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Abstract 

The goal of this doctoral thesis is to understand the polymerization of farnesene (Far) using 

nitroxide-mediated polymerization (NMP) in several modes of operation (bulk, solution, and 

aqueous dispersion). The copolymerization of Far with various functionalized methacrylates was 

investigated to make novel materials that could be used as alternative thermoplastic elastomers 

(TPEs), processing aids, and impact modifiers. In bulk, Far was statistically copolymerized with 

an epoxy functionalized methacrylate, glycidyl methacrylate (GMA), and showed that epoxy 

groups can be incorporated statistically throughout the polymer chain. The tendency to incorporate 

one monomer versus the other was expressed in their reactivity ratios (rFar = 0.54 ± 0.04 and rGMA 

= 0.24 ± 0.02). Furthermore, when Dispolreg 007 (D7) was used as the initiator, it possessed a 

greater ability in maintaining active polymer chain-ends compared to the conventional SG1-based 

initiator for chain-extension with GMA. In dispersed aqueous media, Far was polymerized by 

NMP in miniemulsion for the first time, to the best of our knowledge. Stable poly(Far) latex (Mn 

~ 24 to 35 kg mol-1) was formed using NMP with particle sizes around 300–400 nm, and successful 

chain-extension with both styrene and isobornyl methacrylate (iBOMA) indicated active chain-

ends despite their high dispersities (Ð > 2.2). Diblock copolymers were made by solution 

homopolymerization of ethylene glycol dicyclopentenyl methacrylate (EGDEMA) and 

copolymerization of EGDEMA and iBOMA using D7, followed by chain-extension with Far. Both 

poly(EGDEMA-b-Far) and poly(EGDEMA-co-iBOMA-b-Far) successfully underwent thiol-ene 

clicking chemistry to attach thiol-POSS groups onto the polymer chain. Incorporation of POSS 

(<10 mol%), as well as copolymerization with iBOMA were shown to extend the linear 

viscoelastic regions and improve thermal stability. Lastly, high molecular weight poly(myrcene) 

and poly(Far) (Mn of 56 and 62 kg mol-1, respectively) were synthesized by free radical 

polymerization. Almost complete hydrogenation of their double bonds was achieved by semi-

batch chemical hydrogenation via diimide reduction. After saturation of the poly(dienes), the 

thermal stability and entanglement of polymer chains were greatly enhanced. Therefore, the work 

in this thesis shows that Far can be polymerized by NMP in a controlled fashion such that block 

copolymer synthesis was achieved in bulk, solution, and in emulsion. Furthermore, a wide range 

of novel materials were made with improved properties by several post-polymerization techniques.  
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Résumé 

L'objectif de cette thèse de doctorat est d’étudier la polymérisation de Farnésène (Far) en utilisant 

la polymérisation radicalaire médiée par le nitroxyde (NMP) dans plusieurs modes opératoires (en 

vrac, en solution et en dispersion aqueuse). La copolymérisation de Far avec divers méthacrylates 

fonctionnalisés a été étudiée pour préparer de nouveaux matériaux qui pourraient être utilisés 

comme élastomères thermoplastiques (TPEs) alternatifs, auxiliaires de traitement, et modificateurs 

d'impact. En vrac, Far a été copolymérisé statistiquement avec un méthacrylate ayant un groupe 

fonctionnel d’époxy : le méthacrylate de glycidyle (GMA), et a montré que les groupes d’époxy 

peuvent être incorporés statistiquement tout au long de la chaîne du polymère. La tendance à 

incorporer un monomère par rapport à l'autre a été exprimée par les rapports de réactivité (rFar = 

0.54 ± 0.04 and rGMA = 0.24 ± 0.02). De plus, lorsque Dispolreg 007 (D7) a été utilisé comme 

initiateur, il a montré une plus grande capacité à maintenir des extrémités de chaînes polymériques 

actives, par rapport à l'initiateur conventionnel à base de SG1, une fois appliqué à l'extension des 

chaînes avec GMA. En milieu aqueux dispersé, Far a été polymérisé par NMP en miniémulsion 

pour la première fois à notre connaissance. Un latex poly(Far) stable (Mn ~ 24 à 35 kg mol-1) a été 

formé à l'aide de NMP avec des tailles de particules d'environ 300 à 400 nm, et une extension de 

chaîne réussie avec le styrene et le méthacrylate d'isobornyle (iBOMA) a indiqué des extrémités 

de chaîne actives malgré leur large dispersité (Ð > 2,2). Des copolymères diblocs ont été 

synthétisés par la homopolymérisation en solution de méthacrylate de dicyclopentényle d'éthylène 

glycol (EGDEMA) et la copolymérisation d'EGDEMA et d'iBOMA en utilisant D7 et suivie d'une 

extension de chaîne avec Far. Le poly(EGDEMA-b-Far) et le poly(EGDEMA-co-iBOMA-b-Far) 

ont subi avec succès une chimie de clic thiolène pour attacher des groupes de thiol-POSS sur la 

chaîne polymérique. Il a été démontré que l'incorporation de POSS (<10 mol%) ainsi que la 

copolymérisation avec iBOMA étendent les régions viscoélastiques linéaires et améliorent la 

stabilité thermique des polymères. Enfin, le poly(myrcène) et le poly(Far) de larges masses 

molaires moléculaires moyennes (Mn de 56 et 62 kg mol-1, respectivement) ont été préparés par 

polymérisation radicalaire. Une hydrogénation presque complète de leurs doubles liaisons a été 

obtenue par hydrogénation chimique semi-continue via une réduction de diimide. Après saturation 

des poly(diènes), la stabilité thermique et l'enchevêtrement des chaînes polymériques ont été 

considérablement améliorés. Par conséquent, les travaux de cette thèse montrent que Far peut être 
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polymérisé de manière contrôlée à travers la méthode de NMP, de sorte que la synthèse de 

copolymère séquencé a été réalisée en vrac, en solution et en émulsion. En outre, une large gamme 

de nouveaux matériaux ont été fabriqués avec des propriétés améliorées par plusieurs techniques 

de post-polymérisation. 
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Nomenclature 

Acronym/symbol Definition 

AGET Activators generated by electron transfer 

AIBN Azobisisobutyronitrile  

AMS α-Methyl-p-methylstyrene 

AN Acrylonitrile 

ARGET Activators regenerated by electron transfer 

ATRP Atom transfer radical polymerization 

BD Butadiene 

BPO Benzyl peroxide 

CEF Chain-end functionality 

CRP Controlled radical polymerization 

CTA Chain transfer agent 

D7 Dispolreg 007 

DCP Dicumyl peroxide 

DMTA Dynamic mechanical thermal analysis 

DPn Degree of polymerization 

DSC Differential scanning calorimetry 

EGDEMA Ethylene glycol dicyclopentenyl methacrylate 

Far Farnesene 

fi Monomer composition of i 

Fi Polymer composition of i 

G′  Storage modulus 

G″ Loss modulus 

GMA Glycidyl methacrylate 

GPC Gel permeation chromatography 

iBOMA Isobornyl methacrylate 

ICAR Initiators for continuous activator regeneration 

IP Isoprene 
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Kact Reversible deactivation equilibrium constant 

kc Recombination rate constant 

kd Dissociation rate constant 

Keq Activation-deactivation equilibrium constant 

kp Propagation rate coefficient 

Me Entanglement molecular weight 

MMA Methyl methacrylate 

Mn Number-average molecular weight 

Mn,target Target molecular weight 

Mw Weight-average molecular weight 

MWD Molecular weight distribution 

Myr Myrcene 

NBR Acrylonitrile butadiene rubber 

NHS-BB Succinimidyl-modified BlocBuilder 

NMP Nitroxide-mediated polymerization 

NMR Nuclear magnetic resonance 

PEG-MA Poly(ethylene glycol) methacrylate 

PLA Poly(lactic acid) 

POSS Polyhedral oligomeric silsesquioxane 

PRE Persistent radical effect 

PSA Pressure sensitive adhesives 

QEC Quasi-equilibrium condition 

RAFT Reversible addition-fragmentation transfer 

RDRP Reversible deactivation radical polymerization 

ri Relative reactivity of monomer i 

SARA Supplemental activation reducing agent 

SAXS Small angle X-ray scattering 

SBR Styrene butadiene rubber 

SBS Poly(styrene-b-butadiene-b-styrene) 

SET Single electron transfer 

SIS Poly(styrene-b-isoprene-b-styrene) 



 vi 

SMS Poly(styrene-b-myrcene-b-styrene) 

St Styrene 

T10% Decomposition temperature at 10 wt% loss 

TBA Tributylamine 

Tendset Endset decomposition temperature 

Tg Glass transition temperature 

TGA Thermogravimetric analysis 

THF Tetrahydrofuran 

Tonset Onset decomposition temperature 

TPA Tripropylamine 

TPE Thermoplastic elastomer 

TSH p-toluene sulfonyl hydrazide 

VOC Volatile organic compound 

Xi Conversion of i 

Đ Dispersity (Mw/Mn) 

tan𝛿 Damping factor (G″/G′) 

χ Flory-Huggins enthalpic interaction parameter 

𝛿i Solubility parameter of monomer i 
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mechanical, thermal, and rheological properties of these novel polymers.  
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1 Introduction 

Butadiene (BD) and isoprene (IP) dienes have been polymerized to make rubbery elastomers for 

many years, especially due to their abundance as olefin byproducts from crude oil cracking [12]. 

Once polymerized, these soft, rubbery polymers have low glass transition temperatures (Tg <  room 

temperature) and exhibit viscoelastic properties [13]. Like many synthetic materials, they are 

versatile and their properties are easily adjustable, therefore BD and IP are often copolymerized 

with other monomers to reinforce mechanical strength. Statistical copolymerization of BD with 

styrene (St) or acrylonitrile (AN) is done to make styrene butadiene rubber (SBR) or acrylonitrile 

butadiene rubber (NBR), respectively [14, 15]. Due to the nature of diene monomers, they can be 

polymerized by 1,4-addition, 1,2-addition, or 3,4-addition, hence a second double bond is available 

for further modification. For example, poly(BD) can be permanently crosslinked or vulcanized to 

form thermosets [16]. Conversely, BD and IP can be polymerized by advanced techniques to make 

block copolymers like poly(styrene-b-butadiene-b-styrene) (SBS) or poly(styrene-b-isoprene-b-

styrene) (SIS), which are thermoplastic elastomers  (TPEs) [17]. These materials are used in many 

industrial applications such as gaskets, sealants, automobile parts, and disposable gloves [18]. The 

polymerization and characterization of poly(BD) and poly(IP) homo- and copolymers are also 

well-studied in literature.  

The emergence of bio-sourced monomers like myrcene (Myr) and farnesene (Far) have been 

shown to have great potential for replacing petroleum-derived monomers like BD and IP. Myr and 

Far are terpenes (hydrocarbons made of multiple units of isoprene) but also contain diene 

functionality that is accessible for polymerization. There is some literature on the homo- and 

copolymerization of Myr using different methods, but literature for Far is fairly limited [1-4, 19-

24]. Therefore, there is still much to investigate in terms of the synthesis of poly(Far) and its 

characterization. Although the study of Myr and Far is attractive and relevant because they are 

bio-based [25, 26], it is important to note that their synthesis, polymerization, and purification 

processes may still not be sustainable. The advantages of these novel monomers encompass more 

than just being sustainably sourced. BD and IP are volatile organic compounds and have to be 

pressurized in specialized reactors for polymerization. Myr and Far have high boiling points, 



 2 

therefore they are easily manipulated at ambient pressures, which is an added attribute in terms of 

green processing. More notably, the long side chains of Myr and Far can have improved 

viscoelastic properties due to their bottlebrush-like structure, which have been shown to have 

excellent rheological and viscoelastic properties [27]. 

This doctoral thesis investigates the synthesis of poly(Far) using predominantly nitroxide-

mediated polymerization (NMP) in various mediums. Previous literature of poly(Far) employed 

anionic polymerization, however, NMP allows for the polymerization of monomers with 

functionalities, so the copolymerization of Far is not limited to St or AN like conventional 

SBR/NBR copolymers or SBS/SIS block copolymers. In this thesis, several functional 

methacrylates were copolymerized with Far to synthesize statistical and block copolymers. They 

were chosen because poly(methacrylates) have high Tgs (Tg > room temperature) [13], which 

would add mechanical strength, but specific functionalities can also improve polymer 

compatibility or allow for post-polymerization modification. The motivation for using NMP as 

opposed to other reversible deactivation radical polymerization (RDRP) techniques will be made 

apparent in the published review article in Chapter 2. Furthermore, the research findings are 

comprehensively discussed in the form of two published journal articles and two submitted 

manuscripts.  

The first two journal articles focus on the synthesis of poly(Far) using NMP and understanding the 

kinetics of polymerizing this novel monomer using different initiators in bulk (Chapter 3) and in 

aqueous emulsion system (Chapter 4).  Statistical copolymerization of Far with glycidyl 

methacrylate (GMA) showed that epoxy functional groups from GMA can be successfully 

incorporated throughout a poly(Far) chain. Synthesis of block copolymers showed that poly(Far) 

made by NMP had active chain-ends for re-initiation, which was done with both GMA and 

isobornyl methacrylate (iBOMA). The findings from the first two articles provided the optimal 

conditions for synthesis of block copolymers using Far and ethylene glycol dicyclopentenyl 

methacrylate (EGDEMA), and their post-polymerization modification via thiol-ene clicking 

(Chapter 5). In the last submitted manuscript, the post-polymerization modification of poly(Myr) 

and poly(Far) synthesized by free radical polymerization was done by chemical hydrogenation at 

ambient pressures, and efficient and complete hydrogenation was achieved (Chapter 6). In both 
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post-polymerization modification studies, an improvement in thermal and rheological properties 

were shown. Therefore, this thesis demonstrates a wide array of polymer materials made with Far 

using diverse synthesis and functionalization methods. Each chapter is a first look at the specific 

polymerization methods of Far and its properties and can certainly be further investigated, which 

will be summarized in Chapter 7. 
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2 Literature review 

This chapter includes the literature review, which was published in Reactive and Functional 

Polymers in March 2021 (S.B. Luk, L.A. Azevedo, M. Maric, Reversible deactivation radical 

polymerization of bio-based dienes. Reactive and Functional Polymers. 162 (2021) 104871) [11]. 

It thoroughly summarizes the current progress in RDRP methods of mainly IP, Myr, and Far, and 

the methods discussed are nitroxide-mediated polymerization (NMP), atom transfer radical 

polymerization (ATRP), and reversible addition-fragmentation transfer (RAFT) polymerization. 

The various methods were compared in terms of their ability to control the rate of polymerization 

of bio-based dienes and maintain active chain-ends. In ionic polymerization and RDRP, the 

initiation step occurs simultaneously and only in beginning of the polymerization, therefore all 

polymer chains should propagate at the same rate and have the same chain length [28,29]. Polymer 

chain length is characterized by the number-average of the molecular weight distribution (Mn), as 

well as the weight-average molecular weight (Mw). Hence, polymerization is considered well-

controlled when Mn increases linearly with conversion and the dispersity (Ð = Mw/Mn) is equal to 

one, which indicates a narrow distribution of polymer chains. Additionally, well-controlled 

polymerizations are suggested by the ability for the polymer chains to be re-initiated and undergo 

subsequent polymerization, or in other words, polymer chain-ends remain active and chain-end 

fidelity is maintained. 

While conventional radical polymerization is widely used in industry, ionic polymerization and 

RDRP methods provide concisely controlled molecular architecture of polymer chains, therefore 

can produce high performance engineered materials. Homopolymers are polymer chains consisting 

of one monomer, while copolymers are made of two, which can be statistical, gradient, or block 

in composition [30]. Statistical and gradient copolymers can be synthesized by conventional 

radical copolymerization, where the comonomers are statistically added onto the polymer chain. 

If the comonomers have dissimilar reactivities, the polymerization will preferentially incorporate 

one monomer until its concentration becomes very low, then will eventually incorporate the other 

monomer, creating polymer chains that are gradient in composition. Due to the ability for polymer 

chains to be re-initiated using ionic polymerization or RDRP, block copolymers can be synthesized 
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with blocks of distinct monomer composition [28,29]. Therefore, block copolymers made of 

polymers of different solubilities can undergo microphase separation in a matrix, but still remain 

attached in the same polymer chain.   

Ultimately, NMP was the RDRP method of choice in this thesis because it was the first RDRP 

method to successfully synthesize SBS and provided a good alternative to ionic polymerization 

[31]. Although a known disadvantage of NMP is its inability to homopolymerize methacrylates 

without controlling comonomer [32], the development of Dispolreg 007 alkoxyamine made it 

possible [31]. Therefore, it was thought to be suitable for the polymerization of Far and 

functionalized methacrylates to make block and statistical copolymers. ATRP is very efficient in 

polymerizing many functionalized vinyl monomers, but it lacked control when it came to 

polymerization of dienes until very recently [34, 35]. RAFT is also a good method for 

polymerizing a variety of vinyl monomers including dienes and methacrylates, however 

polymerization rates are slow and the use of free radical initiators can lead to gel formation, 

especially at higher temperatures [36, 37]. The review also includes a brief description on the 

synthesis of these terpene monomers, and some background on ionic polymerization and its 

disadvantages compared to RDRP. Furthermore, an outlook on the potential applications of these 

bio-based dienes is discussed as a result of the growing literature on their synthesis via RDRP.  
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2.1 Abstract 

Dienes such as isoprene and butadiene have long been used to impart rubbery character into 

polymeric materials, often by homopolymerization as blends with stiffer polymers or by 

copolymerization with other monomers. Examples of such products are styrene-butadiene rubber 

(SBR), acrylonitrile-butadiene rubber (NBR) and the triblock copolymer families such as the 

various poly(styrene)-b-poly(isoprene)-b-poly(styrene) (SIS) thermoplastic elastomers (TPEs). 

Isoprene and butadiene are derived from petroleum-based resources and like other products, 

emphasis on their production has shifted towards using renewable resources. Consequently, bio-

based monomers such as myrcene and farnesene have been targeted as replacements for petroleum-

based dienes in polymeric products and have been polymerized to make polymers with controlled 

microstructures via traditional ionic polymerizations. More recently, alternatives to living 

polymerization such as reversible deactivation radical polymerization (RDRP) offer the 

advantages of conventional radical polymerization without the stringent requirements required of 

living polymerizations. The application of bio-based dienes to RDRP has only recently started to 

emerge and this review will summarize the current state of applying RDRP to make polymeric 

materials with controlled microstructure and chain length, as well as an outlook on potential 

applications of bio-based dienes. 

2.2 Introduction 

Dienes are conjugated hydrocarbons that contain two fixed double bonds (alkenes) and are 

typically byproducts, along with other olefins like ethylene and propylene, formed from steam 

cracking of crude oil [1]. These olefins are an integral part of the petrochemical industry as they 

can easily polymerize due to the double bond and enable production of polymeric materials at a 

large scale. Butadiene and isoprene are both dienes produced from the steam cracking process and 

are polymerized to make poly(diene) elastomers with viscoelastic properties and low glass 

transition temperature (Tg), −100 °C and −70 °C for poly(butadiene) and poly(isoprene), 

respectively [2]. To improve the versatility and mechanical strength of these poly(diene) materials, 

they are often blended with thermoplastic polymers or copolymerized with styrene or acrylonitrile 

to make styrene-butadiene rubber (SBR) or nitrile-butadiene rubber (NBR) [3–5]. These added-
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value engineered materials make them suitable for automotive parts, disposable gloves, footwear, 

asphalt modifiers, and sealants [6–9]. 

While SBR and NBR can be synthesized by conventional radical polymerization [10,11], which is 

straightforward and inexpensive, triblock copolymers like styrene-butadiene-styrene (SBS) and 

styrene-isoprene-styrene (SIS) are synthesized by anionic polymerization [12,13]. Living or ionic 

polymerization proceeds through a propagating site that is ionic in nature – it may be an anion or 

cation, depending on the initiator used. Employing typically strong bases (e.g. organo‑lithium 

compounds like sec-butyl lithium), which ensure almost instantaneous initiation, and copiously 

purified reagents and air-free transfers, propagation ensues in a linear fashion (degree of 

polymerization linear with monomer conversion) without any chain transfer or termination, 

resulting in “living” polymers [14,15]. Ionic polymerizations can proficiently make polymers with 

narrow molecular weight distributions and precise microstructure. In fact, SBS, industrially known 

as Kraton™, is commercially produced by ionic polymerization [16]. 

However, due to the extremely high reactivity and sensitivity of the ionic groups to impurities, 

rigorous conditions must be met to achieve the desired polymer microstructure. It was long a goal 

to combine the control of microstructure obtained by living polymerizations and the simplicity and 

tolerance to impurities encountered with conventional radical polymerization. This was finally 

achieved with several landmark publications first reported in the early 1990s and generically 

referred to as controlled radical polymerization, more accurately termed by IUPAC as reversible 

deactivation radical polymerization (RDRP) [17]. In contrast to conventional free radical 

polymerization, concentration of radicals is controlled through a persistent radical effect (PRE), 

accomplished using reversible termination or chain transfer. Like living polymerizations, 

monomer can be added to an active propagating radical, approaching the linear degree of 

polymerization with monomer conversion and low dispersity, along with the ability to make block 

copolymers, as it would be in truly living polymerizations. Dispersity is much lower generally 

compared to conventional radical polymerizations but often are not as low as for living 

polymerizations, due to the inevitable irreversible radical associated reactions that are suppressed 

but not entirely eliminated. 
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Recently, great attention has been directed to the concept of sustainable development. The 

intensive use of non-renewable resources such as oil has a profound impact on the environment. 

This is an acute problem for the polymer industry as many commodity polymers and plastics are 

almost entirely based on fossil fuel sources and 4% of the world's consumption of fossil fuels are 

used for plastics [18,19]. Further, much publicity has focused on the effect on non-degradable 

plastics in the marine environment. Therefore, much research is increasingly working towards new 

ways to produce bio-based materials and which are readily biodegradable – this review will focus 

on the former. Several routes exist to create bio-based polymers. One method involves direct 

formation of polymers within the producing organisms (e.g. poly(hydroxyalkanoates) from 

microorganisms, algae, or plants), while others are manufactured from bio-based monomers, such 

as lactides or bio-based dienes [20,21]. 

As alluded to earlier, butadiene, isoprene, and styrene have long been used to produce polymers 

and copolymers with interesting properties such as SBR and natural rubber, which are known for 

excellent abrasion resistance and better aging characteristics, and consequently are used in tires 

and in footwear [6,8,22]. It has been found that it is possible to obtain bio-based terpene-derived 

monomers such as myrcene and farnesene, that are able to produce polymers and copolymers with 

similar properties to the conventional petroleum-derived polymers. These terpene-based polymers 

have been shown to have comparable elastomeric properties [23]. Poly(farnesene) exhibits low Tg 

(−85 °C) and has relatively low viscosity but a higher entanglement molecular weight (Me ~ 50,000 

g mol−1) when compared to poly(butadiene) and poly(isoprene) (Me ~ 6000 and 13,000 g mol−1, 

respectively) at the same molecular weight [24]. Poly(farnesene) finds uses in pressure sensitive 

adhesives, as an optically clear adhesive layer for touch screens on electronic devices, or can be 

converted to polyols to make polyurethanes [25–28]. Poly(myrcene) similarly has a low Tg (−73 

°C) also with a comparitively higher entanglement molecular weight (Me = 17,700 g mol−1), and 

therefore finds similar applications as adhesives and thermoplastic elastomers [29–33]. However, 

all these polymers are either synthesized by anionic polymerization or conventional radical 

polymerization. Alternatively, there have even been some examples of catalytic/coordinative 

polymerization of myrcene and isoprene with high stereoselectivity for 1,4-cis or trans 

conformation [34–38]. 



