mg(II), Ca(II), Zn(II) and Al(III) to 
PCOOHCHC carboxylate ligands. [2-COOH] = 5 wt%, THF. [COOH]0/[M]0 = 10/1 for 
screening of the different metal crosslinkers. 50 mM stock solutions of NaOTf, Al(OTf)3 in 
THF and Mg(OTf)2, Ca(OTf)2, Zn(OTf)2) in H2O used to add desired quantity of metals. 
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As an example of how this reaction was conducted, ε-DL, vCHO, BDM and 

[LZnMg(C6F5)2] catalyst were dissolved in toluene and reacted at 80 ˚C, for 120 min 

([LZnMg(C6F5)2]0 = 1.0 mM, [LZnMg(C6F5)2]:[BDM]:[vCHO]:[ ε-DL] = 1:4:938:1645 ). The 

ROP of ε-DL occurred in high conversion to form the PDL block (90%, TOF = 740 h-1), as 

confirmed by 1H NMR spectroscopy from a reaction aliquot (Table 2.1). Then, the reaction 

mixture was transferred into a pressurised steel Parr reactor, the atmosphere was replaced with 

CO2 (20 bar), and heated to 80 ˚C to switch to the efficient ROCOP of vCHO/CO2. After 

stirring for 48 h, the reactor was cooled and depressurised, at which point analysis by 1H NMR 

spectroscopy indicated 84% conversion to the desired PvCHC ‘hard’ blocks (>99% CO2 

selectivity, >99% polymer selectivity, TOF = 13 h-1).  

Table 2.1: Summary of Polymerisation Conditions and Results 

 
PDL ROP PvCHC-PDL-PvCHC ROCOP 

 
Temp 

(°C) 

Time 

(min) 

aConv. 

(%) 

bMn,SEC 
 

c[ÐM] 

(kg mol-1) 

Temp. 

(°C) 

Time 

(h) 

aConv. 

(%) 

bMn,SEC
 

c[ÐM] 

(kg 

mol-1) 

dMn,NMR 

(kg mol-1) 

1-vinyl 80 120 90 81.8 [1.12] 80 48 84 96.7 

[1.09] 

100.7 

2-vinyl 80 90 89 41.4 [1.11] 80 48 80 67.3 

[1.12] 

79.4 

 

aDetermined from 1H NMR spectrum of crude polymer sample. bDetermined from SEC 
analysis (THF, 1 mL min-1); calibrated with narrow poly(styrene) standards. cMw/Mn. 
dDetermined from 1H NMR spectrum of purified polymer sample. 
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Further analysis by 1H NMR spectroscopy, of the isolated material after precipitation 

(1-vinyl) in MeOH, established it comprised 29 wt% PvCHC (A-block). This value was 

deduced by comparing integrals of resonances at 2.27 ppm (PDL main-chain –CH2–) and 5.76 

ppm (PvCHC –CH=CH2) (Figure 2.1). By comparing the integrals of the initiator (BDM) 

aromatic resonances at, 7.34 ppm, with those corresponding to PDL and PvCHC, at 2.27 and 

5.76 ppm respectively, Mn, NMR was calculated as 100.7 kg mol-1 and the average DPs for the 

blocks were 87:420:87 (PvCHC-PDL-PvCHC). 13C{1H} and 1H - 13C HSQC NMR 

spectroscopy provided additional support for the PvCHC-PDL-PvCHC triblock copolymer 

structure (Figure S7.2.2-S7.2.3). 

 

 

Figure 2.1: 1H NMR (400 MHz, CDCl3) spectrum of poly(vinylcyclohexene carbonate-b-ε-
decalactone-b-vinylcyclohexene carbonate) (1-vinyl) triblock copolymer. 
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This material, 1-vinyl, showed a high molar mass (number average molecular weight, 

Mn = 97 kg mol-1) and narrow dispersity (ĐM = 1.09) which were determined by size-exclusion 

chromatography, SEC (Figure 2.2). There was an significant increase in molar mass by SEC 

for 1-vinyl triblock copolymer relative to the intermediatory PDL block. This indicated that 

the CO2/vCHO ROCOP was initiated from the hydroxy telechelic end groups of PDL, and 

that 1-vinyl adopts a triblock copolymer architecture.  

 

Figure 2.2: SEC (THF, 1 mL min-1) traces for PDL block aliquot and purified PvCHC-PDL-

PvCHC (1-vinyl). Calibrated with poly(styrene) standards. 
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The desired ABA triblock copolymer structure was further confirmed by analysis of 

chain end-groups, by 31P{1H} NMR spectroscopy after treatment with a phospholane reagent 

(2-chloro-4,4,5,5-tetramethyl dioxaphospholane), which showed the exclusive formation of 

hydroxyl telechelic polymers originating from the outer PvCHC (A-block) at 146.8 ppm and 

the absence of PDL hydroxy end-groups at 147.1 ppm (Figure 2.3).21 Moreover, this 

disappearance of PDL end-groups confirms no transesterification taking place during the 

polymerisation, which would result in block scrambling and the presence of both PvCHC and 

PDL end-group.   

 

Figure 2.3: 31P{1H} NMR end-group analysis of 1-vinyl poly(vinylcyclohexene carbonate-b-ε-

decalactone-b-vinylcyclohexene carbonate) [red] triblock copolymer and thiol-ene 

functionalised 2-COOH [blue]. No signal for PDL hydroxyl end-groups (147.1 ppm) observed 

for either material. 
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2D DOSY 1H NMR spectroscopy displayed a single diffusion coefficient for all signals 

consistent with the blocks in a copolymer (Figure 2.4). This is further evidence of the 

formation of a block copolymer architecture opposed to a mixture of homopolymers.  

 

Figure 2.4: 1H DOSY NMR (500 MHz, CDCl3) spectrum of poly(vinylcyclohexene 

carbonate-b-ε-decalactone-b-vinylcyclohexene carbonate) (1-vinyl) triblock copolymer.  
 

2.3.2 Thiol-ene Functionalisation 

Next, carboxylic acids were installed onto every polycarbonate repeat by using a UV-

initiated ‘thiol-ene’ reaction between the polymer vinyl substituents and 3-mercaptopropionic 

acid (3-MPA). To allow for proper comparison between equivalent ‘unfunctionalised’ and 

ionomeric elastomers, a constant polycarbonate (A-block) weight fraction (%) was used for all 

polymers. Here the weight fractions of the constituent blocks is used as a proxy for their 

volume fractions and handle to maintain consistent microphase separated morphologies across 

the series of materials. Accordingly, a second unfunctionalised block polymer featuring a lower 

(21 wt%) polycarbonate content was synthesised (2-vinyl), with this material delivering 30 wt% 
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polycarbonate block and an Mn, NMR of 106.6 kg mol-1 after carboxylic acid installation (2-

COOH, Table 2.2).  

Table 2.2: ABA Triblock Characterisation Data 

Polymer aDP 

PvCHC : PDL 

: PvCHC 

awt% 

Hard Block 

aMn,NMR 

[kg mol-1] 

bMn,SEC
  

[kg mol-1] 

cÐM Classification 

1-vinyl 87 : 420 : 87 29 100.7 96.7 1.09 Elastomer 

2-vinyl 50 : 368 : 50 21 79.4 67.3 1.12 Viscoelastic Liquid 

2-COOH 50 : 368 : 50 30 106.6 43.0 1.45 Elastomer 

 
aDetermined from 1H NMR spectrum of purified samples (Figure 2.1). bDetermined from 
SEC analysis (THF, 1 mL min-1); calibrated with narrow poly(styrene) standards (Figure 2.2 
& 2.7). cMw/Mn. 

 

 

Figure 2.5: 1H NMR (400 MHz, CDCl3) spectrum of PCOOHCHC-PDL- PCOOHCHC (2-

COOH). 
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Quantitative carboxylic acid functionalisation was confirmed using 1H NMR 

spectroscopy, which showed the disappearance of the vinyl resonances at 4.98 and 5.76 ppm 

and the appearance of three new signals at 2.57, 2.65 and 2.78 ppm corresponding to the 

pendent carboxylic acid side chains (Figure 2.5). The 13C{1H} NMR spectra confirmed 

complete consumption of the vinyl signals (114, 142 ppm) and formation of a new carboxylic 

acid signal (177 ppm) without changes to polymer carbonate resonances (153 ppm, Figure 

2.6). 

  

 

Figure 2.6: 13C NMR (100.58 MHz, CDCl3) spectrum of functionalised PCOOHCHC-PDL- 

PCOOHCHC (2-COOH). 

 

SEC analyses revealed a slight decrease in the overall polymer molar mass after 

functionalisation, but with retention of a monomodal distribution (2-COOH, Figure 2.7). The 

decrease in molar mass is likely an SEC feature since the carboxylic acids are likely to 

significantly change the polymers’ hydrodynamic radius. By capping the pendant carboxylic 

acid groups through the addition of an excess of 2-chloro-4,4,5,5-tetramethyl 
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dioxaphospholane, the inter-chain hydrogen bonding was disrupted and SEC revealed an 

increase in average molar mass and narrowing of dispersity (Figure 2.3 & 2.7). The Mn,NMR 

showed the expected increase in molar mass after functionalisation. There was no evidence for 

any backbone degradation or high molar mass shouldering/tailing indicative of vinyl-vinyl 

crosslinking, by either SEC or NMR analyses.  

 

Figure S2.7: SEC (THF, 1 mL min-1) traces for purified PvCHC-PDL-PvCHC (2-vinyl), 

functionalised PCOOHCHC-PDL- PCOOHCHC (2-COOH) and phospholane capped 2-COOH. 

Calibrated with poly(styrene) standards. 

 

The 1H DOSY NMR spectrum showed a single diffusion coefficient consistent with 

the polymer structure (Figure S7.2.4). There was also a significant change in material 

properties, with 2-vinyl behaving as a viscoelastic liquid, while 2-COOH is an elastomeric solid 

(Figure 2.8).  
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Figure 2.8: Photograph of viscoelastic liquid 2-vinyl and elastic solids 1-vinyl and 2-COOH. 

 

The IR spectra showed the disappearance of the vinyl resonance (1641 cm-1) indicative 

of complete thiol-ene functionalisation (Figure 2.9). A broadening of the carbonyl resonance 

(1728 cm-1) arises from the addition of acid carbonyl groups within the material as a result of 

the post-polymerisation functionalisation. 

2.3.3 Metal Complexation 

From 2-COOH, a series of metal complex ionomers were synthesised using sodium(I), 

magnesium(II), calcium(II), zinc(II), and aluminium(III). These metals were selected on the 

basis of Earth-abundance, low cost,  low weight, their strong precedent for reacting with 

carboxylic acids, and lack of colour upon coordination. By using mono-, di- and trivalent 

metals it is possible to compare the influences of metal ionic radii and coordination chemistries 

on the elastomer properties. All ionomer syntheses were scalable; thus, 10.4 g of 2-vinyl was 

transformed into 9.0 g of 2-COOH which was used for all subsequent metal complexation 

reactions. To investigate the influences of the different metals, a common molar ratio of 

(Polymer)-COOH : metal, 10:1 was targeted, i.e. 10, 20 or 30% metal-carboxylate formation 
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and neutralisation depending upon the valency of the metal. The ionomers were each 

synthesised by stirring a solution of 2-COOH (5 wt% in THF) with the appropriate metal 

triflate salt (a 50 mM solution of NaOTf, Al(OTf)3 in THF, or Mg(OTf)2, Ca(OTf)2, Zn(OTf)2 

in H2O) for 10 minutes, at room temperature. Triflate salts were employed due to their 

favorable solubility in organic solvents, their weakly coordinating counter anion, and to 

maintain a consistent synthetic protocol, allowing for fair comparisons to be made between 

the ionomers produced.  The products were precipitated (methanol), washed with water to 

remove any released triflic acid, dried under reduced pressure and compression moulded into 

thin films (120 ˚C, 1 tonne, 10 min). The resulting films had variable but low metal weight 

contents (0.3- 0.8 wt% overall) and consistent metal mol% (10%).  

 

Figure 2.9. FTIR spectra of polymer films comparing the unfunctionalised (1-vinyl), 

carboxylic acid functionalised (2 COOH) and aluminium ionomer (2-Al0.10) materials. 
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The samples are henceforth referred to as 2-Mx.xx, (M = metal employed, x.xx = metal 

loading relative to COOH groups). Formation of the (-COO)xM moieties (x = 1, 2, or 3) in 

the final film was supported by a range of spectroscopic techniques. FTIR spectroscopy 

confirms the metal-carboxylate coordination as exemplified by 2-Al0.10 showed a clear peak at 

1627 cm-1 consistent with metal carboxylate formation (Figures 2.9 & S7.2.5-S7.2.11).16, 18, 22, 

23 For 2-Na0.10, 2-Mg0.10, 2-Ca0.10, 2-Zn0.10 clear metal-carboxylate peaks could not be easily 

observed. This is attributed to the low concentration of metal-carboxylate bonds for the mono- 

and divalent metals. However, when this concentration was increased in the synthesis of 2-

Na1.00, 2-Mg1.00, 2-Ca1.00 and 2-Zn1.00, new signals at 1570, 1567, 1578 and 1574 cm-1, 

respectively, were observed. All the ionomer films appeared optically transparent and this was 

confirmed by UV-vis spectroscopy of all films produced (Figures 2.10 & S7.2.12-S7.2.20 ). 

Optical transparency is critical to ensure these ionomers are suitable for a whide range of 

applications, avoiding the limitations of other intensely coloured networked materials.  

 

Figure 3.10: Photo of colourless 2-Al0.10 disk on printed colour background. 
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Coordination of Al(III) to the carboxylate ligands was also confirmed by solid-state 

27Al NMR spectroscopy using a film of 2-Al0.10 (Figure 2.11). Signals at 182 and -202 ppm, 

which arise from 27Al-19F coupling in Al(OTf)3 disappeared, consistent with the loss of triflate 

anions, and a new broad singlet at -6 ppm suggests there is a single aluminium-carboxylate 

coordination environment within the ionomer network. 

 

Figure 2.11: Solid-state 27Al NMR spectra of 2-Al0.10 film (top) and aluminium triflate 

precursor (bottom). 
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2.4 Material Characterisation 

2.4.1 Thermal Properties 

The polymeric materials were all amorphous with phase-separated microstructures, as 

determined by differential scanning calorimetry (DSC). Indeed, the two glass transition 

temperatures (Tg) observed in the DSC thermograms are consistent with the values observed 

for the constituent polymer blocks (Figure 2.12). The lower glass transition temperature (−46 

≤ Tg ≤ −54 ˚C) corresponds to the PDL block. Interestingly, samples with 2-COOH and 2-

Mx.xx displayed slightly lower values, in both DSC and dynamic mechanical thermal analyses 

(DMTA) profiles, likely due to greater block incompatibility between the non-polar PDL and 

more hydrophilic hard-blocks. The upper glass transition temperature, corresponding to the 

hard-blocks, was only detected by DSC for the unfunctionalised 1-vinyl (Tg = 105 ˚C) however 

could be observed by DMTA (vide infra).  
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Figure 2.12: Differential Scanning Calorimetry (DSC) data for the polymers. 
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A better insight into the thermal transition and thermomechanical propeties of the 

PvCHC functionalised A-block domains was obtained by DMTA. Temperature ramps were 

conducted on thin films under tension for all the materials (3 ˚C min-1, 0.1 % strain, 1Hz), 

from -80 to 250 ˚C or when the material deformed to the limits of the geometry. Thus, thin 

films of 2-COOH, 2-Na0.10, 2-Mg0.10, 2-Ca0.10 and 2-Zn0.10 displayed distinct peaks in their tan(δ) 

profile (80–100 ˚C, Figure 2.13, 2.14, S7.2.21-S7.2.27, Table S7.2.1), a clear indicator of the 

Tg of the polycarbonate blocks.  

 

Figure 4.13: Dynamic mechanical thermal analysis (DMTA) temperature sweeps for the 
carboxylic acid functionalised materials 2-COOH. 

 

For 2-Al0.10, a low-intensity, diffuse peak at a significantly higher temperature (136 ˚C) 

was attributed to greater crosslink density afforded by the trivalent metal which restricts chain 

segmental motion. This property provides the material with an extended rubbery plateau 
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compared to the other ionomers spanning, from -20 to 200 ˚C, over-which range the material 

maintained its constant storage modulus.  

 

Figure 5.14: Dynamic mechanical thermal analysis (DMTA) temperature sweeps for the 
aluminium ionomer 2-Al0.10. 

 

Finally, the high thermal stability, as determined by thermogravimetric analysis (Td,5% 

> 250 ˚C), indicates a wide processing window for all polymers (Figures S7.2.28-S2.7.37). For 

all materials reported, there is a low-temperature shoulder on the principal peak in the 

derivative of the mass loss curve. This more clearly shows that the mass loss occurs in two 

stages. This is not as clear as one might expect in just the thermogram as the weight content 

of the polycarbonate blocks is low in the elastomeric regime. The derivative better shows that 

the polycarbonate A-blocks are degrading first, followed by the central PDL B-block. This 

suggests that thermal degradation occurs by a chain end-initiated decomposition.  
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2.4.2 Small-Angle X-Ray Scattering 

 

Figure 2.15: Representative SAXS scattering pattern (2-Al0.05). 

 

 

Figure 2.16: Room-temperature small-angle X-ray scattering (SAXS) profiles showing 
principle scattering peaks (q*) and higher-order peaks (q/q*). 
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To better understand the block polymer morphologies, small-angle X-ray scattering 

(SAXS) was conducted on all films, at room temperature (Figure 2.15). No pre-treatment was 

conducted to better reflect the ‘true morphology’ of samples used in subsequent mechanical 

testing (Table 2.3 & Figures S7.2.38-S7.2.43). All polymers exhibit hexagonally packed 

cylindrical morphologies, as indicated by common higher-order scattering peaks (q/q* = √3, 

√4, √7 and √9). This finding is important since it allows for comparisons of the metal 

influences without altering their phase-separated microstructures. The domain sizes (d = 

2π/q*), determined from the principle scattering peaks (q*), increased slightly after 

functionalisation from 15 nm for 1-vinyl to 21 and 20 nm for 2-COOH and 2-Al0.10, 

respectively (Figure 2.16, Table 2.3). All the ionomers have domain sizes between 20 and 27 

nm. This increase in domain spacing upon functionalisation is consistent with both carboxylic 

acid hydrogen bonding and metal-ligand coordination interactions within the hard domains.  

Table 2.3: Summary of the SAXS data. 

Material q*/ Å-1 d/nm High Order Peaks 

/q/q* 

Assigned 

Morphology 

1-vinyl 0.041 15.4 √3, √7  HEX 

2-COOH 0.029 21.4 √3, √9 HEX 

2-Na0.10 0.026 23.4 √4, √12 HEX 

2-Mg0.10 0.031 20.2 √3, √9 HEX 

2-Ca0.10 0.028 22.2 √3, √9 HEX 

2-Zn0.10 0.030 20.9 √4, √9 HEX 

2-Al0.10 0.031 20.2 √4, √9 HEX 

2-Al0.05 0.023 27.2 √4, √9, √13 HEX 

2-Al0.01 0.027 23.0 √4, √9 HEX 

 

Where q* = principle scattering peak (d = 2π/q*), HEX = hexagonally packed cylinders.  
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2.4.3 Mechanical Properties 

To study how the mechanical properties changed with metal-carboxylate coordination 

chemistry and to assess the stress-strain relationships of the thermoplastic elastomers, 

specimens were subjected to uniaxial extension experiments, according to ISO 527 (10 mm 

min-1) (Figure 2.17). It was anticipated that a range of mechanical properties would be accessed 

by changing the valency and ionic radii of the metals. For each material, five repeat experiments 

were conducted, and the average values and errors, for the Young’s modulus, tensile strength, 

strain at break and tensile toughness were compared (Table 2.4). 

 

Figure 2.17: Representative stress-strain curves (10 mm min-1 extension rate).  
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Table 2.4: Summary of thermal and mechanical properties of CO2-derived triblock copolymer 
elastomers. 

Polymer Metal 

[wt%] 

aTg1,  

[˚C] 

bTg2 

[˚C] 

cTd,5% 

[˚C] 

dEy 

[MPa] 

eσ 

[MPa] 

fεb 

[%] 

gUT 

[MJ m-3] 

hElastic 

Recovery 

[%] 

1-vinyl 0.00 -46 105* 309 1.0 ± 0.1 0.5 ± 0.02 1373 ± 93 4.7 ± 0.3 81 

2-COOH 0.00 -51 100 287 9.0 ± 0.4 4.4 ± 0.1 2615 ± 

175 

88.4 ± 7.6 92 

2-Na0.10 0.29 -50 91 285 18.8 ± 1.3 6.4 ± 0.4 610 ± 59 24.4 ± 3.4 78 

2-Mg0.10 0.30 -51 80 290 11.5 ± 0.4 6.0 ± 0.3 996 ± 62 33.9 ± 2.1 88 

2-Ca0.10 0.50 -51 82 290 13.2 ± 0.2 5.2 ± 0.7 790 ± 81 24.3 ± 4.8 88 

2-Zn0.10 0.82 -51 86 275 11.8 ± 0.6 6.2 ± 0.6 1156 ± 87 37.7 ± 6.0 89 

2-Al0.10 0.34 -54 136 273 51.5 ± 3.2 10.3 ± 0.3 361 ± 21 29.4 ± 2.2 99 

2-Al0.05 0.17 -50 121 258 21.5 ± 1.0 9.6 ± 0.3 462 ± 24 30.8 ± 2.3 78 

2-Al0.01 0.03 -50 100 270 12.4 ± 3.0 6.3 ± 0.4 630 ± 57 23.9 ± 3.0 82 

aLower glass transition temperature from DSC,  bupper glass transition temperature from peak 
in tan(δ) in DMTA, *from DSC. cThermal degradation behavior is reported as the temperature 
at 5% mass loss, determined by TGA. dYoung’s modulus.  eTensile strength.  fStrain at break.  

gTensile toughness (area under the stress-strain curve). Mean values ± std. dev. from 
measurements conducted independently on 5 specimens.  hElastic recovery determined from 
zero-force stress recovery experiment, materials were allowed to recover for 30 min from 0.3 

εb. 

 

Samples showed tensile strengths from 1–10 MPa and elongations at break from 300–

2600%. All samples show stress-strain relationships, consistent with elastomeric behavior. The 

unfunctionalised polymer 1-vinyl shows a very low tensile strength, 0.5 MPa, and high 

elongation at break (1373%). There are clear material property benefits to the carboxylic acid 

functionalisation in improving mechanical performance. Comparing materials with identical 

hard block content, 1-vinyl (unfunctionalised) and 2-COOH, reveals a 9-fold increase in 

Young’s modulus (1.0 to 9.0 MPa), a 10-fold increase in tensile strength (0.5 to 4.4 MPa), a 2-

fold increase in elongation at break (1373 to 2615%), and a 19-fold increase in tensile 

toughness (4.7 to 88.4 MJ m-3). These superior properties are attributed to enhanced phase 

separation and the hydrogen bonding reinforcing the hard block. The mechanical properties 
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were also significantly influenced by the different metals (Figure 3b). All displayed superior 

characteristics relative to 1-vinyl and 2-COOH, albeit with very high elongations at break (< 

1200%). Interestingly, monovalent 2-Na0.10 displayed the greatest Young’s modulus and tensile 

strength relative to all the metal(I) and metal(II) ionomers studied, which was tentatively 

attributed to the sodium carboxylate clustering/aggregation in the hard domains.16 

 

Figure 2.18: Improvement in tensile strength and Young’s modulus relative to 
unfunctionalised 1-vinyl.  

 

2-Al0.10 shows the most dramatic increase in tensile strength (52-fold) and Young’s 

modulus (21-fold) relative to the unfunctionalised triblock copolymer. The trivalent Al(III) 

ions enable greater crosslinking which reinforces the hard domains and strengthens the 

material. The gains in stiffness and strength result in some slight reductions in elongation at 

break, but samples are able to achieve strains in excess of 350%, which is certainly sufficient 

for many TPE applications.24, 25 The significant improvements in tensile strength and Young’s 

modulus demonstrate the benefits of metal ion coordination and exemplify how a common 
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starting polymer can be rapidly adjusted to meet specific material property demands (Figure 

2.18).  

 

Figure 2.19: Zero force recovery experiments of all elastomers. 

 

The elastic recovery was assessed by zero-force stress recovery experiments. Samples 

were strained to 30% of the elongation at break and allowed to freely recover for 30 min, i.e. 

under zero force/stress. Elastic recovery is the original length of the specimen relative to that 

after the 30 min recovery period (Table 2.4, Figure 2.19). 2-COOH shows better elastic 

recovery, 92%, than the unfunctionalised polymer, likely as a result of dynamic inter-chain 

hydrogen bonding.18 All the ionomers show high elastic recovery values, with 2-Mg0.10, 2-Ca0.10 

and 2-Zn0.10 being 88–89%. The lead sample is, once again, 2-Al0.10 which displays an 

impressive 99% elastic recovery. It is proposed that the Al(III) ions anchor the hard blocks 

and reduce chain pull-out, thereby driving efficient elastic recovery.26  
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In most applications, elastomers must also resist mechanical creep, or permanent 

deformation under applied stress.26 To assess these aspects, rheological creep-recovery 

experiments were conducted using 1-vinyl, 2-COOH and 2-Al0.10 (Figure 2.20). The 

experiments were conducted at 30 ˚C, at a constant stress (5 kPa) for four periods of 100 s, 

each followed by 100 s of 0 Pa stress to recover. During the first cycle, 1-vinyl exhibited 11% 

strain which increased to 16% by the fourth cycle – i.e. it showed significant creep. On the 

other hand, 2-COOH and 2-Al0.10 only showed 2.0 and 0.9% strain, respectively, in the first 

cycles which did not increase in subsequent cycles. This excellent creep resistance is likely the 

result of improved hard-domain interactions.  

 

Figure 2.20: Creep-recovery experiments at 30 ˚C, 5 kPa.  

Given the high tensile strength, elastic recovery and creep resistance of the Al(III) 

ionomer, four different metal loadings were examined (as mol% metal vs. carboxylic acid 

groups), targeting both lower (2-Al0.01, 2-Al0.05) and higher (2-Al0.12 and 2-Al0.15) metal contents. 
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The latter two samples (i.e. 12 and 15 mol%) were too densely crosslinked for subsequent 

processing either by solvent casting or compression moulding. On the other hand, 2-Al0.01 and 

2-Al0.05 were both successfully processed into thin films and uniaxial tensile testing allowed 

comparisons of Young’s moduli, tensile strengths and strains at break of the ionomers (Figure 

2.21). The tensile strength correlates with the amount of Al(III) in the samples (0.03-0.34 wt%) 

and these experiments further demonstrate the potential tuning of tensile mechanical 

properties according to particular applications needs.  

 

Figure 2.21: Representative stress-strain curves (10 mm min-1 extension rate) for ionomers 
containing 10, 5 and 1 mol% aluminium with respect to pendent COOH groups. 

 

 To qualitatively investigate the influences of ionomer crosslink density, samples were 

subjected to solvent swelling experiments; in which lower swelling indices correlate with more 

strongly cross-linked networks. Uniform ionomer disks (8 mm diameter, ~200 µm thick) were 

submerged in THF for 72 h, then dried (vacuum oven, 72 h) and weighed (both swollen and 
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dried) to determine the swelling index and gel content respectively (Figure 2.22 and Table 

S7.2.2). All ionomers showed high gel contents, from 92-99%, highlighting their resistance to 

organic solvents. The swelling indices are highest for the metal(II) ionomers, indicating less 

effective crosslinking. In contrast, 2-Na0.10 has a lower swelling index, consistent with the 

proposed sodium carboxylate aggregation. The lead sample, 2-Al0.10 has the lowest swelling 

index and the highest crosslink density of all the materials. Further, as the Al(III) loading 

decreased, the swelling indices increased, consistent with reduced crosslinking (Figure 2.22). 

Overall, the swelling indices of all the Al(III) samples are the lowest suggesting that even at 

very low loadings of Al(III) there is a maximised crosslink density. This notion is consistent 

with the tensile mechanical data, where 2-Al0.01 has the greatest tensile strength even though it 

is applied at 1/10 the metal loading of the M(II) ions. This finding is significant since it allows 

for the highest mechanical strengths/Young’s moduli using the lowest quantities of metal. 

 

Figure 2.22: Swelling index after swelling polymer samples in THF for 72 hours of all 
ionomers. 
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Figure 2.23: Storage moduli from dynamic mechanical temperature analysis (DMTA) 
temperature sweeps of 2-Al0.10, 2-Al0.05, 2-Al0.01. 

 

Figure 2.24: Tan(δ) profiles from dynamic mechanical temperature analysis (DMTA) 
temperature sweeps of 2-Al0.10, 2-Al0.05, 2-Al0.01. 
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Given the promising performances of the Al(III) ionomers, their dynamic mechanical 

properties were investigated. All samples show wide-ranging rubbery plateau regions (Figure 

2.23). The plateau moduli of the Al(III) ionomers decrease with metal loading, particularly at 

elevated temperatures (34.3, 7.5 and 1.3 MPa at 120 ˚C for 2-Al0.10, 2-Al0.05 and 2-Al0.01 

respectively). At Al(III) contents 5-10%, the storage modulus is maintained to temperatures 

of 200 ˚C (which is well above the notional Tg,upper, Figure 2.24) and the materials show a wide 

operating temperature range of -38–200 ˚C. It is proposed there is sufficient crosslinking in 2-

Al0.10 and 2-Al0.05 to restrict chain mobility. As a result, the upper glass transition temperature 

is raised and suppressed.  
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2.5 Mechanical Recycling 

Polymers designed to facilitate reprocessing could be advantageous in facilitating their end-

of-life treatments since the energy required for mechanical recycling is usually significantly 

lower than for chemical recycling.27, 28 One advantage of these reversible chemical bonds 

should be their facility to undergo thermal reprocessing. Accordingly, the lead sample 2-Al0.01 

was successfully reprocessed three times, at 140 ˚C, without any compromise in thermal or 

mechanical properties (Figure 2.25). These data show the potential to efficiently recycle both 

manufacturing scraps and even waste thermoplastic elastomer samples by simple heating 

protocols (above Tg,upper)
 and without any material decomposition. 

 

Figure 2.25: Dynamic Mechanical Thermal Analysis (DMTA) for “virgin” and 

“reprocessed” films of 2-Al0.01 
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Following the first reprocessing cycle, there is only a single rubbery plateau observed. This 

change in DMTA profile is attributed to the further thermal annealing of the polymer in which, 

kinetically trapped domains are released. After a second and third reprocessing cycle, there is 

no observable difference in the DMA profiles. This suggests that after complete annealing is 

achieved, there is no further change in the mechanical and thermal properties with repeated 

mechanical recycling.  
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2.6 Aqueous Stability  

The aqueous stability of the polymers and ionomers was investigated by water swelling and 

base-catalysed accelerated hydrolyses.  For the aqueous swelling experiments, disks of 1-vinyl, 

2-COOH and 2-Al0.10 (16 mm diameter, ~200 µm thick) were submerged in deionised water 

(pH = 7) and their swollen mass measured over time (Figure 2.26). There were slight 

differences, with 2-COOH and 2-Al0.10 showing increased water uptake. Over 5 months no 

significant degradation occurred, which is advantageous for any environmental exposure of 

products.  

  

Figure 2.26: Swelling study in deionised water (pH = 7). 
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To confirm the stability of the samples, the storage moduli were monitored as a function 

of the relative humidity using representative samples of 1-vinyl, 2-COOH and 2-Al0.10 (Figure 

2.27). All three materials maintained constant values for storage moduli from 0 - 80% relative 

humidity demonstrating good stabilities over the duration of the experiments, since the 

majority component of all samples is hydrophobic PDL. This prevents any compromise to 

sample mechanical integrity even in the most extreme of humid environments.  

 

Figure 2.27: Storage moduli profiles from DMA relative humidity sweeps for 1-vinyl, 2-

COOH and 2-Al0.10. 
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Finally, accelerated aging experiments were conducted using a strong base. Accordingly, 

disks of 1-vinyl, 2-COOH and 2-Al0.10 (16 mm diameter, ~200 µm thick) were submerged in 1 

M NaOH solutions at room temperature and mass loss over time was measured (Figure 2.28). 

The Al(III) ionomer,  2-Al0.10, showed significantly faster hydrolysis compared to 1-vinyl or 2-

COOH, achieving 50% mass loss over 5 months. In future, these accelerated hydrolyses could 

be exploited and accelerated, e.g. with higher temperatures, for chemical recycling.  

 

Figure 2.28: Polymer Films with accelerated degradation in basic aqueous media, (1 M 

NaOH, pH = 14, RT). 
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2.7 Discussion 

The ABA block polymers are derived from CO2, a common waste product abundant as a 

co-product of chemical/bio-chemical manufacturing, and ε-decalactone, sourced from castor 

oil via ricinoleic acid.29, 30 As such, these polymers comprise ~75 wt% renewable resources and 

using efficient chemistry, simple carboxylic acid substituents were installed at regular sites 

through the polycarbonate ‘hard’ blocks. These carboxylic acid groups coordinate metals 

including Na(I), Mg(II), Ca(II), Zn(II) and Al(III) to make new ionomer elastomers.  The 

overall metal loadings were very low in all samples, <1 wt%, allowing for optical transparency, 

but despite these low loadings, the nature of the metal, and specifically its oxidation state or 

valency controls the polymers’ thermal and mechanical properties. In particular, the greatest 

tensile strengths were afforded by low quantities of Al(III) and the products combined broad 

operating temperatures with high upper service temperatures (-20–200 ˚C). The latter 

temperature exceeds those of TPEs featuring PLA (~60 ˚C),31 polystyrene (~100 ˚C),24 or 

poly(cyclohexene-alt-phthalate) (~120 ̊ C) hard blocks.32 There are significant benefits to using 

low quantities of metals to increase tensile mechanical strengths and toughness, no 

compromise in elastic recovery and reduced creep.  Further, the elastomers can be reprocessed 

thermally which should help future recycling.  There are two areas of novelty or property 

moderation that are worth more detailed contextualisation vs. the literature. 
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2.7.1 CO2-Derived Elastomers 

The first is the distinct improvements to the properties of carbon dioxide-derived 

polymers (PC) afforded by the metal carboxylates. These new polymers (~5 wt% CO2) access 

previously inaccessible regions of property space compared with other CO2-derived polymer 

elastomers (Figure 2.29). Compared with other elastomers featuring the same polyester ‘soft’ 

block (i.e. PDL), the ionomers showed significant increases in all tensile mechanical properties, 

i.e. they performed better than equivalent materials using poly(cyclohexene carbonate), 

poly(vinyl cyclohexene carbonate) or poly(limonene carbonate) ‘hard blocks’.33, 34 Further, the 

increases in tensile strength do not compromise elasticity, with materials showing high elastic 

recovery and high creep-resistance. The new polymers also improved upon prior reported 

carbon dioxide-derived polycarbonate elastomers.  

 

Figure 2.29. Ashby plot for literature CO2-TPEs & CO2 ionomers (this work). Where PC = 
Polycarbonate, PDL =Poly(ε-decalactone), PAGEC = Poly(allyl glycidyl ether carbonate),35 
and POC = Poly(octene carbonate).36  PC-PDL-PC: ABA triblock polymers with PDL B-
blocks and CO2/epoxide (cyclohexene oxide, 4-vinyl cyclohexene oxide and limonene 
oxide).33, 34 
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Compared with materials featuring ‘soft blocks’ such as poly(allyl glycidyl ether 

carbonate) (PAGEC) or poly(octene carbonate) (POC), these ionomeric elastomers showed 

over 50 and 200% higher tensile strengths and over 400 and 1900% higher Young’s moduli, 

respectively, and maintained the same poly(cyclohexene carbonate) hard blocks.35, 36 Since the 

production of the current materials was highly controlled, there is a range of future options to 

combine different lactones, epoxides or heterocumulenes to fine-tune properties. If higher 

bio-based content were desired, a hard-block polymer comprising limonene oxide (LO) and 

carbon dioxide could be targeted, since both its catalysis and ‘hard block’ properties are 

benchmarked.34 The step-changes in mechanical performances afforded by these ABA block 

polymers, compared with the current state-of-the-art polymers, offer significant scope for 

future property explorations and expand the range and application potential for carbon 

dioxide-derived plastics.   

 

2.7.2 Toughening Strategies 

The second feature is the facility to ‘tune’ properties without requiring any polymer 

backbone re-design or changes to processing conditions.  This aspect is significant since prior 

solutions to these challenges generally involved new monomers and polymers. Whilst 

appropriate in academic discovery, there could be some disbenefits to moderating properties 

through changes to monomer chemistry, since in every new product the monomer syntheses, 

polymerisation catalysts and conditions must be (re)optimised. There are also a number of 

known approaches to increasing elastomer tensile strengths and comparably metal ion 

coordination appears promising.    
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Figure 2.30. (A) Schematic representation of various approaches to increase mechanical 
properties of TPEs. (B) The resulting improvement of the strategy relative to unfunctionalised 
material. *No increase.  

 

One excellent approach has been to increase the soft-block entanglement by using B-

block polymers showing low entanglement molar mass (Me). This strategy has allowed up to a 

767% increase in Young’s modulus and a 157% increase in tensile strength (compared with 

equivalent polymers applying soft blocks with higher Me).
37 Alternatively, the hard-blocks can 

be reinforced by (co-)crystallisation, for example by PLLA/PDLA stereo-complexation, which 

achieved 273% higher Young’s modulus but did little to change the overall tensile strength 

(compared with PLLA materials alone).38 Despite the undoubted successes of the prior 

approaches, installing metal complexes allows for greater increases in properties of 1900% in 

tensile strengths and 5100% in Young’s moduli (Figure 2.30 & Table S7.2.3). Given the 

magnitude of the increment is controlled by the quantity of the added metal, it’s easily feasible 

to moderate properties of a very wide range of values.  
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Finally, the metal ion coordination strategy should be practically achievable and this work 

has deliberately focused on precision structures using inexpensive monomers combined with 

low-cost, colourless, and Earth-abundant metals to improve future sustainability and 

applicability.  Materials were prepared using controlled switchable polymerisations, combining 

commercial lactone ROP and epoxide/carbon dioxide ROCOP, with a single catalyst. The 

precision block polymer structures allow for high control and regulation over both the extent 

and site of metal ion coordination and subsequent properties. In future, a range of different 

coordination chemistries should be explored to provide an understanding of the relationships 

between inorganic macromolecular chemistry and macroscopic properties. 
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2.8 Summary and Future Work 

2.8.1 Conclusion 

Installing metal-carboxylate bonds within the hard domains of a CO2- and bio-derived triblock 

copolymer thermoplastic elastomers allowed for control over and improvements to tensile 

mechanical properties. Materials were prepared with <1 wt% metal yet showed significantly 

higher tensile strengths, and toughness whilst maintaining high elasticity, elastic recovery and 

creep resistance. Well-controlled polymer syntheses ensured regular placement of coordination 

sites along the chain, allowing for accurate control over the crosslinking density and tuning the 

thermal and mechanical properties. Using <1 wt% aluminium in the polymers resulted in a 52-

fold increase in the material’s Young’s modulus and a 21-fold increase in tensile strength 

relative to the starting polymer. The ionomeric polymers showed wide operating (-20–200 ˚C), 

were also recyclable by compression moulding, and showed good environmental stability.  

 

2.8.2 Future Work 

This new chemistry should be applicable to many other monomer combinations, polymer 

structures and metal-ligand coordination chemistries providing an exciting array of future 

materials and mechanisms for property tuning.  

 There are two key areas of further research with respect to the metal-ligand interactions 

within the ionomers: 1) the exploration of a wider array of metal crosslinkers and 2) the use of 

different ligands appended to the outer blocks of the TPE. While only sodium, magnesium, 

calcium, zinc, and aluminium were explored in this work, there are a plethora of other metals 

which could be employed to provided added functionality to the materials. For example, the 

incorporation of iron(III) into the polymer network should provide similar thermomechanical 
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properties to that of aluminium(III) but instil magneto-responsive properties to the material.39 

While this would result in a coloured polymer, it could potentially allow for magnetic actuation 

and subsequently applications in soft robotics and/or biomedical applications.40 Furthermore, 

as the iron centres would be surrounded by pendent carboxylic acid ligands, the iron(III) could 

undergo photoreduction to iron(II) to change the crosslinking density within the network and 

ultimately the mechanical properties of the polymer.41  

 Changing the chosen ligand incorporated into the TPE backbone could have dramatic 

influences on the exchange dynamics of the ionomeric interactions. Catachol ligands have been 

extensively explored within biomimetic hydrogels and phosphonic acid ligands have been 

shown to be extremely effective in conductive composite cathode binders due to their 

favourable interfacial adhesion properties.42, 43 These two classes of ligands would likely be 

extremely effective to toughen triblock copolymer elastomers. To probe these 

thermodynamics and kinetics formally, a series of low molar mass PvCHC (below 

entanglement molar mass Me) could be used as a rheologically simple model for the outer 

‘hard’ TPE blocks reported here. Thiol-ene functionalisation of the homopolymer to append 

varying ligands followed by the addition of metal salts to fully neutralise the ligands would 

yield a series of brittle and powdery ionomers. However, rheological stress-relaxation and 

creep-recovery experiments at varying temperatures would provide activation energies for 

metal-ligand bond exchange and for viscous flow respectively.44, 45 As the metal-ligand 

exchange has been deconvoluted from entanglements within the blocks, hydrogen bonding, 

and order-to-disorder transitions. By developing a series of materials with varying ligands, the 

role of the ligand on both the thermodynamics and kinetics of the ionomeric exchange process 

could be established, allowing for a further handle to tune material properties and lead towards 

more targeted ionomer design. 
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 The final avenue of further investigation is to produce analogous ionomers with ‘soft’ 

and ‘hard’ blocks with varying compositions. The ROP of trimethylene carbonate to produce 

poly(trimethylene carbonate) (PTMC) as the central ‘soft’ block of the TPE would likely result 

in CO2-derived TPEs with greater strength and toughness. Under strain, PTMC chains can 

align and reversibly crystalise. PTMC blocks within TPEs have been shown to undergo strain-

induced crystallisation, leading to a dramatic uptick in stress.19 This would not only open up a 

new area of property space to for CO2-derived copolymer elastomers but increase the CO2 

content of the material as PTMC can be produced directly from 1,3-propanediol and CO2.
46 

Alternatively, the ROCOP of CO2 and monocyclic epoxides such as ally glycidyl ether could 

produce a low Tg ‘soft’ block to incorporate additional CO2 into the ionomers while also 

providing vinyl functionality in the soft block, which could be used for further 

functionalisation.35, 36  

 Finally, replacing vCHO with vinyl containing limonene oxide or 1,4-cyclohexadiene 

oxide would produce TPEs with similar material properties to the ones reported here but 

increase the bio-based content of the materials.47, 48 Furthermore, by synthesising a triblock 

copolymer with a terpolymer block composed limonene oxide and 1,4-cyclohexadiene oxide 

and CO2, would allow for orthogonal functionalisation, facilitating the addition of multiple 

ligands and/or hydrophilic/hydrophobic side chains. 49 This ability to diversify and fine tune 

multiple material properties will be critical. In future sustainable polymers need to show a wide 

variety of properties to replace current petrochemical plastics and elastics.    
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3.1. Introduction 

To date, CO2-derived polymers are almost exclusively explored for uses as low molar mass (Mn) 

polyols, for example in the production of  polyurethanes as foams, elastomers, adhesives and 

coatings.1-6 While specialty high molar mass CO2-derived polycarbonates, such as 

poly(cyclohexene carbonate) (PCHC), are available commercially, they are employed as 

sacrificial binders. PCHC could be a useful engineering plastic since it has a high glass transition 

temperature (Tg = 126 ˚ C), high tensile strength (40 MPa), and high Young’s modulus (2.2 

GPa). However, it is very brittle with a very low elongation at break (< 3%) and this limits its 

effective processing and use.7, 8 If  these materials are to find uses in other applications, their 

mechanical properties must be better understood, improved, and expanded.  

Only a few high molar mass CO2-derived polycarbonates have been reported and, even 

in those cases, the mechanical properties were usually not investigated. In 2019, Feng and co-

workers synthesised ‘ultrahigh’ molar mass PCHC (Mn ~ 450 kg mol-1, ÐM =1.31) through 

rigorous drying of  both CO2 and CHO, using triisobutylaluminium and triethylborane, 

respectively.9 Li and co-workers also produced high molar mass PCHC (Mn ~ 280 kg mol-1, ÐM 

=1.59), in a similar manner in 2022.10 Rieger et al. and Greiner et al. both reported high molar 

mass (Mn > 100 kg mol-1), bio-derived poly(limonene) carbonate and terpolymers with 

PCHC.11-14 While these reports are synthetically impressive, they do not address the high molar 

mass PCHC mechanical characterisation.   