 9 

Current advances have shown that these bio-based poly(diene) materials can be made by RDRP 

[39–44], which further simplifies the synthesis while still maintaining the precise molecular 

architecture of block copolymers for their applications. This review will introduce the different 

methods used currently while focusing particularly on three bio-based dienes: myrcene, farnesene 

and isoprene (which can be made from sources other petroleum). Specifically, the polymerization 

of bio-based dienes using the various RDRP methods will be reviewed: nitroxide-mediated 

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

fragmentation chain-transfer polymerization (RAFT) to achieve desirable (co)polymers with the 

requisite rubbery character. The general mechanisms of RDRP methods focused in this review are 

shown in Scheme 2-1. But first, the synthesis of the precursors for these materials will be briefly 

examined. 
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Scheme 2-1. General mechanisms for living/anionic polymerization, and different types of RDRP methods focused 

in this review (including NMP, ATRP, and RAFT polymerization) 

2.3 Synthesis of bio-based dienes 

Terpenes are hydrocarbons made of isoprene building blocks naturally found in trees, plants, and 

essential oils, as well as produced by insects as an alarm pheromone [45,46]. Because of their 

natural odors, they are often used in perfumes, cosmetics, aromatherapy, and food additives. 

Derivatives of terpenes that have hydroxyl functional groups are terpene alcohols, or terpenoids, 

that are used as building blocks for other chemicals [47]. For example, pinene is a cyclic terpene 

that is a major component of pine tree resin, as well as other coniferous trees [48,49], however it 

can also be made from sugars by using genetically-engineered microorganisms [50]. 
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One of the monomers of interest in this review is myrcene and it can be obtained by the pyrolysis 

of β-pinene [51]. Very high temperatures of 998 K can yield about 85% of myrcene, however it 

was found that a residence time of 0.4 s−1 at 743 K was the optimal condition for the highest yield 

of myrcene [52]. The yield is not 100% due to the isomerization of β-pinene at high temperatures 

forming byproducts, which include limonene and Ψ-limonene as seen in Scheme 2-2. Furthermore, 

decomposition of these products would form smaller alkenes and dienes, including isoprene, 

another monomer of interest. 

 

Scheme 2-2. Proposed products from the pyrolysis of β-pinene (1) to form isomers myrcene (2), limonene (3), and 

Ψ-limonene (4). The possible byproducts from decomposition reactions include 1-ethenyl-3-methylethenyl-

cyclopentane (5), 5-ethylidene-1-methylcycloheptene (6), camphene (7), 2-methyl-1-propene (8), 3-methylenecyclo-

pentene(9), isoprene (10), 4-methyl-1, 3-pen-tadiene (12), 2-methyl-1, 3-pentadiene (13), 2, 7-dimethyl-2, 6-

octadiene (14) and 2-methyl-2, 6-heptadiene (15) [51]. 

Other novel methods of producing myrcene involve terpenoids like geraniol and linalool, that are 

also naturally found in essential oils [47]. Acid-catalyzed hydration of geraniol can be employed 

to form myrcene with the highest selectivity being 43.5% after optimizing the concentration of 

weak acid boron zeolite catalyst, temperature and nitrogen flow [53]. Other terpenoids like farnesol 

and nerolidol can be found in grapes and wines, along with small amounts of α-farnesene isomers 
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[54]. The acid-catalyzed dehydration of both farnesol and nerolidol using KHSO4 at 170 °C can 

form trans-β-farnesene, another monomer of interest in this review, along with other farnesene 

isomers (chemical structures are shown in Scheme 2-3) [55]. Base-catalyzed dehydration of 

farnesol using KOH at 210 °C gave a slightly higher yield of trans-β-farnesene at 65%, which is 

similar to the catalytic dehydration using activated alumina which gave a yield of 65% as well 

[56]. Additionally, microbial pathways using genetically modified Escherichia coli can be 

employed to synthesize E-β-farnesene (at high selectivity of up to 98% and small amounts of 

myrcene) and isoprene [57,58]. 

 

Scheme 2-3. Chemical structure of farnesene isomers. 

2.4 Ionic polymerization of dienes 

The carbon‑carbon double bond of dienes can be polymerized either by free radical, controlled 

radical and ionic polymerization methods. It is instructive to start this discussion regarding 

controlled polymerizations by examining ionic polymerizations of bio-based dienes. Recognizing 

the close similarity in structure to isoprene (IP) and butadiene (BD), myrcene (Myr) and farnesene 

(Far) were explicitly polymerized by living anionic polymerization using sec-butyl lithium (sec-

BuLi) in cyclohexane at 60 °C [59]. However, the molecular weight distribution for poly(Myr) 

was broad (Mn = 87,000 g mol−1, Mw = 211,000 g mol−1) and was far above the expected Mn of 

46,000 g mol−1. Using both 1H and 13C NMR, it was concluded that both poly(dienes) polymerized 

predominantly in a 1,4-cis configuration. 

 

α-farnesene

β-farnesene
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Later, polymerizations with myrcene proved more informative and successful (Scheme 2-4). Like 

IP or BD, Myr was targeted as the rubbery mid-block for bio-based thermoplastic elastomers. 

Instead of styrene (St), α-methyl-p-methylstyrene (AMS) was polymerized as the hard segment 

using sec-BuLi in THF [60]. The resulting PAMS-Li was re-initiated to polymerize myrcene 

forming PAMS-PMyr-Li, then subsequently coupled using dichloromethylsilane to form PAMS-

PMyr-PAMS triblock ABA copolymers. A slightly different approach was done as well by 

sandwiching the rubbery poly(Myr) between hard poly(L-lactide) end blocks [61]. In this case, 

myrcene was polymerized anionically, then the end group was reacted with ethylene oxide and 

small amounts of hydrochloric acid such that the poly(Myr) midblock was hydroxyl terminated on 

both ends. This was then used as a macroinitiator for the ring-opening polymerization of L-lactide. 

Similarly, poly(Myr) synthesized using sec-BuLi was combined using SiCl4, forming star-shaped 

poly(Myr), which was then hydroxylated for ring-opening polymerization of L-lactide. The result 

was a highly-branched poly(Myr)-grafted-poly(L-lactide) [62]. Furthermore, anionic 

polymerization of Myr followed by photo-initiated thiol-ene reactions was investigated to produce 

rubbery polyelectrolyte particles [63]. 



 14 

 

Scheme 2-4. Schematic of several syntheses of poly(Myr) block copolymers via anionic polymerization. 

Statistical anionic copolymerization of myrcene with common monomers like IP, St and AMS has 

also been reported [64]. After co- and terpolymerization using sec-BuLi, all polymers achieved 

high Mn (up to 161.5 kg mol−1) and low dispersity (Đ ≤ 1.14). The polymerization is therefore well 

controlled considering narrow molecular weight distribution and linear Mn versus conversion were 

obtained. Block-like copolymers were obtained by gradient copolymerization. Two glass transition 

temperatures were observed for every gradient copolymer, corresponding to the glass transition 

temperature of the two homopolymers. Noticeable was the steep gradients encountered, due to the 

disparate reactivity ratios of Myr with St and AMS (rMyr = 36, rSt = 0.028; rMyr = 140, rAMS = 

0.0074) which essentially allowed for block copolymers. These experiments demonstrate the high 

potential of the bio-based monomer myrcene for the anionic synthesis of block and gradient 

copolymers to impart bio-based character into thermoplastic elastomers. 
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Poly(Far) was prepared anionically in heptanes using n-butyl lithium as the initiator resulting in a 

wide range of molecular weights (3800 to 367,000 g mol−1) with narrow molecular weight 

distributions ((Đ = 1.1 to 1.29) [24]. The polymerization was successfully conducted leading to 

poly(Far) of primarily 1,4-cis addition microstructure with Tgs around −73 °C. At high molecular 

weights, polymers displayed a transition in the slope of zero shear viscosities (η0) from 1.2 to 3.1 

at a critical entanglement molecular weight of Me ~ 105 g mol−1. This is considerably higher 

compared to other polydienes like poly(BD) (Me ~ 6000 g mol−1) and poly(IP) (Me ~ 13,000 g 

mol−1) as a function of weight average molecular weight (Mw), indicative of the transition to 

entangled chain dynamics, which is responsible for high viscosities. 

Emulsion cationic polymerization of Myr was done using Lewis acid surface combined complexes 

(LASC) [65]. The subsequent poly(Myr) present the highest molecular weights (Mn > 150,000 g 

mol−1) ever reported in the cationic polymerization of 1,3-dienes, however very high Đ (3.7–4.1) 

was also reported. The high Đ was an indication quasi-livingness was not achieved, further 

supported by the plateauing of Mn versus conversion starting early in the reaction at X = 20%. In 

addition, instantaneous initiation did not occur as there were long induction times of 10–14 h, 

which was explained by the hydrophobicity of myrcene that required considerable time for the 

LASC to enter the monomer droplets. Furthermore, short polymer chains were formed on the 

interface of the droplets and were quickly terminated due to chain-transfer of the polymer chains 

with water. These short chains stabilized the droplets while polymerization continued inside the 

droplets forming high molecular weight chains, hence the broad distribution of molecular weight. 

Nonetheless, linear poly(Myr) chains were formed with mostly 1,4-addition units (almost equal 

part cis and trans), and statistical copolymerization of Myr and St was performed as well, but with 

similar kinetics. Interestingly, the reactivity ratios of Myr and St (rMyr = 1.14 and rSt = 0.74) were 

very similar to those obtained from free radical polymerization (rMyr = 1.12 and rSt = 0.87) [66], 

but very different from those obtained from anionic polymerization as seen earlier [64]. 

Thus, ionic polymerizations of bio-based dienes (Far and Myr), like those of conventional dienes 

(IP and BD), are well-controlled, but this technique encounters some major drawbacks. As seen 
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with the anionic polymerization of Myr and AMS, crossover polymerization of the PAMS-PMyr-

Li chains could not be done due to the ionic nature of the propagating chain, hence these polymer 

chains had to be coupled to form ABA block copolymers [60]. Emulsion cationic polymerization 

of Myr was attempted, but presence of water at the interface of the monomer droplets resulted in 

poor livingness of polymer chains [65]. Additionally, manipulation of IP and BD, being relatively 

volatile, requires some care when transferring reagents and solvents into the reactors. Therefore, 

some of these issues can be circumvented through the development of controlled radical 

polymerization for dienes that are essentially non-volatile, like Myr and Far. 

2.5 Reversible deactivation radical polymerization of dienes 

A “living” polymerization can be seen as a chain polymerization that proceeds without the 

occurrence of chain transfer and termination events, through the establishment of a dynamic 

equilibrium between active and dormant species [67]. This method opened the door to well-defined 

polymers with precise and predetermined molar masses, compositions, topologies, and 

functionalities. Until 30 years ago, living anionic and cationic polymerizations were the only 

available methods to reach a high degree of structural and compositional homogeneity of 

polymers. Controlled/living radical polymerization (CLRP) or reversible deactivation radical 

polymerization (RDRP) techniques enable a high degree of control to be reached [17]. RDRP 

differs from ionic polymerization by its relative ease-of-use (only dissolved oxygen has to be 

generally eliminated), the broad range of vinylic monomers which can be polymerized, and the 

numerous processes that can be implemented (bulk, solution, emulsion, dispersion, etc.) [68]. 

Among the most well-established methods deriving from this concept are nitroxide-mediated 

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

fragmentation chain transfer (RAFT). 

2.5.1 Nitroxide-mediated polymerization (NMP) 

NMP is often considered the oldest controlled radical polymerization technique [69,70]. Initial 

polymerizations employed (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) as the persistent 

radical to mediate the radical concentrations by a reversible termination step due to the low bond 

dissociation energy of TEMPO [71]. These systems were initiated using a bicomponent pathway 
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by combining a conventional thermal initiator such as azobisisobutyronitrile (AIBN) or benzoyl 

peroxide (BPO) with TEMPO. The free radical generated by the thermal initiator would initiate 

monomer propagation, while the free nitroxide, TEMPO, would deactivate the propagating 

macroradicals in an activation-deactivation equilibrium (Keq = kd/kc), where kd is the dissociation 

rate constant and kc is recombination rate constant. The equilibrium constant (Keq) remains 

sufficiently low such that the macroradical species are mostly dormant and termination events are 

suppressed, therefore approaching “living” polymerization kinetics. It was found that a higher 

TEMPO/BPO ratio of 3.0 led to lower dispersity (1.19) in the NMP of St, but the rate of 

polymerization was slower due to the excess of free nitroxide [70]. Furthermore, successful NMP 

synthesis of SBR was shown by chain-extending the poly(St) macroradical with BD, and then 

again with St to make triblock copolymers [72]. There were some reports of statistical and block 

copolymers using dienes, but most were limited to copolymerizations with styrene and several 

vinyl monomers and even crosslinking divinyl monomers [73–76]. 

Thermal initiators suffer from incomplete efficiency in forming primary radicals and they often 

undergo rearrangement and fragmentation. Therefore, unimolecular alkoxyamine initiators were 

developed so that it would dissociate into an initiating radical and a nitroxide at high temperatures, 

as opposed to a bimolecular system that required both thermal initiator and free nitroxide [77,78]. 

The initiation mechanisms using unimolecular and bimolecular initiators are shown in Scheme 2-

5. It was found that α-methyl groups were necessary for unimolecular initiators with benzylic 

derivatives to exhibit good control of polymerization [78]. Unimolecular initiators gave 

comparable low dispersity and molecular weight polymers to bimolecular systems, however 

unimolecular initiators were able to maintain good control even at higher degrees of 

polymerization. Both initiating systems still required high temperatures (120–125 °C) and long 

reaction times (~20 h) to reach high conversions. 
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Scheme 2-5. General mechanism for bimolecular and unimolecular initiation in nitroxide-mediated polymerization. 

R· represents the initiating radical formed at high temperature from either the thermal initiator or the unimolecular 

initiator. M represents a single monomer unit that would become initiated by the radical. R1R2NO· is the free 

nitroxide that would deactivate the propagating radical. 

Hence, this led to further development to improve the cleavage of the nitroxide to carbon bond at 

lower temperatures. It was discovered that larger cyclic rings and acyclic nitroxides had lower 

bond dissociation energies, specifically referring to another widely used nitroxide, 2,2,5-trimethyl-

4-phenyl-3-azahexane-3-oxyl (TIPNO) [79,80]. Soon after, it was found that β-phosphonylated 

nitroxides afforded stable nitroxides as well, which led to the synthesis of N-tert-butyl-N-[1-

diethylphosphono-(2,2-dimethylpropyl)] nitroxide (SG1-based) initiators and the eventual 

commercialization of BlocBuilder™ by Arkema [81–83]. The chemical structures of the various 

commonly used commercially available nitroxides are shown in Scheme 2-6. 

O
NR

R2

R1

O
N

R2

R1
2 R +R

R

O
N

R2

R1
R

M

RM +

O
N

R2

R1

O
N

R2

R1

RM

+
M

kckd

Bimolecular initiator Unimolecular initiator



 19 

 

Scheme 2-6. Chemical structures of a) TEMPO, b) TIPNO, and c) SG1-based nitroxides. 

Homopolymerization of 1,3-dienes including BD and IP using unimolecular TIPNO showed better 

control than using TEMPO, where poly(IP) reached an Mn of 100,000 g mol−1 and Đ < 1.20 and 

poly(BD) had an Mn of 5200 g mol−1 and Đ = 1.14 [84]. Random copolymerization of IP with 

various styrenic monomers and tert-butyl acrylate (tBA) also showed good control with low Đ all 

below 1.30. Block copolymers made of different monomer compositions such as poly(tBA-b-IP-

co-tBA), poly(St-b-IP-co-St), and poly(IP-b-IP-co-St) all had low Đ values <1.30. Random 

copolymerizations of IP with 1–10 wt% of glycidyl methacrylate (GMA) were done with 

unimolecular TIPNO, as well as with bimolecular OH-TEMPO and TIPNO [85]. The bimolecular 

polymerizations tended to yield higher Đ ~2–3.3, but copolymerizations with up to 10 wt% GMA 

using unimolecular TIPNO still gave reasonable Đ of 1.26 and Mn = 57,000 g mol−1. Similarly, 

NMP of IP was done with several SG1-based alkoxyamines and they showed low Đ ~1.10 at high 

conversions [86]. Furthermore, difunctional TIPNO alkoxyamine was used to polymerize IP with 

dimethylacrylamide (DMA) and tBA and successfully synthesized ABA triblock copolymers, 

poly(IP-b-tBA-b-IP) and poly(DMA-b-IP-b-DMA) with Đ < 1.26 [87]. 

Nitroxides such as TIPNO and SG1-based initiators were very effective when polymerizing 

functional monomers like acrylates and acrylamides, and also conventional dienes like BD and IP. 

However, one drawback of NMP is its inability to homopolymerize methacrylates while 

maintaining active chain-ends due to steric stability provided by the methacrylate propagating 

radical and steric hindrance from the bulky SG1-based nitroxide. This leads to a slow rate of 

recombination (kc) which leads to termination of the macroradicals by disproportionation [88,89]. 

One way to mitigate this problem is to add a small amount (5–10 mol%) of controlling comonomer 
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like St, acrylonitrile, or even IP to decrease the overall Keq and better maintain active chain-ends 

[84,90–92]. The SG1-based BlocBuilder™ can be modified with a succinimidyl group (NHS-BB) 

to further improve the polymerization of methacrylates (since it does not rely on additional free 

nitroxide) but controlling comonomer is still needed [93]. More recently, a new alkoxyamine, 

Dispolreg 007 (D7), was developed that was able to homopolymerize methacrylates without 

controlling comonomer and could also be easily synthesized [94–96]. Chemical structures of the 

succinimidyl ester-modified BlocBuilder and Dispolreg 007 alkoxyamines are shown in Scheme 

2-7. 

 

Scheme 2-7. Chemical structures of a) succinimidyl-modified SG1-based BlocBuilder™ and b) Dispolreg 007 

alkoxyamines. 

In an effort to synthesize a greener alternative to SBR, Myr was substituted in place of BD to make 

block and random copolymers with St using SG1-based NHS-BB initiator [40]. For the 

homopolymerization of Myr, well-defined polymers with Mn ~ 15,000 g mol−1 were made with 

both BlocBuilder and NHS-BB, while NHS-BB resulted in lower Đ = 1.26 (versus Đ = 1.45 using 

BlocBuilder). Poly(Myr) made with NHS-BB showed high SG1 chain-end fidelity and were 

successfully chain-extended with St making poly(Myr-b-St) with two distinct Tgs of the two 

respective homopolymers. Statistical copolymerization of Myr and St by NMP gave similar 

reactivity ratios compared to free radical copolymerization (rMyr = 1.88 and rSt = 0.25) [66]. 

Copolymers with high concentration of either Myr or St were successfully chain-extended, as well, 

with both Myr and St indicating good chain-end fidelity with final Đ < 1.60 [40]. 
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Other examples of block and statistical copolymers with Myr and functional methacrylates like 

glycidyl methacrylate (GMA) and isobornyl methacrylate (iBOMA) have also been reported 

[39,41]. Statistical copolymerization of Myr and GMA using NHS-BB showed that at high 

concentrations of GMA (fGMA < 0.50), Đ values became greater than 1.45 [39]. However, at low 

concentrations of GMA, the polymerization was better controlled with final Đ ~ 1.30 which 

indicates myrcene can also act as a controlling comonomer. The epoxy groups in the GMA block 

of poly(Myr-b-GMA) (the chain-extension with GMA included 10 mol% of Myr as controlling 

comonomer) were modified with morpholine groups, and the diblock copolymers became 

amphiphilic and were able to self-assemble into aggregates in water at 45–65 °C (Scheme 2-8). 

Similarly, random copolymerization of Myr and iBOMA showed that myrcene could act as a 

controlling comonomer for NMP of iBOMA [41]. Furthermore, the reactivity ratios for iBOMA 

and Myr (rMyr = 2.16 and riBOMA = 0.07) were quite different resulting in gradient-like copolymers. 

Poly(Myr-grad-iBOMA), one rich in Myr and one rich in iBOMA, had Đ of 1.32 and 1.51, 

respectively, and were chain-extended with Myr and iBOMA/Myr mixture with final Đ ~ 1.60. 

Triblock copolymers, poly(iBOMA-b-Myr-b-iBOMA), were also synthesized using an SG1-

terminated dialkoxyamine (Mn = 51,000 g mol−1 and Đ = 1.91) and two distinct Tg's were shown 

at −51 and 181 °C. 

 

Scheme 2-8. Schematic of poly(Myr-b-Myr-co-GMA) modified with morpholine groups to make amphiphilic block 

copolymers that self-assembled into micelles in aqueous solution [39]. The red represents the hydrophobic 

poly(Myr) block, and the blue represents the hydrophilic poly(GMA) block modified with morpholine, which acts as 

the steric stabilizer in aqueous solution. 
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Likewise, Far was polymerized using NHS-BB and D7 initiators to make block and statistical 

copolymers with GMA [42]. The reactivity ratios for Far and GMA (rFar = 0.54 and rGMA = 0.25) 

were very similar to Myr and GMA (rMyr = 0.49 and rGMA = 0.50) [39], where both systems resulted 

in essentially random copolymers. Poly(Far-co-GMA) rich in Far made with NHS-BB also showed 

lower Đ = 1.33 compared to a copolymer rich in GMA (Đ = 1.63) at similar Mn of ~20,000 g mol−1. 

In an equimolar statistical copolymerization of Far and GMA using D7, the resulting Đ was high 

~2.5, which was explained by both the great differences in rate of propagation between Far and 

GMA and the slow initiation of D7 (therefore not instantaneous initiation, a criteria for RDRP). 

Despite the homopolymerization of Far using D7 resulting in a high Đ of 1.60, the chain-ends were 

still active and chain-extension with GMA was successful. Poly(Far) made with NHS-BB had a Đ 

of 1.17, but required 10 mol% of Far as a controlling comonomer when chain-extended with GMA. 

Nonetheless, poly(Far-b-GMA) block copolymers were synthesized using both NHS-BB and D7 

initiators. A schematic comparing the synthesis of poly(diene-b-methacrylate) block copolymers 

using SG1-based and D7 initiators is shown in Scheme 2-9. 
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Scheme 2-9. Schematic of chain-extension of poly(Myr) or poly(Far) with functional methacrylates using SG1-

based (BlocBuilder and NHS-BB) and Dispolreg 007 initiators. 