In 2001, Darensbourg and Koning reported moderate molar mass, high dispersity 

PCHC (Mn = 42 kg mol-1, ÐM = 6) which exhibited an ultimate tensile strength of  43 MPa, 

Young’s modulus of  3.3 GPa and strain at break of  2%.7  The authors predicted the molar 

mass between entanglements (Me) to be 16 kg mol-1 but noted that the value was likely to be 

an underestimate.  In 2022, Frey and Floudas reported on PCHC chain dynamics through 

experimental and computational investigations, highlighting these were dominated by the 
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cyclohexene ring conformational changes.8 The authors synthesised intermediate molar mass 

PCHC (5 < Mn < 33 kg mol-1) and predicted that the Me should be far-above 16 kg mol-1, 

noting that higher molar masses materials are needed to more accurately determine a value of  

Me.  Williams and co-workers recently reported the synthesis of  high Mn, narrowly dispersed 

CO2-derived PCHC and poly(cyclopentene carbonate) (PCPC), using a high activity and 

selectivity [Co(II)Mg(II)] catalyst.15 The PCHC and PCPC samples, both having Mn ~100 kg 

mol-1, were investigated using oscillatory rheology to estimate the Me (from time-temperature 

superposition (TTS) master-curves, Equation 3.1, Figure 3.1). The results were striking, with 

an order of  magnitude difference in Me values between PCHC, Me = 56 kg mol-1, and PCPC, 

Me = 4.0-4.9 kg mol-1. As such, in that study only the PCPC sample was expected to be above 

the critical molar mass (Mc). 

𝐺0 
𝑁 =

4𝜌𝑅𝑇

5𝑀𝑒
 (3.1) 

Where G0
N is the rubbery plateau modulus (at tan(δ) minimum), ρ is the polymer density (ρ ranges 

from 800–1100 kg∙m−3 in most estimates),16 R is the ideal gas constant, T is the temperature and 

Me is the entanglement molar mass. 

 

 
Figure 3.1: a) Time-temperature superposition master-curves for high molar mass 
polycarbonates b) Plot of  shear viscosity vs frequency obtained from TTS master curves 
and projection of  the plateau viscosity to zero-shear. Reproduced from Ref. 15 with 
permission from the American Chemical Society.15 
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PCPC remains a far less explored polymer than PCHC, with a few reports of  its use 

in catalysis. For example, Wu and co-workers synthesised PCPC with Mn up to 84 kg mol-1 and 

Lu and co-workers have reported the synthesis of  semicrystalline, stereo-complex PCPC, with 

a high melting temperature of  199 ˚C.17, 18 Despite these reports, the potential of  PCPC as a 

tough engineering plastic is yet to be fully realised.  Comparing PCPC to PCHC reveals it has 

a slightly higher CO2 content (34 vs. 31 wt%), a significantly lower zero shear viscosity (0.8 vs. 

90 MPa s), higher ultimate tensile strength (59 vs. 40 MPa, respectively) and a slightly higher 

strain at break (7 and 3%, respectively) resulting in a greater tensile toughness (2.9 and 0.9 MJ 

m-3, respectively).15, 18 In fact, only the Young’s Modulus and Tg of  PCPC are lower than those 

of  PCHC (1.7 vs. 2.2 GPa, 85 vs. 126 ˚C respectively).  Recently, the catalysed chemical 

recycling of  PCHC, and PCPC, to form epoxides and carbon dioxide was reported.15 This 

route allows for the synthesis of  recycled polymers exhibiting equivalent properties to the 

virgin materials. For PCPC, Darensbourg and co-workers reported the first depolymerisation 

catalyst forming CPO and CO2.
19, 20 Subsequently, other depolymerisation catalysts were 

reported for both PCHC and PCPC.17, 18, 21-25 Williams and co-workers reported a very selective 

solid-state depolymerisation of  high molar mass PCHC and PCPC,  using a high activity 

[Mg(II)Co(II)] catalyst.15 
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3.2. Aims 

The impressive properties of  PCPC motivated the study reported in this chapter. 

Terpolymerisations incorporating CHO, CPO and carbon dioxide will target higher molar 

mass polycarbonates in a one-pot synthesis. The objective is to understand how terpolymer 

compositions and structures might influence chain entanglement and, subsequent, 

thermomechanical properties with the goal to increase toughness. A series of  terpolymers with 

varying PCHC and PCPC segment content will be produced and the resulting 

thermomechanical properties will be characterised. 

 It is anticipated that the PCHC and PCPC segments will be miscible and therefore 

allow for a reduction in Me as a result of  inter- and intra-chain interactions between the two 

enchained polycarbonates. It will be critical to determine the reactivity ratios of  CHO and 

CPO with CO2 to understand the terpolymer microstructure. Moderating the terpolymer 

composition could be a means to not only improve mechanical performance while maintaining 

a wide operating window but allow for the tuning of  material properties without significant 

alterations to the synthetic protocol.  

 The steps taken to achieve these aims will involve: 1) Synthesising a range of  high 

molar mass terpolymers with 25:75, 50:50 and 75:25 mol% PCHC and PCPC respectively; 2) 

Thermomechanical characterisation of  all terpolymers and homopolymers to elucidate the 

influence segmental composition has on the performance of  the materials; 3) Determination 

of  Me for each material by dynamic mechanical analysis and subsequently, with uniaxial tensile 

testing, deduce the critical molar mass (Mc); and finally, 4) The terpolymers reported in this 

chapter should be investigated for both mechanical and chemical recycling and to explore the 

impact multiple rounds of  recycling have on the mechanical performance of  the materials.  
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3.3. Terpolymer Synthesis 

 

Scheme 3.1: a) Synthesis of PCHC-grad-PCPC terpolymers. ROCOP of CO2, CHO and CPO. 

Polymerisation conditions:  [LZnMg(C6F5)2] catalyst, with cyclohexene diol (CHD) as initiator, 

where [Cat]0:[CHD]0:[CHO + CPO]0 = 1:4:10 000, [CHO +CPO]0 = 4 M, toluene, 80 ˚C. 

Schematic representation of b) PCHC-grad-PCPC terpolymer and c) increasingly entangled 

networks.  

 

To make the terpolymers from CHO, CPO and CO2, we selected the previously reported 

[LZnMg(C6F5)2] catalyst due to its high activity,  selectivity, ease of synthesis, end-group 

selectivity and ability to produce high molar mass, monomodal, low ÐM polycarbonates.26 The 

catalyst features aryl co-ligands which cannot initiate polymerisation, rather they react with an 

added diol, 1,2-cyclohexane diol (CHD), to form the true initiator in situ. This strategy results 

in the highest levels of initiation control, essential to deliver high molar mass, monodisperse 

terpolymer samples.  To make the terpolymers, the catalyst [LZnMg(C6F5)2], cyclohexane diol, 
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and both monomers CHO and CPO were dissolved in toluene ([cat.]0 = 0.3 mM, [CHO + 

CPO]0 = 4 M, [cat.]:[CHD]:[CHO + CPO] = 1 : 4 : 10 000). The polymerisations were 

conducted in a steel Parr reactor, at 80 °C and under a CO2 atmosphere (40 bar) for 96 hours; 

conditions were selected to maximise productivity (conversion) (Scheme 3.1). Since these are 

controlled polymerisations, varying the starting monomer feed ratios, i.e. CHO:CPO should 

result in terpolymers with predictable PCHC:PCPC (Table 3.1).  

Table 3.1: Summary of Polymerisation Conditions and Results 

cat. 
/mg 

CHD 
/mg 

CHO 
/mL 

CPO 
/mL 

Toluene 
/mL 

CO2 

/bar 

aCHO 
conv./ 

% 

aCPO 
conv./ 

% 

PCHC 
:PCPC 

5  2.4 2.60 2.18 10 20 86 58 71:29 
5  2.4 2.60 2.18 10 40 98 93 51:49 
5  2.4 3.89 1.12 10 40 99 91 77:23 
5  2.4 1.30 3.36 10 40 96 90 28:72 

aDetermined from 1H NMR spectrum of crude polymer sample 

 

Figure 3.2: 1H NMR (400 MHz, CDCl3) spectra of PCHC-grad-PCPC terpolymers with the 
purple highlighting the PCHC and pink the PCPC resonances used to determine terpolymer 
composition. (For full spectra, see Figures S7.3.1-S7.3.3) 
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Figure 3.3: Representative 1H NMR spectrum (400 MHz, CDCl3) of PCHC-grad-PCPC 

terpolymer (PCHC0.51-grad-PCPC0.49). 

 

The polymerisations were stopped by reducing the temperature and depressurising the 

reactors, the crude products were analysed by 1H NMR spectroscopy. For all materials 

synthesised, >95% epoxide conversion was achieved. The materials were then isolated by 

precipitation in MeOH. The 1H NMR spectrum of  the purified materials established the 

PCHC and PCPC content in each of  the materials, by comparing the integrals of  the methine 

proton signals at δ 4.65 (PCHC) and 5.00 (PCPC), respectively (Figure 3.2). The PCHC:PCPC 

values are 77:23, 51:49 and 28:72. The PCHC-PCPC terpolymers were fully characterised by 

1H NMR and 13C NMR spectroscopy (Figures 3.3 & S7.3.1-S7.3.3). The absence of  

resonances corresponding to ether linkages (3.45 ppm) or cyclic carbonate (4.00 and 4.68 ppm) 

indicated there was >99% CO2 selectivity and >99% polymer selectivity. Size exclusion 

chromatography (SEC) confirmed the formation of  samples showing high molar masses, with 

Mn > 86 kg mol-1, monomodal distributions with narrow dispersities (ĐM < 1.22) (Figure 3.4 

& Table 3.2). The terpolymer structure was also indicated by 1H DOSY NMR spectroscopy 

with single diffusion coefficient observed for PCHC and PCPC signals (Figure 3.5).  
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Figure 3.4: SEC (THF, 1 mL min-1) traces for the PCHC-grad-PCPC terpolymers. The 

instrument is calibrated with poly(styrene) standards. 

 

 

Figure 3.5: Representative 1H DOSY NMR spectrum (500 MHz, CDCl3) of PCHC-grad-

PCPC terpolymer (PCHC0.51-grad-PCPC0.49).  
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Table 3.2: Polycarbonate Materials Characterisation Data  

Polymer 

aMn 

b[ÐM] 

/kg mol-
1 

cTg,DSC 

/ ˚ C 

dTd,5% 

/˚ C 

eEY
 

/GPa 

fσ 

/MPa 

gεb 

/% 

hUT 

/MJ m-3 

iMe 

/kg mol-
1 

PCHC 

 

121.6 
[1.09] 

 

126 

 

265 

 

2.16 

± 0.06 

 

40.0 

± 1.8 

 

3.3 

± 0.3 

 

0.9 

± 0.1 

 

27.6  

± 4.4 

PCHC0.77

-grad-
PCPC0.23 

 
†164.2 
[1.21] 

 

108 

 

274 

 

1.48 

± 0.06 

 

50.1 

± 3.2 

 

6.8 

±1.3 

 

2.36 

± 0.5 

 

22.7  

± 3.6 

 

PCHC0.51

-grad-
PCPC0.49 

 

103.8 
[1.12] 

 

105 

 

250 

 

1.55 

± 0.15 

 

49.4 

± 3.4 

 

6.5 

±0.9 

 

2.34 

± 0.6 

 

10.7  

± 1.7 

 

PCHC0.28

-grad-
PCPC0.72 

0
86.9 
[1.05] 

 

96 
255 

 

1.70 

± 0.24 

 

52.0 

±3.7 

 

7.4 

± 1.3 

 

2.81 

± 0.6 

 

4.3  

± 0.7 

 

PCPC 

 

114.4 
[1.06] 

 

85 

 

271 

 

1.7 

± 0.09 

 

58.5 

± 1.7 

 

7.1 

± 1.9 

 

2.9 

± 1.1 

 

3.2  

± 0.5 
aDetermined from SEC analysis (THF); calibrated with narrow polystyrene standards (Figure 

3.3). bMw/Mn.
 †Higher Mn a result of higher epoxide conversion and lower residual diol content. 

All terpolymers above critical molar mass (Mc) 
cGlass transition temperature determined from 

the mid-point of the 2nd DSC heating cycle. dThermal degradation is the temperature at 5% 

mass loss, determined by TGA. Specimens suitable for uniaxial tensile testing were solvent 

cast, dried and compression molded (150 ˚ C, 1.2 ton m-2, 60 min, Supporting Information). 

Measurements conducted independently on 10 specimens. eYoung’s modulus. fTensile 

strength. gStrain at break. hTensile toughness (area under the stress-strain curve). Mean values 

± std. dev. iEntanglement molecular weight determined by DMA temperature ramps, range in 

values reflect the assumed melt density range of 800 – 1100 kg m-3 (Equation 3.1, Table S7.3.1, 

Figures S7.3.4-S7.3.8).  
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3.3.1. Reactivity Ratios 

To better understand the terpolymer structures, Fineman-Ross kinetic analysis was used to 

determine the epoxides’ reactivity ratios in the ROCOP.27, 28 Terpolymerisations were 

conducted using the same catalyst and initiator at 1 bar CO2 pressure, with varying starting 

quantities of  CHO and CPO.  By comparing the CHO:CPO feed ratios (F) to the ratio of  the 

monomers enchained in the terpolymer (f) at low conversion (< 15% total epoxide 

consumption) the Fineman-Ross plot was constructed (Equation 3.2, Figure 3.6 & Table 

S7.3.2).  

(𝑓 − 1)

𝐹
= 𝑟𝐶𝑃𝑂 − 𝑟𝐶𝐻𝑂

𝑓

𝐹2
 

 

(3.2) 

Where f is the ratio of monomers enchained in the terpolymer, F is the feed ratio of monomers, 

rCPO is the reactivity ratio of CPO and rCHO is the reactivity ratio of CHO. 

The relative ratios, F and f, were determined from the 1H NMR spectra of  aliquots 

taken from the terpolymerisations, at t = 0 min and t = 120 min, respectively. Subsequently 

the reactivity ratios, 𝑟𝐶𝐻𝑂 and 𝑟𝐶𝑃𝑂were determined as 1.53 and 0.08 for the [Zn(II)Mg(II)] 

catalyst, respectively.29 As  𝑟𝐶𝐻𝑂 > 1 > 𝑟𝐶𝑃𝑂, compositional drift should result in a gradient 

polycarbonate structure. In the initial stages of  the copolymerisation CHO is incorporated 

faster than CPO, however, as the CHO is depleted increasing quantities of  CPO are enchained 

in the terpolymer. Using a 31P{1H} NMR titration method, the chain end-groups all 

correspond to PCPC-OH which is fully consistent with the proposed gradient terpolymer 

structure (Figure 3.7). Henceforth terpolymers are abbreviated as PCHC0.x-grad-PCPC0.y 

where x and y are the molar ratios of  the two carbonates.  
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Figure 3.6: Fineman-Ross plots for CHO, CPO and CO2 terpolymerisations at 80 °C, where 

the gradient equals -𝑟𝐶𝐻𝑂  and the intercept equals 𝑟𝐶𝑃𝑂. 

 

Figure 3.7: 31P{1H} NMR spectra used for end-group analysis of PCHC, PCHC-grad-PCPC 

terpolymers and PCPC. 
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3.4. Material Characterisation 

3.4.1. Thermal Properties 

Figure 3.8: a) Differential Scanning Calorimetry (DSC) data for PCHC-grad-PCPC 
terpolymers. b) Plot of the Tg values for PCHC-grad-PCPC, from DSC, vs. the PCPC content. 
The experimental data (black squares) is compared with Tg,theo values (red circles) determined 
using the Fox Flory relationships. 

 

The glass transition temperatures (Tg) of the gradient terpolymers were determined by 

differential scanning calorimetry (DSC) (Figure 3.8a & Table 3.2). All materials are 

amorphous and a single Tg was observed, its value gradually decreased as the PCPC content 

increases, falling from 110 °C for PCHC0.77-grad-PCPC0.23 to 96 °C for PCHC0.28-grad-PCPC0.72. 

The experimental  Tg values are fully consistent with the theoretical values (Tg,theo) predicted by 

the Flory-Fox equation for each terpolymer (Equation 3.3, Figure 3.8b). As such, the PCHC 

and PCPC segments are expected to be miscible in the terpolymers. This segmental miscibility 

is proposed to be critical to controlling the chain entanglement, Me, since it allows for inter-

chain PCHC and PCPC interactions.  All the terpolymers exhibited good thermal stability, with 

all Td,5% values exceeding 250 °C (Figure S7.3.9). Therefore, the material processing 

temperature range is >143 °C for all the terpolymers. 

  

a) b) 
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1

𝑇𝑔,𝑡ℎ𝑒𝑜
=

𝑤𝑃𝐶𝐻𝐶

𝑇𝑔,𝑃𝐶𝐻𝐶
+

𝑤𝑃𝐶𝑃𝐶

𝑇𝑔,𝑃𝐶𝑃𝐶
 (3.3) 

Where Tg,theo is the theoretical Tg of the terpolymer, wPCHC and wPCPC are the weight fractions of 

PCHC and PCPC respectively, and Tg,PCHC and Tg,PCPC are the glass transition temperatures for 

PCHC and PCPC. 

 

3.4.2. Mechanical Properties 

To probe the influences of  the terpolymer composition on the tensile mechanical properties 

of  the materials, specimens were subjected to uniaxial extension experiments, according to 

ISO 527 (10 mm min-1) (Table 3.2, Figure 3.9). Thin terpolymer films were solvent cast from 

THF (20 wt% solution) and dried under vacuum to remove all solvent residues (120 °C, 48 h). 

1H NMR spectroscopy confirmed the absence of  residual THF. The terpolymers were 

subsequently compression moulded (150 °C, 1.2 tonnes, 60 min) to produce samples suitable 

for mechanical testing. The PCHC0.77-grad-PCPC0.23, PCHC0.51-grad-PCPC0.49 and PCHC0.28-

grad-PCPC0.72 all exhibit high Young’s moduli (~1.6 GPa), ultimate tensile strengths (~50 MPa), 

elongation at break values (~7%), and tensile toughness values (~2.5 MJ m-3) that are within 

error of  each other, despite the varying polycarbonate compositions. All the gradient 

terpolymers display tensile strengths halfway between those for high Me PCHC (~40 MPa) and 

low Me PCPC (~60 MPa). Critically, even at the lowest levels of  PCPC content, the strain at 

break for the gradient terpolymers is significantly greater than that of  PCHC, and, within error, 

of  the 7.1% for PCPC. As a result, the tensile toughness of  all these terpolymers is >200% 

greater than that of  PCHC. This improvement in toughness for PCHC, even with the 

introduction of  low quantities of  PCPC linkages (23 mol%), results in minimal compromise 

to the terpolymer glass transition temperatures and, crucially, is easily implemented using the 

catalysed polymerisation.   
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Figure 3.9: Representative stress-strain curves (10 mm min-1) for a) PCHC and PCPC 
homopolymers and b) PCHC-grad-PCPC terpolymers. 
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3.5. Determining Entanglement Molar Mass (Me) 

To better understand these trends in mechanical performance, all polycarbonates were 

subjected to dynamic mechanical analysis (DMA) temperature ramps. Thin films were cut 

using two parallel blades, placed in tension clamps and heated from -80 °C to 250 °C (or until 

the material deformed beyond the limits of  the geometry), at a rate of  3 °C min-1, with a 

frequency of  1 Hz, 0.1 N pre-load force, and 0.1% strain amplitude (Figure 3.10, Figures 

S7.3.4-S7.3.8). Below the glass transition of  each polycarbonate, the storage modulus remains 

above the loss modulus with both values reaching a plateau despite the increasing temperature. 

In this region, the terpolymers are glassy and chain movement is severely restricted. As the 

material passes through its glass transition, the storage modulus decreases while the loss 

modulus increases (resulting in a peak in the tan(δ)). In this transition region, terpolymer chains 

start to move with short-range rearrangements dominating and the material transitions from a 

glassy to rubbery state. Beyond this region, the storage modulus is once again greater than the 

loss modulus. This is the plateau region where the polymer network is bound by molecular 

entanglements between the polymer chains. As temperatures increase further, there is 

sufficient energy for polymer chains to move through any topological restrictions and the 

network losses mechanical integrity, i.e. the terminal region.  By extracting the value of  storage 

modulus at the minimum of  tan(δ) in the plateau region, E0
N was determined. This value was 

converted to the sheer modulus using Equation 3.4. Where ν, the Poisson’s ratio of  the 

material, is estimated as 0.36, for all polycarbonates.30 As such, a value of  Me was estimated 

using Equation 3.1 (Table 3.3).  
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Figure 3.10: Example DMA temperature ramp profile for PCHC0.51-grad-PCPC0.49. Glassy, 
transition and plateau regions highlighted in orange, yellow and green, respectively. E0

N is 
extracted from the rubbery plateau at the minimum of  tan (δ). 

 

𝐸𝑁
0 = 2𝐺𝑁

0 (1 + 𝜈) 

 

(3.4) 

Where E0
N is the elastic modulus, G0

N is the sheer modulus and ν is the Poisson ratio (assumed to be 0.36 

for all materials).30  
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Table 3.3: DMTA Results Used to Determine Entanglement Molecular Weight 

Polymer E0
N /MPa T /K 

PCHC 0.26933 432.15 

PCHC0.77-grad-PCPC0.23 0.32828 434.54 

PCHC0.77-grad-PCPC0.23 0.64471 400.46 

PCHC0.77-grad-PCPC0.23 1.55958 393.98 

PCPC 2.06587 379.62 

Values of E0
N and T taken from the minimum tan (δ) in the plateau region. The value for the 

density, 𝜌 = 1135 kg∙m−3 for PCHC.31 For the terpolymers and PCPC, a density range of 

800–1100 kg∙m−3 was used to provide an estimate.31  

It is important to note that Me is often reported from TTS master curves constructed 

from numerous rheological frequency sweeps at various temperatures. Deducing Me by DMA 

is often more challenging as high molar mass materials are required to ensure the plateau region 

is observed before the material deforms. Here, the high molar masses of  these terpolymers 

obviates this issue. The benefit is that using DMA to determine Me lies in its simplicity and 

speed compared with alternative rheological methods and it eliminates the need to fit data to 

the Williams-Landel-Ferry or Arrhenius equations. 