The synthesis of St-IP-St (SIS) copolymers was revisited by using a difunctionalized SG1-based 

alkoxyamine (PEG-SG12) [97]. The resulting poly(IP) midblocks had high molecular weight with 

Mn = 52–59 kg mol−1 and Đ ~ 1.5. Furthermore, they were able to be re-initiated after adding St 

monomer producing poly(St-b-IP-b-St) triblock copolymers. The polymers with higher 

composition of St (FSt = 0.49) showed hard brittle behaviour, while the polymers with FSt = 0.30 

showed much better elongation and micro-phase separation into cylindrical/lamellar 

morphologies. The same method was used to produce an analogous poly(iBOMA-b-IP-b-iBOMA) 

triblock copolymer, where the chain-extension with iBOMA included 10 mol% of St. The final Đs 

of these polymers were lower (1.76) compared to the styrene analogous polymers (Đ ~2.2), and 

the increased hardness provided by the iBOMA segments improved the toughness and elongation 

at break of the final polymer. 

The versatility of NMP has been shown from its initial conception for SBR synthesis using St and 

BD to adding functionality and polymerizing bio-based dienes through the development of next-
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generation nitroxide initiators. Although Đ values using NMP are typically higher than those 

achieved using ionic polymerization, chain-end activity was maintained, and block copolymers 

were successfully synthesized. Also, triblock copolymers were more efficiently synthesized by 

using difunctionalized alkoxyamines. The family of diene triblock copolymers has been extended 

by incorporating functionalized monomers like tBA, dimethylacrylamide [87], and iBOMA [41], 

the last case demonstrating improved mechanical strength of the material compared to styrene 

analogs. 

2.5.2 Atom transfer radical polymerization (ATRP) 

ATRP is one of the most efficient synthetic techniques allowing for controlled radical 

polymerizations with predetermined molecular weights, narrow molecular weight distributions, 

and high degrees of chain-end functionalities. Like other RDRP methods, ATRP utilizes the 

persistent radical effect (PRE) [98]. Primary radicals are formed when a transition metal complex 

(Mm-L) abstracts the halogen atom from an alkyl halide (R-X) to form an oxidized metal complex 

(X-Mm+1-L), which acts as the radical deactivator. The radical R· reacts with an alkene monomer 

and propagation proceeds, and termination of the propagating radical is supressed by the reversible 

deactivation of X-Mm+1-L in an equilibrium process (characterized by Kact). The general 

mechanism for ATRP using a copper metal catalyst is shown in Scheme 2-10. In the early 

conception of ATRP, several metallic catalysts were studied including ruthenium, copper, and 

nickel complexes and their ability to polymerize St and methacrylates resulted in low Đ and linear 

Mn versus conversion [99–101]. 
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Scheme 2-10. General mechanism for ATRP using copper as the metal catalyst. Catalyst regeneration mechanisms 

are included for ICAR, ARGET, and SARA. [143] 

Typically, in all types of RDRP, every polymer chain is simultaneously initiated by an initiator, 

and hence the metal catalyst concentration in the final polymer for ATRP can be very high. As a 

result, there is discoloration and other negative effects possible with the metallic species, so 

catalyst removal is essential [102,103]. In order to minimize catalyst concentration to ppm 

amounts, methods have been developed to regenerate or lower the oxidation state of the metal 

catalyst such that less than the stoichiometric amount of catalyst is needed. Using activators 

generated by electron transfer (AGET) or activators regenerated by electron transfer (ARGET) 

methods, reducing agents are added to continually activate or regenerate the metal catalyst by 

electron transfer without initiating polymer chains on their own [104]. Some examples of reducing 

agents include FDA-approved tin(II) 2-hexanoate, ascorbic acid, glucose, silver metal, and 

hydrazine [105–109]. Another technique is the supplemental activation reducing agent (SARA) or 

single-electron transfer (SET), where a zero oxidation state metal (i.e. Cu(0) or Fe(0)) is utilized 

to reduce the activated catalyst concentration [110,111]. The proposed mechanisms for both SARA 

and SET include the same components and reactions, but differ in which competitive equilibria is 

responsible for activation and deactivation between oxidation states [112,113]. Alternatively, 

initiators for continuous activator regeneration (ICAR) employs free radical initiators to 

continuously reduce the oxidation state of the metal catalyst [114–116]. The different mechanisms 

for catalyst regeneration are also shown in Scheme 2-10. 
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An advantage of using AGET/ARGET reducing agents is that it can also eliminate dissolved 

oxygen in the medium, so polymerizations can be done with a limited concentration of air [104–

106]. As with most metal reducing agents, they can partake in competitive complexation with 

ligands, monomer, and polymer, or substitution/elimination of the halide chain-ends causing 

irreversible termination and poor livingness of polymer chains [117–119]. Therefore, it is common 

to add excess ligands in order to limit the complexation of monomer/solvent/reducing agent with 

the catalyst. As with the addition of free radical initiators, there will be a small portion of polymer 

chains that are initiated by free radicals, hence the rate of addition has to be slow in order to avoid 

rapid polymerization and loss of control [114,120]. 

ATRP has proven to be very effective in polymerizing vinylic monomers like St and 

(meth)acrylates using different catalyst regeneration techniques and in synthesizing various 

topologies including star, graft, and highly branched polymers [121]. However, ATRP of dienes 

using copper catalysts remains a challenge and it was believed to be due to the coordination of 

dienes to CuX, which is not observed with monomers like methyl (meth)acrylates or styrene [122–

124]. Later on, it was discovered that the diene‑copper complexes (i.e. BD and IP) were actually 

not very stable at common polymerization temperatures, especially compared to strong 

coordinating ligands like amines or phosphines [125–127]. In fact, it is the low bond dissociation 

energy of the poly(diene)-halide (PD-X) that leads to fast activation and slow deactivation of the 

propagating radical, and therefore loss of halide chain-end functionality (CEF) and loss of control 

[122]. 

Furthermore, polymerization temperatures are kept relatively low as BD and IP have low boiling 

points in addition to slow rates of propagation (kp) compared to methacrylates and St, both of 

which aid in loss of CEF [121]. The slow polymerization rate and slow deactivation of the 

propagating radical also lead to side reactions such as quaternization of diene with metal catalyst 

and Diels-Alder dimerization [128–131]. Indeed, in an attempt to polymerize isoprene using CuBr 

catalyst with tris-[2-(dimethylamino)ethyl] amine ligands (CuBr/Me6TREN) initiated by ethyl 

bromoproprionate in bulk, very low yields <5% were obtained [132]. The lack of polymerization 

was mainly attributed to low solubility of CuBr/Me6TREN in the non-polar monomer, therefore 

methyl ethyl ketone was used as a solvent (up to 40 vol%) but yield did not improve. Some 
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progress was made in the ATRP of IP using copper halide and nitrogenous ligands (bipyridine and 

dinonyl bipyridine) due to a much lower rate of catalyst activity (kact) [133]. Much higher 

temperatures were used (100 °C, 130 °C, and 150 °C) to compensate for the low rate of 

propagation. As a result, low molecular weight poly(IP)s were synthesized (Mn < 10,000 g mol−1) 

but high conversions were achieved (X = 88.8% at 150 °C). 

It was clear that conventional copper catalysts such as CuBr/Me6TREN was not sufficient in 

controlling the polymerization of dienes. The choice of metal catalyst, ligands, alkyl halide, 

temperature, reagent ratios, and ATRP method are all important factors to consider. There has been 

some success with the polymerization of IP using Ti-based catalysts (Cp2TiCl-catalyst). 

Titanocene dichloride, Cp2Ti(IV)Cl2, is often used in epoxide ring opening reactions, aldehyde 

reduction, and halide abstraction [134,135]. Cp2Ti(IV)Cl2 is first reduced by Zn and undergoes 

radical ring opening, single electron transfer reduction, and halide abstraction with epoxides, 

aldehydes, and halides, respectively, to initiate CRP of IP (Scheme 2-11) [136–138]. It seemed the 

key to obtaining low Đ values was ensuring fast initiation by adding the initiator (e.g. epoxide, 

aldehyde, or halide) after most of the Cp2Ti(IV)Cl2 had been reduced and having an excess of Ti 

to initiator. Aldehyde-initiated polymerizations of IP gave reasonable Đ values of 1.4–1.5 

compared to epoxy-initiated polymerizations, and 110 °C was the optimal temperature compared 

to 90 or 130 °C [136]. However, Mn was typically low, being <10,000 g mol−1. Statistical and 

block copolymers of St and IP synthesized using Cp2TiCl-catalyst and epoxy initiator were 

reported, as well, but final polymer characteristics and synthesis of block copolymers were unclear 

[139]. 
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Scheme 2-11. Cp2TiCl (3) initiated controlled radical polymerization of isoprene (7) using epoxides (5), aldehydes 

(5′), alkyl halides (5″) [138]. 

Some recent studies reported ATRP of BD using less conventional metal complexes like 

molybdenum, iron, nickel, palladium, and platinum [140–142]. One report used 1-octanol 

substituted MoCl5 metal catalyst with triphenyl phosphine (PPh3) ligands to polymerize BD [140]. 

Although high conversions were achieved (X ~ 60%), Đ remained at 1.7 throughout the reaction, 

which was attributed to the slow establishment of the equilibrium between active propagating 

radicals and dormant species using MoCl3(1-octanol)2 catalyst. 

Another study used iron metal complexed with a large series of ligands including carbon, nitrogen, 

halide, oxygen, and phosphorus-supported ligands [141]. It ultimately reported that one 

phosphorus-supported ligand, P[Ph(OMe)3]3, was far superior in controlling the polymerization of 

BD, and FeCl2 and FeCl3 provided much more stable PBD-X chain-ends and better deactivators 

than FeBr2 and FeBr3. Furthermore, ICAR and photo-initiated ATRP using FeCl3/ P[Ph(OMe)3]3 

significantly increased the rate of polymerization compared to normal ATRP, where the rate of 

photo-initiated ATRP was 10 times that of normal ATRP and higher conversion (X = 70% vs. 

50%) and chain-end functionality (CEF = 0.9 vs. 0.65) were achieved. 
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Comparing between Ni, Pd, and Pt metal complexes and the effect of ligands initiated with 

bromoesters, it was found that ICAR-ATRP of BD using (PPh3)Ni(CO)2 and (PPh3)NiCl2 resulted 

in better initiator efficiency, Br chain-end functionality, and higher conversion [142]. With the 

exception of Mo metal complex, phosphine-supported ligands seemed to be the most suitable for 

ATRP of BD as they were nucleophilic enough to reduce the metal catalyst but not too much that 

they would quaternize with PBD-X and lower CEF. Unlike the previous example of ATRP of IP 

[132], a non-polar solvent like toluene aided in the solubility of the metal catalyst in order to 

facilitate controlled polymerization. 

Moving towards conventional Cu-mediated ATRP of BD in the most recent study, similar 

conditions were found to lead to successful controlled polymerizations [143]. Tertiary bromoester 

(as opposed to benzyl) initiators combined with low nucleophilicity ligands and non-polar solvents 

resulted in poly(BD) with a wide range of Mn values (1000–100,000 g mol−1) and low Đ of 1.2–

1.5. Furthermore, ICAR-ATRP proved to be much more efficient at increasing the rate of 

polymerization and minimizing side reactions compared to normal, SARA, and ARGET ATRP. 

Triblock ABA copolymers were synthesized with St and MMA making poly(BD-b-St-b-BD) and 

poly(MMA-b-BD-b-MMA). Initially, a poly(St) midblock was made with a difunctional alkyl 

bromide initiator in normal ATRP, as St would make a more reactive propagating radical. Br-

poly(St)-Br was then chain-extended with BD and the final CEF of the triblock polymer was ~40%. 

Therefore, poly(BD)-Br was shown to have a high enough CEF for subsequent chain-extension. 

A poly(BD) midblock was then synthesized with a CEF of ~90% and was successfully chain-

extended with MMA with the final CEF being >50%. However, relatively short polymer chains 

were achieved for both triblock copolymers. Mn for poly(St) was 2000 g mol−1 and increased to 

13,000 g mol−1 after chain-extension with BD, and Mn for poly(BD) was 4600 g mol−1 and 

increased to 11,700 g mol−1 after chain-extension with MMA. 

Since successful studies for ATRP of BD were only very recently reported, it is understandable no 

reports of ATRP of bio-based dienes like Myr and Far were found. Even with studies of ATRP of 

BD using Mo, Fe, and Ni metal complexes, multi-block copolymers were not synthesized [140–

142]. Triblock ABA copolymers were only reported in the latest Cu-mediated ATRP of BD [143]. 

By optimizing the selection of ligands, initiator, solvent, and metal catalyst, the control of ATRP 
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of dienes has improved greatly. This is hopeful for possible future studies for ATRP of Myr and 

Far, as both bio-based dienes have higher boiling points compared to IP and BD. Therefore, 

polymerization temperatures can be increased to further increase rate of initiation and rate of 

polymerization with hopefully an ability to minimize side reactions. 

2.5.3 Reversible addition-fragmentation chain-transfer polymerization (RAFT) 

The emergence of RAFT came shortly after NMP and ATRP, and is viewed as the most versatile 

among RDRP techniques [144]. Where NMP shows lack of control for polymerization of 

methacrylates and ATRP for dienes, RAFT is able to polymerize a diverse group of vinylic 

monomers including St, (meth)acrylates, and dienes [145–147]. The mechanism for RAFT differs 

slightly from NMP and ATRP and employs chain transfer agents (CTA) that reversibly react with 

propagating radicals instead of using radical deactivators. The CTA is often a dithioester with Z 

and R substituent groups. Polymerization begins with free radical initiation using common thermal 

initiators, which begins propagation of a polymer chain (Pn·). The CTA reversibly adds onto the 

propagating radical and subsequently through chain transfer would release the initiating radical 

R·. The initiating radical would initiate propagation as well, forming another propagating polymer 

chain (Pm·). Finally, in the chain equilibration step, the CTA reversibly transfers between the two 

propagating polymer chains (Pn· and Pm·) and irreversible termination is suppressed. The RAFT 

polymerization mechanism is shown in Scheme 2-12, along with chemical structures of common 

RAFT CTAs in Scheme 2-13. 
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Scheme 2-12. General polymerization mechanism for RAFT using dithioester chain transfer agent [141]. 

 

Scheme 2-13. Chemical structures of common RAFT CTAs discussed in this review. 

Early RAFT polymerizations of BD were mostly done in dispersed aqueous media as solution or 

bulk polymerizations yielded very slow rates (Scheme 2-14) [148,149]. Emulsion polymerization 

ab initio was employed in order to utilize compartmentalization effects (i.e. segregation of radicals 

such that every particle has either one or zero radicals) to increase polymerization rate. However, 

in conventional emulsion, the chain-extension of poly(St) using RAFT with BD was unsuccessful, 
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as the kp of BD is very low and was unable to form hydrophobic oligomers in the aqueous phase 

to enter particles [148]. However, seeded miniemulsion showed much better success using 1-

phenylethyl phenyl dithioacetate (PEPDTA), potassium persulfate (KPS) initiator, and SDS 

surfactant at 70 °C [149]. BD was added to the PSt-RAFT seed latex and continued to polymerize 

at 70 °C. Although gelation started to occur after 20% conversion of butadiene, poly(St-b-St-co-

BD) copolymers were synthesized with varying compositions of BD (FBD = 0.37 to 0.92) and 

relatively low Đ from 1.20–1.58. This work was expanded to synthesize triblock SBS copolymers 

by purging away BD and adding St again to make the third poly(St) block, although final Đ were 

quite high (>2.2) [150]. Another industrially relevant material, BD and acrylonitrile copolymer 

(NBR), was also successfully attained using RAFT in emulsion ab initio [151]. Polymerizations 

were done with 2-(((dodecylsulfanyl)carbonothioyl)sulfanyl)propanoic acid (DoPAT) and KPS, 

and showed good control up to 55% with Mn = 20,400 g mol−1 and Đ = 1.6. NBR copolymers were 

successfully chain-extended with St, as well, after re-initiation using AIBN. 

 

Scheme 2-14. Schematic of RAFT polymerization of bio-based dienes in bulk/solution, conventional emulsion, and 

in seeded miniemulsion. 

Following the success of RAFT polymerization of BD, there have been a few reports of RAFT 

polymerization of IP as well. One report used the RAFT CTA, 2-ethylsulfanylthiocarbonyl-
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sulfanylpropionic acid ethyl ester (ETSPE) combined with thermal initiator dicumyl peroxide 

(DCP) for the polymerization of IP [152]. The optimal temperature of 115 °C was chosen to 

maintain reasonable polymerization rates without loss of control. Block copolymers were made by 

first synthesizing poly(St) and poly(tBA) via RAFT, then chain-extended with isoprene making 

poly(St-b-IP) with final Mn = 44,300 g mol−1 and Đ = 1.19 and poly(tBA-b-IP) with final Mn = 

21,500 g mol−1 and Đ = 1.20. Similarly, RAFT polymerization of IP was done using S-1-dodecyl-

S′-(r,r’-dimethyl-r”-acetic acid)trithiocarbonate (DDMAT) and t-butyl peroxide at 125 °C [153]. 

Control of polymerization was shown by linear Mn versus conversion, and CTA-chain end was 

maintained by successful chain-extension of poly(IP) with St (final Mn = 15,600 g mol−1 and Đ = 

1.28). In both cases, increased thermal initiator helped to increase polymerization rate, as well as 

lower Đ. These polymerizations were both done in bulk, and similar to BD, polymerization rates 

were very slow, where reaction times were at least 20 h. 

Emulsion polymerization of IP using RAFT was also studied and much faster rates were achieved 

due to compartmentalization. In the same study that investigated ab initio emulsion polymerization 

of BD, IP was also added to poly(St) in emulsion [148]. Unlike the BD in emulsion, there was 

some St monomer left in the emulsion such that the kp of copolymerization was increased to form 

oligomers that would eventually enter particles to continue polymerization. At the time of the 

study, there was no kp data of IP and the authors speculated slow polymerization according to kp 

of BD, and indeed kp of IP is comparable and even lower than BD (kp,BD = 135 L mol−1 s−1 and kp,IP 

= 99 L mol−1 s−1 at 50 °C) [154,155]. However, the resulting copolymers included insoluble, 

crosslinked material. Seeded emulsion was done, where poly(St) particles were swollen with IP 

monomer before polymerization began. After 2 h of reaction, poly(AA10-St40-IP80) was 

synthesized reaching X = 58% and showed two distinct Tg's [148]. Poly(acrylic acid) (poly(AA)10) 

was the hydrophilic stabilizing block in the emulsion. 

RAFT polymerization was then successfully applied to Myr. In a study also using ETSPE and 

AIBN, similar poly(Myr-b-St) block copolymers were made, where chain-extension of poly(Myr) 

with St increased from 2490 to 11,100 g mol−1 and final Đ = 1.40 [43]. However, distinct Tgs of 

the two homopolymers were not obtained, likely due to the relatively short blocks in the polymer 

chain and thus phase separation was not achieved. A more recent study showed that 
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regioselectivity of poly(Myr) was affected by choice of thermal initiator more so than CTA [44]. 

In general, higher temperatures yielded lower percentage of 1,4-configuration, and dibenzoyl 

peroxide (DBPO) initiators yielded lower percentage of 1,4 configuration than AIBN. Since DBPO 

has a slower rate of dissociation than AIBN, the polymerization temperature was increased from 

90 to 130 °C, and evidence of crosslinking started to occur. Furthermore, change in regioselectivity 

was plotted as a function of conversion for the first time, and it showed that the 1,4-configuration 

was initially favoured at 95% but decreased to 76% as 3,4-configuration increased by the end of 

the polymerization. 

Although good chain end fidelity was achieved with RAFT of Myr, the polymerizations rates were 

very slow. Polymerizations of Myr were done at a low temperature of 65 °C and X ~ 50% after 

125 h, and even at a higher temperature of 130 °C conversion reached 50–60% after ~50 h [43,44]. 

Another example used UV instead of a thermal initiator to initiate RAFT polymerization of Myr 

in bulk and at room temperature [156]. Similarly, polymerization rate was slow reaching X = 20% 

after 160 h with Mn of 12,000 g mol−1 and Đ ~ 1.6. However, triblock copolymers were synthesized 

with St and poly(ethylene glycol) methacrylate (PEG-MA). In a very recent study, ABA triblock 

poly(St-b-Myr-b-St) copolymers were made via a bifunctional RAFT CTA in aqueous dispersion 

[157]. High conversions (X > 68%) were achieved in 48 h at 75 °C, and the block copolymers had 

high Mn (>40,000 g mol−1) with relatively low Đ (highest Đ being 1.75) considering triblock 

copolymers were synthesized with vary compositions of St and Myr. 

RAFT continues to show its versatility by successful synthesis of block copolymers made of IP 

with other monomers like N-vinyl pyrrolidinone and ethylene oxide [158,159], as well as statistical 

copolymerization with St and hydroxyl-functionalized (meth)acrylates and dienes [160–162]. 

Polymerization temperatures were generally kept relatively low to prevent crosslinking and loss 

of control, and therefore polymerization rates were very slow. Seeded emulsions and 

miniemulsions seemed to be a good solution as compartmentalization was achieved to increase 

polymerization rates and successful block copolymers were synthesized using isoprene and 

myrcene. However, examples of RAFT polymerization of Far were not found and can be further 

investigated, especially in dispersed aqueous media. 



 35 

2.6 Outlook for bio-based poly(dienes) in real-world applications 

Understandably, bio-based dienes find applications predominantly in the same sector as 

conventional dienes. They are used as feedstocks to impart rubbery character into polymers in the 

form of homopolymers, statistical, block and gradient copolymers. It is expected in the foreseeable 

future that monomers like Myr and Far will be touted as candidates for replacement of petroleum-

based dienes and evidence suggests that these monomers can be readily adapted to various 

chemistries already established for dienes. Further, the key advantage of handling bio-based dienes 

like Myr and Far is their relatively lower volatility compared to IP or BD, which makes 

manipulation in polymerization processes much easier (for example, pressurized reactors are not 

required). However, like in other cases where a bio-based alternative is proposed (e.g. 

replacements for poly(ethylene terephthalate)) [163], there must be a compelling case for 

improvement or enhancement of properties in addition to a sound economic basis. 

One major application for BD and IP is thermoplastic elastomers (TPEs) and many examples in 

this review showcased RDRP of Myr or Far with St to make block copolymers. In comparison, 

these Myr and Far analogous TPEs do not exhibit the same elongation to break properties due to 

the high hydrodynamic volume which requires high molecular weights for chains to entangle and 

form rubbery materials. However, using RDRP has allowed the hard segment (that would 

traditionally be made of St) to be replaced by functionalized methacrylates that introduced 

hydrophilicity (i.e. PEG-MA) [156], post-polymerization compatibilization and modification (i.e. 

GMA) [39], and increased thermal stability and hardness (i.e. iBOMA) [41]. 

Nonetheless, high entanglement molecular weights may be an advantage in low temperature 

applications. To take advantage of the low Tg of poly(Myr) and poly(Far), there have been several 

patents, as mentioned briefly in the introduction, that found new applications for these materials. 

Amyris Inc., filed a patent reporting the polymerization of Far to use in pressure sensitive 

adhesives (PSAs). Their patent describes the polymerization of Far using ionic polymerization or 

metal catalysts (Ziegler-Natta, Kaminsky, or metallocene) and copolymerization with other 

olefinic monomers to make statistical or block copolymers [25]. Poly(Myr) was copolymerized 
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with sulfur dioxide by free radical polymerization and showed good adhesion to various surfaces 

such as glass, wood, aluminum and copper [31]. 