Analysis of  the entanglement molar mass for the different samples reveals that as the 

PCPC content increases, Me decreases, consistent with increased chain entanglements. This 

finding is important since it helps fine tune the extent of  molecular entanglement within these 

CO2-derived polycarbonates. In the same series there was not any marked increase in tensile 

toughness as the Me decreases (Figure 3.11). Examining materials with steadily increasing 

PCPC contents from 23 to 72%, the tensile toughness measurements are within error of  each 

other. This suggests that for all these gradient terpolymers, the critical molecular mass (Mc), 

was exceeded and chains are sufficiently entangled. While estimating the value of  Mc as a 

multiple of  Me is somewhat controversial, most of  these polymers show critical molar mass 

values which appear to be in the range of  4.4Me < Mc < 7.2Me – such ranges are observed for 
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many other thermoplastics. Another aspect to emphasise is that despite the pure PCPC sample 

possessing a value of  Mn which is 36 times greater than its Me, it remains easily processable 

and reprocessable at 150 °C. 

 

Figure 3.11: Plot showing tensile toughness and entanglement molecular weight of  vs. PCPC 

(mol%) for PCHC-grad-PCPC terpolymers.  

 

Literature analysis reveals surprisingly few investigations where polymer structures 

were modified to control/minimise Me and hence improve mechanical properties.32 However, 

unlike PCHC and PCPC, the previously investigated materials were usually applied at molar 

masses well above the Mc and the objective was usually to increase Me to improve processing.32 

For example, Pawlak and co-workers controlled the Me of  poly(propylene) through the 

regulated slow cooling of  a dilute polymer solution.33 The stress-strain profile for the PP, up 

to the yield point, was unaffected by the entanglement density but the lower the Me, the faster 

the stress increased during the strain hardening stage. Bartczak and co-workers controlled the 

Me of  ultra-high molar mass poly(ethylene) through high-pressure annealing. Like Pawlak, they 

observed a greater strain hardening modulus and later onset of  strain hardening with increased 

Me.
34 Bartczak and co-worker also demonstrated that a lower entanglement density  improves 



 CHAPTER | 3 

 

 | 139 

 

the properties of  ultra-high molar mass polypropylene.35  Hillmyer and co-workers showed 

that employing low Me poly(γ-methyl-ε-caprolactone) as a central block in an ABA triblock 

copolymer is an effective means to produce tough thermoplastic elastomers.36 The elastomer 

tensile strength and extensibility were both controlled by the low entanglement molar mass 

polyester.  

In this work, we have demonstrated that through the incorporation of  low 

entanglement molar mass carbonate segments into CO2-terpolymers, the elasticity of  the 

thermoplastic polycarbonates is improved. It may be that this approach could be applied to 

toughen other sustainable plastics, many of  which are well-known to be highly brittle. 

Considering the epoxide co-monomers, CPO and CHO are currently petrochemicals,37 but 

they can also be prepared by one-pot chemo-enzymatic reactions from triglycerides.38  
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3.6. Recycling 

 

Scheme 3.3: Schematic of the mechanical and chemical recycling of polycarbonate 
terpolymers. 

 

3.6.1. Mechanical Recycling 

The closed loop recycling of  thermoplastics is important to minimise end-of-life 

environmental impacts (Figure 3.12).39, 40 To explore the mechanical recyclability of  these 

gradient terpolymers, PCHC0.51-grad-PCPC0.49 was reprocessed four times by compression 

moulding at 150 °C, 1.2 tonnes, 60 min. This allowed for the production of  films suitable for 

uniaxial tensile testing (Figure 3.12). Throughout the mechanical recycling, the material 

remained colourless and transparent. SEC analysis, after each reprocessing cycle, revealed no 

significant change in polycarbonate molecular weight or dispersity, confirming its compatibility 

with the recycling conditions (Figure 3.13). The recycled products showed the same tensile 

strengths, elongations at break, and tensile toughness, over the four mechanical recycles, 

compared with virgin polymers (Figure 3.14). The slight decrease to the Young’s modulus 

after the first reprocessing is proposed to be the result of  minor contamination by 
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dust/particulate matter into the film, more challenging to exclude on these smaller scales, 

resulting in defects that slightly reduce the stiffness of  the material.  

 

 Figure 3.12: Photographs of PCHC0.51-grad-PCPC0.49 throughout the compression moulding 

and mechanical recycling process. Film thickness ~0.2 mm. 

 

 

 

Figure 3.13: SEC (THF, 1 mL min-1) traces for the PCHC0.51-grad-PCPC0.49 after each cycle of 

mechanical reprocessing. The SEC instrument is calibrated with poly(styrene) standards. 
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Figure 3.14: a) Tensile strength, b) strain at break, c) Young’s modulus and d) tensile 
toughness for virgin PCHC0.51-grad-PCPC0.49, after four mechanical reprocessing cycles and 
after chemical recycling to monomer and subsequent repolymerisation. Mean values ± std. 
dev. From measurements conducted independently on 5 specimens. 

 

3.6.2. Chemical Recycling 

Finally, the ability to chemically recycle the gradient terpolymers to the constituent epoxides 

CHO and CPO, together with CO2, was explored. A [LCoMg(OAc)2] recycling catalyst was 

previously reported for the highly efficient and fully selective solid-state PCHC 

depolymerisation.25 It was, therefore, selected for investigation in the chemical recycling of  the 

gradient terpolymers and a recently reported TGA experimental method was used to monitor 

the chemical recycling reaction.25   
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Figure 3.15: Solid-state depolymerisation data for PCHC-grad-PCPC terpolymers using a) no 

catalyst and b) [LCoMg(OAc)2] catalyst (1:300), at 140 ˚C. Plots show terpolymer mass loss 

data vs. time. The data is fit to exponentials to determine the pseudo first order rate constants, 

kobs.  

 

Samples were prepared for these depolymerisation experiments by solvent casting the 

polymer and catalyst mixtures into TGA crucibles (Figure 6.10). In the experiments the 

relative loadings of  [LCoMg(OAc)2] catalyst : polycarbonate repeat unit was 1 : 300.  All 

depolymerisations were performed in triplicate, at 140 °C, with an N2 flow rate of  25 mL min–

1.  The complete depolymerisation of  PCHC0.51-grad-PCPC0.49 and PCHC0.28-grad-PCPC0.72 was 

achieved.  Plots of  the polycarbonate mass loss against time were fit to exponentials, allowing 

determination of  rate constants and, from these, turnover frequencies (TOF) of  926 ± 14 and 

1653 ± 201 h-1
, respectively (Figure 3.15). The depolymerisation of  PCHC0.77-grad-PCPC0.23 

exhibited an initiation period (1 h) and showed a lower TOF of  270 ± 5 h-1. The lower rate is 

attributed to the higher absolute molar mass of  that sample, compared with others in the series. 

Previously, chain-end-capping experiments resulted in complete inhibition of  the 

depolymerisation and strongly support a chain-end depolymerisation mechanism.25 As such, 

longer chains have a lower chain-end group concentration which reduces their 

depolymerisation rates relative to shorter chains. Moreover, the restricted chain motion of  the 
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longer polymer chains may reduce the mass transport to the catalyst, which would also slow 

the depolymerisations and results in the observed initiation period (Table 3.4). 

Table 3.4: Data for the terpolymer depolymerisations using the [Co(II)Mg(II)] Catalyst  

Polymer akobs  / h-1 

bTOF / h-1 

 

PCHC0.77-grad-PCPC0.23 1.79 ± 0.19 270 ± 5 

PCHC0.51-grad-PCPC0.49 5.93 ± 0.99 926 ± 14 

PCHC0.28-grad-PCPC0.72 9.40 ± 1.68 1653 ± 201 

akobs calculated from exponential fits to plots of terpolymer mass loss vs time. bMass loss rate 

= mass of PCHC consumed (20−80%conversion)/mass of catalyst/time. Errors are reported 

from the mean and standard deviations of values determined from three repeat experiments. 

 

The depolymerisation rate constants (kobs) were determined through the exponential 

fits of  the mass loss vs. time data (R2
 > 0.97, Figure 3.15). The depolymerisation rate constants 

were 1.8 ± 0.2, 5.9 ± 1.0, 9.4 ± 1.7 h-1 for PCHC0.77-grad-PCPC0.23, PCHC0.51-grad-PCPC0.49, and 

PCHC0.28-grad-PCPC0.72, respectively. These rate data match the TOF data, with PCHC0.51-grad-

PCPC0.49 and PCHC0.28-grad-PCPC0.72 showing faster depolymerisation than PCHC but slower 

than PCPC. The PCHC0.77-grad-PCPC0.23 is slower than either of  the homopolymers due to its 

higher molar mass and lower chain end concentration.  

To validate the TGA depolymerisation experiments, a scaled-up depolymerisation of  

PCHC0.51-grad-PCPC0.49 was conducted using 2.72 g of  polymer and standard laboratory 

glassware. This was carried out by Ms Madeleine L. Smith. The terpolymer and catalyst were 

cast, as a film, into a glass vessel and the resulting epoxides were collected under a partial 
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vacuum (40 mbar, N2). The catalytic recycling resulted in the isolation of  1.41 g of  a mixture 

of  CHO:CPO with 3:7 composition, as determined by 1H NMR spectroscopy. The overall 

recycling occurred with ~ 77% isolated yield of  the epoxides (Figure S7.3.10). One aspect to 

note is that the recycled epoxide ratio does not exactly match the starting terpolymer 

composition, instead somewhat less CHO was isolated than expected.  The difference can be 

understood by considering the chain end depolymerisation mechanism which is initiated at the 

PCPC chain ends (see end-group titration experiments, Figure 3.7). As the depolymerisation 

progresses, it is more challenging to ensure chain-catalyst interactions which reduces the 

recovery of  the CHO.  Consequently, the overall PCPC and PCHC conversions to epoxide 

were 95% and 47%, respectively. 

 

 

Figure 3.16: SEC (THF, 1 mL min-1) traces for the PCHC0.51-grad-PCPC0.49 and chemically 

recycled PCHC0.29-grad-PCPC0.71.  
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To demonstrate that the monomer mixture could be effectively re-polymerised, the CHO 

and CPO mixture was dried, over CaH2, distilled and re-polymerised (cat : monomer = 1: 5000, 

3 M toluene). The resulting gradient terpolymer, PCHC0.29-grad-PCPC0.71 (Mn = 98.1 kg mol-1, 

ÐM = 1.31), had the expected composition and complete epoxide conversions were achieved 

(1.90 g, Figure S7.3.11). The isolated polycarbonate showed an overall chemical recycling yield 

of  ~70%. The low molar mass shoulder is tentatively attributed to the initiation of  trace 

quantities of  acetic acid which result from the acetate co-ligands from the [Co(II)Mg(II)] 

depolymerisation catalyst (Figure 3.16). The high molar mass shoulder, which is also seen in 

the SEC traces for all terpolymers, is believed to arise from residual cyclopentane diol (CPD) 

present in the CPO monomer. The slight difference in initiation time between CPD and CHD 

is responsible for the observed SEC traces. However, it is important to highlight that these 

protic impurities are only present at trace levels and despite this, the overall molar mass is very 

high (98 kg mol-1), above Mc, and the chemically recycled material displays equivalent 

mechanical properties to that of  the virgin material.  Uniaxial tensile testing of  the chemically 

recycled polycarbonate showed the same mechanical properties as the starting material and to 

the mechanically recycled polymers (Figure 3.14, Figure S7.3.12 & Table S7.3.3). These 

findings suggest that in future both mechanical and chemical recycling would be feasible for 

these terpolymers.   
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3.7. Summary and Future Work 

3.7.1. Conclusion  

A series of  high molar mass, gradient polycarbonates, PCHC-grad-PCPC, were produced using 

carbon dioxide/epoxide ring opening copolymerisations.  The materials overcame the 

brittleness and processing issues associated with prior investigations of  poly(cyclohexene 

carbonate) and exemplify the benefits of  cyclopentene carbonate linkage incorporation.  The 

terpolymerisation of  cyclohexene oxide, cyclopentene oxide and carbon dioxide, using a high 

activity and selectivity [Zn(II)Mg(II)] catalyst, formed amorphous gradient polycarbonates in 

which both carbonate segments were miscible. All terpolymers showed high molar masses (Mn 

> 86 kg mol-1), glass transition temperatures (Tg > 96 ˚ C), and wide processing temperature 

ranges (> 145˚ C). The gradient terpolymers showed lower entanglement molar masses than 

PCHC (4 < Me < 23 kg mol-1) and all samples showed molar mass values that should exceed 

the critical molar mass. The gradient terpolymers exhibit significantly greater elongation at 

break and tensile strength than PCHC, resulting in a 200% increase in tensile toughness. The 

polycarbonates were mechanically recycled via compression molding, at 150 °C, up to four 

times without any discoloration or loss in mechanical performance. They were also efficiently 

chemically recycled to epoxide/CO2, using a solid-state process and [Co(II)Mg(II)] catalyst. 

The isolated monomers are used to make a recycled polycarbonate showing equivalent 

properties to the starting materials. The incorporation of  some PCPC linkages improves the 

properties of  PCHC.  Overall, this work highlights the potential to apply terpolymerisations 

to improve upon the properties of  carbon dioxide-derived thermoplastics. This will enable 

targeted polycarbonate design where optimal mechanical and thermal properties are achieved 

and would likely enable the property profile expansion of  a range of  other sustainable and 

bio-derived polymers. 
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3.7.2. Future Work 

The ability to increase macromolecular entanglements within a thermoplastic through a 

terpolymerisation strategy opens up a number of potential opportunities to expand the 

property space of sustainable and bio-derived polymeric materials.  

 To develop a better understanding of the importance of terpolymer microstructure on 

the entanglement molar mass, a number of terpolymers with varying architectures should be 

synthesised. These should range from diblock, triblock and multiblock copolymers, produced 

through sequential monomer addition, to those with varying gradient/statistical/random 

structures, produced by changing the terpolymerisation catalyst and subsequently, the 

reactivity ratios.29 This would allow for the influence of the reactivity ratios of the two epoxides 

in the terpolymerisation to be deconvolved from the final material properties. While this would 

be academically interesting and help develop a further understanding of sustainable polymer 

design, it might be less practically valuable as it complicates the existing one-pot synthesis.  

 This same terpolymerisation approach should be tested with other classes of renewably 

sourced polymers. For example, the ROCOP of CHO, CPO with a cyclic anhydride (e.g. 

phthalic anhydride) may also allow for an increase in tensile toughness while maintaining a 

desirable high Tg for the resulting polyester.41 The wide range of anhydrides and epoxides 

would result in a diverse array of polyesters which can be produced by ROCOP. Which give 

rise to a vast number of terpolymer combinations. This structural variety would likely open up 

new and previously not accessible property spaces for oxygenated polymers.   

 Furthermore, terpolymers could also be employed beyond plastics and in an ABA 

triblock structure to produced tough thermoplastic elastomers (TPEs). Previously reported 

poly(carbonate-b-ester-b-carbonate) TPEs have often utilized the physical crosslinking within 

PCHC blocks to provide structural rigidity and drive elastic recovery.26, 42, 43 However, as these 
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blocks typically comprise 30-50 wt% of a triblock copolymer of 50-100 kg mol-1, the PCHC 

outer blocks are not entangled, let alone above the critical molar mass for the polymer. Utilising 

PCPC outer blocks would ensure the polycarbonate blocks were entangled and give rise to 

superior mechanical properties. This would also result in a drop in the upper Tg of the phase 

separated material and therefore, reduce the operating temperature window. Incorporating a 

PCHC-grad-PCPC terpolymer as the A blocks would yield a TPE with entangled polycarbonate 

blocks while maintaining a high upper operating temperature.   

 Finally, as shown in this chapter, PCHC and PCPC are miscible, and it is hypothesised 

this is critical to ensure intra- and inter-chain interactions which result in a reduction of Me. 

Therefore, it may be possible to increase entanglement density by blending the two 

homopolymers together. This is particularly attractive as PCHC is already produced on a 

commercial scale. On the other hand, PCPC is currently a specialty polymer. Blending small 

proportions (<20 wt%) of PCPC into a commercial PCHC matrix may result in the same 

strengthening and toughening achieved through the terpolymer approach. These tough CO2-

derived thermoplastic blends could simply be produced through the compounding of the two 

homopolymers. The increased scale of this material production and processing would facilitate 

additional mechanical testing, such as impact testing (Izod/Charpy), to better understand the 

potential applications of these new materials and better identify current petrochemical 

commodity plastics they could replace.    
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4.1 Introduction 

The additive manufacturing (commonly known as 3D printing) of polymers is a powerful 

means to quickly produce complex geometries and shapes which would otherwise be very 

challenging to fabricate through traditional manufacturing techniques like compression or 

injection molding.1-4 In 3D printing, a layer-by-layer build approach may be achieved through 

various methods including material extrusion, binder jetting or powder bed fusion. However, 

these techniques often result in poor resolution.5 On the other hand, vat photopolymerisation 

techniques, such as digital light processing (DLP) allow for fast build speeds, high resolution 

and smooth finishes.6, 7  

Additive manufacturing is useful for improving process sustainability since it is energy 

efficient, reduces material loses, and allows for part customisation.8 The use of DLP to print 

highly customisable parts from oxygenated, degradable polymers is a promising strategy for 

tissue engineering and regenerative medicine.9-11 Beyond biomedical applications, DLP could 

be useful in other high growth fields like electronics and robotics.12, 13 

DLP is a bottom-up printing technique that uses projected UV light to cross-link 

photoreactive resins with spatiotemporal control. DLP features a build tray which rises after 

the formation of each layer to allow uncured resin to refill the vat, resulting in a layer-by-layer 

printing process.14 To date, the vast majority of DLP resins are either polyacrylates, 

poly(methacrylate)s or poly(propylene fumarate)s.5, 15 The rather narrow range of printable 

resins constrains the property profiles of the printed materials. There is an urgent need to 

develop new resins and, subsequently, to broaden the thermomechanical properties of the 

printed materials to unlock new applications.     

Low Mn and hydroxyl end-capped polymeric materials, polyols, are interesting for printing 

as they offer low viscosities and high reactivities.16-22 Therefore, developing routes to cross-

link polyol resins can improve thermomechanical properties and allow for the formation of 
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functional materials without complicating processing. Furthermore, the production of polyols 

by ROP and ROCOP minimises the extensive purification required for high molar mass 

polymers. Recent developments in additive manufacturing have shown how oxygenated block 

copolymers, prepared by ROCOP, can be printed to produce materials with a wide range of 

properties.23-25 The precise control of molar mass, end-group fidelity, and architecture ROCOP 

provides makes these materials highly tunable.26 Not only does ROCOP provide great control 

over the polymers produced, but it also allows for a wide monomer scope, which can be 

expanded even further when coupled with heterocyclic ROP in switch catalysis.27 Utilisation 

of these methods should be prioritised to tune properties of 3D printed materials. For example, 

Wang and co-workers recently reported the thiol-ene based DLP printing of cytocompatible 

elastomers, where the ROCOP of cis-5-norbornene-endo-2,3-dicarboxylicanhydride and 

propylene oxide (PO) afforded a functionalisable A block in an ABA block copolymer.25 

Extensive studies into the use of poly(propylene fumarate) (PPF), prepared from the 

ROCOP of maleic anhydride and PO, have underlined the potential of oxygenated polymers 

in printing resins.23-25  The unsaturated alkenes can undergo photochemical cross-linking, 

allowing its use in DLP as a homopolymer, random copolymer and block copolymer, in both 

linear and star architectures.23, 24, 26, 28-31 The 3D printing of PPF and biocompatible composites 

has made it a promising candidate for tissue engineering and regenerative medicine.26 Recent 

developments have harnessed a thiol-ene crosslinking to produce fully degradable elastomers, 

while eliminating the use of toxic solvents.23, 24, 31 By controlling the alkene to thiol ratio, the 

cross-linking density can be tuned and subsequently, so too the mechanical properties.23, 24 

To date, there have been relatively few studies into the use of aliphatic polycarbonates for 

additive manufacturing.5 In 2022, Pentzer and Darensbourg reported the extrusion-based 

printing of high molar mass (Mn = 20.2-53.9 kg mol-1) poly(vinyl cyclohexene carbonate-b-

butylene carbonate-b-vinyl cyclohexene carbonate).32 The porous structures printed were easily 

modified by UV-initiated thiol-ene functionalisation; however, lower print resolutions were 
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achieved (nozzle diameter = 838 μm) and N,N-dimethyl formamide was needed in the 

formulation.  

Vat photopolymerisation may help to obviate these limitations (vide supra). Grijpma and 

Eglin employed end-group functionalised poly(trimethylene carbonate) (PTMC) for 

stereolithography, in combination with hydroxyapatite, to produce high resolution composite 

scaffolds for bone repair.33-35 Dove and co-workers used an alkene functionalised TMC, in 

thiol-ene stereolithography, to make tissue engineering scaffolds.36-38 Finally, Simpson and Jin 

reported the thiol-yne DLP printing of degradable alkyne functionlised TMC.39 
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4.2 Aims 

It is imperative that new and sustainable DLP resins are developed while the mass adoption 

of the additive manufacturing technology is in its infancy. This will ensure that this rapidly 

growing manufacturing sector develops with sustainability integral to its foundations. This 

ambition motivated the work in this chapter and this investigation was carried out in 

collaboration with Prof. Matthew L. Becker at Duke University, N.C., U.S.A. Here, we target 

the synthesis of a low molar mass ABA triblock copolymer with CO2-derived polycarbonate 

outer blocks flanking a central bio-derived poly(ε-decalactone) (PDL) block, low molar mass 

analogue of the triblock copolymer reported in Chapter 2. The pendent vinyl group on each 

repeat unit of the polycarbonate blocks can then be utilised in thiol-ene based DLP printing.  

The steps taken to achieve the successful high resolution 3D printing of elastomer and 

development of new bio- and CO2-derived material will involve: 1) The optimization of 

printing conditions and a resin formulation with a range of trifunctional thiols with varying 

chain lengths and poly(ethylene glycol) (PEG) contents; 2) Full thermomechanical 

characterization to understand the influence of the thiol crosslinker on the performance of the 

material; 3) Exploring the change in hydrophilicity on the degradation profile and cytotoxicity 

as PEG content increases.  

 The goals are to employ sustainable feedstocks in additive manufacturing to produce 

functional, degradable, and biocompatible materials, which can be printed at high resolutions. 

It is anticipated that this series of materials will demonstrate the wide array of bio-derived and 

sustainable monomers available for use in additive manufacturing. Furthermore, they will 

elucidate design principles key to guiding the development of new 3D printed materials for 

high value applications in biomedicine, robotics, and electronics.  
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4.3 Triblock Copolymer Synthesis 

 
Scheme 4.1: Synthesis of poly(carbonate-ester-carbonate) P1 for DLP thiol-ene 3D printing. 
(i) ε-DL ROP, 80˚C, [LCoMg(OAc)2] (Supporting Information for synthetic protocol) with 
BDM as the initiator, where [Cat.]0:[BDM]0:[vCHO]0:[ε-DL]0 = 1:150:1486:4405, 
[LCoMg(OAc)2]0 = 0.35 mM, toluene. (ii) CO2/vCHO ROCOP, CO2 (1 bar), 80 ˚C. PvCHC-
PDL-PvCHC (P1): Mn, SEC = 6.3 kg mol-1 (ĐM = 1.26), 30 wt% PvCHC by 1H NMR 
spectroscopy. (iii) DLP of P1 with trimethylolpropane tris(3-mercaptopropionate) (X1) and 
ethoxylated trimethylolpropane tris(3-mercaptopropionate) (X2, X3), [alkene]0:[thiol]0 = 5:1, λ 
= 385 nm, 30 wt% ethyl acetate, 0.6 wt% BAPO photoinitiator, 0.4 wt% oxybenzone 
photoinhibitor, 0.1 wt% Sudan I dye. (iv) Printed parts washed in ethyl acetate, isopropyl 
alcohol, and water. Post-cured at λ = 385 nm for 15 min and dried at 60 ˚C, in vacuo, for 6 days.  
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The triblock copolymer, poly(vinyl cyclohexene carbonate-b-ε-decalactone-b-vinyl 

cyclohexene carbonate) (PvCHC-PDL-PvCHC) was prepared on a 204 g scale using 

switchable catalysis.40 The one-pot process utilised a heterodinuclear [LCoMg(OAc)2] catalyst, 

with 1,4-benzenedimethanol (BDM) as both the bifunctional initiator and chain transfer agent 

(CTA), to yield ABA triblock polymer architectures (Scheme 2.1).41 The catalyst 

[LCoMg(OAc)2] was selected for its high turnover frequencies (TOF) for both lactone ROP 

and CO2/epoxide ROCOP, tolerance to high monomer loadings, and end-group fidelity.41  

 

Figure 4.1: SEC (THF, 1 mL min-1) data for the PDL block (B block) and the purified PvCHC-
PDL-PvCHC (P1). 
 
 

In the scaled-up synthesis, the catalyst and CTA were dissolved in the monomer mixture 

of ε-decalactone (ε-DL), 4-vinyl-cyclohexene oxide (vCHO), and toluene ([LCoMg(OAc)2]0 = 

0.35 mM, [LCoMg(OAc)2]0:[BDM]0:[vCHO]0:[ε-DL]0 = 1:150:1486:4405). The reaction was 

heated to 80 ˚C, resulting in efficient ROP of ε-DL to produce the central PDL block, in high 

conversion and rate (98%, TOF = 1439 h-1). Removal of a reaction aliquot allowed for 

characterisation by 1H NMR spectroscopy showing only PDL formation and by size exclusion 
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chromatography (SEC) analysis, a molar mass of 4.2 kg mol-1
 with a monomodal distribution 

(ÐM = 1.32) (Figure 4.1). At this point, the reaction gas was changed from N2 to CO2 (1 bar) 

to switch the reaction to vCHO and CO2 ROCOP, forming the flanking PvCHC end blocks 

in high epoxide conversions (>99%, >99% CO2 selectivity, >99% polymer selectivity, TOF = 

21 h-1). The triblock copolymer was isolated and purified by dilution in THF, stirring with 

Amberchrom™ 50WX8 (hydrogen form, 100-200 mesh) overnight and filtration (twice, 

through silica) to remove the used catalyst and any diol. Following concentration in vacuo, the 

colorless polymer was collected with 85% yield (P1) (Figure S7.4.1). 

 

Figure 4.2: 1H NMR (400 MHz, CDCl3) spectrum of PvCHC-PDL-PvCHC triblock 

copolymer (P1). 

 

The purified triblock copolymer (P1) showed a molar mass of 6.3 kg mol-1 (ÐM = 1.26) by 

SEC (Figure 1). The residual initiating acetate groups on the catalyst resulted in ~1% diblock 

content. The residual diblock content (1.3%) is a theoretical determination based on the molar 

ratio of difunctional benzene dimethanol (BDM) and monofunctional acetate ligands present 

on the catalyst. Both species can act as initiators and chain transfer agents. There are two 
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acetate co-ligands per catalyst and 150 equivalents of BDM. Therefore, the maximum number 

of possible diblock copolymer chains initiated from the acetate coligands is 2/(150+2) = 1.3%. 

The real diblock content is likely significantly lower because residual diols present in the vCHO 

act as a bifunctional initiator (these diols form from any water that the epoxide is exposed to, 

including from carbon dioxide). Experimentally, 1H NMR spectroscopy is used to characterise 

the polymers and the only initiator signals observed are for BDM, signals corresponding to 

acetate end-groups are not seen. These results indicate the diblock copolymer content in P1 is 

too low to be detected by NMR spectroscopy but nonetheless it is expected to be present. 

 

Figure 4.3: 1H DOSY NMR (400 MHz, CDCl3) spectrum of PvCHC-PDL-PvCHC triblock 
copolymer (P1). 
 

 Given the high loadings of benzenedimethanol and the overall low molar mass of P1, a 

monomodal mass distribution was obtained by SEC. The molar mass (SEC) agreed well with 

both the theoretical value (5 kg mol-1) and the value determined by 1H NMR spectroscopy 

(Figure 4.2 & Figures S7.4.2-S7.4.4). By comparing the integrals of the initiator (BDM) 

aromatic resonances, at 7.34 ppm, with those at 2.27 and 5.76 ppm (PDL main-chain -CH2- 
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and PvCHC -CH=CH2 respectively), Mn, NMR was calculated as 4.8 kg mol-1 and the average DPs 

for the blocks were 4:20:4 (PvCHC-PDL-PvCHC). Furthermore, a PvCHC (A-block) content 

of 30 wt% was determined, matching the range targeted for elastomeric properties.42
 

1H DOSY NMR spectroscopy of the triblock polymer showed only a single diffusion 

coefficient for all resonances consistent with its copolymer structure (Figure 4.3). The 

addition of a phospholane reagent to the triblock polymer, followed by 31P{1H} NMR 

spectroscopy, allowed for the analysis of the chain end-groups (Figure 4.4).43 This experiment 

revealed almost complete PvCHC end-group formation (97%). A very small proportion of 

PDL end-groups was attributed to the slower  diffusion of CO2 through the viscous reaction 

mixture at 1 bar. Nonetheless, the presence of low quantities of PDL should not hinder the 

use of P1 in additive manufacturing.  

 

 

Figure 4.4: 31P{1H} NMR end-group analysis of PvCHC-PDL-PvCHC triblock copolymer 

(P1). 

 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) analysis on P1 revealed that the 

residual cobalt from spent catalyst in the polymer is 1.36 μg/g or 1.36 mg/kg (1.36 ppm). 
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Therefore 97.2% of the spent cobalt from the catalyst was removed during purification. For 

context the LD50 for soluble cobalt salts is between 150 and 500 mg/kg.44 Subsequently, for a 

100 kg person, the LD50 of P1 would be over 14,000 kg or 14 tonnes. Subsequently, we believe 

that these extremely low cobalt concentrations in P1 pose minimal toxicity risk but further 

testing is needed to fully understand the long-term in vitro health impacts of these materials. 

 

Figure 4.5: Complex viscosity of P1 triblock copolymer with varied dilutions in ethyl acetate 
(EA). 
 

Differential scanning calorimetry (DSC) showed a single glass transition temperature (Tg) 

for P1 of -39 ˚C, which indicates that the blocks are miscible as expected given its low molar 

mass (Table 4.1 & Figures S7.4.5-S7.4.6). Critically, the Tg of P1 is below room temperature 

and it is a viscous liquid under ambient conditions. A rheological frequency sweep was used 

to determine its complex viscosity, which was 102 Pa s, significantly greater than the 10 Pa s 

empirical limit for DLP 3D printing (Figure 4.4).45 The addition of 20 and 30 wt% ethyl 

acetate decreased the complex viscosity to 2.4 and 1.3 Pa S, respectively. The printing resin 
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was subsequently formulated with 30 wt% ethyl acetate which resulted in a viscosity closest to 

1 Pa s, where optimal printing performance is generally observed.24 
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4.4 Resin Formulation 

The 3-arm trithiol, trimethylolpropane tris(3-mercaptopropionate) (X1), was initially employed 

for the thiol-ene based printing (alkene:thiol = 5:1) and produced 3D printed thermosets 

capable of complete hydrolytic degradation. Controlled thiol-ene cross-linking was achieved 

by adding 0.6 wt% phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO, photoinitiator) 

and 0.4 wt% oxybenzone (photoinhibitor) to the printing resin.39 Finally, to eliminate lateral 

overcuring and allow for spatiotemporal control of the thiol-ene cross-linking during the print, 

0.1 wt% Sudan I orange dye was added to the resin (Figure 4.6). UV-vis spectroscopy was 

used to titrate the amount of dye and match the absorbance profile of the novel resin to well-

established poly(propylene fumarate) based resins known to successfully print via DLP (Figure 

S7.4.7).  

 

 

Figure 4.6: Digital photographs of cure testing of P1 and X1 A) without and B) with 0.1 wt% 

Sudan I dye. 
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4.5 DLP Printing 

The resin was successfully printed by DLP using an EnvisionTech D4K Pro 3D printer (λ = 

385 nm) to form a novel thermoset (P1X1). A series of dumbbell-shaped, cuboid, and 

cylindrical specimens were 3D printed, then washed sequentially with ethyl acetate, isopropyl 

alcohol, ethyl acetate, and finally water (Figures 4.7-4.8). The printed parts were then cured 

in a UV oven (λ =  390-420 nm) for 15 minutes, followed by drying in vacuo at 60 ˚C for 6 days. 

Following the successful printing of P1 with X1, the printing process was repeated with two 

additional 3-arm thiol cross-linkers, with varying oligoethylene glycol units (n = 3 and n = 7 

per arm for X2 and X3, respectively, Scheme 4.1). The use of different cross-linkers allows 

investigation of their length on thermomechanical properties and the effect of increased 

hydrophilicity upon degradation rates in relation to PEG content. Both P1X2 and P1X3 were 

successfully printed and a series of three thermosets were obtained.  

 

Figure 4.7: Digital photograph of P1X1 printed parts on built plate (before workup). 
 



 CHAPTER | 4 

 

 | 167 

 

The small defects which can be observed in Figure 4.7, likely result from a slightly 

over-crowded build plate design. In this central area, it is harder for the resin to refill because 

of the surrounding parts and its viscosity. Because the resin isn’t as efficiently refilled in these 

areas, the same sections of resin are repeatedly experiencing UV exposure, resulting in slight 

gelation. In future, such effects may be eliminated by either: 1) a greater degree of dilution to 

further reduce the viscosity of the resin or 2) optimization of the build plate layout to ensure 

efficient resin refilling. The lightly crosslinked regions of the excess resin are not attached to 

the parts and hence were removed from the build plate when the printed parts were washed 

and purified. No trimming was required. 

 

  

Figure 4.8: Digital photograph of P1X1 printed parts after washes and drying. 
 

Once dry, the cuboids from each print were measured and compared to the expected 

dimensions of the print as specified by the STL file. All three materials exhibited similar and 

low isotropic part shrinkage (~10%) (Figure 4.9).  
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Figure 4.9: Part shrinkage of printed parts after drying. Isotropic part shrinkage observed for 

all materials. 

 

 

Figure 4.10: FTIR spectra of P1, P1X1, P1X2 and P1X3. 

 



 CHAPTER | 4 

 

 | 169 

 

 

Figure 4.11: Raman spectra of P1X1, P1X2 and P1X3. 

 

Fourier transform infrared spectroscopy (FTIR) showed the P1 vinyl group, C=C stretch 

at 1641 cm-1, was present in all materials suggesting that total alkene functionalisation did not 

occur (Figure 4.10 & Figure S7.4.8). This is to be expected since an alkene:S-H ratio of 5:1 

was used for all prints, but it does suggest an insignificant amount of alkene-alkene overcuring 

took place. Raman spectroscopy of the 3D printed materials revealed the absence of sharp 

peaks from 2530 to 2610 cm-1, which correspond to the free thiol S-H groups (Figure 4.11). 

This finding indicates quantitative consumption of the thiols and that P1X1, P1X2 and P1X3 

are similarly cross-linked.   
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4.6 Material Characterisation 

Table 4.1. Summary of thermal and mechanical properties of CO2- and bio-derived 3D 
printed copolymer elastomers. 
 

Polymer aTg,DSC 

[˚C] 

 Tg, DMTA 

[˚C] 

cTd,5% 

[˚C] 

dEy 

[kPa] 

eσ 

[kPa] 

fεb 

[%] 

gUT 

[kJ m-3] 

P1 -39 -29 295 - - - - 

P1X1 -35 -6, 19 287 120.4 ± 49.1 144.9 ± 14.7 113 ± 10 92.4 ± 18.3 

P1X2 -37 -12, 11 290 93.0 ± 9.2 139.0 ± 6.0 115 ± 12 82.3 ± 12.2 

P1X3 -39 -14, 9 288 68.5 ± 27.5 127.0 ± 15.8 115 ± 12 81.4 ± 16.2 

Glass transition temperature from aDSC (2nd heating cycle) and from peak in tan(δ) in bDMTA. 
cThermal degradation behavior reported as temperature at 5% mass loss, determined by TGA. 
dYoung’s modulus.  eTensile strength.  fStrain at break.  gTensile toughness (area under the stress 
strain curve). Mean values ± std. dev. from measurements conducted independently on 5 
specimens.  
 

4.6.1 Thermal Properties 

Thermogravimetric analysis (TGA) showed that all three thermosets displayed high thermal 

stability (Td,5% > 250 ˚C, Table 4.1 & Figures S7.4.9-S7.4.14). DSC analysis revealed that the 

printed materials are completely amorphous, without any crystallinity even with the longest 

PEG chains in X3 (Table 4.1 & Figures S7.4.5-S7.4.6). Glass transition temperatures of -35, -

37 and -39 ˚C were determined for P1X1, P1X2 and P1X3, respectively. The minor decrease 

in the Tg value with increasing cross-linker length is attributed to the increased segmental 

motion as the flexibility and degrees of freedom of the cross-linker increases.  
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4.6.2 Mechanical Properties 

To examine the mechanical performance of the printed materials, the dumbbell-shaped 

specimens were subjected to uniaxial extension experiments, according to ISO 527 (10 mm 

min-1) (Table 4.1 & Figure 4.12). All three materials showed purely elastic behavior with no 

evidence of yielding or plastic deformation. The ultimate tensile strength, Young’s modulus, 

strain at break, and tensile toughness values were not statistically different across the series 

(Table S7.4.1). These observations are consistent with the similar cross-linking density within 

the materials.  

 

Figure 4.12: Representative stress-strain curves for P1X1, P1X2, and P1X3 (10 mm min-1 

extension rate). 

 

Specimens were also subjected to cyclic uniaxial tensile testing to study their elastomeric 

properties and critically their ability to recover after deformation (Figure 4.13). Specimens 

were cycled between 0 and 20% tensile strain for thirty cycles. All three materials exhibited 

>80% elastic recovery over the cycles (Figure S7.4.15). The increased size and flexibility of the 
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cross-linkers did have a significant effect on the mechanical performance of the materials. The 

maximum stress on the 30th cycle of P1X1 decreased 57% from that of the first, whereas this 

drop was 84% for P1X3. This rapid decay in strength is ascribed to the increased degrees of 

freedom of the longer cross-linkers and the reduced chain restriction they impart, which in 

turn results in increased hysteresis and reduced elastic recovery.  

 

Figure 4.13: Uniaxial cyclic tensile testing (20% strain). 
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4.7 Printing Induced Phase Separation 

To further probe the thermomechanical properties of these printed materials, specimens were 

subjected to dynamic mechanical thermal analysis (DMTA) under tension (Figure 4.14 & 

Figures S7.4.16-S7.4.17). The tan(δ) profiles for all printed materials displayed bimodal peaks, 

indicative of two separate thermal transitions taking place: the Tg for PDL and the Tg for 

PvCHC. 

 

Figure 4.14: Dynamic mechanical thermal analysis (DMTA) temperature sweep for P1X1. 

 

  By deconvoluting these tan(δ) peaks, the values for these transitions were determined 

(Table 4.1 & Figure 4.15). In all cases, the lower transition is sharper and attributed to PDL, 

whereas the upper transition is much broader, occurring over a wide temperature range and 

attributed to the cross-linked PvCHC. The broad upper Tg is a result of the variety of cross-

linking architectures present in the material, each resulting in varying degrees of chain 

segmental motion. The difference in temperature between these transitions remains 

approximately the same. However, as with the DSC analysis, the absolute Tg values decrease 
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with increasing cross-linker length. This is likely due to increasing chain mobility for 

thermosets featuring longer cross-linkers.  

 

Figure 4.15: Deconvoluted tan(δ) profiles of P1X1, P1X2 and P1X3. 

 

It is hypothesised that the cross-linking of only the outer (A) blocks in the triblock 

copolymers and the subsequent higher temperature drying may enable block microphase 

separation within the thermosets. Microphase separation is usually only observed for these 

polymers at high Mn values (Mn > 50 kg mol-1) but is expected to enhance the desired 

elastomeric properties.42, 46 The observation that the thermosets show two Tg values suggests 

some microphase separation which is highly unusual for a low molar mass material. The Tg 

values are far from the expected values for the individual homopolymers, indicating they are 

not fully phase separated but rather are only partially miscible. To investigate whether the 

partial microphase separation might be printing induced, the P1 starting material was pasted 

between two steel plates and subjected to a three-point-bend DMTA temperature ramp 
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(Figures S7.4.18-S7.4.19). The data showed a clear, sharp, monomodal glass transition, at -29 

˚C, indicating the starting block polymer is fully miscible and providing further evidence for 

printing induced microphase separation (Figure 4.16).  

 

Figure 4.16: Dynamic mechanical thermal analysis (DMTA) temperature sweep for P1 

between steel plates in 3-point bend geometry. 

 

To probe the microphase separation of the thermosets further, small-angle X-ray scattering 

(SAXS) was conducted on the series of printed samples (Figure 4.17 & Table 4.2). Principle 

scattering peaks were observed for all materials, but no higher order scattering peaks were 

observed suggesting there is only short-range ordering in all materials (d = 9.3 – 12.1 nm). This 

ability to induce some microphase separation in low molar mass materials may prove useful 

for expanding the property profile of vat photopolymerisation printed materials and to help 

to broaden the applications of low Mn CO2- and bio-derived polymers in the future.  
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Figure 4.17: Room temperature SAXS profiles of P1X1, P1X2 and P1X3. 

 

Table 4.2: Summary of SAXS Data. 

Material q*/ Å-1 d/nm 

P1X1 0.067 9.3 

P1X2 0.052 12.1 

P1X3 0.060 10.5 

Where q* = principle scattering peak (d=2π/q*). 

  



 CHAPTER | 4 

 

 | 177 

 

4.8 Hydrophilicity and Aqueous Stability 

 

Figure 4.18: Swelling index and gel content after swelling the polymer samples in water, for 

48 hours. 

 

To examine any differences in hydrophilicity across the series of printed thermosets, samples 

were subjected to water swelling experiments. Uniform disks (10 mm diameter, 2 mm thick) 

were submerged in water for 24 h, dried (vacuum oven, 48 h) and weighed both swollen and 

dried to determine the swelling index and gel content, respectively (Figure 4.18). It was 

hypothesised that that the increasing PEG content from X1 to X2 to X3 might control the 

extent of  swelling in aqueous environments. Such swelling is particularly important for in vivo 

applications, such as regenerative medicine, and may provide a means to enhance sample 

hydrolytic degradation.47 All printed materials have gel contents >99% indicating good 

chemical resistance to water and indicative of equivalent cross-linking density across the series. 

The swelling index for P1X1 is only 0.6%; however, the values rise significantly to 2.4% and 

4.6% for P1X2 and P1X3, respectively due to the longer crosslinker lengths. While these values 

are in absolute terms low, the increase signifies a change in hydrophilicity, as the major 
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component of the material is hydrophobic PDL. The increase in swelling index arises from the 

increase in hydrophilic PEG content within the thermosets. The effect is coupled with the 

increasingly long and flexible cross-linkers providing a greater swellable volume within the 

material.  

To deconvolute these two effects, surplus resin from each print was spin-coated onto glass 

slides, cured in a UV oven (390-420 nm, 15 min), dried in vacuo, and water contact angle 

measurements were conducted (Figure 4.19 & Figure S7.4.20). The experiments revealed a 

marked change in hydrophilicity. The water contact angle for P1X1 was >90˚ (93˚) while those 

for P1X2 and P1X3 were 85 and 68˚, respectively. This significant increase in surface wetting 

underlines the ability to tune the hydrophilicity/hydrophobicity of additively manufactured 

materials through the simple substitution of the cross-linker employed. Differences in swelling 

index and water contact angles are statisticly significant (Table S7.4.2). 

 

Figure 4.19: Water contact angle for P1X1, P1X2, and P1X3 resins dissolved in ethyl acetate, 

spin coated and cured on glass slides. 
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It was predicted that the increasing swelling index with water across the series should 

result in enhanced rates of hydrolytic degradation. As a proof-of-concept, an accelerated 

degradation study was performed. Cuboids (10 x 10 x 2 mm) of  P1X1, P1X2 and P1X3 were 

submerged in basic aqueous solutions (4 M NaOH) at room temperature, and the sample mass 

loss was measured over time (Figure 4.20). The P1X3 samples, exhibited complete hydrolytic 

degradation within 65 days while P1X2 and P1X1 has only lost 75 and 49% mass, respectively, 

after 85 days. The ability to control the rate of degradation in this manner could be relevant 

for biomedical applications, where the rate of in vivo degradation should be matched to the 

specific application. 

 

Figure 4.20: Degradation study in aqueous media, (4 M NaOH, pH = 14.6, room 

temperature). 
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4.9 Cytotoxicity  

To explore the biocompatibility of the printed thermosets P1X1, P1X2 and P1X3, mouse 

Schwann cells were seeded on thin films of each cured material with a poly-L-lysine (PLL) and 

laminin coating. This was carried out by Ms Yin Mei Chan. Schwann cells were selected for 

their high sensitivity and, therefore, to investigate any cytotoxic response. After 24 h, the films 

were stained with a live/dead assay (Figure 4.21). Live and healthy cells were observed on 

films of all three printed materials, suggesting there was no initial cytotoxicity from P1X1, 

P1X2 and P1X3. Therefore, the CO2- and bio-derived elastomers could be further explored 

for a range of biomedical applications. 