Fina Technology Inc. owns several patents using poly(Far) in many applications. One patent 

describes the use of Friedel-Craft catalysts to make low molecular weight poly(Far) as tackifying 

resins to be blended with elastomers [26]. Another patent details anionic polymerization of Far 

with at least one hydroxyl-terminated chain-end for further modification such as hydrogenation or 

acrylation [28]. The resulting polymer is a liquid optically clear adhesive to use in laminated screen 

assemblies in electronic devices. Alternatively, Far can be modified with a terminal hydroxyl, 

amino, epoxy, isocyanato, or carboxylic acid group which can be reacted with a (meth)acrylate to 

make a macromonomer, and then be further polymerized radically [164]. This bottlebrush polymer 

can be used as an additive in lubricants, hydraulic fluids, cosmetics, or adhesives. Far 

homopolymer (or copolymer with other dienes or vinyl aromatics) with terminal hydroxyl groups 

(a Far polyol) can also be reacted with diisocyanates to make a polyurethane prepolymer, which 

can further react with polyols to lower the isocyanate content in the final polyurethane product 

while increasing molecular weight [27]. Such materials would find application in markets where 

polyurethanes are often used such as sealants, caulking, sponge, foam, coatings, and binders. 

There is one example of RAFT polymerization of Myr used as an anti-fouling membrane for 

oil/water separation [165]. Cellulose membrane (CM) is modified with DoPAT RAFT agent via 

acid/hydroxyl esterification with a hydroxyl group on the cellulose. Subsequently, grafting-from 

polymerization of 3-(trimethoxysilyl)-propyl acrylate formed the first block, followed by 

polymerization of Myr to form the second block. The modified CMs showed exceptional 

hydrophobicity with a contact angle >160° and was able to separate crude oil contaminants from 

water effectively. Odorous thiol contaminants can also be removed through their thiol-ene 

interactions with the double bonds in the poly(Myr) block. These materials can find uses in many 

chemical processes and environmental remediation. Furthermore, they are made of mostly bio-

derived sources, namely CM and Myr, and the cellulose component is bio-degradable. 

This review highlights some of the particular advantages of using bio-based dienes in RDRP 

processes that have emerged over the past decade. Although many current applications using 
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poly(Far) and poly(Myr) are synthesized via ionic, free radical, or catalytic polymerization, recent 

developments highlighted here can positively lead to more applications using RDRP. Continued 

activity is expected to concretely evaluate the merit of replacing petroleum-based dienes with their 

bio-based alternatives. 
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3 Nitroxide-mediated polymerization of bio-based farnesene with a 

functionalized methacrylate 

The manuscript in this chapter was published in Macromolecular Reaction Engineering in 2019 

(S.B. Luk, M. Maric, Nitroxide-mediated polymerization of bio-based farnesene with a 

functionalized methacrylate, Macromolecular Reaction Engineering 13 (2019) 1800080) [38]. 

This was the first study on the NMP of farnesene using a succinimidyl-modified commercial 

BlocBuilder initiator (NHS-BB) and a newly developed alkoxyamine named Dispolreg 007 (D7). 

Successful statistical copolymerizations of Far and an epoxy-functionalized glycidyl methacrylate 

(GMA) were done at varying molar compositions using NHS-BB at 120 °C, and their reactivity 

ratios were determined using the Mayo-Lewis equation (rFar = 0.54 ± 0.04 and rGMA = 0.24 ± 0.02). 

Nevertheless, there are several key takeaways from this chapter. Copolymerizations using NHS-

BB showed lack of control at high compositions of GMA resulting in high dispersity of polymer 

chains and poor chain-end fidelity. An equimolar copolymerization of Far and GMA done with 

D7 showed good control but led to broad and bimodal molecular weight distribution, which was 

attributed the large difference in propagation rates of the respective monomers and slow initiation 

of D7. Homopolymerization of Far was successfully done using both NHS-BB and D7, but chain-

extension with GMA using macroinitiators made with D7 showed better linear polymer chain 

growth despite having higher dispersity, whereas macroinitiators made with NHS-BB still required 

10 mol% Far and had some irreversible termination. This publication concludes that D7 is not 

ideal for statistical copolymerization of monomers with such diverse kinetics such as Far and GMA 

and leads to polymer chains with non-homogeneous composition, but it is more suitable for 

homopolymerization and block copolymer synthesis. The supporting information of this 

publication is included in Appendix A, and the figures and tables included in Appendix A are 

referred to as Figure A-X and Table A-X in this chapter.  
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3.1 Abstract 

Farnesene (Far) is a bio-based terpene monomer that is similar in structure to commercially used 

dienes like butadiene and isoprene. Nitroxide-mediated polymerization (NMP) is adept for the 

polymerization of dienes, but not particularly effective at controlling the polymerization of 

methacrylates using commercial nitroxides. In this study, Far is statistically copolymerized with a 

functional methacrylate, glycidyl methacrylate (GMA), by NMP using N-succinimidyl modified 

commercial BlocBuilder (NHS-BB) initiator. Reactivity ratios are determined to be rFar = 0.54 ± 

0.04 and rGMA = 0.24 ± 0.02. The ability of the poly(Far-stat-GMA) chains to reinitiate for chain 

extension with styrene showed a clear shift in molecular weight and monomodal distribution. 

Copolymerizations using a new alkoxyamine, Dispolreg 007 (D7), is explored as it is shown to 

homopolymerize methacrylates, but not yet reported for statistical copolymerizations. Bimodal 

molecular weight distributions are observed when an equimolar ratio of Far and GMA is 

copolymerized with D7 due to slow decomposition of the initiator, but chain ends are active as 

shown by successful chain extension with styrene. Both NHS-BB and D7 initiators are used to 

synthesize poly[Far-b-(GMA-stat-Far)] and poly(Far-b-GMA) diblock copolymers. While the 

NHS-BB initiated polymer chains have lower dispersity, D7 exhibits more linear polymerization 

kinetics and maintains more active chain ends. 

3.2 Introduction 

Dienes (e.g., butadiene and isoprene) are industrially important monomers in making rubbery 

materials for applications like gasket and automotive parts, gloves and footwear, sealants, impact 

modifiers, and asphalt modifiers [1-4]. Poly(butadiene) and poly(isoprene) have low glass 

transition temperatures (Tg) of −100 and −70 °C, respectively [5], and are copolymerized with 

monomers or blended with thermoplastic resins based on styrene and/or acrylonitrile to impart 

viscoelastic properties to the material [6-8]. Styrene-butadiene rubber (SBR) and acrylonitrile-

butadiene rubber (NBR) are typically synthesized industrially by emulsion conventional radical 

polymerization using redox catalysts or free radical initiators [9, 10], but there are also cases of 

living/controlled radical polymerization (LRP/CRP) of SBR and NBR that provide polymers with 

controlled architectures [11, 12]. Styrene-butadiene-styrene (SBS) and styrene-isoprene-styrene 
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(SIS) triblock copolymers have long been commercialized too, such as the Kraton family of 

thermoplastic elastomers, which are made by anionic polymerization [13, 14]. 

While many industrial applications use free radical polymerization, CRP precisely controls the 

molecular architecture of polymer chains, therefore making homopolymers, diblock and triblock 

copolymers with narrow molecular weight distributions (MWDs) and low dispersity [15]. Ionic 

polymerization is a truly “living” method, but it is intolerant to functional monomers and 

impurities [16]. CRP, more properly defined as reversible deactivation radical polymerization 

(RDRP), is a newer, more versatile technique to control the polymerization of free radicals. It 

utilizes activation–deactivation equilibrium or reversible chain transfer to suppress irreversible 

termination such that the propagating radical is primarily in its dormant state [17]. Amongst the 

several types of RDRP, atom transfer radical polymerization (ATRP) [18-20] and reversible 

addition–fragmentation transfer (RAFT) [21-23] can polymerize a wide variety of functional 

monomers like vinyl esters and (meth)acrylates. This study will focus on nitroxide-mediated 

polymerization (NMP) as it is particularly adept for polymerization of styrene-diene systems [24-

26]. 

NMP is able to polymerize functionalized styrene and acrylate monomers successfully [27], 

however it is limited in its ability to maintain active chain ends in the polymerization of 

methacrylates [28, 29]. It was discovered that the rate of dissociation (kd) is very large because of 

steric stabilization of the propagating methacrylate radical, and the rate of combination (kc) is very 

low due to steric hindrance provided by the bulky SG1-nitroxide (N-tert-butyl-N-[1-

diethylphosphono-(2,2-dimethylpropyl)] nitroxide). Consequently, the activation–deactivation 

equilibrium (Keq = kd/kc) is high, resulting in termination by disproportionation [30]. To overcome 

this, small amounts of controlling comonomer like styrene or acrylonitrile can be added to 

effectively lower Keq [28, 31]. Furthermore, the SG1-based nitroxide, BlocBuilder, can be 

modified with an N-succinimidyl ester group (N-succinimidyl modified commercial BlocBuilder 

[NHS-BB]) to better control the polymerization of methacrylates [32], and successful 

polymerization of various methacrylates was done using SG1-nitroxides with 5–10 mol% of 

styrene [33-35]. 
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Several alternative initiators have been investigated for the homopolymerization of methacrylates 

as well. 2,2-Diphenyl-3-phenylimino-2,3-dihydroindol-1-yloxyl nitroxide (DPAIO)-based 

alkoxyamine was able to homopolymerize methyl methacrylate (MMA) to high conversion with 

low dispersity, but was not able to polymerize acrylates or styrene in ensuing chain extensions 

[36]. An N-phenylalkoxyamine initiator (N-(1-methyl-(1-(4-nitrophenoxy)carbonyl) ethoxy)-N-

(1-methyl-(1-(4-nitrophenoxy)carbonyl)ethyl)benzenamine) was also able to homopolymerize 

MMA but only to low conversion (X < 50%) [37]. More recently, a new class of alkoxyamines 

was developed that is able to homopolymerize methacrylates without using controlling 

comonomer in solution and miniemulsion polymerization [38-40]. This new alkoxyamine, 3-(((2-

cyanopropan-2-yl)oxy)(cyclohexyl)amino)-2,2-dimethyl-3-phenylpropanenitrile, which the 

authors have named Dispolreg 007 (D7), has a higher kc, therefore exhibiting better control of the 

polymerization of methacrylates with minimal irreversible termination and successful chain 

extension with n-butyl acrylate. 

It is advantageous to incorporate methacrylates into poly(diene) materials because methacrylates 

can have a broad range of Tgs—for example, poly(isobornyl methacrylate) has Tg ≈ 190 °C [41] 

and poly(glycidyl methacrylate) has a Tg of 80 °C, while poly(butyl methacrylate) has Tg = 20 °C 

[42]. Additionally, many methacrylates possess functional groups which can be incorporated into 

such hybrid materials. For example, they can act as compatibilizers for polymer blending. Glycidyl 

methacrylate (GMA) has been used to functionalize polymers (either by peroxide grafting or by a 

priori copolymerization) which can then be used to compatibilize immiscible polymer blends by 

grafting or reactive extrusion, where the epoxy group of GMA reacts with the carboxyl or hydroxyl 

groups of the immiscible polymer to form an in situ copolymer preventing phase separation [43-

45]. 

Moreover, there is increasing interest in replacing petroleum-derived monomers with renewable 

sources. Terpene-based monomers such as myrcene and farnesene (Far) have emerged as one 

possible source providing an alternative to traditionally petroleum-derived butadiene and isoprene 

monomers (Scheme 3-1). Myrcene and Far are both found in nature, but can also be produced by 

pyrolysis of β-pinene [46] and microbial pathways from glucose [47], respectively. Although, there 

are new bio-based pathways to synthesize butadiene and isoprene [48-50], myrcene and Far are 



 63 

made up of multiple isoprene units, which can provide different rheological properties. It was 

shown that bottlebrush polymers with densely packed, long side chains improve elastic properties 

[51, 52]. Furthermore, myrcene and Far are nonvolatile compounds so they can be polymerized in 

atmospheric conditions without using pressurized vessels as would be necessary for isoprene or 

butadiene. 

 

Scheme 3-1. Chemical structures of a) 1,3-butadiene, b) isoprene, c) myrcene, and d) farnesene. 

Myrcene has been copolymerized with monomers typically used for thermoplastics like α-methyl-

p-methylstyrene [53] and poly(lactic acid) [54] by anionic polymerization, and more recently 

copolymerized with GMA and styrene by NMP [55, 56]. Far has been homopolymerized by ionic 

polymerization [57], but polymerization by RDRP has not yet been reported. This study 

investigates NMP of bio-based Far with incorporation of functional GMA. The 

homopolymerization of Far and copolymerization with GMA using NHS-BB were done to 

determine reactivity ratios and hence expected microstructure. The ability of the D7 to control the 

copolymerization of Far and GMA was also examined, and the kinetics were thoroughly discussed 

and contrasted with SG1-nitroxides. Poly(Far-b-GMA) diblock copolymers were made using both 

NHS-BB and D7, and discussions regarding the important parameters governing microstructural 

control (e.g., molecular weight vs conversion, dispersity, and chain-end fidelity) were compared. 

3.3 Experimental Section 

3.3.1 Materials  

Trans-β-Far, known as Biofene (Far, ≥95%) was obtained from Amyris. GMA (97%) and styrene 

(St, ≥99%) monomers were purchased from Millipore Sigma. Monomers were purified using 1.0 



 64 

g of aluminum oxide (basic Al2O3, activated, Brockmann I) and 0.05 g calcium hydride (CaH2, 

≥90%) per 50 mL of monomer, which were used as purchased from Millipore Sigma. 2-([tert-

Butyl[1-(diethoxy-phosphoryl)-2,2-dimethylpropyl]amino]oxy)-2-methylpropionic acid or 

BlocBuilder was purchased from Arkema and modified with an N-succinimidyl ester group 

following a method used in the literature to synthesize 2-methyl-2-[N-tert-butyl-N-(1-

diethoxyphosphoryl-2,2-dimethylpropyl)-aminoxy]-N-propionyloxysuccinimide or NHS-

BlocBuilder (NHS-BB) [58]. 3-(((2-Cyanopropan-2-yl)oxy)(cyclohexyl)amino)-2,2-dimethyl-3-

phenylpropanenitrile, D7, was synthesized according to the method described by Ballard et al [38]. 

Toluene (≥99%), methanol (MeOH, ≥99%), and tetrahydrofuran (THF, 99.9% HPLC grade) were 

obtained from Fisher Scientific and used as received. Deuterated chloroform (CDCl3, 99.9% D) 

was purchased from Cambridge Isotope Laboratories, USA and used as received. 

3.3.2 Synthesis of Poly(Far-stat-GMA) Copolymers  

Statistical copolymers of Far and GMA were synthesized via NMP using NHS-BB and D7 

initiators. Experiments for various molar ratios of Far and GMA were done in bulk and the amount 

of initiator was calculated based on a target molecular weight of 30 000 g mol−1. See Table A-1, 

Appendix A for quantities of initiator and monomers for Far/GMA copolymerizations. Reaction 

mixtures were prepared in a 10 mL three-neck round-bottom flask, stirred, and bubbled with N2 

for 30 min. They were heated up to reaction temperature on a heating mantle with N2 bubbling on 

top to ensure an oxygen-free environment with continuous stirring throughout the reaction. 

Samples were taken at various time points using a 1 mL syringe for conversion and molecular 

weight analysis. Polymers were purified by precipitation using methanol and dried in the vacuum 

oven at room temperature overnight. 

3.3.3 Chain Extension of Poly(Far-stat-GMA) Macroinitiators  

Several poly(Far-stat-GMA) macroinitiators were used for chain extension: Far-rich and GMA-

rich macroinitiators—both synthesized using NHS-BB, and equimolar poly(Far-stat-GMA) 

synthesized using D7. The syntheses of the macroinitiators were described previously for 

Far/GMA random copolymers. After purification, the macroinitiators were dissolved in toluene 

and 3:1 mass ratio of styrene to macroinitiator was added to the solution (50 wt% monomer in 

toluene). The reaction mixture was bubbled with N2 for 30 min and remained under N2 atmosphere 
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throughout the reaction with stirring. The chain-extension reaction was done at 110 °C and samples 

were taken at various time points using a 1 mL syringe for conversion and molecular weight 

analysis. The final polymer was precipitated again using methanol and dried in the vacuum oven 

at room temperature overnight. 

3.3.4 Synthesis of Poly(Far-b-GMA) Block Copolymers 

Block copolymers were made by first synthesizing the Far homopolymer block using NHS-BB or 

D7 initiators in bulk at 120 °C. The polymerization was typically stopped at a conversion of  <50% 

to ensure high chain-end fidelity for chain extension. The polymer was purified by precipitation in 

methanol and dried in a vacuum oven at room temperature overnight. The poly(Far) macroinitiator 

was dissolved in toluene and chain extended with GMA or monomer mixture of 90 mol% GMA 

and 10 mol% Far (50 wt% monomer in toluene) at 110 °C. Reaction mixtures were bubbled with 

N2 for 30 min and remained under N2 atmosphere throughout the reaction with stirring. Samples 

were taken using a 1 mL syringe for conversion and molecular weight analysis. The final polymer 

was precipitated again using methanol and dried in the vacuum oven at room temperature 

overnight. 

3.3.5 Polymer Characterization  

Overall monomer conversion was determined by proton nuclear magnetic resonance (1H NMR, 16 

scans) using a Varian/Agilent 500 MHz spectrometer. All NMR samples were prepared in 

deuterated chloroform (CDCl3). Homopolymerization of Far was mostly by 1,4 addition with ≈3 

mol% of 1,2 addition as seen in Figure A-1, Supporting Information. The conversion of Far (XFar) 

was calculated using Equation 1 and Aδ is the area of proton peak integration. The Far monomer 

proton at δ = 6.4 ppm and the two singlets (three methyl groups, 9H) at δ = 1.65 ppm were used to 

determine XFar. Conversion of GMA (XGMA) was calculated using Equation 2 using the two vinyl 

GMA monomer protons at δ = 6.2 and 5.6 ppm, and the peaks at δ = 4.4, 3.9, 2.8, 2.6 ppm, which 

include both monomer and polymer protons each. The overall conversion (X) for copolymerization 

of Far and GMA calculated using Equation 3 was an average of the two monomer conversions 

based on the initial monomer compositions (fFar,0 and fGMA,0). See Figure A-2, Supporting 

Information for the NMR spectra of Far/GMA copolymerization. 
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Monomer conversion of styrene (XSt) for chain extension of poly(Far-ran-GMA) macroinitiators 

were determined by 1H NMR as shown in Figure A-3, Supporting Information. The vinyl protons 

of styrene were at δ = 5.3 and 5.8 ppm. For the conversion calculation, the vinyl proton at δ = 5.8 

ppm was set to an normalized area of 1. Because the chain-extension reactions were done in 

toluene, the aromatic protons of toluene and styrene overlap in the δ = 7–7.5 ppm region and the 

polymer protons were also in the range of δ = 6–7.5 ppm. Therefore, the singlet at δ = 2.4 ppm 

(toluene methyl group, 3H) was accounted for and subtracted from the total number of protons 

contributed by toluene and styrene (δ = 6.8 ppm, 1H) to determine the conversion as shown in 

Equation 4. 

𝑋23 = 1 −
𝐴(./ + 𝐴(.-

2
,𝐴$45.$ − 1 −

𝐴,.&
3 × 50

5

 (4) 

Number average molecular weight (Mn) and dispersity (Đ =Mw/Mn) of polymer samples were 

measured using gel permeation chromatography (GPC, Water Breeze) with HPLC grade THF as 

an eluent at a flow rate of 0.3 mL min−1. The GPC has three Waters Styragel HR columns (HR1 

with a molecular weight measurement range of 102 to 5 × 103 g mol−1, HR2 with a molecular 

weight measurement range of 5 × 102 to 2 × 104 g mol−1, and HR4 with a molecular weight 

measurement range of 5 × 103 to 6 × 105 g mol−1), a guard column, and a refractive index (RI 2414) 

detector. The columns were heated to 40 °C during analysis. The molecular weights were 

determined relative to poly(methyl methacrylate) (PMMA) calibration standards from Varian Inc. 
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(ranging from 875 to 1677 000 g mol−1). The reported molecular weights were all relative to the 

PMMA standards and not adjusted with Mark–Houwink parameters. 

3.4 Results and Discussion 

3.4.1 Statistical Copolymerization of Far/GMA Using NHS-BlocBuilder 

The homopolymerization of methacrylates by NMP is generally done at 90–100 °C due to the slow 

rate of recombination (kc) between the nitroxide and methacrylate radical and fast propagation rate 

(kp) [28, 29, 31]. Lower temperature is ideal for limiting the formation of inactive chain ends by 

irreversible termination. However, the homopolymerization of Far is much slower in comparison, 

and showed signs of chain transfer below 120 °C. The statistical copolymerizations of Far and 

GMA were all done at 120 °C initially at seven different monomer compositions (fFar,0 = 0.1–0.9) 

in bulk using NHS-BB. In GMA-rich compositions (fFar,0 = 0.1 and 0.2), the conversion versus 

time and the number average molecular weight (Mn) versus conversion plots were not linear, and 

dispersity was high (Đ > 1.6) as shown in Figures A-4 and A-5, Supporting Information. This 

indicated the polymerizations were not well controlled by the nitroxide, and polymer chains were 

not propagating after a certain conversion because the chain ends were no longer active. The 

increase in dispersity was further indication that the chains have been irreversibly terminated. 

The GMA-rich copolymerizations were repeated at 90 °C, and were much more controlled than at 

120 °C. As seen in Figure 3-1a, the conversion versus time plots for the GMA-rich 

copolymerizations at 90 °C show a linear correlation with reaction time. The GMA-rich 

polymerizations at high conversion (≈80%) became very viscous and accelerated the reaction, 

therefore the last conversion data did not follow the linear trend and was not included in Figure 3-

1a. However, the Mn versus conversion plots in Figure 3-2a including the high conversion data 

points were linear. The more Far-rich copolymerizations done at 120 °C are shown in Figure 3-1b 

and also show linear correlations. The linearity of these copolymerizations show that the majority 

of the polymer chains remained active throughout the reaction even to higher conversions, as the 

solid trend line was extended to the end of the reactions. 
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Figure 3-1. Linearized conversion as a function of reaction time for the random copolymerizations of Far/GMA at 

various Far compositions at a) 90 and b) 120 °C in bulk using NHS-BB. 
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Figure 3-2. Number averaged molecular weight (Mn) as a function of conversion for random copolymerizations of 

Far/GMA at various Far compositions at a) 90 and b) 120 °C in bulk using NHS-BB. The solid lines represent the 

theoretical molecular weight calculated from the conversion based on a target molecular weight of 30 000 g mol−1. 

Molecular weight of the Far/GMA copolymerizations increased linearly with conversion as well, 

as shown in Figure 3-2. The fast increase of Ð in Figure 3-3a suggests low initiator efficiency as 

the initial high Ð means not all chains were initiated at the same time. The final dispersity at ffar,0 

= 0.1 and 90 °C in Figure 3-3a was quite high (≈1.8) likely due to the high viscosity at the end of 

the reaction leading to irreversible termination. At 120 °C, the Mn values were all very close to the 

theoretical Mn values with the exception of fFar,0 = 0.3, where the growth of polymer chains slightly 

deviated from linearity. However, looking at the Ð values in Figure 3-3b, the highest Ð was ≈1.5. 
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Linear increase in molecular weight and low Ð suggest that most chains have active chain ends 

and are growing simultaneously at a controlled rate. 