 

Figure 4.21: Mouse Schwann cells seeded on thin films of P1X1, P1X2 and P1X3 and stained 

with live/dead assay (scale bar: 300 μm). Live cells appear green while dead cells appear red.  
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4.10 3D Printing of Gyroids 

 

Figure 4.22: A) Digital photographs of small gyroid (5.9 mm tall) and large gyroids (10.6 mm 

tall) with small, medium and large holes. Micro CT scan of small gyroid showing B) XZ and 

C) XY planes. 

 

Finally, to determine the printing resolution possible with the P1 resins, P1X1 was used 

to print a series of gyroids. These structures are triply periodic minimal surfaces with zero 

mean curvature and have shown promise in regenerative medicine, impact absorption, heat 

exchange, and acoustic management.48 The structure’s complex topology, with hollow tunnels 

and internal cavities, were selected to test whether high resolution structures could be printed 

with the polymer P1. Four series of different sized gyroids were all successfully printed. Three 

sets of samples (10.6 mm tall) with large (L), medium (M) and small (S) interpenetrating holes 

and one set of smaller samples (5.9 mm tall) with large (L) interpenetrating holes were printed 

(Figure 4.22a). Micro computed tomography (CT) scans on the small 5.9 mm gyroid showed 

the high resolution achievable using P1 for DLP printing, with the smallest features (holes < 

700 μm in diameter) and hollow structures present (Figure 4.22b, 4.22c & Figure S7.4.21). 

The results highlight the lack of lateral overcuring during printing and the ability to use bio- 
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and CO2-derived materials to produce complex structures which would be hard to make using 

traditional fabrication methods. 

Some very small pores and bubbles are observed by micro CT (Figure 4.22b & c), we 

believe these arise from the post-processing conditions. These gyroids were placed in a vacuum 

oven immediately after washing and curing. Leaving them to dry more slowly might help to 

eliminate the formation of these pores and bubbles. However, even so, the majority of these 

pores are smaller than the layer thickness/printing resolution (< 200 μm) and not visible to 

the naked eye. As seen in Figure S7.4.21, these are only present on the surface of the printed 

structure and not evenly distributed throughout.  

 

Figure 4.23: . A) Uniaxial compression testing and B) cyclic compression testing (20% strain) 

of large gyroids. 

 

The L, M, and S series of gyroids were subjected to compression testing to study their 

mechanical performance under crushing loads (Figure 4.23a & Figure S7.4.22). All three 

structures displayed purely elastic behaviour with no yield or plastic behaviour and were all 

able to withstand relatively high compressive strain (>60%) before reaching the limit of the 

load cell. All three gyroid structures also exhibited excellent elastic recovery, over 10 cycles of 

loading and unloading, to 20% compressive strain, with negligible hysteresis or compressive 

strength loss (Figure 4.23b). The compressive mechanical properties of P1X1 are simply 
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modified through changing the design of the printed part, allowing for a further option to tune 

the material properties without the need for new moulds or reoptimised fabrication 

procedures.  
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4.11 Summary and Future Work 

4.11.1  Conclusion 

A series of poly(carbonate-ester-carbonate) elastomers were 3D printed with three different 

trifunctional thiol crosslinkers having varying lengths and PEG contents. The low molar mass, 

amorphous, CO2- and bio-derived triblock copolymer was synthesised using a highly active 

and selective [Co(II)Mg(II)] dinuclear catalyst on a large scale. Each repeat unit in the outer 

polycarbonate blocks contained one pendent vinyl group to afford post-polymerisation 

functionalisation. Following the optimisation of the resin formulation, digital light processing 

was employed to produce elastomeric thermosets via a spatiotemporally controlled thiol-ene 

crosslinking. The additive manufacturing of gyroid structures with internal voids and cavities 

underlined the high resolution achieved through the printing process. Dynamic mechanical 

analysis and SAXS experiments also revealed the presence of short-range printing-induced 

microphase separation of the constituent blocks contributing to the observed elastomeric 

properties. Significantly, no cytotoxic response was observed for any of the 3D printed 

materials. Overall, this work demonstrates how DLP can be utilised to produce sustainable, 

functional materials from low molar mass polyols and how properties can be controlled 

through choice of cross-linker. In the future, the continued development of sustainable 

polymers will help enable the rapid production of 3D printed plastics and elastomers capable 

of replacing current petrochemical options. 

4.11.2 Future Work 

Having established an understanding of the thermomechanical, degradation and hydrophilic 

properties of these novel 3D printed materials, future work should start with the additive 

manufacturing of implantable devices. For example, the production of printed parts for the 

use as stents, wound dressings, nerve conduits, and for cartilage repair would establish the 
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potential of these P1 based materials for biomedical applications.5 This would further test the 

printing resolution achievable with these resins as these products often poses complex 

geometries. The ability to rapidly customise part design to an individual patient opens up 

enormous potential for tailored healthcare. Take stents for example, soft and flexible materials 

which can be rapidly printed are needed in a spectrum of sizes given the patient, ailment, and 

considering any case specific complications.49 Animal studies would be essential to access how 

the material behaves once implanted. Regularly testing specimens that have been in an in vivo 

environment at different time points would reveal how the material degrades and the 

mechanical performance alters over time, critical to for any long-term applications.50 This 

would also facilitate a histological study on long-term cytotoxicity implications for the material. 

For applications which require higher tensile strengths, such as bone scaffolds, the 

composition of the triblock copolymer could be fine-tuned. By increasing the content of 

polycarbonate to polyester, the Tg of the polyol would increase and likely result in stronger 

materials after printing, as a result of increased covalent and physical crosslinking. However, 

this would likely result in an increased viscosity. The use of solvent, as seen in this chapter 

would likely help overcome this. Furthermore, as part shrinkage is isotropic, additional solvent 

in the print should not impede part production. 

 Finally, the bio-based content of the polyol employed in the printing process would be 

further increased through the replacement of vCHO with limonene oxide. A poly(limonene 

carbonate-b-ε-decalactone-b-limonene carbonate) precursor should behave similarly to P1 with 

respect to printing condition, thermomechanical properties and degradation profile. The 

ROCOP of CO2 with epoxides could be employed with a range of other alkene containing 

epoxides to produce new DLP printing resins. Ally glycidyl ether or 1,4-cyclohexadiene oxide 

could be employed as a homopolymer or in a block architecture to give a range of sustainable 

printed material with new and unique properties.51   
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5.1 Thesis Summary 

This thesis has detailed the synthesis and characterisation of series of CO2-derived 

polycarbonates and the employment of these in poly(carbonate-b-ester-b-carbonate) 

thermoplastic elastomers. Networking through the introduction of metal-ligand interactions, 

increased macromolecular entanglement density, and thiol-ene based 3D printing have all been 

explored. The development of new plastics and elastomers has not only expanded the property 

profile of CO2- and bio-derived materials reported but provides an insight into how new 

sustainable materials should be designed to compete with petrochemical incumbents. 

Critically, in each investigation, end-of-life options have been studied. The propensity of a 

material to degrade and/or undergo mechanical and chemical recycling is essential to take a 

holistic approach to the design of new materials with a minimal environmental footprint. 

 In Chapter 2, a series of ionomeric elastomers are reported with varying metal-

carboxylate (M= Na(I), Ca(II), Mg(II), Zn(II), Al(III)) interactions in the hard domains.1 These 

interactions act to reinforce physical cross-linking in the glassy domains and prevent chain pull 

out and subsequent mechanical failure. This resulted in a up to 52-fold and 21-fold increase in 

Young’s modulus and ultimate tensile strength respectively. Moreover, the formation of 

ionomeric cross-linking improved creep resistance while maintaining high elasticity and elastic 

recovery. The loading of metal into the materials facilitated the further regulation of 

thermomechanical properties (<1 wt% metal). Unlike covalent cross-linking, the  reversible 

metal-ligand interactions introduced allow for mechanical reprocessing/recycling. 

 In Chapter 3, a series of poly(cyclohexene carbonate-grad-cyclopentene carbonate) 

(PCHC-grad-PCPC) terpolymers were produced.2 The enchainment of small quantities of 

PCPC with PCHC acted to reduce the entanglement molar mass (Me) and produced plastics 

with a 200% improvement in toughness relative to PCHC. Furthermore, this resulted in a 

minimal reduction in Tg, ensuring the terpolymers had a wide operating temperature window. 
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The terpolymers were shown to undergo both mechanical and chemical recycling to monomer 

without compromise to the thermomechanical properties.    

 In Chapter 4, a low molar mass poly(carbonate-b-ester-b-carbonate) triblock 

copolymer was produced on a 200g scale and was used in the formulation of a novel digital 

light processing resin.3 Using a thiol-ene based 3D printing process, a series of degradable 

thermosets were produced with cross-linkers containing increasing poly(ethylene glycol) 

(PEG) content. These materials display printing-induced microphase separation and behave 

as soft elastomers. The thermomechanical properties, the hydrophilicity, and the degradation 

profile of the elastomers was controlled through the selection of the cross-linker used. No 

initial cytotoxic response was observed, indicating their potential in regenerative medicine and 

tissue engineering applications.  

 

Figure 5.1: Ashby plot summarising the mechanical properties of materials reported in this 

thesis. 
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 The materials reported in this thesis cover a wide area of property space, toughened 

elastomers, toughened plastics, and soft elastomers (Figure 5.1). This highlights the potential 

of CO2- and bio-derived polymers to be used in a wide array of applications. However, further 

development is required to enable this and to further expand the properties accessible by 

oxygenated polymers.  

5.2 Outlook 

As outlined in Chapters 2, 3 and 4, there are numerous avenues of future exploration and 

materials development following the results reported in this thesis. There are two key areas 

currently under investigation which build on the work of this thesis. These are the introduction 

of metal-carboxylate cross-linking in the central block of a TPE and the chain extension of 

low molar mass triblock copolymers through the formation of halatopolymers.  

5.3 Ionomeric Cross-Linking in TPE Central Block 

The introduction of reversible metal-ligand and hydrogen bonding cross-linking within the 

outer blocks/‘hard’ domains of a TPE has proven an effective means to toughen and tune the 

thermomechanical properties (Chapter 2). However, as these reversible cross-links exist within 

a high Tg (above room temperature) domain, they are not dynamic and can only undergo 

exchange reactions at elevated temperatures and pressures. On the other hand, if the same 

interactions were incorporated into the central ‘soft’ block of a TPE, they should be reversible 

and dynamic.4 This dynamism should arise from the segmental motion of the low Tg block at 

room temperature. It is anticipated that these interactions will give rise to tougher elastomers 

as the reversible bonds can repeatedly break and reform under tension to relieve stress.5 

Furthermore, these dynamic interactions should improve strain hardening and give rise to 

strain rate dependent behaviour.6  

  



 CHAPTER | 5 

 

 | 194 

 

 

Scheme 5.1: Synthesis of poly(carbonate-b-ester-b-carbonate) ionomers with metal-ligand 

cross-linking in the central low Tg block. 

 

To achieve this, a ABA triblock copolymer was synthesised, with a poly(ε-decalactone-

co-δ-jasmine lactone) central block with poly(cyclohexene carbonate-grad-cyclopentene 

carbonate) outer blocks (Scheme 5.1). Jasmine lactone is a bio-derived lactone which is 

commonly used in fragrances but has received minimal investigation as a monomer for ROP.7-

9 It features alkene functionality in the side chain which can be modified via thiol-ene 
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functionalisation to install carboxylate ligands to every poly(δ-jasmine lactone) (PJL) repeat 

unit. The carboxylates can then be co-ordinated to the metal cations to produce an ionomeric 

networks. The terpolymer polycarbonate outer block was targeted for its low Me and high Tg 

(Chapter 3).2 

 P1-vinyl was synthesised on a 12.8 g scale, with an overall molar mass (Mn) of 67.2 kg 

mol-1 (ÐM = 1.16) from SEC (Figure S7.5.1), with a PDL:PJL content of 9:1,  and with 33 wt% 

polycarbonate content (PCHC: PCPC = 58:42), determined by 1H NMR spectroscopy (Figure 

S7.5.2). The UV-initiated thiol-ene functionalisation with 3-mercaptopropionic acid was 

conducted to produce 8.4 g of P1-COOH. Full alkene functionalisation was confirmed by 1H 

NMR spectroscopy (Figure S7.5.3). To form a zinc ionomer, P1-Zn, half an equivalent of 

diethyl zinc with respect to carboxylate ligands was added in solution (5 wt% THF), solvent 

cast, dried in vacuo and compression moulded into thin films.   

 

Scheme 5.2: Representative stress–strain curves (10 mm min−1 extension rate) for P1-vinyl, 

P1-COOH and P1-Zn. 
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 The upper Tg for the polycarbonate blocks did not significantly change with 

functionalisation. DSC analysis revealed an upper Tg of 100, 102 and 103 ˚C for P1-vinyl, P1-

COOH and P1-Zn respectively (Figure S7.5.4). Surprisingly, the lower Tg, corresponding to 

the central polyester block also didn’t change significantly. It was anticipated that the 

ionomeric cross-linking would raise the Tg of the central block however it was observed to be 

-49, -42 and -43 ˚C for P1-vinyl, P1-COOH and P1-Zn respectively (Figure S7.5.4). This is an 

early indication of the dynamic nature of the cross-linking as segmental motion is minimally 

impeded.  

Table 5.1: Summary of mechanical properties of ionomeric elastomers.  

Polymer aEy 

(MPa) 

bσ 

(MPa) 

cεb 

(%) 

dUT 

(MJ m-3) 

P1-vinyl 33.3 ± 9.5 10.7 ± 0.8 1754 ± 81 134 ± 7.4 

P1-COOH 30.1 ± 7.6 13.7 ± 0.7 1781 ± 88 126 ± 9 

P1-Na t.b.d. t.b.d. t.b.d. t.b.d. 

P1-Zn 68.7 ± 1.6 12.2 ± 0.3 1157 ± 33 60 ± 7 

P1-Al t.b.d. t.b.d. t.b.d. t.b.d. 

a) Young’s modulus; b) Tensile strength; c) Strain at break; d) Tensile toughness (area under 
the stress–strain curve).Mean values ± standard deviation from measurements conducted 
independently on 5 specimens 

 

Uniaxial tensile testing was conducted on P1-vinyl, P1-COOH and P1-Zn  to evaluate 

the mechanical performance of the ABA triblock copolymers (Figure 5.2 and Table 5.1). P1-
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vinyl behaves as an elastomer, displaying good elastic recovery, despite exhibiting a relatively 

pronounced yield point. The unfuctionalised material displayed an ultimate tensile strength of 

11.2 MPa and an elongation at break of 2447%. The ultimate tensile strength increased to 13.7 

MPa upon installation of the carboxylate ligands in P1-COOH. This came at the expense of a 

small reduction in elongation at break, which dropped to 1781%. Coordination to zinc, to 

form P1-Zn, resulted in a decrease in both tensile strength and elongation at break, 12.2 MPa 

and 1137% respectively. However, the rate of strain hardening observed increases from P1-

vinyl to P1-COOH to P1-Zn. This is attributed to increased inter-chain interactions within the 

elastomers. The yield point observed for P1-vinyl became more diffuse for P1-COOH and P1-

Zn, which is tentatively attributed to the reversible interactions which act to limit molecular 

separation and the disentanglement of the central block under tension. 

Future work will build on these preliminary results. In particular, a sodium and 

aluminium ionomer will be produced through the addition of sodium cyclopentadienide and 

triethyl aluminium. This will allow for the exploration of how valency of the metal employed 

changes the bulk thermomechanical properties. Furthermore, the metals are light, cheap, 

Earth-abundant, usually of low toxicity, and should result in the formation of a colourless 

network. Uniaxial and cyclic tensile testing will be conducted to interrogate how strain rate 

influences the mechanical performance and elasticity of the ABA triblock copolymers. The 

time scale of the ionomeric interactions will be probed through the construction of a time-

temperature superposition master curve; the environmental stability will be studied though the 

use of relative humidity DMA experiments; and any changes to mechanical performance will 

be explored through repeated thermal reprocessing.  
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5.4 Ionomeric Chain Extension Through Halatopolymer 

Formation 

  

Scheme 5.2: Synthesis of halatopolymers through carboxylic acid end-group functionalization 

of a poly(carbonate-b-ester-b-carbonate) followed by the incorporation of Zn(II) and a 

monocarboxylic acid ‘stopper’. 

 

Halatopolymers are formed of linear polymers (halato-telechelic polymers) coupled by 

carboxylate end-groups with divalent metal cations.10 The influence of metal-carboxylate 

interactions have been and are being explored in the outer and central blocks of a ABA triblock 

copolymer TPEs. Ongoing work now aims to explore how the installation of carboxylate end-

group on a low molar mass (Mn < 10 kg mol-1) poly(vinyl cyclohexene carbonate-b-ε-

decalactone-b-vinyl cyclohexene carbonate) (P1, Chapter 4) can be used as a means to produce 

higher molar mass multi-block copolymers (Scheme 5.2). It is anticipated that by controlling 

the ratio of diethyl zinc and a monocarboxylic acid ‘stopper’, 4-tert-butylbenzoic acid, the molar 

mass of the resulting halatopolymer may be controlled. It is anticipated this synthetic approach 

will allow for the transformation of a low molar mass viscous liquid into a functional, 

freestanding, elastomer. Furthermore, microphase separation may be induced through the 

increase in the molar mass of the polymer chains paired with the ionic functionality in the 

polycarbonate blocks. As the metal-carboxylate interactions are known to be reversible, under 



 CHAPTER | 5 

 

 | 199 

 

elevated temperatures, the halatopolymer materials should exhibit low viscosities in the melt, 

enabling facile reprocessing.  

 The end-group functionalisation of P1 was successfully carried out through the base-

catalysed ring-opening of succinic anhydride (SA) by the hydroxy telechelic end groups in the 

presence of 4-dimethylaminopyridine (DMAP). The reaction progress was followed through 

the end-group titration of aliquots with 2-chloro-4,4,5,5-tetra-methyldioxaphospholane 

(Figure S7.5.5).11 Complete end-group functionalisation was achieved, with a complete loss of 

signals corresponding to the PvCHC hydroxy end-groups and the observation of only succinic 

acid end-groups (Figure 5.3). 

   

Figure 5.3: 31P{1H} NMR spectra used for end-group analysis of HO-P1-OH and HOOC-

P1-COOH.  

 

Work will now continue to explore the impact of metal-carboxylate coordination and 

subsequent chain-end coupling on complex viscosity (at room temperature and at elevated 

temperatures, molar mass (by SEC), block miscibility (by DSC), and microphase separation 

(by DMTA and SAXS). 
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5.5 Conclusion 

This thesis has aimed to synthesise a range of new functional and oxygenated polymers, formed 

through the polymerisation of CO2 and bio-derived monomers. It has also aimed to devise 

strategies to improve and tune the thermomechanical properties of the resulting materials. 

However, the development of new and sustainable materials is only one element to tackling a 

complex, multifaceted, global challenge. Alongside new materials, we need improved recycling, 

a conscientious approach to material selection, and a societal shift from decision makers to 

enact increasingly urgent change.     
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6.1 General 

Catalysis synthesis, polymerisations, and post-polymerisation functionalisations were 

performed using either a dual manifold nitrogen-vacuum Schlenk line or a nitrogen-filled 

glovebox. 

Materials. All reagents and solvents were purchased and used as obtained from commercial 

sources (Sigma Aldrich) unless stated otherwise. The macrocyclic ligand, H2L, was synthesised 

following a previously reported procedure.1 Magnesium bis(1,1,1,3,3,3-hexamethyldisilazan-2-

ide) (97%) and bis(pentafluorophenyl)zinc (97%) were purchased from Sigma-Aldrich. 

Bis(pentafluorophenyl)zinc was used as received and magnesium bis(1,1,1,3,3,3-

hexamethyldisilazan-2-ide) was recrystallised from hexane.  

Solvents used for synthesis and polymerisation were collected from a solvent purification 

system (SPS), degassed with three freeze-pump-thaw cycles, and stored over 4 Å molecular 

sieves, under an inert atmosphere. 4-Vinyl-1-cyclohenxene 1,2-epoxide (98%) (vCHO) was 

purchased from Sigma-Aldrich, dried by stirring over CaH2, followed by fractional distillation 

at 60 °C and 18 mbar. Cyclohexene 1,2-epoxide (98%) (CHO) was purchased from Alfa Aesar, 

dried by stirring over CaH2, followed by fractional distillation at 60 °C, 50 mbar. n-Butyl lithium 

was then added and the CHO distilled twice more.  Cyclopentene 1,2-epoxide (98%) (CPO) 

was purchased from Sigma-Aldrich, dried by stirring over CaH2, followed by fractional 

distillation at 60 °C, 55 mbar. ε-Decalactone (ε-DL) was dried over CaH2, followed by 

fractional distillation, at 115 °C, under reduced pressure, and kept under a nitrogen 

atmosphere. Epoxide and lactone monomers were stored under a nitrogen atmosphere. 1,4-

Benzenedimethanol (BDM) was crystallised from toluene and stored under inert atmosphere. 

Research-grade carbon dioxide was dried through a Drierite column and two additional drying 

columns (Micro Torr, Model number: MC1-804FV) in series before use.  
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3-Mercaptopropionic acid was purchased from Sigma-Aldrich and degassed by bubbling 

through nitrogen. Sodium triflate, magnesium triflate, calcium triflate, zinc triflate and 

aluminium triflate were purchased from Fluorochem and used as received.  

Sudan I dye was purchased from AmBeed and used as received. Trimethylolpropane tris(3-

mercaptopropionate) (X1) was purchased from Sigma-Aldrich and ethoxylated 

trimethylolpropane tris(3-mercaptopropionate) (X2 and X3) were donated by Bruno Bock 

(Thiocure®). All thiols were used as received. 
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6.2 Experimental Procedures 

Synthesis of 4-tert-butly-2,6-diformyl phenol1  

 

Figure 6.1: Structure and synthesis of 4-tert-butly-2,6-diformyl phenol, with labelling 
corresponding to the 1H NMR spectra assignment.1  
 

4-tert-butlyphenol (25 g, 166.5 mmol) and hexamethylenetetramine (37.35 g, 266.5 mmol) were 

dissolved in trifluoroacetic acid (130 mL) under slow stirring. The reaction mixture was 

refluxed (125 °C) overnight. A Dean-Stark apparatus was added and the reaction mixture was 

refluxed at 150 °C for 2.5 hours. The reaction mixture was cooled to 100 °C and HCl (3M) 

was added slowly. The reaction mixture was cooled to room temperature and then cooled in 

the freezer overnight. The resulting solid product was filtered, washed with cool methanol (-

78 °C) and dried. Yield: 14.4357 g (42%). 1H NMR (400 MHz, CDCl3) δ 11.47 (s, 1H, CHO, 

a), 10.23 (s, 2H, -OH, b), 7.97 (s, 2H, Ar-H, c), 1.34 (s, 11H, CH3, d). 
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Synthesis of [H4L](ClO4)2
1 

 

Figure 6.2: Structure and synthesis of [H4L](ClO4)2, with labelling corresponding to the 1H 
NMR spectra assignment.1  
 

4-tert-Butyl-2,6-diformylphenol (6.00 g, 206.24 mmol), NaClO4 and acetic acid (3.32 mL, 60.05 

mmol) were dissolved in methanol (450 mL). The reaction mixture was heated to 70 °C and a 

solution of 2,2-dimethyl-1,3-propandiamine (3.48 mL in 150 mL of methanol) was added 

slowly to the reaction mixture. The reaction was cooled to room temperature and stirred for 

72 hours. The solid precipitate was filtered under gravity and dried. The filtrate was 

concentrated under reduced pressure and a second crop of product was collected and dried. 

The filtrate was allowed to slowly evaporate at room temperature and a third and fourth crop 

of product was collected and dried. A fifth and final crop was collected by allowing the reaction 

mixture to evaporate to dryness at room temperature and pressure. Yield: 12.4557 g (57%). 1H 

NMR (400 MHz, DMSO) δ 13.61 (br s, 4H, -OHN-, a), 8.68 (d, 4H, J = 13.5 Hz, imine CH, 

b), 7.65 (s, 4H, Ar-H, c), 3.87 (d, 8H, J = 6.0 Hz, =NCH2-, d), 1.28 (s, 12H, C(CH3)2, e), 1.14 

(s, 18H, C(CH3)3, f). 
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Synthesis of H2L1 

 

Figure 6.3: Structure and synthesis of H4L, with labelling corresponding to the 1H NMR 
spectra assignment.1  

 

[H4L](ClO4)2 (3.00 g, 4.01 mmol) was suspended in methanol (300 mL) and cooled to 0 °C. 

NaBH4 (3.94 g, 104 mmol) was added slowly to the reaction mixture and stirred for 1 hour at 

room temperature. The stiring was stopped water (600 mL) was rapidly added to the reaction 

mixture and left to sit overnight. The solution was filtered under reduced pressure and 

crystallised in methanol. Yield: 0.9976 g (45%). 1H NMR (400 MHz, CDCl3) δ 6.93 (s, 4H, Ar-

H, a), 3.74 (s, 8H, -CHCCH2N-, b), 2.51 (s, 8H, -CH3CCH2N-, c), 1.25 (s, 18H, -C(CH3)3, d), 

1.01 (s, 12H, C(CH3)2, e). 
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Synthesis of [LZnMg(C6F5)2] Catalyst2 

 

Figure 6.4: Structure and synthesis of [LZnMg(C6F5)2], with labelling corresponding to the 1H 
NMR spectra assignment.2  
 

The catalyst was synthesised following a previously reported procedure.2 Under inert 

conditions, the macrocyclic ligand (H2L) (0.50 g, 0.90 mmol) and recrystallised 

Mg{N[Si(CH3)3]2}2 (0.31 g, 0.90 mmol) were dissolved in THF (10 mL), at 25 °C, for 1 hour. 

Zn(C6F5)2 was dissolved in THF (5 mL) and added dropwise to the reaction mixture. The dark 

orange solution was stirred overnight, at 25 °C. The pale orange reaction mixture was then 

cooled to -29 °C and the supernatant solvent was removed. The solid product was washed 

(hexane) and the product (precipitate) dried under reduced pressure. Yield: 0.54 g (61%). 1H 

NMR (400 MHz, CDCl3) δ 6.81 (s, 2H, b), 6.76 (s, 2H, b’), 4.42 – 4.25 (m, 4H, c+c’), 3.40 (d, 

J = 13.7 Hz, 2H, d), 3.26 (d, J = 13.3 Hz, 2H, d’), 3.14 – 2.94 (m, 4H, f+f’), 2.68 (m, 6H, 

g+g’+e), 2.11 – 2.00 (m, 2H, e’), 1.27 (s, 3H, h), 1.20 (s, 18H, a), 1.17 (s, 3H, h’), 1.06 – 1.01 

(m, 6H, i+i'). 
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Synthesis of [LCoMg(OAc)2] Catalyst3 

 

Figure 6.5: Structure and synthesis of [LCoMg(OAc)2], with labelling corresponding to the 
1H NMR spectra assignment.3  
 

Mg(N(SiMe3)2)2 (0.44 g, 0.13 mmol) and Co(OAc)2 (0.23 g, 0.13 mmol) was added to a solution 

of H2L (0.70 g, 0.13 mmol) in THF (6 mL) and heated to 100 °C in a sealed Schlenk tube for 

16 h. The solvent was removed, in vacuo, and the solid washed with pentane (3 x 10 mL) to 

afford the product as a pale pink solid. Yield: 0.41 g (43%). MS (MALDI-ToF): m/z 692.31 

[LMgCo(OAC)]+. 
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General Synthesis of PvCHC-PDL-PvCHC Triblock Copolymers 

 

Figure 6.6: Structure of PvCHC-PDL-PvCHC (1-vinyl and 2-vinyl), with labelling 
corresponding to the 1H NMR spectra assignment.  

 

[LZnMg(C6F5)2] (10 mg, 0.01 mmol), 1,4-benzenedimethanol (5.7 mg, 0.04 mmol), 4-vinyl-1-

cyclohexene 1,2-epoxide (0.94 mL, 7.32 mmol) and ε-decalactone (2.94 mL, 16.87 mmol) were 

dissolved in toluene (10 mL) and heated to 80 °C. The progress of the reaction was monitored 

by 1H NMR spectroscopy. After 16 min of heating, 90% conversion was achieved. The 

reaction mixture was placed under 20 bar of CO2 in a high-pressure reactor, heated to 80 °C 

and left to stir overnight. The reaction mixture was quenched by exposure to air. The polymer 

was precipitated in methanol twice and dried under reduced pressure. 1H NMR (400 MHz, 

CDCl3) δ 7.34 (s, 4H, a), 5.76 (m, 1H, r), 5.04 (m. 5H, b+s), 4.85 (m, 1H, g), 4.77 (br s, 2H, 

l+m), 2.43 (br s, 1H, q), 2.27 (t, 2H, c), 1.85-1.29 (br m, 20H, d+e+f+g+h+i+j+n+o+p), 0.88 

(t, 3H, k). Integrals given are for a single repeat unit of each block.  

Table 6.1: Summary of Polymerisation Conditions for 1-vinyl and 2-vinyl. 

Entry  cat. 

/mg 

BDM 

/mg 

ε-DL 

/mL 

vCHO 

/mL 

PhMe 

/mL 

CO2 

/bar 

aPDL 

:PvCHC 

1-vinyl 10 5.7 2.94 0.94 10 20 71:29 

2-vinyl 40 22.7 11.77 2.34 40 20 79:21 

aDetermined from 1H NMR spectrum of purified samples  
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General Procedure for Carboxylic Acid Functionalisation  

 

Figure 6.7: Structure of PvCHCCOOH-PDL-PvCHCCOOH (2-COOH), with labelling 
corresponding to the 1H NMR spectra assignment.  
 

2-Vinyl (1.00 g, 1.1 mmol PvCHC), 3-mercaptopropionic acid (0.37 mL, 4.4 mmol) and 2,2-

dimethoxy-2-phenylacetophenone (110 mg, 0.44 mmol) was dissolved in THF (10 mL). The 

reaction mixture was stirred at room temperature and irradiated with UV light (365 nm) for 60 

min. The reaction mixture was quenched by exposure to air, precipitated in methanol twice 

and dried under reduced pressure. 1H NMR (400 MHz, CDCl3) δ 7.34 (s, 4H, a), 5.10 (s. 4H, 

b), 4.85 (m, 1H, g), 4.77 (br s, 2H, l+m), 2.78 (br s, 2H, u), 2.66 (br s, 2H, t), 2.57 (br s, 2H, s), 

2.27 (t, 2H, c), 1.61-1.29 (br m, 20H, d+e+f+g+h+i+j+n+o+p+q+r), 0.88 (t, 3H, k). Integrals 

given are for a single repeat unit of each block. 

General Procedure for Ionomer Formation 

2-COOH (0.8 g, 0.9 mmol PvCHCCOOH) was dissolved in THF (16 mL). The reaction mixture 

was stirred at room temperature and an Al(OTf)3 solution (50 mM, 1.8 mL) was added drop-

wise. The reaction mixture was stirred for 10 min, then concentrated under reduced pressure, 

precipitated in methanol, washed with water and dried under reduced pressure.  
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General Procedure for CHO, CPO, CO2 Terpolymerisation 

 

Figure 6.8: Structure of PCHC-grad-PCPC, with labelling corresponding to the 1H NMR 
spectra assignment.  

 

[LZnMg(C6F5)2] (5 mg, 0.01 mmol), cyclohexane-1,2-diol (2.4 mg, 0.02 mmol), cyclohexane 

oxide (2.60 mL, 25 mmol) and cyclopentene oxide (2.18 mL, 25 mmol) were dissolved in 

toluene (10 mL). The solution was added into a high-pressure Steel reactor which was placed 

under 40 bar of CO2 (using a triple manifold line), heated to 80 °C and stirred for 96 h. The 

reaction mixture was quenched by exposed to air and the polymer was precipitated in methanol 

(3x) and dried under reduced pressure. 1H NMR (400 MHz, CDCl3) δ 5.00 (br s, 2H, g), 4.64 

(br s, 2H, d), 2.13 (br s, 4H, h), 1.77-1.36 (br m, 20H, a+b+c+e+f+i). 

Table 6.2: Summary of Polymerisation Conditions and Results. 

cat. 

/mg 

CHD 

/mg 

CHO 

/mL 

CPO 

/mL 

PhMe 

/mL 

CO2 

/bar 

aCHO 

conv./ % 

aCPO 

conv./ % 

bPCHC 

:PCPC 

5  2.4 2.60 2.18 10 20 86 58 71:29 

5  2.4 2.60 2.18 10 40 98 93 51:49 

5  2.4 3.89 1.12 10 40 99 91 77:23 

5  2.4 1.30 3.36 10 40 96 90 28:72 

aDetermined from 1H NMR spectrum of crude polymer samples. bDetermined from 1H NMR 
spectrum of purified samples  
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Procedure for P1 Synthesis 

 

Figure 6.9: Structure of PvCHC-PDL-PvCHC (P1), with labelling corresponding to the 1H 
NMR spectra assignment.  
 

[LCoMg(OAc)2] (250 mg, 0.33 mmol), benzene dimethanol (6.89 g, 50 mmol), 4-vinyl-1-

cyclohenxene 1,2-epoxide (46 g, 371 mmol) and ε-decalactone (187 g, 1098 mmol) were 

dissolved in toluene (157 mL) and stirred at 80 °C for 3 h (98% PDL conversion). Next, the 

reaction was placed under 1 bar of CO2, heated to 80 °C and stirred for 96 h (>99% PvCHC 

conversion). The reaction mixture was quenched by exposure to air. The triblock copolymer 

was isolated and purified by dilution in THF, stirring with Amberchrom™ 50WX8 (hydrogen 

form, 100-200 mesh) overnight, filtration (twice, through silica) to remove residual catalyst and 

any diol. Following concentration in vacuo, the colourless polymer was collected (P1). Yield: 

85% . 1H NMR (400 MHz, CDCl3) δ 7.34 (s, 4H, a), 5.76 (m, 1H, r), 5.04 (m. 5H, b+s), 4.85 

(m, 1H, g), 4.77 (br s, 2H, l+m), 2.43 (br s, 1H, q), 2.27 (t, 2H, c), 1.85-1.29 (br m, 20H, 

d+e+f+g+h+i+j+n+o+p), 0.88 (t, 3H, k). Integrals given are for a single repeat unit of each 

block. 
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6.3 Analytical Techniques 

Procedures described were used across all results chapters unless stated otherwise. 

NMR Spectroscopy.  1H and 31P{1H} NMR spectra were obtained using a Bruker AVIII HD 

400 NMR spectrometer. 13C {1H} NMR spectra were obtained using a Bruker Avance III 

AVD500 NMR spectrometer. 1H DOSY spectra were obtained using a Bruker NEO600 NMR 

spectrometer. 

Size Exclusion Chromatography (SEC). Polymers (2-5 mg) dissolved in THF. Samples 

were passed through 0.2 µm PTFE filters prior to analysis. Analysis was carried out on a 

Shimadzu LC-20AD instrument, equipped with a Refractive Index (RI) detector and two PSS 

SDV 5 µm linear M columns. HPLC grade THF was used as the eluent at 1.0 mL/min at 30 

°C. Monodisperse polystyrene standards were used for calibration.  

Phosphorus End-Group Tests. Following literature procedure.4 Polymer samples (40 mg) 

were dissolved in CDCl3 (0.5 mL) and  a solution (40 µL) containing Cr(acac)3 (5.5 mg) and 

internal standard, bisphenol A (400 mg) in pyridine (10 mL) followed by 40 μL of 2-chloro-

4,4,5,5-tetramethyl dioxaphospholane.  

Differential Scanning Calorimetry (DSC). Recorded for purified polymer samples of 

triblock copolymers and ionomers were measured using a DSC25 (TA Instruments). A sealed, 

empty crucible was used as a reference, and the DSC was calibrated using sapphire and indium. 

Samples were heated from -80 °C to 150 °C, at a rate of 10 °C min-1 under N2 flow (80 mL 

min-1) followed by a 5-minute isotherm at 150 °C to erase thermal history. Samples were 

subsequently cooled to -80 °C, at a rate of 10 °C min-1, and kept at -80 °C for a further 5 

minutes, followed by a heating-cooling procedure from -80 °C to 150 °C, at a rate of 10 °C 

min-1. Each sample was analysed over two heating-cooling cycles. Glass transition 
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temperatures (Tg) are reported as the midpoint of the transition taken from the second heating 

cycle.  

Thermogravimetric Analysis (TGA). Measured using a TGA5500 system (TA Instruments). 

Samples were heated from 30 °C to 600 °C, at a rate of 5 °C min-1, under N2 flow (100 cm3 

min-1).  

Film Preparation. Transparent films were prepared by solvent casting into Teflon moulds 

from THF. Films were dried in a vacuum oven for at least 48 hours. Samples were then 

compression moulded using a Carver mini CH CE Press (5420CE.4040C00) with heated plates 

and hydraulic compression press. Polymers were placed between two metal sheets lined with 

Teflon, heated to 120 °C, 15 min, no pressure, then a further 15 min under 1 ton m-2.  

Fourier-Transform Infrared Spectroscopy (FTIR). Chapter 2: Spectra were obtained on a 

Shimadzu IRSpirit spectrometer, fitted with a KBr window and DLATGS detector with 

temperature control. FT-IR spectra were recorded inside a glove box using a single reflection 

ATR accessory and measured in transmission scanning mode. Solid polymer films were 

scanned from 4700-340 cm–1 (100 scans, 4 cm–1 resolution). Chapter 4: Spectra were obtained 

on a Thermo Electron Nicolet 8700 FTIR spectrometer with a built-in iS50 diamond ATR. 

Resolution of 0.09 cm-1. 64 scans were used for both background and sample collection.  

UV-Vis Spectroscopy.  Spectra of diluted resins (10 wt% in ethyl acetate) were obtained on 

a BioTek Synergy™ Mx Microplate Reader (Agilent, California) using Gen 5™ reader control 

and data analysis software (λabs = 240-700 nm). 

Raman Spectroscopy. Raman spectra were recorded on a LabRAM ARAMIS spectrometer 

with an Andor CCD detector from Horiba Jobin Yvon Ltd. using a He-Ne Laser (633 nm), a 

1800 gr/mm grating, and 50x objective microscope. Spectral resolution of 0.6 cm-1.  
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Tensile Testing. Chapter 2: Tests were carried out using an EZ-LX Universal Testing 

Instrument (Shimadzu). Chapter 3 and 4: Tests were carried out using an Instron 8600 series 

universal testing system, using a 50 N load cell and 250 N pneumatic grips. Chapter 2 and 3:  

Dumbbell-shaped specimens were cut using a Zwick ZCP020 cutting press equipped with a 

cutting device for ISO 527-2 type 5B. Uniaxial extension experiments (10 mm min-1 cross-

head speed) were run according to ISO 527.  

Zero Force/Stress Recovery. Dumbbell-shaped specimens were extended to 0.3 x 

elongation at break (determined from uniaxial tensile testing). Specimens were then allowed to 

relax at 10 mm min-1 until zero force/stress was recorded. Zero force/stress was subsequently 

maintained for 30 min as the material continued to relax. Elastic recovery was determined as: 

(Final length of specimen/Original length of specimen) x 100%.  

Dynamic Mechanical Analysis (DMA). Chapter 2 and 3: Thermal analysis (DMTA) was 

carried out using a DMA850 (TA Instruments), using an ACS III cooling system. Specimens 

of uniform width (5.3 mm) were cut using two parallel blades. Samples were heated from -80 

°C to 250 °C (or until the material deformed beyond the limits of the geometry employed) at 

a rate of 3 °C min-1, with a frequency of 1 Hz, 0.1 N pre-load force and 0.1% strain amplitude. 

Glass transition temperatures (Tg) are reported as the peak maxima in tan (δ). Relative humidity 

analysis (RH DMA) was carried out with a DMA-RH accessory. Samples were heated from 30 

°C to 90 °C at a rate of 1 °C min-1, with a frequency of 1 Hz, 0.1 N pre-load force and 20.0 

µm strain amplitude. Relative humidity was increased from 0% at a rate of 2% min-1. Chapter 

4: Thermal analysis (DMTA) was carried out using a DMA850 (TA Instruments), using an 

GCA cooling system. Specimens of uniform width (5.3 mm) were cut using two parallel blades. 

Temperature ramps for P1X1, P1X2 and P1X3 conducted in tension geometry. Temperature 

ramps for P1 conducted in 3-point bend geometry. Samples were heated from -80 °C to 100 

°C (or until the material deformed beyond the limits of the geometry employed) at a rate of 3 
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°C min-1, with a frequency of 1 Hz, 0.1 N pre-load force and 0.1% strain amplitude. 

Compression testing carried out at room temperature, 0.01 N pre-load force, 1.0 mm min-1. 

The diameter of each gyroid was taken in triplicate and the average value was used to calculate 

the cross-sectional area. 

Rheology. Chapter 2: Creep-recovery experiments were conducted on an ARES-G2 (TA 

Instruments) using polymer samples between 8 mm stainless steel plates. Stress control 

conditioning experiments were conducted at 30 °C in the linear viscoelastic region as 

determined by amplitude sweeps. 5 kPa of stress was applied to the samples for 100 s followed 

by a period of 0 kPa for 100 s and the stain (creep) exhibited monitored, this was repeated a 

further 3 times. Chapter 4: The complex viscosity of each resin formulation was measured (not 

including the thiol) using a Discovery HR-3 (TA Instrument, DE, USA). The resin (1 mL) was 

placed on the 20 mm parallel plate geometry with a 0.2 mm gap. The results collected were 

from a frequency sweep of 0.1 rad s−1 to 500 rad s−1 at 10% strain at a constant temperature 

of 25 °C. 

Solvent Swelling. Chapter 2: Uniform disks of the ionomers ( 8 mm diameter, ≈200 μm thick) 

were submerged in THF for 72 h, dried (vacuum oven, 72 h) and weighed both swollen and 

dried to determine the swelling index and gel content respectively. Chapter 4: Uniform disks 

of P1X1, P1X2 and P1X3 (10 mm diameter, 2 mm thick) were submerged in water for 24 h, 

dried (vacuum oven, 48 h) and weighed both swollen and dried to determine the swelling index 

and gel content respectively. Measurements performed in triplicate.  

Swelling Index (SW) % = [(Ws – Wo)/Wo)] x 100 

Gel Content (GC) % = (Wd/Wo) x 100  

Wo = Original Weight of Polymer 

Ws = Weight of Swollen Polymer 

Wd = Weight of Dried Polymer 
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Small-angle X-ray Scattering (SAXS). Chapter 2: Polymer films (prepared as for mechanical 

testing as described above) were submitted to Harwell Diamond Light Source in a solid sample 

grid for SAXS analysis (DL-SAXS, P38 instrument). Scans (3 × 5 min) were conducted at 

camera lengths of 4.5 and 1 m, beam energy = 9.2 keV (using the Ga MetalJet). SAXS data 

reported are an average of the 3 scans measured from data collected at 1 m. Samples were not 

annealed prior to testing to reflect the experimental conditions of tensile testing. 2D scattering 

patterns were reduced to 1D using Dawn software developed at the Diamond Light Source. 

Chapter 4: Measurements were performed on a SAXS Lab Ganesha system with a Cu 50 kV 

Xenocs Genix ULD SL X-ray point source and a 170 μm pixel-spaced, single-photon counting 

Dectris Pilatus 300 k 20 Hz detector. The measurements were performed using a 2 slit 

configuration where the distance between the sample and the detector was approximately 1041 

mm for SAXS. One dimensional (1D) averaging of SAXS data was carried out by averaging 

across all azimuths with linear x axis binning. Spectra-by spectra reduction and corrections for 

sample transmission, sample thickness and absolute intensity factor were all included as part 

of 1D averaging using saxsgui software v2.23.33. 

Solid-State PCHC Depolymerisation. The chemical recycling experiments were conducted 

using the previously reported procedure, conducted in a TGA instrument.5  The sample was 

prepared as followed: in the glovebox, PCHC-grad-PCPC (1.00 mmol) was dissolved in THF 

(1 mL). The [Mg(II)Co(II)] catalyst (0.3 mmol) was added to the vial. The catalyst:polymer 

stock-solution (40 μL) was transferred to an aluminium TGA crucible. The crucible was placed 

under vacuum, for 30 minutes, before being crimped in the glovebox with a hermetic seal. The 

crucible was then transferred to a TGA instrument for solid-state depolymerisation using the 

method outlined below. 

1. N2 flow of 25.0 mL min–1 

2. Equilibrate at 30 °C 
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3. Heat to 140 °C 

4. Isotherm at 140 °C, whilst monitoring mass loss 

5. After 3 h (> 95% mass loss in all cases), sample was cooled to 30 °C 

 

Figure 6.10: Solid-state PCHC-grad-PCPC depolymerisation set up for TGA.5  

Laboratory-Scale Chemical Recycling. Under an N2 atmosphere, PCHC-grad-PCPC (2.72 

g, 20 mmol), dissolved in THF (3 mL), was added to a Schlenk tube containing the 

[Mg(II)Co(II)] catalyst (51 mg, 0.07 mmol). The Schlenk tube was placed under dynamic 

vacuum, overnight, to remove the THF and form a film on the glass walls of the vessel. A 

distillation glassware apparatus (short-path) was attached to it, with the collection flask being 

cooled. The apparatus was placed under vacuum (~40 mbar) and the Schlenk tube heated to 

140 °C for 8 h, after which atmospheric pressure was re-established in the system using N2.  