 

Figure 3-3. Dispersity (Đ) as a function of overall conversion for random copolymerization of Far/GMA at various 

Far compositions in bulk at a) 90 and b) 120 °C using NHS-BB. 

A limitation of NMP is that the homopolymerization of methacrylates using SG1-based initiators 

requires 5–10 mol% of controlling comonomer to maintain high chain-end fidelity [32, 34, 35, 

59]. Styrene is most commonly used as a controlling comonomer because it effectively lowers the 

activation–deactivation equilibrium (⟨K⟩) of the nitroxide by penultimate effects [60]. In these 

statistical Far/GMA copolymerizations, it seems that Far can act as a controlling comonomer for 

the homopolymerization of GMA by adding 10 mol% of Far at 90 °C, similar to isoprene when 

randomly copolymerized with methacrylates by NMP [61]. However, further decreasing to 5 

mol% Far, the Far/GMA copolymerization resulted in a high fraction of dead chains and high 

dispersity (≈1.8). 

The apparent rate constant of Far/GMA copolymerization by NMP is proportional to ⟨kp⟩⟨K⟩, 

which is the product of the average propagation rate coefficient and average activation–

deactivation equilibrium constant for Far and GMA. From the slopes of the linearized conversion 

versus time plots in Figure 3-1, ⟨kp⟩⟨K⟩	values can be determined from the theoretical expression 
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The concentration of nitroxide can only be assumed to remain constant at low conversion, [N]0 = 

[N], because of possible irreversible termination of the nitroxide in the latter stages of the 

polymerization. Therefore, the ⟨kp⟩⟨K⟩	values were calculated from the slope determined at X < 

60%. Furthermore, there was no excess free nitroxide added, so C0/[N]0 = 1. The ⟨kp⟩⟨K⟩	values at 

different initial Far monomer fractions is shown in Figure 3-4 and it is evident that the rate of 

Far/GMA copolymerization was slowed down by increasing Far content. The ⟨kp⟩⟨K⟩	values were 

also found to significantly decrease when isoprene and myrcene were copolymerized with 

methacrylates [55, 61]. Because ⟨kp⟩⟨K⟩	 is a lumped term, the decrease in value can indicate a 

decrease in the averaged copolymerization propagation rate ⟨kp⟩	 and/or a decrease in the 

activation–deactivation equilibrium constant ⟨K⟩	depending on the terminal radical unit (Far or 

GMA). 

 

Figure 3-4: Average ⟨kp⟩⟨K⟩	as a function of initial Far monomer fraction for Far/GMA statistical copolymerizations 

using NHS-BB at 120 °C in bulk. The error bars represent 95% confidence intervals. 
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assumes the terminal model, meaning the reactivity of the propagating radical is only dependent 

on the terminal radical unit. If the reactivity ratios are at unity (r1 = r2 = 1), it indicates that the 

propagating radical is equally likely to add on the same monomer as the propagating radical 

(homopropagation) or the other monomer (cross-propagation). 

𝐹' =
𝑟'𝑓', + 𝑓'𝑓,

𝑟'𝑓', + 2𝑓'𝑓, + 𝑟,𝑓,,
 (6) 

 

Figure 3-5. Mayo–Lewis plot for random copolymerization of farnesene and GMA in bulk at 120 and 90 °C using 

NHS-BB. The dashed line is the Mayo–Lewis curve calculated using relative reactivity ratios rFar = 0.54 and rGMA = 

0.24. The solid line represents the relative reactivity ratios at unity. 

The relative reactivity ratios of Far/GMA copolymerization were estimated by fitting the FFar 

versus fFar,0 data at 120 °C using the Mayo–Lewis equation in MATLAB. The reactivity ratios 

were determined with 95% confidence intervals to be rFar = 0.54 ± 0.04 and rGMA = 0.24 ± 0.02. 

The cumulative polymer compositions were measured at low conversion (X < 15%) (see Table A-

2 in Appendix A) to apply the Mayo–Lewis equation. Both reactivity ratios are <1, therefore both 

Far and GMA have higher cross-propagation rate coefficients than homopropagation. However, 

rFar is about two times higher than rGMA, so Far is slightly more preferentially incorporated into the 

copolymer. The Mayo–Lewis curve has an azeotrope at fFar,0 ≈ 0.62 and both ratios are <1, so the 

polymer composition is essentially random. Three data points from the 90 °C experiments were 

included in the Mayo–Lewis plot as well. They were close to the estimated Mayo–Lewis curve 
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determined at 120 °C, which suggests that reactivity ratios were not greatly affected by 

temperature. 

Other diene/GMA statistical copolymerizations like isoprene/GMA and myrcene/GMA have 

similar reactivity ratios estimated assuming the terminal model and are summarized in Table 3-1. 

Interestingly, as the terpene monomer side chains get longer, their reactivity ratios relative to GMA 

increase. In other words, their homopropagation rate coefficients increase relative to cross-

propagation. Myrcene/GMA have almost identical reactivity ratios, and isoprene is less reactive 

than GMA, whereas Far is more reactive than GMA. However, looking at the diene/MMA 

systems, dienes are consistently more reactive than MMA. 

Table 3-1. Summary of reactivity ratios for butadiene (BD)/MMA, isoprene (IP)/MMA, myrcene (Myr)/MMA, 

IP/GMA, Myr/GMA, and Far/GMA copolymerizations 

 rdiene rMMA 

BD/MMA [63] 0.75 ± 0.05 0.25 ± 0.03 

IP/MMA [64] 0.78 ± 0.13 0.4 ± 0.1 

Myr/MMA [65] 0.44 0.27 

 rdiene rGMA 

IP/GMA [42] 0.119 ± 0.048 0.248 ± 0.161 

Myr/GMA [55] 0.49 ± 0.13 0.50 ± 0.13 

Far/GMA 0.54 ± 0.04 0.25 ± 0.02 

 

In copolymerizations of St/GMA and St/MMA, it was concluded that GMA was more 

preferentially incorporated relative to alkyl methacrylates like MMA due to polarity of the epoxy 

ester [66]. The polar ester decreases electron density of the double bond, therefore increasing the 

incorporation of functional methacrylate, which was also observed in the copolymerization of St 

and 2-hydroxyethyl methacrylate [67]. Nonetheless, all the diene/GMA systems have reactivity 

ratios <1, so these copolymers are random in composition which indicates the functionality in 

GMA is well distributed throughout the polymer chain. The statistical copolymerization of 

Far/GMA using NHS-BB gave insight regarding composition of the polymer chains, chain-end 
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moiety (Far in Far-rich compositions, and GMA in GMA-rich compositions), and would allow us 

to compare it to copolymerization with the new alkoxyamine (D7) later. 

3.4.3 Chain Extension of Poly(Far-stat-GMA) Copolymers 

To investigate whether the poly(Far-stat-GMA) copolymers made with NHS-BB have active chain 

ends, they were chain extended with styrene at 110 °C in 50 wt% toluene. Two different 

macroinitiators were synthesized, GMA rich and Far rich, to compare the ability for the 

macroinitiators of different compositions to be reinitiated for polymerization. The compositions 

and properties of the macroinitiators are summarized in Table 3-2. The GMA-rich and Far-rich 

macroinitiators were synthesized with initial monomer fractions fFar,0 = 0.2 and 0.8, respectively. 

After polymerization at X < 60%, the actual polymer compositions were FFar = 0.24 and 0.74, 

respectively. 

Table 3-2. GMA- and Far-rich macroinitiators synthesized in bulk at 120 °C using NHS-BB 

 

The Ð of GMA-rich macroinitiator was fairly high (1.63), because it was synthesized at 120 °C 

and polymerization of GMA is not as well controlled at high temperatures. After 60 min of chain 

extension, the molecular weight did not increase very much in the next hour and the Ð increased 

to 1.77 as seen in Table A-3, Supporting Information. The high Ð suggests a significant fraction 

of the polymer chains were terminated and could not continue to polymerize. This was expected 

as the GMA-rich macroinitiator started with a high Ð, with some of the chains already dead, but it 

was still able to chain extend showing some pseudo-livingness. 

 

Macro-initiator fFar, 0 fGMA, 0 X (%) Mn (kg/mol) Đ FFar FGMA 

GMA-rich 0.2 0.8 58.2 23.0 1.63 0.24 0.76 

Far-rich 0.8 0.2 56.9 19.2 1.33 0.74 0.26 
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The Far-rich macroinitiator had a lower Ð of 1.33, as anticipated, because Far-rich 

copolymerizations had much better control with the majority of the chains remaining active. The 

chain-extension reaction with styrene also increased linearly after 2 h, while the Ð remained low 

with a final Ð of 1.34 shown in Table A-4, Supporting Information. Far-rich macroinitiators were 

mostly active and chain extended successfully due to high chain-end fidelity. 

The MWDs for the chain-extension reactions are shown in Figure 3-6 and there was a clear 

shift/increase in molecular weight for both GMA- and Far-rich macroinitiators. Both sets of GPC 

traces showed a small low molecular weight tail, indicating some macroinitiator chains did not 

chain extend. Nonetheless, both macroinitiators were reinitiated to a high level and continued to 

polymerize with styrene showing effective chain extension with significant amount of active chain 

ends. 

 

Figure 3-6. GPC traces of chain-extension reactions of a) GMA-rich and b) Far-rich macroinitiators with styrene in 

50 wt% toluene at 110 °C. 
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reagents [38]. The chemical structures of the two initiators in this study are shown in Scheme 3-2. 

D7 has a higher kc because the steric hindrance provided by the tert-butyl and dimethyl groups on 

the nitroxide of NHS-BB is replaced with the cyclohexyl and benzyl groups on D7. This new 

alkoxyamine has not yet been reported for the copolymerization of methacrylates with other types 

of monomers, therefore it was directly applied to this study for the copolymerization of Far and 

GMA. 

 

Scheme 3-2. Chemical structures of a) NHS modified BlocBuilder (NHS-BB) and b) D7 alkoxyamine. 

Copolymerization of equimolar Far and GMA was done using D7 as the alkoxyamine initiator in 

bulk at 120 and 90 °C. The GPC traces of the copolymers synthesized using D7 at both 

temperatures showed a hint of a shoulder in the MWD (Figure 3-7), and increased the Ð as a result 

(Figure 3-8). Especially at 120 °C, the Ð and Mn were initially high, indicating slow decomposition 

of the alkoxyamine, which is consistent with the literature [38-40]. As the polymerization 

progressed, new chains continue to be initiated slowly until the chain lengths approached the 

theoretical Mn and consequently Ð decreased [68]. In previous studies, the slow decomposition 

was suppressed by increasing the temperature, however, the dispersity at 120 °C was higher than 

at 90 °C. It is likely that the temperature was too high at 120 °C for the polymerization to remain 

well controlled, creating more dead chains. 

OEt
P

O

N
O

O

O
OEt

N

O

O

O
N

CNCN

a) b)



 77 

 

Figure 3-7. GPC traces of 50/50 molar ratio of Far/GMA random copolymerizations in bulk using D7 at a) 120 and 

b) 90 °C. 

 

 

Figure 3-8. Number average molecular weights (Mn) and dispersity (Đ) plotted as a function of conversion for 50/50 

molar ratio of Far/GMA random copolymerizations with D7 in bulk at a) 120 and b) 90 °C. The solid line is the 

theoretical Mn calculated from the conversion based on a target molecular weight of 30 000 g mol−1. 
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Despite the slow decomposition, homopolymerization of MMA and n-butyl methacrylate using 

D7 did not result in a shoulder in the MWD, only increasing the Ð [39, 40]. Furthermore, 

irreversible termination of chains in copolymerizations of Far and GMA using NHS-BB in GMA-

rich compositions broadened the MWD and created a low molecular weight tail, but not a shoulder. 

The Far/GMA copolymers synthesized using D7 had more of a shoulder at 90 °C than at 120 °C, 

so the apparent shoulder in the MWD is not due to irreversible termination, which should be more 

prominent at higher temperatures. The shoulder in the MWD (or bimodal distribution) suggests 

there are two populations of polymer chains that are distinctly different in chain length, which was 

not seen in homopolymerizations using D7 or copolymerizations using NHS-BB. 

In Figure 3-9, the MWD for 50/50 Far/GMA copolymer is overlaid with the MWDs of Far and 

GMA homopolymers all synthesized using D7 at 90 °C. The shoulder of the copolymer matches 

the peak of the Far homopolymer, and the taller peak of the copolymer matches the peak of the 

GMA homopolymer. This seems to suggest that the two populations of polymer chains are 

different in length and in composition, where the shorter chains are Far rich and the longer chains 

are GMA rich. 

 

Figure 3-9. GPC traces of 50/50 molar ratio of Far/GMA random copolymer, farnesene homopolymer, and GMA 

homopolymer at 90 °C in bulk using D7. 
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condition or QEC) is established [69]. The rate at which the QEC is established relative to cross-

propagation is important to consider in all types of RDRP including ATRP [70, 71] and RAFT 

polymerizations [72]. 

The Far and GMA reactivity ratios obtained earlier, using NHS-BB initiator and assuming a 

terminal model, were rFar = 0.54 and rGMA = 0.24, which means the cross-propagation coefficients 

are two and four times higher than the homopropagation coefficients for Far and GMA, 

respectively. Furthermore, the rate of decomposition for D7 (kd,90C = 0.001 s−1) is much slower 

than BlocBuilder (kd,90C = 0.046 s−1) [38]. The slow rate of decomposition limits the source of 

radicals, which delays the rate at which QEC is established. Before QEC is established, the radical 

populations are predetermined by the cross-propagation kinetics [69]. Because D7 has a slow rate 

of decomposition and both Far and GMA tend to cross-propagate, these Far/GMA copolymers 

synthesized using D7 do not have good chain-to-chain compositional homogeneity. 

The averaged propagation rate coefficient for isoprene and GMA copolymerization was slowed 

down significantly compared to the homopolymerization of GMA by free radical polymerization 

(kpcop = 42 L mol–1 s–1 at fGMA,0 = 0.24 versus kp,GMA = 600 L mol–1 s–1 at 25 °C) [73]. Propagation 

coefficients were not obtained for Far/GMA, but as seen previously the ⟨kp⟩⟨K⟩	values decreased 

significantly by increasing Far monomer composition. This suggests that the homopropagation of 

Far is much slower than GMA, and Far is slightly more prone to homopropagation than GMA 

according to their reactivity ratios. 

Therefore, several factors can be used to rationalize the bimodal distribution of the Far/GMA 

copolymers with D7. Far monomers were initiated, and when they did homopropagate, they grew 

very slowly into short, Far-rich chains. GMA monomers were also initiated, and although they did 

not homopropagate as much, the homopropagation was very fast and grew into long, GMA-rich 

chains. Both of these populations were established pre-QEC, and continued to polymerize in a 

controlled fashion once the nitroxide population has stabilized. The bimodal distribution could 

also be due to a difference in initiation rate for Far and GMA monomers and/or a large difference 

in equilibrium constants for Far and GMA propagating radicals (KFar and KGMA). However, further 

kinetic studies will need to be done to verify these justifications. 
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Nonetheless, poly(Far-stat-GMA) copolymer made with D7 was successfully chain extended with 

styrene at 110 °C in 50 wt% toluene. This further indicates the shorter chains were not formed due 

to irreversible termination, because they were reinitiated and continued to polymerize with styrene. 

In fact, the dispersity decreased from 2.07 initially to 1.80 after 3 h, as Mn increased from 19 to 30 

kg mol−1. It is evident from the GPC traces in Figure 3-10 that the shoulder eventually disappeared, 

and the Ð became lower. 

 

Figure 3-10. GPC traces for chain extension of 50/50 molar ratio of Far/GMA macroinitiator using D7 with styrene 

in 50 wt% toluene at 110 °C. 

3.4.5 Block Copolymers Using NHS-BlocBuilder versus D7 

CRP is well known to tightly control chain-to-chain composition and molecular structure of 

polymer chains. Styrene-b-acrylic acid (PS-b-PAA) block copolymers were made by NMP with 

precisely controlled dispersity and block lengths to use as stabilizers in emulsion polymerization 

[74]. It was also shown that these surfactants do not require low dispersity to create a stable 

emulsion [75]. Therefore, the synthesis of Far-b-GMA diblock copolymers was investigated using 

both NHS-BB and D7 initiators. First, the Far homopolymer block was synthesized using NHS-

BB in bulk at 120 °C, and the Far-NHS macroinitiator was used for two different chain-extension 

reactions with GMA. Another Far homopolymer macroinitiator was synthesized using D7 (Far-

D7) in the same conditions for chain extension with GMA. The properties of the two poly(Far) 

macroinitiators are summarized in Table 3-3. The homopolymerization of Far using NHS-BB was 

well controlled as seen in Figure A-6, Supporting Information resulting in a low Ð of 1.17. The 
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Figure A-7, Supporting Information, but is higher in Ð and molecular weight due to the slow 

initiation of D7. 

Table 3-3. Summary of poly(Far) macroinitiators using NHS-BB and D7 synthesized in bulk at 120 °C 

Macroinitiator X (%) Mn (g/mol) Đ 

Far-NHS 38 9100 1.17 

Far-D7 45 18900 1.60 

 

Far-NHS was first chain extended with GMA without any controlling comonomer at 110 °C in 50 

wt% toluene. The polymerization rate was fast and molecular weight increased quickly after 90 

min. When Far-NHS was chain extended with GMA and 10 mol% Far (acting controlling 

comonomer), the final Ð is slightly lower than without Far, suggesting less irreversible 

termination. The dispersity of the Far-NHS chain extensions with and without Far are 1.50 and 

1.80 (Table 3-4), respectively, so adding 10 mol% Far did aid in controlling the polymerization of 

GMA. The GPC traces for both chain extensions of Far-NHS in Figure 3-11 show that most chains 

were able to reinitiate and continued to polymerize throughout the reaction. 

Table 3-4. Chain extension of poly(Far) macroinitiators to make Far-b-GMA diblock copolymers. Cumulative 

polymer composition (FFar and FGMA) were determined by 1H NMR 

 

Macroinitiator fFar,0 fGMA,0 Mn (g/mol) Đ FFar FGMA 

Far-NHS 0 1 48100 1.80 0.38 0.62 

Far-NHS 0.1 0.9 35100 1.50 0.63 0.37 

Far-D7 0 1 44756 3.07 0.35 0.65 
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Figure 3-11. GPC traces of Far-NHS macroinitiator chain extension with a) GMA and b) 10 mol% Far and 90 mol% 

GMA in 50 wt% toluene at 110 °C. 

A poly(Far) macroinitiator was synthesized with D7 initiator to examine whether it would also 

chain extend with GMA. Similarly, it was done in 50 wt% toluene at 110 °C. Looking at the GPC 

traces in Figure 3-12, the majority of the chains did chain extend as seen by the shift in the MWDs. 

There is a more evident high molecular weight tail compared to the chain extensions using Far-

NHS macroinitiator resulting in a very high final Ð of 3.07 as seen in Table 3-4. The dispersity of 

Far-D7 was high to begin with because of the slow initiation of D7, however, it seems the 

reinitiation of Far-D7 macroinitiator is also slow therefore further increasing the dispersity. 

 

Figure 3-12. GPC traces of Far-D7 macroinitiator chain extension with GMA in 50 wt% toluene at 90 °C. 
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It may appear that chain extension using D7 resulted in less active chain ends because of the high 

final Ð compared to chain extensions done with NHS-BB. However, looking at the increase of 

molecular weight with conversion in Figure 3-13, the chain extensions of Far-NHS deviated more 

from linearity than chain extension of Far-D7. With Far-NHS, molecular weight did not increase 

as linearly, indicating some degree of irreversible termination, whereas Far-D7 increased linearly 

in molecular weight meaning most of the chains continued to polymerize. 

 

 

Figure 3-13. Molecular weight (Mn) and dispersity (Đ) versus conversion plots for chain extension of a) Far-NHS 

with GMA with and without 10 mol% Far and b) chain extension of Far-D7 with GMA at 110 °C and 50 wt% 

toluene. 

The new alkoxyamine, D7, was designed to better control the polymerization of methacrylates. In 

the chain extension of Far-D7, it did exhibit better control over the polymerization of GMA as 

most chain ends remained active. The chain extensions done with NHS-BB was not as well 

controlled and adding 10 mol% of Far in the feed improved the chain extension with GMA slightly. 

The diblock Far-b-GMA copolymers made with D7 vary greatly in chain length for the respective 
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Far and GMA blocks as shown by the high Ð. However, the polymer chains have distinct 

homogeneous blocks of Far and GMA while maintaining active chain ends for perhaps another 

chain extension, which is an advantage over NHS-BB. 

3.5 Conclusion 

The bio-based monomer, Far, was successfully statistically copolymerized with epoxy-functional 

GMA by NMP. Although conventional SG1-based initiators are known to not control the 

polymerization of methacrylates well, statistical copolymerization of Far/GMA with NHS-BB 

showed that Far can act as a controlling comonomer at 10 mol% and 90 °C. Furthermore, the low 

conversion data of Far/GMA copolymerizations were used to determine reactivity ratios (rFar = 

0.54 ± 0.04 and rGMA = 0.24 ± 0.02) indicating that the copolymers were essentially random in 

composition similar to isoprene/GMA and myrcene/GMA. The Far/GMA copolymers had active 

chain ends as shown by successful chain extension, although Far-rich macroinitiators exhibited 

better control than GMA-rich macroinitiators. 

The statistical copolymerization using NHS-BB provided a good basis for assessment of the new 

alkoxyamine, D7, which was shown to improve homopolymerization of methacrylates but not yet 

used in copolymerizations. The resulting Far/GMA copolymers synthesized with D7 had bimodal 

MWDs due to the slow decomposition of the initiator and asymmetry of the cross-propagation 

kinetics, which resulted in high dispersity but active chain ends. Synthesis of diblock poly(Far-b-

GMA) and poly[Far-b-(GMA-stat-Far)] copolymers using NHS-BB and poly(Far-b-GMA) using 

D7 were compared. Chain extension of Far-NHS with GMA was better controlled with 10 mol% 

Far added, but chain extension of Far-D7 with only GMA had more active chain ends. However, 

the slow initiation of D7 was still apparent in the chain extension with GMA resulting in high 

dispersity. This study showed that Far can be polymerized by NMP for the first time, and 

copolymerization (statistical and block) with a functionalized GMA was done with both NHS-BB 

and D7, however, the copolymerization kinetics of the new alkoxyamine needs to be further 

investigated. 
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4 Polymerization of bio-based farnesene in miniemulsions by 

nitroxide-mediated polymerization 

After successful NMP of Far was done in bulk, the logical next step was to perform the 

polymerization in aqueous dispersion. One benefit of polymerization in emulsion systems is 

eliminating volatile organic compound solvents, while maintaining low viscosity of the reaction 

mixture. Furthermore, the initial intent on synthesizing poly(Far) in emulsion systems was to 

utilize compartmentalization effects to achieve high molecular weights, therefore surpassing the 

entanglement molecular of poly(Far) in order to exhibit viscoelastic properties. There are several 

examples of emulsion polymerization of Myr done by redox polymerization and RAFT [39-41], 

but Far had not been polymerized in emulsion until now. This chapter demonstrates the NMP of 

Far in miniemulsion for the first time and the article was published in ACS Omega in 2021 (S.B. 

Luk, M. Maric, Polymerization of bio-based farnesene in miniemulsions by nitroxide-mediated 

polymerization, ACS Omega 6(7) (2021) 4939-4949) [42]. 

Similar to the polymerizations of Far done in bulk, the kinetics were compared between NHS-BB 

and D7 initiators. Surprisingly, particle size of these miniemulsion systems were not as affected 

by surfactant concentration, although chain-end activity was better when more surfactant was used. 

Smaller particles were observed when using NHS-BB (~300 nm) compared to D7 initiator (~400 

nm), therefore there was a higher number of particles, which led to faster polymerization rate and 

higher conversion. Unfortunately, compartmentalization did not occur, but confined space effects 

were observed, even though particle size was larger than typical NMP miniemulsions [43, 44]. 

This was due to the slow activation of D7 initiator effectively lowering the average concentration 

of radicals per particle such that the overall polymerization rate was decreased. Nonetheless, 

poly(Far) macroinitiators synthesized in miniemulsion were able to be chain-extended with St, 

suggesting active chain-ends, and successfully formed diblock copolymers. Poly(Far) 

macroinitiators were also chain-extended with iBOMA making an all bio-sourced diblock 

copolymer. However, poly(Far) made with D7 showed better chain-extension with iBOMA 

compared to NHS-BB as seen by an obvious shift in molecular weight distribution. The supporting 

information of this publication is included in Appendix B, and the supporting figures and tables 
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are referred to as Figure B-X and Table B-X in this chapter. There is also a correction in this 

publication regarding the reference to Table 4-2 on page 105, which should be Table 4-1. 
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4.1 Abstract 

Biobased farnesene (Far) was polymerized by nitroxide-mediated polymerization in 

miniemulsions using two different alkoxyamine initiators, the SG1-based and succinimidyl-

modified BlocBuilder (NHS-BB) and Dispolreg 007 (D7). Stable emulsions were observed after 

30 h of reaction at 90 °C, where NHS-BB-initiated systems resulted in smaller particles (∼300 

nm) than using D7 (∼400 nm). Successful chain extension of the poly(Far) macroinitiators 

(24,500–39,700 g mol–1) with styrene were achieved using 15 wt % surfactant relative to monomer 

concentration. Compartmentalization effects were not observed in these emulsions as the 

polymerization rate was still much slower compared to the bulk, even though Z-averaged particle 

sizes were around 300–400 nm. Finally, all biobased diblock copolymers were synthesized by 

chain-extending poly(Far) macroinitiators with isobornyl methacrylate (iBOMA), where the D7 

initiator showed more effective chain extension (less unreacted macroinitiator) than NHS-BB. 

4.2 Introduction 

There is increasing incentive to create materials from biorenewable resources, as well as modifying 

the processes in creating these materials to become greener. One such industrially relevant material 

is poly(styrene-block-butadiene-block-styrene) (SBS), which is a triblock copolymer used as a 

thermoplastic elastomer (TPE) [1]. This material can be processed at high temperatures such as 

thermoplastics and also have elastic properties without being chemically cross-linked, therefore 

making it a versatile material that is used in automotive parts, rubber soles for shoes, and asphalt 

modifiers [2−4]. The elastomeric segment is made of a poly(diene) (i.e., butadiene or isoprene [5]) 

sandwiched between thermoplastic segments made of poly(styrene). Traditionally, SBS is 

synthesized via anionic polymerization, which is done in organic solvents, and butadiene and 

styrene, which are both petroleum-derived monomers [6]. Moreover, anionic polymerization is 

intolerant to functional groups and cannot be done in water. Although there have been recently 

reported methods to produce butadiene and isoprene from biorenewable resources, these 

monomers are still volatile and nevertheless require pressurized vessels for polymerizations to 

occur [7,8]. 
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Controlled radical polymerization, or more properly known as reversible deactivation radical 

polymerization (RDRP), combines the specificity of anionic/living polymerization to control the 

molecular architecture of polymer chains and the simplicity of radical chemistry that is robust and 

less stringent reactions conditions in comparison [9,10]. There are several types of RDRP: atom 

transfer radical polymerization [11], reversible addition–fragmentation transfer polymerization 

(RAFT) [12], and nitroxide-mediated polymerization (NMP) [13]. All these methods are able to 

incorporate functional groups into a polymer chain largely without need for protecting group 

strategies, and therefore, the resulting materials can be easily tailored to improve compatibilization 

and performance. 

An added advantage of RDRP is its ability to be done in dispersed aqueous media (e.g., emulsion, 

miniemulsion, or dispersion polymerization), as well as in solution and bulk [14]. This reduces the 

use of volatile organic compounds (VOCs) and lowers emissions while maintaining low viscosity, 

which can be important for latex coatings [15]. Furthermore, depending on the particle size, there 

can be compartmentalization of the radicals, which could help attain higher polymer molecular 

weight and/or rate of polymerization compared to in bulk [16−18]. For RDRP, partitioning of the 

chain-transfer agent between the organic and aqueous phase is another significant factor to 

consider [19−21]. 

The polymerization of butadiene and isoprene has been explored by RAFT [22,23] and NMP in 

solution/bulk polymerization, and NMP generally resulted in poly(dienes) that were lower in 

dispersity [24]. Emulsion polymerization of butadiene and isoprene were mainly done by RAFT, 

and the resulting diblock copolymers consisting of poly(isoprene-b-styrene) showed micro-phase 

separation, as in differential scanning calorimetry, an important property for thermoplastic 

elastomers [25,26]. Triblock SBS polymer latex was successfully synthesized by RAFT in 

miniemulsions and showed comparable mechanical properties to conventional SBS made by 

anionic polymerization [27]. 

Initially, NMP in emulsion proved to be difficult using a TEMPO alkoxyamine initiator as the 

polymerization loci would occur in the large monomer droplets, causing coagulation and emulsion 

instability [28]. Additionally, TEMPO is hydrophobic and requires high temperatures for 
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activation (∼135 °C). A second-generation alkoxyamine, the SG1-based BlocBuilder, is water-

soluble when neutralized and has a higher rate of activation and allowed for NMP in emulsions 

[29]. Even more recently, a newly developed alkoxyamine, Dispolreg 007 (D7), that is tailored for 

nitroxide-mediated homopolymerization of methacrylates, has been applied successfully in 

miniemulsions as well [30−32]. 

In an effort to replace petroleum-derived materials, farnesene (Far) and myrcene (Myr) have been 

investigated as biosourced dienes that are similar to butadiene and isoprene (see Scheme 4-1) 

[33,34]. Myr has been polymerized by conventional free radical polymerization and RAFT, 

[35,36], and Far has been polymerized by anionic polymerization and redox free-radical 

polymerization in emulsion [37,38]. Both Myr and Far have also been successfully polymerized 

by NMP in bulk for making thermoplastic elastomers with functionalized methacrylates (e.g., 

glycidyl methacrylate (GMA) and isobornyl methacrylate (iBOMA)) [39−41]. Statistical 

copolymers were also made using either Myr or Far with GMA and iBOMA to incorporate 

functional groups throughout the poly(diene) chain. Poly(Far-stat-GMA) and poly(Far-b-GMA) 

were made with succinimidyl-modified BlocBuilder (NHS-BB) and D7 initiators, which are both 

used to better control polymerization of methacrylates [41]. NHS-BB requires a small amount of 

the controlling comonomer, while D7 can homopolymerize methacrylates. Furthermore, Myr and 

Far are less volatile than butadiene and isoprene and therefore can be polymerized at atmospheric 

pressure, further simplifying the process and avoiding the use of more costly pressurized reactors. 

However, due to the long side chains of Myr and Far increasing their hydrodynamic volumes, 

higher molecular weights are required in order for the polymer chains to entangle and provide 

sufficient elastomeric properties. The entanglement molecular weight (Me) for poly(Myr) and 

poly(Far) are 17,700 and ∼50,000 g mol–1, respectively, whereas Me for poly(butadiene) and 

poly(isoprene) are 1800 and 5400 g mol–1, respectively [42,43]. 
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Scheme 4-1. Chemical Structures of Petroleum-Derived Dienes, Butadiene, and Isoprene, and Biosourced Dienes, 

Myrcene and Farnesene 

In this study, biosourced Far was polymerized by NMP using both NHS-BB and D7 initiators in 

miniemulsions for the first time. The sustainable aspect of this investigation is threefold: using a 

biosourced monomer to replace petroleum-derived monomers, performing the polymerization in 

aqueous media, eliminating VOCs, as well as performing the polymerization at atmospheric 

pressure, given the lower volatility of Far. Additionally, the goal was to utilize the 

compartmentalization effect in miniemulsions to lead to higher-molecular weight poly(Far) 

segments and improve the elastomeric properties by far exceeding the entanglement molecular 

weight of the rubbery block segment, which is the general approach applied for most TPEs (i.e., 

10–20,000 g mol–1 for poly(styrene) block and 40–80,000 g mol–1 for poly(butadiene) block for 

SBS) [1]. The chain-end activity of the poly(Far) macroinitiators was investigated by chain 

extension with St to synthesize poly(Far-b-St) and with iBOMA to synthesize a completely 

biosourced poly(Far-b-iBOMA). The kinetics of nitroxide-mediated polymerizations in 

miniemulsions were also compared between the NHS-BB and D7 initiators. Furthermore, 

surfactant loading, particle size, and compartmentalization were comprehensively studied to 

understand how these factors affected the chain-end fidelity and molecular weight of poly(Far). 

4.3 Results and discussion 

4.3.1 Comparing surfactant loading in miniemulsions 

Initially, the first two miniemulsion experiments were done with 5 wt % surfactant relative to the 

monomer using both initiators: D7 and NHS-BB. While both experiments showed linear kinetics 
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in the ln(1/(1 – X)) versus time plots after 30 h of reaction (shown in Figure B-1 in Appendix B), 

the poly(Far) macroinitiators did not chain-extend when polymerized with styrene (St) afterward. 

The dispersed particles appeared to remain stable at the end of the reaction as the particles did not 

coagulate and settle to the bottom; however, 5 wt % surfactant was not sufficient to maintain active 

chain ends of the polymer chains as the molecular weight distributions did not shift to higher 

molecular weights after the intended chain extension with St (Figure B-2). The final conversion of 

these two experiments initiated by D7 and NHS-BB were 28 and 40%, respectively. The final 

properties of all poly(Far) made by miniemulsions in this study are summarized in Table 4-1. 

Table 4-1. Table of Poly(Far) Properties from Miniemulsion Polymerization Summarizing Final Conversion, Final 

Molecular Weight, Dispersity, Z-Averaged Particle Size, and Polydispersity Index of Particlesa 

Experiment Initiator 
Mn,target 

(g mol-1) 

Surfactant 

loading 

(wt%) 

Final 

Conversion 

(%) 

Final 

Mn (g 

mol-1) 

Final 

Ð 

Final Z-

averaged 

particle 

size (nm) 

Poly-

dispersity 

index 

Exp 1 D7 50,000 5 27.7 22,800 2.31 425 0.287 

Exp 2 NHS-BB 50,000 5 39.7 49,300 2.23 298 0.297 

Exp 3 D7 50,000 15 27.7 24,500 2.22 362 0.386 

Exp 4 D7 30,000 15 29.4 13,900 2.38 310 0.286 

Exp 5 NHS-BB 50,000 15 32.7 39,700 1.67 336 0.286 

a) Final measurements were taken after 30 h of reaction. 

The remaining miniemulsion experiments were done with 15 wt % surfactant using different 

initiators and different target molecular weights (Mn,target). First, the experiments done using the 

D7 initiator and 5 versus 15 wt % surfactant (Exp 1 vs Exp 3) were compared. The ln(1/(1 – X)) 

with time followed a linear trend in both cases, as seen in Figure 4-1, which shows good 

simultaneous chain growth for most polymer chains. The rates of polymerization in both cases 

were also the same, so it was not affected by increasing the surfactant loading. Similarly, the 

molecular weight and dispersity versus conversion plots were not affected by surfactant loading, 

as shown in Figure 4-2. Molecular weights also increased linearly with conversion, further 

indicating steady growth, suggestive of a controlled polymerization. Dispersities remained high, 

typically ∼2, likely due to the slow rate of propagation and initiation at a relatively low 
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polymerization temperature of 90 °C. However, polymer chains continued to grow, and dispersity 

decreased at X > 10%, as seen in Figure 4-2b, so the high dispersity can also be due to the 

polymerization being in the early stages with the low conversions reported. Perhaps, dispersity 

could continue to decrease as the conversion increases (until irreversible termination occurs). 

 

Figure 4-1. Linearized conversion vs time plot for the homopolymerization of farnesene in miniemulsions using D7 

at 90 °C in 20 wt % monomer with 5 and 15 wt % surfactant and a Mn,target = 50,000 g mol–1. 

 

Figure 4-2. (a) Molecular weight and (b) dispersity vs conversion plots for the homopolymerization of farnesene in 

miniemulsions using D7 at 90 °C in 20 wt % monomer with 5 and 15 wt % surfactant and Mn,target = 50,000 g mol–1. 

The experimental Mn values were consistently higher than the theoretical Mn values, which is 

expected as D7 has a slower rate of activation (kact) compared to TEMPO and SG1-based initiators 

and is known to create longer polymer chains due to fewer alkoxyamines initiating chain growth 
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from the beginning [30,31]. This also explains the higher dispersity values of ∼2.3, although they 

are considerably higher than previously reported for polymerization of Far using D7 in bulk [41]. 

Despite the high dispersity, which should indicate a significant concentration of inactive chain 

ends, poly(Far) synthesized using 15 wt % surfactant successfully chain-extended with styrene, as 

opposed to poly(Far) made using 5 wt % surfactant. In Figure 4-3, the molecular weight 

distributions (MWDs) shifted to the right as the molecular weights increased with reaction time 

after 120 min of chain extension from 24,500 to 35,100 g mol–1. The resulting poly(Far-b-St) 

diblock copolymer had a dispersity of 2.20. Final copolymer composition along with other block 

copolymer properties are summarized in Table 4-2. The kinetics of the two miniemulsions were 

very similar, but increasing the surfactant loading maintained more active chain ends. This will be 

discussed more fully in a later section. 

 

Figure 4-3. MWD of poly(Far-b-St) after 120 min of chain extension of poly(Far) made with 15 wt % surfactant and 

Mn,target = 50,000 g mol–1. 

Table 4-2. Summary of Poly(Far) Macroinitiators Made with D7 and NHS-BB Initiators and Chain-Extended with 

St and iBOMA at 120 and 90 °C, Respectively, in 50 wt % Toluenea 

Chain-

extension 

Macroinitiator 

alkoxyamine 

Poly(Far) 

macroinitiator 

Mn (g mol-1) 

fSt fiBOMA Final Mn (g 

mol-1)b 

Final 

Ð 

FFar 

estimated 

by NMR 

CX-1 D7 24,500 1.0 0 35,100 2.20 0.38 

CX-2 D7 13,900 1.0 0 28,900 2.22 0.27 

CX-3 NHS-BB 39,700 1.0 0 70,400 2.15 0.31 

CX-4 D7 24,500 0 1.0 30,645 3.19 0.30 
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CX-5 NHS-BB 39,700 0.1 0.9 44,300 2.24 N/A 

a) Final copolymer compositions were estimated by 1H NMR; b) Final Mn of the diblock copolymers 

were estimated by GPC and are relative values using PMMA standards; therefore, copolymer 

compositions were more accurately estimated using 1H NMR. 

All the miniemulsion experiments were analyzed after 30 h of reaction and achieved relatively low 

conversions of ∼30–40%. One miniemulsion study was done with 15 wt % surfactant using the 

D7 initiator, and the reaction time was extended to 72 h. The conversion achieved was not much 

higher and the final Mn and Ð were 32,300 g mol–1 and 2.19 (Figure B-3), respectively. Therefore, 

the reaction time was chosen to be 30 h in this study for convenience. However, the 72 h emulsion 

reaction remained visibly stable without coagulation and chain extension with St was successful, 

indicating high chain-end fidelity (Figure B-4). The low conversions from the 30 h reaction were 

also ideal as most polymer chain ends would remain active for chain extension, with the long-term 

goal of deriving high-molecular weight block copolymers. 

4.3.2 Comparing target molecular weights in miniemulsions 

The effect of changing Mn,target of the farnesene homopolymerizations in miniemulsions was 

studied as well using the D7 alkoxyamine. By varying Mn,target, it effectively varies the monomer-

to-nitroxide ratio in the system. The ln(1/(1 – X)) versus time plots of the miniemulsions done with 

Mn,target = 30,000 versus 50,000 g mol–1 (Exp 3 vs Exp 4) are shown in Figure 4-4. With Mn,target = 

30,000 g mol–1, the plot showed linear kinetics in the range studied, which indicate that most 

polymer chains were growing simultaneously at the same rate, similar to the previous experiment 

with Mn,target = 50,000 g mol–1. The molecular weight also increased linearly with conversion, as 

seen in Figure 4-5, as the final molecular weight was 13,900 g mol–1 and the final Ð = 2.38. 
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Figure 4-4. Linearized conversion vs time plot for the homopolymerization of farnesene in miniemulsions using D7 

at 90 °C in 20 wt % monomer with 15 wt % surfactant and Mn,target = 30,000 and 50,000 g mol–1. 

 

Figure 4-5. (a) Molecular weight and (b) dispersity vs conversion plots for the homopolymerization of farnesene in 

miniemulsions using D7 at 90 °C in 20 wt % monomer with 15 wt % surfactant and Mn,target = 30,000 and 50,000 g 

mol–1. The solid line in (a) represents the theoretical Mn for Mn,target = 50,000 g mol–1, and the dashed line represents 

the theoretical Mn for Mn,target = 30,000 g mol–1. 

The experimental Mn for Mn,target = 30,000 g mol–1 was also significantly higher than the theoretical 

Mn but not as significant compared to Mn,target = 50,000 g mol–1. Furthermore, the rate of 

polymerization for Mn,target = 30,000 was faster than Mn,target 50,000, as seen in Figure 4-4, although 

in bulk or solution polymerization, the rate of polymerization would be slower when the target 

molecular weight is lower. This is due to the lower monomer-to-nitroxide ratio, which means a 

higher concentration of nitroxides to deactivate the propagating polymer chains, thereby 

decreasing the rate of polymerization. However, the faster rate of polymerization is likely due to 
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the smaller particle size in the emulsion, which is discussed in a later section. Additionally, the 

dispersity was not affected by the change in Mn,target, even though higher concentration of nitroxides 

should maintain more active chain ends and effectively lower the dispersity. 

The chain-end activity of poly(Far) made with Mn,target = 30,000 g mol–1 was investigated by doing 

a chain extension with styrene. The MWD is shown in Figure 4-6, and an increase in molecular 

weight is seen as the distribution shifted to the right with reaction time. The molecular weight 

increased from 13,900 to 28,900 g mol–1, indicating most of the polymer chains remained active. 

There is also a clear disappearance of the slightly low molecular weight shoulder from 0 to 120 

min, therefore decreasing the Ð from 2.38 to 2.22. Block copolymer properties are summarized in 

Table 4-2. 

 

Figure 4-6. MWD of poly(Far-b-St) after 120 min of chain extension of poly(Far) made with 15 wt % surfactant and 

Mn,target = 30,000 g mol–1. 
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Because the polymerizations were done in miniemulsions, the oil phase was dispersed in the water 

phase using ultrasonication to form small micron-sized droplets stabilized by the surfactant. 

Theoretically, each droplet is its own batch reactor containing the oil-soluble initiator, as opposed 

to having large monomer reservoirs and small monomer-swollen micelles such as in conventional 

emulsions (Scheme 4-2). In the DLS analysis, there was evidence of a low fraction of larger 

droplets (103 nm) likely due to the high hydrophobicity of farnesene, but the majority of the 

droplets were ∼102 nm (Figures B-5 and B-6). The emulsions appeared to remain stable without 

obvious visible coagulation (even after 72 h of reaction). At above the critical micelle 

concentration (CMC) of DOWFAX 8390 (3 mM) [46], there is likely the presence of small 

micelle-sized (<100 nm) droplets even though it was not observed from DLS analysis. There is 

also likely excess surfactant at the interface. The Z-averaged particle sizes for the 

homopolymerizations with Mn,target = 50,000 g mol–1 are shown in Figure 4-7. The particle sizes 

mostly remained constant and slightly decreased after 30 h. This was more evident with NHS-BB 

experiments, which could indicate some homogeneous nucleation of new particles in the aqueous 

phase. 

 

Figure 4-7. Z-averaged particle size of miniemulsions for homopolymerizations of farnesene in 5 and 15 wt % 

surfactant using D7 and NHS-BB initiators at 90 °C with a Mn,target = 50,000 g mol–1. 
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Scheme 4-2. Diagram of Conventional Emulsion Polymerization (Left) vs Miniemulsion Polymerization (Right)a 

a) Droplets are stabilized by surfactants, and the red arrows in the right show mass transfer 

of monomer from monomer reservoir into the aqueous phase and then into the micelles for 

polymerization to occur. Initiator is represented by I• either in the aqueous or oil phase. 

The original intent on increasing surfactant concentration was to decrease particle size, which 

would help with maintaining active chain ends and perhaps lead to compartmentalization, therefore 

enabling higher molecular weights to be achieved. It is evident in Figure 4-7 that surfactant loading 

did not quite have an effect on the particle size and polymerization rate, and final Mn also did not 

increase as discussed previously. However, using NHS-BB initiator led to smaller particles than 

using D7, which led to faster rates of polymerization and higher final Mn. Final particle sizes and 

polydispersity index are summarized in Table 4-2. 

Increasing surfactant loading from 5 to 15 wt % did not significantly decrease the Z-averaged 

particle size for both D7 and NHS-BB miniemulsions, but as seen previously, it improved chain-

end fidelity of the poly(Far) macroinitiators for chain extension. Looking at the particle size 

distributions more closely, specifically the volume-averaged distributions, there was a higher 

percentage of large droplets (103 nm in size) nearing the end of the reaction when there was only 

5 wt % surfactant compared to 15 wt % surfactant (Figure 4-8). Although the difference is not 

obvious, there seems to be a smaller left-hand side shoulder at higher surfactant concentration. 
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Figure 4-8. Volume-averaged particle size from DLS for homopolymerizations of Far in miniemulsions in 20 wt % 

monomer using D7 and NHS-BB initiators at 120 °C. 

Nitroxides partition between the aqueous and oil phases in an equilibrium and continuously enter 

and exit the particles [20]. When there is a distribution of particle sizes, nitroxides are much more 

likely to enter smaller micron-sized droplets than larger droplets due to the higher surface area-to-

volume ratio. Therefore, there is a lower concentration of nitroxides in the larger droplets such that 

the likelihood of irreversible termination is increased when there is only 5 wt % surfactant present, 

which perhaps lowered the overall chain-end fidelity in the system. However, a faster rate of 

nitroxide entry also means a faster rate of nitroxide exit. Nonetheless, it is uncertain what 

phenomena caused increased livingness at increased surfactant concentration, and more studies 

would need to be done to conclusively determine the cause for better chain end fidelity at such 

conditions. 
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Although surfactant concentration did not have a significant effect on particle size, alkoxyamine 

concentration did. In the miniemulsion using D7 and Mn,target = 30,000 g mol–1, the particle size 

was consistently smaller than the miniemulsion with Mn,target = 50,000 g mol–1 and it was similar 

to the particle size achieved using NHS-BB. In Figure 4-9, the particle size with conversion is 

plotted for both experiments using different Mn,target. Because the particle size was smaller with 

Mn,target of 30,000 g mol–1, the rate of polymerization was more rapid as a result, as seen earlier in 

Figure 4-4. 