The collected epoxide (1.51 g, 85% yield) was distilled over CaH2 and then repolymerised with 

a [LZnMg(C6F5)2] catalyst, (catalyst:epoxides = 1:5000, 3 M epoxide solution in toluene, 80 °C, 

40 bar CO2, 5 days).  

Digital Light Processing Vat Photopolymerisation 3D Printing. Tensile bars (ASTM 

D638 type V, 63.5 x 9.5 x 3.2 mm), discs (10 mm diameter, 2 mm height), DMA rectangular 

bars (2 × 3 × 15 mm), and porous gyroid scaffolds were printed from resin with an 

EnvisionTech D4K Pro 3D printer (λ = 385 nm). Layer cure time = 35 s for P1X1 and 37.5 s 

for P1X2 and P1X3. Layer thinness = 100 μm. Separation velocity = 200 μm. Structures were 
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washed post-printing with ethyl acetate, isopropyl alcohol and subsequently submerged in 

deionised water for post-curing in a B9 Model Cure UV oven (B9Creations, 70 W, 55 Hz, λ = 

390–420 nm) for 15 minutes. Samples were dried under vacuum at 60 °C for 6 days using a 

Thermo Scientific Lindberg/Blue M Vacuum Oven. 

Water Contact Angle Measurements. A Ramé-Hart instrument co. contact angle 

goniometer was used with DROPimage Pro software to calculate and image the contact angles 

of 5 μL of water on the polymer films. DROPimage Pro fits the shape of the droplet on the 

polymer film and measures the tangent angle between the solid-liquid interface. Five repeat 

measurements taken for each material. 

Cytotoxicity Testing. Schwann cells were seeded at a density of 12,500 cells cm-2 per film 

sample and placed in the incubator. Controls were done using laminin-coated coverglass. After 

24 h, cells were stained using the LIVE/DEADTM Viability/Cytotoxicity Assay Kit for 

mammalian cells from Invitrogen (following the manufacturer protocol). Briefly, 5 µL of 

calcein AM and 20 µL ethidium homodimer-1 (EthD-1) were added to 10 mL Dulbecco’s 

phosphate buffer solution (DPBS). The cells were then submerged in staining solution and 

incubated for 30 mins. Live (green) and dead (red) cells were observed and imaged using a 

Keyence BZ-X710 microscope. 

Micro Computed Tomography (CT). The small P1X1 gyroids (5.9 mm tall) were scanned 

using a micro x-ray computed tomography scanner (Micro-CT) to visualise the 3D-printed 

scaffolds versus the original design. Micro-CT scans were carried out on a Nikon XTH 225 

ST instrument. Voxel size was 11.8 µm. The source to object distance was 43.9 mm. The 

source to detector distance was 744 mm. X-ray projections (n = 2629 projections) were taken 

in a 360° scan with an angular step between projections of 0.137 degrees. The x-ray energy 

was 120 kilovolts (kV). The x-ray flux was 97 microamps (µA). Scans were reconstructed in 

Avizo software. 
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Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Residual cobalt content from 

catalyst: 1.36 μg/g. Measurements were conducted using the PerkinElmer NexION 350D 

ICP-MS with ESI PrepFAST M5 auto diluter. Calibration was achieved using a custom-bought 

multi element standard (VWR) and accuracy confirmed from the measurement of NRC 

Canada SLRS-6 and a custom-bought QC standard (QMx Laboratories). Cobalt was measured 

using helium collision cell (kinetic energy discrimination) to minimise interferences from 

polyatomic moleculars. Rhodium was added to all blanks, standards, QC’s and samples as an 

internal standard, to manage any plasma suppression/ instrument drift.  

Statistical Analysis. Statistical analysis was performed using GraphPad Prism 6.0 (GraphPad 

Software). Data from tensile testing, swelling experiments, and water contact angle 

measurements were analysed via one-way ANOVA with Tukey’s multiple comparisons test. 

Statistical significance was defined as follows: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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7.1. Chapter 2 

 

Scheme S7.2.1: Schematic representation of the switch catalysis strategy employed to produce the 

PvCHC-PDL-PvCHC triblock copolymers. 
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Figure S7.2.2: 13C NMR (100.58 MHz, CDCl3) spectrum of 1-vinyl poly(vinylcyclohexene 

carbonate-b-ε-decalactone-b-vinylcyclohexene carbonate) triblock copolymer. 

 

 

Figure S7.2.3: 1H - 13C HSQC NMR (400 MHz, CDCl3) spectrum of 1-vinyl poly(vinylcyclohexene 

carbonate-b-ε-decalactone-b-vinylcyclohexene carbonate) triblock copolymer. 
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Figure S7.2.4: 1H DOSY NMR (500 MHz, CDCl3) spectrum of functionalized PCOOHCHC-

PDL- PCOOHCHC (2-COOH). 

 

 

Figure S7.2.5: FTIR spectrum of 1-vinyl polymer film. 
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Figure S7.2.6: FTIR spectrum of 2-COOH polymer film. 

 

 

Figure S7.2.7: FTIR spectrum of 2-Na1.00 polymer film. 
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Figure S7.2.8: FTIR spectrum of 2-Mg1.00 polymer film. 

 

 

Figure S7.2.9: FTIR spectrum of 2-Ca1.00 polymer film. 
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Figure S7.2.10: FTIR spectrum of 2-Zn1.00 polymer film. 

 

 

Figure S7.2.11: FTIR spectrum of 2-Al0.10 polymer film. 
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Figure S7.2.12: UV-vis spectrum of 1-vinyl polymer film. Visible region highlighted in grey. 

 

Figure S7.2.13: UV-vis spectrum of 2-COOH polymer film. Visible region highlighted in grey. 
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Figure S7.2.14: UV-vis spectrum of 2-Na0.10 polymer film. Visible region highlighted in grey. 

 

Figure S7.2.15: UV-vis spectrum of 2-Mg0.10 polymer film. Visible region highlighted in grey. 
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Figure S7.2.16: UV-vis spectrum of 2-Ca0.10 polymer film. Visible region highlighted in grey. 

 

Figure S7.2.17: UV-vis spectrum of 2-Zn0.10 polymer film. Visible region highlighted in grey. 
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Figure S7.2.18: UV-vis spectrum of 2-Al0.10 polymer film. Visible region highlighted in grey. 

 

Figure S7.2.19: UV-vis spectrum of 2-Al0.05 polymer film. Visible region highlighted in grey. 
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Figure S7.2.20: UV-vis spectrum of 2-Al0.01 polymer film. Visible region highlighted in grey. 

 

Figure S7.2.21 Dynamic mechanical temperature analysis (DMTA) temperature sweeps for 1-

vinyl. 
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Figure S7.2.22: Dynamic mechanical temperature analysis (DMTA) temperature sweeps for 2-

Na0.10. 

 

Figure S7.2.23: Dynamic mechanical temperature analysis (DMTA) temperature sweeps for 2-

Mg0.10. 
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Figure S7.2.24: Dynamic mechanical temperature analysis (DMTA) temperature sweeps for 2-

Ca0.10. 

 

Figure S7.2.25: Dynamic mechanical temperature analysis (DMTA) temperature sweeps for 2-

Zn0.10. 
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Figure S7.2.26: Dynamic mechanical temperature analysis (DMTA) temperature sweeps for 2-

Al0.05. 

 

Figure S7.2.27: Dynamic mechanical temperature analysis (DMTA) temperature sweeps for 2-

Al0.05. 
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Table S7.2.1. Lower Tg of polymer films from peak in tan (δ) in DMTA profile. 

Material Tg,DMTA / ˚C 

1-vinyl -25 

2-COOH -35 

2-Na0.10 -34 

2-Mg0.10 -33 

2-Ca0.10 -36 

2-Zn0.10 -28 

2-Al0.10 -38 

2-Al0.05 -39 

2-Al0.01 -35 

 

 

Figure S7.2.28: Thermogravimetric Analysis (TGA) data for 1-vinyl. 
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Figure S7.2.29: Thermogravimetric Analysis (TGA) data for 2-vinyl. 

 

 

Figure S7.2.30: Thermogravimetric Analysis (TGA) data for 2-COOH. 
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Figure S7.2.31: Thermogravimetric Analysis (TGA) data for 2-Na0.10. 

 

Figure S7.2.32: Thermogravimetric Analysis (TGA) data for 2-Mg0.10. 
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Figure S7.2.33: Thermogravimetric Analysis (TGA) data for 2-Ca0.10. 

 

 

Figure S7.2.34: Thermogravimetric Analysis (TGA) data for 2-Zn0.10. 
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Figure S7.2.35: Thermogravimetric Analysis (TGA) data for 2-Al0.10. 

 

Figure S7.2.36: Thermogravimetric Analysis (TGA) data for 2-Al0.05. 
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Figure S7.2.37: Thermogravimetric Analysis (TGA) data for 2-Al0.01. 

 

Figure S7.2.38: Room temperature SAXS data for 2-Na0.10. 
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Figure S7.2.39: Room temperature SAXS data for 2-Mg0.10. 

 

Figure S7.2.40 Room temperature SAXS data for 2-Ca0.10. 
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Figure S7.2.41: Room temperature SAXS data for 2-Zn0.10. 

 

 

Figure S7.2.42: Room temperature SAXS data for 2-Al0.05. 
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Figure S7.2.43: Room temperature SAXS data for 2-Al0.01. 
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Table S7.2.2. Gel Content and swelling index of ionomer films. 

Material Gel Content /% Swelling Index /% 

2-Na0.10 97 411 

2-Mg0.10 92 668 

2-Ca0.10 94 599 

2-Zn0.10 95 730 

2-Al0.10 99 276 

2-Al0.05 99 294 

2-Al0.01 96 426 

 

Swelling Index (SW) % = [(Ws – Wo)/Wo)] x 100 

Gel Content (GC) % = (Wd/Wo) x 100  

Wo = Original Weight of Polymer 

Ws = Weight of Swollen Polymer 

Wd = Weight of Dried Polymer 
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Table S7.2.3. Resulting improvement of strategy relative to unfunctionalized material.   

 Young’s Modulus Increase 
(%) 

Ultimate Tensile Strength 
Increase (%) 

aIncreased Entanglement 767 157 
bStereocomplexation 273 0 
cHydrogen Bonding 913 5607 

Ionomers (this work) 5100 1900 

 

Comparisons made between triblock copolymer TPEs with ~30 wt% A-block. 

aComparison of PLLA-ϒMCL-PLLA and PLLA-PM-PLLA. Where ϒMCL and PM are poly(ϒ-

methyl-ε-caprolactone) and poly(menthide) respectively.1  

bComparison of PLLA-PM-PLLA and PDLA-PM-PDLA with PLLA-PM-PLLA/PDLA-PM-

PDLA blend.2 

cComparison of 2-vinyl and 2-COOH.3, 4 
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7.2. Chapter 3 

 

Figure S7.3.1: Representative 1H COSY NMR spectrum (400 MHz, CDCl3) of PCHC-grad-

PCPC terpolymer (PCHC0.51-grad-PCPC0.49). 

 

 

Figure S7.3.2: Representative 1H – 13C HSQC NMR spectrum (400 MHz, CDCl3) of PCHC-

grad-PCPC terpolymer (PCHC0.51-grad-PCPC0.49). 
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Figure S7.3.3: Representative13C{1H} HSQC NMR spectrum (100.58 MHz, CDCl3) of PCHC-

grad-PCPC terpolymer (PCHC0.51-grad-PCPC0.49). 

 

Table S7.3.1: DMTA Results Used to Determine Entanglement Molecular Weight 

Polymer E0
N /MPa T /K 

PCHC 0.26933 432.15 

PCHC0.77-grad-PCPC0.23 0.32828 434.54 

PCHC0.77-grad-PCPC0.23 0.64471 400.46 

PCHC0.77-grad-PCPC0.23 1.55958 393.98 

PCPC 2.06587 379.62 

Values of E0
N and T taken from the minimum tan (δ) in the plateau region. The value for the 

density, ρ = 1135 kg∙m−3 for PCHC.7 For the terpolymers and PCPC, a density range of 800–

1100 kg∙m−3 was used to provide an estimate.7  
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Figure S7.3.4: Dynamic mechanical temperature analysis (DMTA) temperature sweeps for 

PCHC (Table S7.3.1). 
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Figure S7.3.5: Dynamic mechanical temperature analysis (DMTA) temperature sweeps for 

PCHC0.77-grad-PCPC0.23 (Table S7.3.1). 
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Figure S7.3.6: Dynamic mechanical temperature analysis (DMTA) temperature sweeps for 

PCHC0.51-grad-PCPC0.49 (Table S7.3.1). 
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Figure S7.3.7: Dynamic mechanical temperature analysis (DMTA) temperature sweeps for 

PCHC0.28-grad-PCPC0.72 (Table S7.3.1). 
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Figure S7.3.8: Dynamic mechanical temperature analysis (DMTA) temperature sweeps for 

PCPC (Table S7.3.1). 
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Table S7.3.2: Fineman-Ross Analysis Results of CPO/CHO with CO2 Terpolymerization 

Entry F(CPO/CHO) in 
feed 

f(CPO/CHO) in 
polymer 

f/F2 (f-1)/F 

1 0.56 0.24 0.77 -1.36 
2 1.43 0.40 0.20 -0.42 
3 1.14 0.46 0.35 -0.47 
4 3.93 2.21 0.14 0.31 
5 0.33 0.19 1.74 -2.45 
6 0.54 0.24 0.82 -1.41 
7 0.43 0.24 1.30 -1.77 

Reactions were performed at 80 °C, 1 bar CO2, [cat.]:[CHD]:[CPO+CHO] = 1:4:1000, 

[CPO+CHO] = 5 M toluene and stopped after 2 h. 

 

 

Figure S7.3.9: Thermogravimetric Analysis (TGA) data for PCHC-grad-PCPC terpolymers. 
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Figure S7.3.10: 1H NMR spectrum (400 MHz, CDCl3) of the CHO and CPO isolated from the 

depolymerization. The relative ratio, indicated by the integrals, is CHO:CPO = 73 : 27. 

 

 

Figure S7.3.11: 1H NMR spectrum (400 MHz, CDCl3) of the chemically recycled (i.e. re-

polymerized) PCHC-grad-PCPC terpolymer. 
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Figure S7.3.12: Representative stress-strain data (10 mL min-1) for PCHC0.51-grad-PCPC0.49 after 

repeated cycles of mechanical reprocessing and chemical recycling.  
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Table S7.3.3: Data for the Chemically Recycled PCHC-grad-PCPC Terpolymers  

 

 

Polymer 

aEY
 

/GPa 

bσ 

/MPa 

cεb 

/% 

dUT 

/MJ m-3 

PCHC0.51-grad-

PCPC0.49 (Virgin 

Material) 

1.54 ± 0.15 46.2 ± 3.1 6.5 ± 0.9 2.34 ± 0.56 

1st Mechanical 

Recycling 
1.06 ± 0.1 44.2 ± 2.4 7.1 ± 1.2 2.16 ± 0.44  

2nd Mechanical 

Recycling 
0.88 ± 0.09 45.5 ± 0.7 9.3 ± 0.5 2.95 ±0.28  

3rd Mechanical 

Recycling 
1.08 ± 0.08 45.2 ± 3.2 4.6 ± 1.4 2.48 ± 0.42 

4th Mechanical 

Recycling 
1.24 ± 0.15 44.6 ± 3.3 7.2 ± 1.2  2.63 ± 0.72 

PCHC0.29-grad-

PCPC0.71 

(Chemically 

Recycled) 

1.21 ± 0.04 48.8 ±7.6 8.5 ± 1.2 3.01 ± 0.58 

Specimens suitable for uniaxial tensile testing were solvent cast, dried and compression moulded 

(150 ˚ C, 1.2 ton m-2, 60 min). Measurements were conducted independently on 10 specimens 

and values are reported as the mean and standard deviation from those experiments. aYoung’s 

modulus. bTensile strength. cStrain at break. dTensile toughness (area under the stress-strain 

curve).  
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7.3. Chapter 4 

 

Figure S7.4.1: Digital photographs of A) P1 polymerization under 1 bar CO2 atmosphere B) 

Purified P1 C) Total 204 g of P1 triblock copolymer. 

 

 

Figure S7.4.2: 1H COSY NMR (400 MHz, CDCl3) spectrum of PvCHC-PDL-PvCHC triblock 

copolymer (P1). 
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Figure S7.4.3: 13C {1H} NMR (100.58 MHz, CDCl3) spectrum of PvCHC-PDL-PvCHC triblock 

copolymer (P1). 

 

Figure S7.4.4: 1H – 13 HSQC NMR (400 MHz, CDCl3) spectrum of PvCHC-PDL-PvCHC 

triblock copolymer (P1). 
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Figure S7.4.5 Differential Scanning Calorimetry (DSC) traces of P1 resin and printed materials. 

 

 

Figure S7.4.6: Differential Scanning Calorimetry (DSC) traces of X1, X2 and X3 crosslinkers. 
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Figure S7.4.7: UV-vis spectroscopy of diluted resins (10 wt% in ethyl acetate). Comparison of P1 

with and without Sudan I dye relative to poly(propylene fumarate-b-propylene succinate-b- 

propylene fumarate) triblock copolymer known to successfully print. Shaded region covers 

wavelengths used by DLP printer.  

 

 

Figure S7.4.8: FTIR spectra of X1, X2 and X3. 
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Figure S7.4.9: Thermogravimetric Analysis (TGA) trace of P1X1. 

 

 

Figure S7.4.10: Thermogravimetric Analysis (TGA) trace of P1X2. 
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Figure S7.4.11: Thermogravimetric Analysis (TGA) trace of P1X3. 

 

 

Figure S7.4.12: Thermogravimetric Analysis (TGA) trace of X1. 
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Figure S7.4.13: Thermogravimetric Analysis (TGA) trace of X2. 

 

 

Figure S7.4.14: Thermogravimetric Analysis (TGA) trace of X3. 
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Table S7.4.1: Statistical analysis of uniaxial tensile testing. 

 

Samples 

Young’s 

modulus 

(Ey) 

Tensile 

strength 

(σ) 

Strain at 

break (εb) 

Toughness 

(UT) 

Tukey’s 

multiple 

comparisons 

test 

P1X1 vs. P1X2 ns (0.4876)  ns (0.7559) ns (0.9584) ns (0.6509) 

P1X1 vs. P1X3 ns (0.1061) ns (0.1137) ns (0.9584) ns (0.6011) 

P1X2 vs. P1X3 ns (0.5601) ns (0.3401) 
ns 

(>0.9999) 
ns (0.9962) 

ANOVA 

Results 

P1X1 vs. P1X2 

vs. P1X3 
ns (0.1246) ns (0.1248) ns (0.9500) ns (0.5676) 

Significance and p-values are listed, where ns = no significance, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001.  

 

 

Figure S7.4.15: Elastic recovery as a function of cycle number for P1X1, P1X2 and P1X3. 
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Figure S7.4.16: Dynamic mechanical thermal analysis (DMTA) temperature sweep for P1X2. 

 

 

Figure S7.4.17: Dynamic mechanical thermal analysis (DMTA) temperature sweep for P1X3. 
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Figure S7.4.18: Schematic of dynamic mechanical thermal analysis (DMTA) set-up for P1, resin 

between 2 x 0.25 mm thick steel sheets in 3-point bend geometry. 

 

 

Figure S7.4.19: Digital photograph of dynamic mechanical thermal analysis (DMTA) set-up for 

P1. 
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Figure S7.4.20: Representative of water contact angle measurements on thin films of P1X1, P1X2 

and P1X3. 

 

Table S7.4.2: Statistical analysis of swelling index, gel content, and water contact angles. 

 
Samples Swelling index Gel content 

Water contact 

angle 

Tukey’s 

multiple 

comparisons 

test 

P1X1 vs. P1X2 ** (0.010)  ns (0.6852) ** (<0.0019) 

P1X1 vs. P1X3 *** (<0.001) ns (0.8778) **** (<0.0001) 

P1X2 vs. P1X3 ** (0.004) ns (0.9305) **** (<0.0001) 

ANOVA 

Results 

P1X1 vs. P1X2 

vs. P1X3 
*** (<0.001) ns (0.7063) **** (<0.0001) 

Significance and p-values are listed, where ns = no significance, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001 
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Figure S7.4.21: Selection of cross-sectional image of P1X1 gyroid (5.9 mm tall) from micro-CT 

scan. Slices a) 171, b) 232, c) 293 and d) 444 of 615. Scale bar: 1000 μm. 

 

 

Figure S7.4.22: Digital photographs of gyroid compression testing. 
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7.4. Chapter 5 

 

Figure S7.5.1: SEC (THF, 1 mL min-1) data for P1-vinyl 

 

Figure S7.5.2: 1H NMR spectrum (400 MHz, CDCl3) of P1-vinyl. 
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Figure S7.5.3: 1H NMR spectrum (400 MHz, CDCl3) of P1-COOH. 

 

 

 Figure S7.5.4: Differential Scanning Calorimetry (DSC) traces of P1 resin and printed materials. 

  



 CHAPTER | 7 

 

 | 274 

  

 

 Figure S7.5.5: Conversion of hydroxyl end groups to carboxylic acid end-groups over time. 
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7.5. Chapter 6 

 

Figure S7.6.1: 1H NMR (400 MHz, CDCl3, 298 K) spectrum of 4-tert-butly-2,6-diformyl 

phenol. 

 

 

Figure S7.6.2: 1H NMR (400 MHz, DMSO-d6, 298 K) spectrum of [H4L](ClO4)2. 
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Figure S7.6.3: 1H NMR (400 MHz, CDCl3, 298 K) spectrum of H2L. 

 

 

Figure S7.6.4:  1H NMR (400 MHz, CDCl3, 298 K) spectrum of LZnMg(C6F5)2. 
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Figure S7.6.5: 19F{1H} NMR (376 MHz, CDCl3) spectrum of the heterodinuclear catalyst 
[LZnMg(C6F5)2]. *Signals corresponding to C6F5H 

 

 

Figure S7.6.6: 1H-1H COSY (400 MHz, CDCl3, 298 K) of LZnMg(C6F5)2. 
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