 

Figure 4-9. Z-averaged particle size of miniemulsions for homopolymerizations of farnesene in 15 wt % surfactant 

using D7 at 90 °C with Mn,target = 30,000 and 50,000 g mol–1. 
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that rate of polymerization is decreased [20]. In this case, the confined space effect is observed 

when the polymerization rate is slower than that in bulk. 

Once again, it is interesting that increasing the surfactant concentration had a minimal effect on Z-

averaged particle size unlike what is observed in conventional free radical miniemulsions [47]. 

This was supported by the polymerization rates and Mn versus conversion results that remained 

the same after increasing surfactant concentration. In a miniemulsion study for NMP of styrene 

using TEMPO, where surfactant concentration ranged from below to above CMC, the 

polymerization rate and Mn also remained the same [48]. The initial particle size ranged from 40–

100 nm by decreasing the surfactant concentration from 15 to 1.25 mM. This was justified by the 

fact that the average number of radicals per particle is much lower than 0.5 due to the high 

concentration of nitroxides that are present per particle. Therefore, the rate of polymerization is 

dominated by the deactivation of propagating chains from the nitroxides, such that even with 

smaller particles, the rate did not increase, and compartmentalization was not achieved. Even with 

particle sizes up to 180 nm, compartmentalization was not observed [49]. Similarly, much larger 

particle size was required for compartmentalization in particles with low macroinitiator 

concentration [50]. Furthermore, it has been simulated that with a lower kact, which is the case for 

the D7 initiator, larger particle sizes are required for compartmentalization to occur [20]. This is 

because radical concentration is decreased at lower kact. 

Hence, in nitroxide-mediated polymerizations combined with a lower kact, the particle size would 

have to be larger to increase the average radical concentration per particle to 0.5 and allow for 

compartmentalization. Although the Z-average particle sizes in this study were ∼300–400 nm, the 

number-averaged particle sizes showed that the majority of the particles were ∼150–200 nm in 

size. However, the rate of polymerization was still much slower than compared to bulk, (Xbulk = 

85% after 4 h [41] vs Xminiemulsion = 28% after 30 h both using D7 initiator). Similar to previous 

studies, not only is compartmentalization not observed but also the confined space effect seems to 

be in effect even with relatively large particle sizes, partly due to the slower activation of D7 and 

the presence of nitroxides in these miniemulsions. 
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4.3.5 Molecular weight distributions of poly(Far) macroinitiators 

The molecular weight distributions (MWDs) of the miniemulsion homopolymerizations of Far 

done with Mn,target = 50,000 g mol–1 are shown in Figure 4-10. As discussed earlier, the Ð of the 

experiments done with the D7 initiator are high (∼2.3). Looking at the MWDs in Figure 4-10a,b, 

there is a slight low molecular weight shoulder, which is expected as the activation of D7 is slow 

and not all polymer chains were initiated in the beginning of the polymerization, leading to shorter 

chains that were formed later. The low molecular weight shoulder was also seen in 

homopolymerization of Far using D7 in bulk [41]. Moreover, comparing to MWDs of the 

experiments done with NHS-BB in Figure 4-10c and d, they are narrower and more monomodal, 

which indicate all polymer chains were initiated simultaneously. 

 

 

Figure 4-10. Molecular weight distributions of homopolymerizations of Far in miniemulsions and Mn,target of 50,000 

g mol–1 using D7 and (a) 5 wt % and (b) 15 wt % surfactant, and using NHS-BB and (c) 5 wt % and (d) 15 wt % 

surfactant. 
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Figure 4-11 is the MWD of the miniemulsion homopolymerization of Far done with Mn,target = 

30,000 g mol–1. The dispersities are slightly higher compared to Mn,target = 50,000 g mol–1 (2.38 vs 

2.22, respectively), and this is evident from the more apparent low molecular weight shoulder in 

the MWD. Although a lower Mn,target should mean better control of polymerization (as there is a 

higher concentration of nitroxides), in this case it is likely due to the delay in initiation of polymer 

chains that is more apparent at a higher concentration of D7. As a result, there is a higher number 

of short polymer chains being formed. 

 

Figure 4-11. Molecular weight distributions of homopolymerizations of Far in the miniemulsion with 20 wt % 

monomer loading and Mn,target of 30,000 g mol–1 using D7 and 15 wt % surfactant. 
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Poly(Far)-NHS-BB was chain-extended with an iBOMA/Far mixture (10 mol % Far relative to 

iBOMA) as NHS-BB requires a small amount of the controlling comonomer to control the 

polymerization of a methacrylate [51]. Dienes such as isoprene, myrcene, and farnesene have been 

shown to be effective controlling comonomers in nitroxide-mediated polymerizations of 

methacrylates [24,39,41]. The resulting poly(Far-b-iBOMA-ran-Far) was essentially a diblock 

copolymer, where the molecular weight increased from 38,900 to 44,300 g mol–1 and Ð increased 

from 1.83 to 2.24. The MWDs of the chain extension is shown in Figure 4-12. As seen in the 

MWD, the shift in molecular weight was not significant and Ð increased slightly, indicating some 

irreversible termination in the chain extension with iBOMA even with 10 mol % of Far as the 

controlling comonomer. This is consistent with poly(Far) made in bulk with NHS-BB when chain-

extended with glycidyl methacrylate and 10 mol % Far [41]. 

 

Figure 4-12. MWD of poly(Far-b-iBOMA-ran-Far) after 90 min of chain extension of poly(Far) made with NHS-

BB, 15 wt % surfactant, and Mn,target = 50,000 g mol–1. 
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extension did continue to proceed. As seen in Figure 4-13, the initial MWD had a low molecular 

weight shoulder. Perhaps the chain extension started with very fast polymerization of iBOMA, and 

only a portion of the macroinitiators were initiated. However, despite the high Ð, the polymer 

chains continued to grow and eventually Ð decreased with the disappearance of the low molecular 

weight shoulder. In fact, poly(Far)-D7 showed better chain extension compared to poly(Far)-NHS-

BB as expected as there was a significant increase in molecular weight in the same reaction time 

without controlling comonomer despite the high dispersity. Furthermore, chain extension of 

poly(Far) made with D7 after 72 h of reaction was also successful, as shown in Figure B-7. 

 

Figure 4-13. MWD of poly(Far-b-iBOMA) after 90 min of chain extension of poly(Far) made with D7, 15 wt % 

surfactant, and Mn,target = 50,000 g mol–1. 

Table 4-3. Table of Miniemulsion Experiments with Different Initiators, Target Molecular Weights, and Surfactant 

Loading (Based on Monomer Content) 

    Oil phase  Water phase 

Experiment Initiator Target 

Mn (g 

mol-1)a 

Surfactant 

loading 

(wt%)b 

minitiator 

(g) 

mFar 

(g) 

mco-stabilizer 

(g)c 

 mwater 

(g) 

msurfactant 

(g) 

Exp 1 D7 50000 5 0.10 14.77 0.12  59.09 0.74 

Exp 2 NHS-BB 50000 5 0.10 13.12 0.10  52.49 0.66 

Exp 3 D7 50000 15 0.10 14.77 0.12  59.09 2.22 

Exp 4 D7 30000 15 0.10 8.86 0.07  35.45 1.33 

Exp 5 NHS-BB 50000 15 0.10 13.12 0.10  52.49 1.97 
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a) Target Mn is determined based on the initial monomer-to-alkoxyamine concentration ratio; b) 

Surfactant loading amounts are relative to monomer amounts; c) Costabilizer amounts were added 

at 0.8 wt % relative to the monomer. 

4.4 Conclusions 

Farnesene, a biobased diene monomer, was successfully polymerized for the first time in 

miniemulsions via nitroxide-mediated polymerization. Although there was evidence of large oil 

droplets present, stable emulsions were achieved after 30 h, reaching a final conversion of ∼30–

40%. The resulting poly(Far) made with both D7 and NHS-BB initiators had active chain ends 

when 15 wt % surfactant was added to the system. This was attributed to a higher fraction of 

micron-sized droplets present in the emulsion. Particle size had an effect on the rates of 

polymerization, but they were still slow compared to rates in bulk, and so compartmentalization 

was still not achieved. Therefore, the molecular weights of poly(Far) homopolymers did not 

exceed the entanglement molecular weight to create sufficiently elastomeric materials. However, 

entirely biosourced diblock copolymers were synthesized by chain-extending poly(Far) 

macroinitiators with iBOMA, where macroinitiators made with D7 showed better chain-end 

fidelity than NHS-BB. This study showed that farnesene and iBOMA can be biobased alternatives 

to butadiene and styrene in making similar materials to SBS, as well as utilizing an aqueous 

dispersed system at ambient pressures to make the process more sustainable. Future works include 

optimizing the molecular weight and composition of the poly(Far-b-iBOMA) polymers to obtain 

more desirable rheological properties for TPEs. 

4.5 Experimental methods 

4.5.1 Materials 

Trans-β-farnesene, known as Biofene (Far, ≥95%) was obtained from Amyris. Styrene (St, ≥99%) 

monomer was purchased from Millipore Sigma. Isobornyl methacrylate (VISIOMER Terra 

iBOMA) was obtained from Evonik. Monomers were purified using 1.0 g of aluminum oxide 

(basic Al2O3, activated, Brockmann I) and 0.05 g of calcium hydride (CaH2, ≥90%) per 50 mL of 



 114 

the monomer, which were used as purchased from Millipore Sigma. 2-([tert-Butyl[1-(diethoxy-

phosphoryl)-2,2-dimethylpropyl]amino]oxy)-2-methylpropionic acid or BlocBuilder was kindly 

provided by Arkema and modified with an N-succinimidyl ester group by following a method used 

in literature to synthesize 2-methyl-2-[N-tert-butyl-N-(1-diethoxyphosphoryl-2,2-

dimethylpropyl)-aminoxy]-N-propionyloxysuccinimide or NHS-BlocBuilder (NHS-BB) [44]. 3-

(((2-Cyanopropan-2-yl)oxy) (cyclohexyl)amino)-2,2-dimethyl-3-phenylpropanenitrile, Dispolreg 

007 (D7) was synthesized according to the method described by Ballard et al [30]. Toluene 

(≥99%), methanol (MeOH, ≥99%), and tetrahydrofuran (THF, 99.9% HPLC grade) were obtained 

from Fisher Scientific and used as received. Deuterated chloroform (CDCl3, 99.9% D) was 

purchased from Cambridge Isotope Laboratories, USA, and used as received. DOWFAX 8390 was 

purchased for The Dow Chemical Company and used as purchased. Hexadecane (99%) was used 

as purchased from Millipore Sigma. 

4.5.2 Homopolymerization of farnesene in miniemulsions 

The miniemulsions were done with 20 wt % monomer in water (20% solids content) purified by 

reverse osmosis (RO) (see Table 4-3 for miniemulsion recipes). DOWFAX 8390 surfactant was 

dissolved in water and stirred for 10 min in a 100 mL glass beaker. The Far monomer, initiator, 

and hexadecane (used as the costabilizer) were dissolved and stirred separately in a 20 mL vial for 

10 min. The oil phase was added to the aqueous phase and stirred with a magnetic stir bar for 

another 15 min before being sonicated for 10 min at 70% amplitude and 0.50 duty cycle using the 

Hielscher sonicator UP200S. The milky emulsified mixture was added into a 100 mL three-neck 

round-bottom flask and purged with nitrogen for 30 min before being heated up to 90 °C with 

stirring for polymerization to occur for 30 h. A reflux condenser was attached to the reactor to 

ensure all volatile components remain in the reactor. Samples were taken intermittently for 

gravimetric conversion calculation and molecular weight analysis. 

4.5.3 Chain-extension of poly(Far) macroinitiator 

Purified poly(Far) macroinitiators (∼0.5–0.75 g) were dissolved in toluene with either St and/or 

iBOMA monomer added to the solution (50 wt % monomer and macroinitiator in toluene). The 

reaction mixture was added to a 10 mL three-neck round-bottom flask and purged with nitrogen 

for 30 min with stirring. The chain-extension reactions were done at 120 °C for 90–120 min with 
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a reflux condenser attached. Similarly, samples were taken intermittently for gravimetric or 1H 

NMR conversion calculation and molecular weight analysis. 

4.5.4 Polymer characterization 

Monomer conversion was determined gravimetrically. The samples (∼3 mL) taken from the 

miniemulsions were weighed and dried under air for 24 h to remove most of the water and then 

placed in the vacuum oven at room temperature to ensure residual water was removed. Afterward, 

the polymer/monomer mixture was redissolved again in small amounts of toluene (∼2 mL) and 

precipitated in excess methanol. The polymer samples were then dried under air for several hours 

before being dried in the vacuum oven completely at room temperature overnight. The final dried 

polymers were weighed and used to determine the conversion. The conversion calculations of the 

chain-extension reactions with St and iBOMA were done by 1H NMR (see Figures B-8 and B-9 in 

Appendix B). Copolymer compositions were analyzed by 1H NMR as well (Figure B-10). 

Number-average molecular weight (Mn) and dispersity (Ð = Mw/Mn) of polymer samples were 

measured using gel permeation chromatography (GPC, Water Breeze) with HPLC-grade THF as 

an eluent at a flow rate of 0.3 mL min–1. The GPC has three Waters Styragel HR columns (HR1 

with a molecular weight measurement range of 102 to 5 × 103 g mol–1, HR2 with a molecular 

weight measurement range of 5 × 102 to 2 × 104 g mol–1, and HR4 with a molecular weight 

measurement range of 5 × 103 to 6 × 105 g mol–1), a guard column, and a refractive index (RI 2414) 

detector. The columns were heated to 40 °C during analysis. The molecular weights were 

determined relative to poly(methyl methacrylate) (PMMA) calibration standards from Varian Inc. 

(ranging from 875 to 1,677,000 g mol–1). The reported molecular weights were all relative to the 

PMMA standards and not adjusted with Mark–Houwink parameters. 

4.5.5 Particle size characterization 

Particle size distributions of the miniemulsion experiments were measured by dynamic light 

scattering (DLS) using the Malvern Zetasizer Nano-ZS. The instrument has a 4 mW He–Ne laser 

at 633 nm and an avalanche photodiode detector. The original dispersed samples were further 

diluted with water (0.01–1000 mg ml–1) for analysis. Samples were analyzed with a measurement 

angle of 173° at 25 °C, and each sample measurement was repeated five times. 
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5 Farnesene and norbornenyl methacrylate block copolymers: 

application of thiol-ene clicking to improve thermal and 

mechanical properties 

The synthesis of block copolymers using D7 is now better understood, therefore the optimization 

of mechanical and rheological properties are investigated. The polymerization of ethylene glycol 

dicyclopentenyl methacrylate (EGDEMA) followed by chain-extension with Far was explored in 

this chapter. EGDEMA is interesting because it is another functionalized methacrylate with a 

norbornene group containing a second double bond. Furthermore, poly(EGDEMA) is relatively 

“soft” due to its flexible ether linkages and modest Tg of 28°C [45]. Poly(EGDEMA) was mostly 

studied for its antibacterial properties in applications such as coatings and barriers, however their 

polymerization kinetics were not described [43-45]. EGDEMA was previously polymerized using 

conventional SG1-based initiators, but required small amounts of controlling comonomer [49], 

however this chapter showed that D7 can successfully control the homopolymerization of 

EGDEMA and demonstrated linear polymer chain growth and active chain-ends for re-initiation. 

Both poly(EGDEMA) and poly(EGDEMA-co-iBOMA) were synthesized using D7 and then 

chain-extended with Far to make various block copolymers of different block lengths. The second 

double bond of EGDEMA units were exploited using thiol-ene click chemistry to attach thiol-

POSS units. The small amounts of POSS incorporated (<10 mol%) into the polymer chains were 

able to enhance thermal stability by decreasing the depolymerization of Far units, cyclization 

between side chains, as well as the release of isobornyl units. The mechanical strength of the 

poly(EGDEMA-b-Far) was reinforced by the POSS functionalization, as well as the addition of 

iBOMA in poly(EGDEMA-co-iBOMA-b-Far). Therefore, the use of EGDEMA in block 

copolymer synthesis with post-polymerization modification and potential application as TPEs is 

entirely novel. This work is described in more detail in this chapter, and it is currently under review 

at Polymer (S. B. Luk, M. Marić. POLYMER-21-1277, submitted: June 2021). The supporting 

information of this manuscript is in Appendix C, and the supporting figures and tables are referred 

to as Figure C-X and Table C-X in this chapter. 
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5.1 Abstract 

Novel block copolymers were synthesized for the first time via nitroxide-mediated polymerization 

(NMP) using ethylene glycol dicylopentenyl methacrylate (EGDEMA), which has a pendent 

double bond in the norbornene group, and farnesene (Far), a terpene-based diene. Homo 

poly(EGDEMA)) was synthesized successfully using Dispolreg 007 initiator without any co-

monomer as typically required of NMP, and the macroinitiator was chain-extended with Far 

making poly(EGDEMA-b-Far) diblock copolymers. Due to the relatively low glass transition 

temperature (Tg) of poly(EGDEMA), the methacrylate block was also copolymerized statistically 

with isobornyl methacrylate (iBOMA) to add stiffness, then chain-extended with Far. 

Additionally, the pendent double bond of EGDEMA allowed for thiol-ene clicking of POSS units 

for further functionalization of these block copolymers. However, the conjugation efficiency of 

the thermally initiated thiol-ene clicking was low and resulted in low POSS incorporation (1.6 – 

10 mol%), especially for block copolymers that included iBOMA due to its increased stiffness and 

steric hindrance. Nonetheless, the added POSS improved the thermal stability by minimizing the 

degradation of the 1,4-addition Far units, as well as the degradation of isobornyl units of iBOMA. 

The mechanical strength was also increased as POSS units reinforced the physical crosslinks of 

these block copolymers as shown by an increase in linear viscoelastic regions. Distinct Tgs were 

observed for the respective elastomeric poly(Far) block (~-70°C) and thermoplastic block (30°C 

for poly(EGDEMA) and 110°C for poly(EGDEMA-co-iBOMA)), therefore suggesting 

microphase separation. An increase in Tg was also observed in all polymers with added POSS, 

further confirming the added stiffness provided by POSS. These poly(EGDEMA-b-Far) and 

poly(EGDEMA-co-iBOMA-b-Far) show great versatility as alternative TPE materials, with 

improved mechanical and thermal properties added by functionalization of POSS.  

5.2 Introduction 

Thermoplastic elastomers (TPEs) are very industrially relevant as they exhibit rubbery properties 

at usage temperatures but can still be processed at high temperatures like thermoplastics. Unlike 

vulcanized or chemically crosslinked elastomers (i.e. thermosets), TPEs are made of hard 

thermoplastics with high glass transition temperatures (Tg above ambient temperature) that act as 
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physical crosslinks and soft elastomers serving as a matrix with low Tg [1]. Due to the immiscibility 

of the respective polymers, these polymers undergo phase separation, which is important for 

providing mechanical strength in the material. Block or grafted copolymer TPEs differ from melt-

blended TPEs as they are synthesized by more sophisticated methods like ionic polymerization 

and therefore do not require post-polymerization blending [2]. Furthermore, melt-blended 

polymers exhibit macrophase separation, as opposed to block copolymers which exhibit 

microphase separation and can lead to various morphologies of the dispersed domains such as 

spheres, cylinders, or lamellae [1]. 

Examples of TPEs like poly(styrene-b-butadiene-b-styrene) (SBS) and poly(styrene-b-(ethylene-

co-butadiene)-b-styrene)  (SEBS) are typically synthesized via ionic polymerization [3, 4]. Ionic 

polymerization applies the ionic nature of the active polymerization site and can produce polymers 

with precise molecular architecture, like block copolymers, with low dispersity [5, 6]. However, 

this method requires stringent conditions (i.e. no impurities, absence of water) and is intolerant to 

functional monomers, thereby necessitating the use of protecting groups in some cases. Reversible 

deactivation radical polymerization (RDRP) employs the simplicity of radical polymerization, but 

it is also able to make block copolymers with low dispersity via the persistent radical effect (PRE) 

or reversible chain transfer [7]. In this method, the active polymerization site is a radical that is 

suppressed with a radical deactivator or chain transfer agent in an equilibrium such that irreversible 

termination is suppressed. In addition, RDRP is able to polymerize a wide variety of functional 

monomers derived from (meth)acrylates, styrenics, and (meth)acrylamides, not only in bulk or 

solution, but in aqueous dispersions, as well [8]. Among the different types of RDRP, nitroxide-

mediated polymerization (NMP) was the first RDRP method used to polymerize styrene and then 

successfully used to synthesize SBS, which demonstrated that NMP was a viable alternative to 

ionic polymerization to produce TPEs [9]. Therefore, NMP was the chosen method to make 

alternative block copolymers with potential applications as TPEs in this study.  

Recently, it has become apparent that movement towards bio-sourced materials is important 

towards lessening the impact on the environment, amid other initiatives. Myrcene is a terpene-

based diene that is formed from the pyrolysis of β-pinene, which is found in tree sap [10, 11]. 

Farnesene is a similar monomer that is derived from terpenoids but can be produced by 
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microorganisms [12-14]. Myrcene and farnesene are bio-based alternatives to petroleum-derived 

butadiene or isoprene and have been successfully polymerized ionically or using RDRP to make 

rubbery materials similar to poly(butadiene) and poly(isoprene) [15-19]. They also have low Tgs 

(Tg ~ -70°C for both poly(myrcene) and poly(farnesene), similar to Tg = -100°C for 

poly(butadiene)) with the potential of improved viscoelastic properties due to their bottlebrush-

like structure making them good candidates for TPEs [20, 21]. Farnesene (Far) has also been 

polymerized via NMP using SG1-based and Dispolreg 007 initiators, and copolymerized with 

functionalized methacrylates such as glycidyl methacrylate and isobornyl methacrylate (iBOMA) 

[22, 23]. Similarly, myrcene has been polymerized with NMP and block copolymers made with 

myrcene and iBOMA showed increased thermal stability and mechanical properties, which 

suggests that polymers synthesized with bio-based dienes and functionalized methacrylates have 

potential to be effective, versatile TPEs [24].  

One methacrylic comonomer of interest that has not been widely studied is ethylene glycol 

dicyclopentenyl ether methacrylate (EGDEMA), which contains a norbornene group with a 

pendent double bond. Poly(EGDEMA) was shown to be resistant to bacterial attachment and has 

been studied mainly for applications such as anti-bacterial films and coatings [25-27]. The 

polymerization of EGDEMA was previously reported for NMP, however using the conventional 

SG1-based initiator led to high dispersity (Ð ~ 1.56 – 1.74) and irreversibly terminated polymer 

chains without copolymerizing with styrene comonomer [28]. SG1-based initiators often require 

controlling comonomer when polymerizing methacrylates due to slow deactivation between the 

radical centre and nitroxide [29-31]. Consequently, Dispolreg 007 (D7) initiator was developed to 

be able to homopolymerize methacrylates with active chain-ends and does not require controlling 

comonomer [32, 33]. D7 initiator has a faster rate of combination between the nitroxide and the 

active methacrylate radical such that the homopolymerization of methacrylates is much better 

controlled compared to SG1-based initiators. Poly(EGDEMA) homopolymer and triblock 

copolymers were also successfully synthesized by ATRP [34, 35]. It was discovered that 

poly(EGDEMA) has a relatively low Tg (28°C) compared to other poly(methacrylates) due to the 

chain mobility provided by the ethylene glycol ether bonds. Comparatively, poly(iBOMA) also 

contains a norbornyl group but has a very high Tg (up to 190°C) due to the much more rigid bond 

between the methacrylate and norbornyl group [34, 36].  
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Post-polymerization methods are commonly done to add functionality in order to reinforce 

material properties or improve compatibility. Polyhedral oligomeric silsesquioxanes (POSS) is a 

bulky inorganic-organic cage-like molecule that has been copolymerized or used as an additive to 

improve mechanical properties, thermal stability, and anti-flammability in polymer materials [37-

40]. POSS has been successfully clicked onto azido-functionalized SEBS to reinforce the TPE 

material [41]. Furthermore, poly(EGDEMA) was also successfully modified by thiol-ene click 

chemistry to add hydrophilicity and improve adhesion properties [34, 35]. In this study, the 

synthesis of poly(EGDEMA-b-Far) diblock copolymers by NMP was investigated using D7 

initiator for the first time. Post-polymerization via thiol-ene click chemistry of the resulting block 

copolymers was done with a thiol-containing POSS (thiol-POSS) (Scheme 5-1a and c). The 

EGDEMA methacrylate block was also copolymerized with iBOMA to increase the Tg of the 

methacrylate block, then chain-extended with Far, in addition to thiol-ene clicking with thiol-

POSS (Scheme 5-1b and d). The thermal properties and rheology of the block copolymers were 

studied to compare between different concentrations of thiol-POSS added, block copolymer 

compositions, and with and without copolymerization with iBOMA. The aim of this study is to 

show these poly(methacrylate-b-farnesene) block copolymers with the addition of POSS groups 

could potentially be an alternative TPE with improved thermal properties. 
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Scheme 5-1: Chemical structures of a) poly(EGDEMA-b-Far) and b) poly(EGDEMA-co-iBOMA-b-Far) block 

copolymers synthesized via NMP using D7 initiators. These block copolymers then underwent thiol-ene clicking 

with thiol-POSS and the proposed chemical structures are shown in c) and d). The R groups on the POSS units 

represent isobutyl groups. 

5.3 Experimental Methods 

5.3.1 Materials 

Ethylene glycol dicyclopentenyl ether methacrylate (EGDEMA ≥ 90%) was purchased from 

Millipore Sigma. Isobornyl methacrylate (VISIOMER®, Terra iBOMA) monomer was obtained 

from Evonik. Trans-β-farnesene, or Biofene (Far ≥ 95%), was obtained from Amyris. Monomers 

were purified using 1.0 g of aluminum oxide (basic Al2O3, activated, Brockmann I) and 0.05 g 

calcium hydride (CaH2, ≥90%) per 50 mL of monomer, which were used as purchased from 
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Millipore Sigma. Mercaptopropyl isobutyl polyhedral oligomeric silsesquioxanes (thiol-POSS, 

100%) was purchased from Hybrid Plastics Inc, and used as received. Azobisisobutyronitrile 

(AIBN, 98%) radical initiator was used as received from Millipore Sigma. Toluene (≥ 99.5%), 

xylene (≥ 98.5%), methanol (MeOH, ≥ 99.8%), and tetrahydrofuran (THF, 99.9% HPLC grade) 

were purchased from Fisher Chemicals and used as received. Deuterated chloroform (CDCl3, 

99.9% D) was purchased from Cambridge Isotope Laboratories, USA and used as received. 

Dispolreg 007 initiator was synthesized according to the procedure described by Ballard et al [32]. 

5.3.2 Synthesis of poly(EGDEMA) or poly(EGDEMA-co-iBOMA) macroinitiator 

A typical formulation for the synthesis of poly(EGDEMA) macroinitiator was 0.3 g (0.89 mmol) 

of D7, 8.86 g (33.8 mmol) of EGDEMA monomer, and 8.86 g (96.2 mmol) of toluene solvent 

added into a 50 mL three-neck round bottom flask. The reactor was attached to a condenser to 

prevent evaporation of solvent and monomer. For the poly(EGDEMA-co-iBOMA) 

macroinitiators, 0.30 g of D7 was added, along with an equimolar mixture of EGDEMA (4.07 g, 

18.3 mmol) and iBOMA (4.80 g, 18.3 mmol) monomers and 8.86 g (96.2 mmol) of toluene. 

Detailed formulations for macroinitiator synthesis are shown in Table 5-1. The mixture was then 

purged with nitrogen for 30 mins and reaction would proceed under nitrogen atmosphere at 90°C 

with stirring. The reaction time would vary between 60 to 120 min depending on the desired chain 

length for the macroinitiators. The resulting polymers were precipitated with methanol, then dried 

under air overnight and in a vacuum oven at room temperature for a day, and they are characterized 

in Table 5-1. 

Table 5-1. Formulations for poly(EGDEMA) and poly(EGDEMA-co-iBOMA) macroinitiator synthesis at 90°C and 

polymer characterization. 

Macroinitiator 

ID 

mD7 

(g mL-1) 

mEGDEMA 

(g mL-1) 

miBOMA 

(g mL-1) 

mtoluene 

(g mL-1) 
X 

Mn of 

macroinitiat

or (g mol-1) 

Ð FEGDEMA FiBOMA 

EG1 0.0161 0.477 - 0.477 32.0% a 7,500 1.57 1.00 - 

EG2 0.00538 0.477 - 0.477 46.7% a 15,700 1.64 1.00 - 

EGiB1 0.0158 0.215 0.253 0.467 36.0% b 7,700 1.58 0.49 0.51 

EGiB2 0.00527 0.214 0.253 0.467 42.2% b 15,600 1.59 0.50 0.50 
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a) Conversion of the homopolymerization of EGDEMA monomer was calculated using 1H NMR 

relative to inert CH2 ether protons of EGDEMA (see Figure C-1 and C-2); b) Average conversion 

of the equimolar copolymerization of EGDEMA and iBOMA, where conversion of EGDEMA 

was calculated using 1H NMR relative to inert CH2 ether protons (see Figure C-3 and C-4). 

5.3.3 Chain-extension of poly(EGDEMA) or poly(EGDEMA-co-iBOMA) with Far 

The dried poly(EGDEMA) or poly(EGDEMA-co-iBOMA) macroinitiators were dissolved in 

xylene in a 100 mL round-bottom flask and Far monomer was added. The formulations used for 

chain-extension with Far monomer to synthesize diblock copolymers are shown in Table 5-2. 

Similarly, reaction mixtures were purged with nitrogen for 30 mins, and reactions proceeded at 

120°C for 120 to 300 mins depending on the desired final polymer chain length. Final block 

copolymers were precipitated using methanol, then dried in air overnight and in a vacuum oven at 

room temperature for a day. 

Table 5-2. Recipes for poly(EGDEMA) and poly(EGDEMA-co-iBOMA) macroinitiator chain-extensions with Far 

at 120°C and polymer characterization. 

Block copolymer ID 
mmacroinitiator 

(wt%) 

mFar 

(wt%) 
mxylene (wt%) XFar a 

Final Mn 

(g mol-1) 
Final Ð 

EG1-Far 7.14 42.9 50.0 35.0% 19,000 1.86 

EG2-Far 22.0 28.0 50.0 23.0% 25,300 1.77 

EGiB1-Far 8.00 42.0 50.0 32.0% 22,700 1.84 

EGiB2-Far 11.9 38.1 50.0 33.0% 29,700 1.87 
a) Conversion of Far monomer in the chain-extensions of macroinitiators for synthesis of block 

copolymers. 

5.3.4 Thiol-ene clicking of block copolymers with thiol-POSS 

Thiol-ene clicking of the poly(methacrylate-b-Far) block copolymers were done with 

mercaptopropyl isobutyl POSS (thiol-POSS) in 30 wt% polymer and POSS in toluene. About 2 g 

of polymer was dissolved in toluene, then either 10 or 20 molar equivalent of thiol-POSS to 

polymer chains was added with 0.5 wt% (relative to polymer and POSS) of AIBN initiator. Molar 

amounts of polymer were estimated using relative Mn values obtained from gel permeation 
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chromatography (GPC) described in a later section. The mixture was purged with nitrogen for 30 

mins and the reaction proceeded under nitrogen atmosphere with stirring at 80°C for 4 h. The final 

polymer was precipitated with methanol several times to remove unreacted POSS, then dried in 

air overnight and in a vacuum oven at room temperature for a day. The remaining double bonds of 

EGDEMA and Far after thiol-ene clicking were quantified using 1H NMR. A summary of the 

characterized block copolymers after thiol-ene clicking is shown in Table 5-3. 

Table 5-3. Summary of poly(methacrylate-b-Far) block copolymers after thiol-ene clicking with thiol-POSS. 

Block copolymer 

ID 

Molar 

equivalent of 

POSS a 

Remaining 

EGDEMA C=C 

bonds 

Remaining Far 

C=C bonds 

Final Mn after 

clicking 

(g mol-1) 

Final Ð after 

clicking 

EG1-Far POSS1 10 54% 93% 25,900 1.52 

EG1-Far POSS2 20 46% 94% 25,300 1.51 

EG2-Far POSS1 10 46% 97% 38,500 1.39 

EG2-Far POSS2 20 74% 97% 41,700 1.83 

EGiB1-Far POSS 10 75% 90% 24,900 1.67 

EGiB2-Far POSS 10 59% 95% 34,200 1.76 

a) Amount of POSS added for thiol-ene clicking reactions were measured based on molar ratio of 

thiol:polymer chain and the moles of polymer were estimated using Mn from GPC analysis of the 

block copolymers. 

5.3.5 Polymer characterization 

Polymer samples (~0.15 mL) taken from the reaction mixtures for 1H NMR and molecular weight 

analysis. Monomer conversion, copolymer composition, and amount of POSS clicked onto the 

polymer chains were determined from the NMR spectra, which are shown in Figure C-1 to C-9 in 

Appendix C. Conversions of EGDEMA were calculated relative to inert CH2 ether protons of 

EGDEMA, as well as the pendent double bond protons assuming they were also inert in the 

polymerization as seen in Figure C-10 and Table C-1. NMR samples were dissolved in CDCl3 and 

were analyzed using the Bruker AVIIIHD 500 MHz spectrometer (16 scans). The final purified 

polymers after thiol-ene clicking showed that there was no residual unclicked POSS as indicated 
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by the disappearance of the S-H proton at 1.3 ppm in the 1H NMR spectra in Figure C-8 and C-9 

and verified by the absence of POSS peak in the GPC chromatogram (Figure C-10).  

Number average molecular weight (Mn) and dispersity (Đ = Mw/Mn) of polymer samples were 

measured using gel permeation chromatography (GPC, Water Breeze) with HPLC grade THF as 

an eluent at a flow rate of 0.3 mL min−1. The GPC has three Waters Styragel HR columns (HR1 

with a molecular weight measurement range of 102 to 5 × 103 g mol−1, HR2 with a molecular 

weight measurement range of 5 × 102 to 2 × 104 g mol−1, and HR4 with a molecular weight 

measurement range of 5 × 103 to 6 × 105 g mol−1), a guard column, and a refractive index (RI 2414) 

detector. The columns were heated to 40°C during analysis. The molecular weights were 

determined relative to poly(methyl methacrylate) (PMMA) calibration standards from Varian Inc. 

(ranging from 875 to 1,677,000 g mol−1). The reported molecular weights were all relative to the 

PMMA standards and not adjusted with Mark–Houwink parameters. 

5.3.6 Thermogravimetric analysis and differential scanning calorimetry  

Thermogravimetric analysis (TGA) was done to determine thermal stability of the block 

copolymers with and without POSS using a Discovery 5500 TGA (TA Instruments). Polymer 

samples weighing between 5 – 10 mg were placed in platinum pans, and they were analyzed from 

room temperature to 500°C under nitrogen flow, then switched to air flow from 500 to 700°C at a 

rate of 10°C min-1. 

Glass transition temperatures (Tg) were determined using differential scanning calorimetry (DSC) 

Discovery 2500 from TA instruments. Polymer samples were heated up from room temperature to 

200°C to remove any thermal history, then cooled to -90°C, then heated up to 200°C again to 

determine Tg. The heating rate used for all three cycles was 10°C min-1. 

5.3.7 Rheology 

Rheological properties of the polymers were measured using the MCR302 rheometer (Anton Paar 

Instruments). The samples were placed between parallel plates with a gap of 1 mm, and storage 

(G′) and loss (G″) moduli were measured at an increasing shear strain from of 0.01 to 100% using 

25 measurements at room temperature. Amplitude sweeps were also done to determine the shear 
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strain range needed eventually for dynamic mechanical thermal analysis (DMTA). DMTA was 

done at a constant shear strain of 0.1% and frequency of 10 Hz from room temperature to 150°C 

at a rate of 10°C min-1 using the same parallel plate setup. Storage and loss moduli (G′ and G″) 

and damping factor (tan𝛿	= G″/G′) were measured accordingly using DMTA. 

5.4 Results and discussion 

5.4.1 Poly(EGDEMA-b-Far) block copolymers clicked with thiol-POSS 

Initially, two poly(EGDEMA-b-Far) block copolymers (EG1-Far and EG2-Far) were synthesized, 

then clicked with thiol-POSS. The synthesis of the block copolymers began with the 

polymerization of EGDEMA to make macroinitiators. From literature, EGDEMA was not able to 

polymerize using SG1-based BlocBuilder or succinimidyl-modified BlocBuilder without the 

addition of 10 mol% of styrene [28]. The polymerization of EGDEMA using D7 initiator and no 

controlling comonomer showed linear kinetics (semi-logarithmic plots of conversion versus time) 

and molecular weight increased linearly with conversion as shown in Figure C-11. Molecular 

weights of up to 15,700 g mol-1 at low conversions (X~30-46%) were obtained with a Ð of ~1.5-

1.6. Experimental Mn was consistently higher than the theoretical Mn, which indicates slow 

initiation but this was expected with D7 initiators, and is reflected in the higher Ð [32]. 

Nonetheless, the polymerization kinetic studies indicate adequate control of the 

homopolymerization of EGDEMA similar to other studies of homopolymerization of 

methacrylates using D7 [42, 43]. Conversions of EGDEMA polymerizations were calculated 

relative to the inert CH2 ether protons as shown in Table 5-1. To confirm that the pendent double 

bonds did not participate in the polymerization, conversions were also calculated relative to the 

pendent protons assuming they are inert. Both methods gave similar conversions as shown in Table 

C-1, therefore the pendent double bonds are shown to not participate in the polymerization via 

NMP. Furthermore, the resulting poly(EGDEMA) and poly(EGDEMA-co-iBOMA) 

macroinitiators were completely soluble in THF, indicating there was no crosslinked material 

despite having a pendent norbornene double bond. 

To further demonstrate effective control of the polymerization of EGDEMA using D7, the 

resulting macroinitiators were successfully chain-extended with Far to make diblock copolymers. 
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The Mn increased from 7,700 and 15,700 g mol-1 for EG1 and EG2, respectively, to 19,000 and 

25,300 g mol-1 after chain-extension as shown in Table 5-2. There was a clear shift in molecular 

weight distribution (MWD) from the blue MWD of the poly(EGDEMA) block to the green MWD 

of the poly(EGDEMA-b-Far) after chain-extension as shown in Figure 5-1. This indicates that all 

of the poly(EGDEMA) macroinitiators remained active and were able to re-initiate and polymerize 

the Far block. Although, Đ did increase after chain-extension with Far as seen in Table 5-1 and 

Table 5-2, which suggests that there was some irreversible termination of polymer chains during 

chain-extension.  

  

Figure 5-1. GPC traces of a) EG1-Far and b) EG2-Far block copolymers. The blue curves represent the 

poly(EGDEMA) macroinitiators, the green curves represent the chain-extended poly(EGDEMA-b-Far) block 

copolymers, and the black curves represent the block copolymers thiol-ene clicked with 10 and 20 molar equivalent 

of thiol-POSS. 

Next, thiol-ene clicking was done on the block copolymers, where 10 and 20 molar equivalents of 

thiol-POSS to polymer chain was added to the reaction mixture dissolved in toluene. Thiol-ene 

clicking was done using thermally initiated radicals from AIBN decomposition at 80°C for 4 h. 

Afterwards, the final polymers were carefully purified to remove unreacted thiol-POSS by 

dissolving in small amount of THF and precipitated with minimal methanol until  the solution was 

cloudy, indicating the start of phase separation. 1H NMR showed the disappearance of S-H proton 

at 1.3 ppm and presence of the isobutyl groups from thiol-POSS in the final polymer at 0.6 ppm 
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(Figure C-8 and C-9), therefore showing the POSS groups were successfully attached to the 

polymer chains. Absence of unreacted POSS after purification was also confirmed from GPC 

spectra (Figure C-10), therefore the presence of POSS in the 1H NMR spectra confirm attachment 

of POSS onto the polymer chain. The molecular weights of EG1-Far and EG2-Far increased to 

~25,000 and 40,000 g mol-1, respectively, and the molecular weight distributions shifted slightly 

as seen in Figure 5-1.  

It is important to note that GPC traces reported in this study are relative molecular weights, 

therefore they actually represent the change in hydrodynamic volumes of the polymer chains after 

thiol-ene clicking. GPC traces obtained may not reflect the true change in molecular weight or 

molecular weight distribution, especially because the block copolymers were qualitatively 

measured according to the homopolymer calibrations [44]. The decrease in Đ of polymer chains 

after thiol-ene clicking as shown in Table 5-3 may be explained by the increase in entanglement 

of polymer chains after the incorporation of POSS. Therefore, the hydrodynamic volume of the 

polymer chains is effectively reduced and may be reflected in the narrowing of the MWD in GPC 

analysis [45]. It is also possible the unreacted and dead polymer chains were removed after 

purification following thiol-ene clicking, therefore narrowing the MWD.  

Nonetheless, the percentage of remaining double bonds as reported in  Table 5-3 suggest higher 

degree of functionalization, when indeed, the 1H NMR spectra (Figure C-8 and C-9) show much 

lower POSS functionalization and conjugation efficiency (defined here as percentage of thiol 

functionalization versus percentage of disappeared alkenes). The copolymer composition of POSS 

as determined from 1H NMR using the isobutyl protons of POSS at 0.6 ppm and are summarized 

in Table 5-4. The low conjugation efficiency was consistent with previous studies of 

functionalization of poly(butadiene)-co-poly(ethylene oxide), which was attributed to cyclization 

of the thiol radical with the neighbouring pendent butadiene double bond via hydrogen abstraction 

[46, 47]. However, cyclization is very unlikely in this case because very large-membered rings 

would be formed between neighbouring EGDEMA units.  
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Table 5-4. Summary of block copolymer compositions after thiol-ene clicking from 1H NMR. 

Block copolymer ID FFar FiBOMA FEGDEMA FPOSS 

EG1-Far POSS1 0.775 - 0.192 0.033 

EG1-Far POSS2 0.757 - 0.218 0.025 

EG2-Far POSS1 0.770 - 0.122 0.103 

EG2-Far POSS2 0.551 - 0.431 0.018 

EGiB1-Far POSS 0.689 0.296 0.270 0.041 

EGiB2-Far POSS 0.559 0.486 0.425 0.016 

 

Many thiol-ene addition examples between small molecules, polymer-polymer conjugations, or 

functionalization of polymers with thiol molecules have shown that photo-initiated reactions 

exhibit higher conjugation efficiency and conversion with shorter reaction times compared to 

thermally initiated systems [48-51]. The general limitation to thiol-ene additions with thermally 

initiated radicals is the side reactions that occur, such as bimolecular radical termination. However, 

the low efficiency of thermally initiated systems was explained by the faster addition of initiator 

fragments onto the alkene relative to the abstraction of hydrogen from the thiol-radical [51]. 

Therefore, the conjugation efficiency is decreased due to the addition of initiator fragments as 

opposed to thiol functionalization. These side reactions can be alleviated by decreasing initiator 

concentration, which would slow down the rate of reaction, or increasing the thiol:ene ratio. Most 

thiol-ene functionalization of polymers utilize a 10:1 thiol:ene ratio, but this study used a 10:1 

thiol:polymer chain ratio [46, 47, 52]. Notably, increasing the thiol-POSS:polymer ratio from 10 

to 20 mol eq. did not increase functionalization significantly. Moreover, increasing the thiol-

POSS:polymer ratio beyond 20 mol eq. was attempted, but due to the low thiol-ene clicking 

efficiency, it became difficult to separate unreacted POSS from the polymer. Therefore, photo-

initiated thiol-ene clicking would have likely improved the efficiency of POSS functionalization 

in this study. Moreover, the bulky thiol-POSS groups likely provided extra steric hindrance, which 

further decreased conjugation efficiency.  

Nonetheless, higher conversion of EGDEMA alkene bonds over Far alkene bonds suggest 

preferential clicking of thiol-POSS with EGDEMA over Far units. It was shown that terminal 

alkenes undergo thiol-ene clicking much more efficiently than internal cis alkenes and cyclic 
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alkenes [53]. The functionalization of poly(1,2-butadiene) was much more efficient due to the 1,2-

addition of butadiene, which ensures the double bond is at the end of the side groups [46, 47, 52]. 

Similarly, thiol-ene clicking of 1,2-addition isoprene units were much higher than 1,4-addition 

units [54, 55]. In this study, farnesene was polymerized mostly by 1,4-addition with the two other 

double bonds located internally on the pendent side chains, therefore the clicking of alkenes on 

poly(Far) was unlikely. Furthermore, thiol-ene reactions for norbornene have been shown to be 

very effective because the transition from a ring-strained alkene to a more flexible cyclic alkane is 

highly favoured [56, 57].  

5.4.2 Poly(EGDEMA-co-iBOMA-b-Far) block copolymers clicked with thiol-POSS 

Since most of the double bonds in the EGDEMA units were not able to click with thiol-POSS 

units, the unused EGDEMA units were then replaced with iBOMA units. There are several 

motivations for this: 1) poly(iBOMA) will add stiffness and mechanical strength to the block 

copolymers, and 2) iBOMA is also bio-sourced and may contribute from a sustainability viewpoint 

(however merely replacing a monomer feedstock with a renewable alternative should not be 

considered a sole sufficient criteria for making a process greener) [58]. Therefore, the 

poly(methacrylate) macroinitiators were synthesized by copolymerizing equimolar parts of 

EGDEMA and iBOMA monomers. The kinetics of the EGDEMA and iBOMA copolymerization 

were similar to the homopolymerization of EGDEMA, producing polymers of similar Mn and Ð 

at the same conditions as seen in Table 5-1. Additionally, the copolymer compositions of 

EGDEMA and iBOMA remained relatively constant and equal to the initial monomer composition 

throughout polymerization, which suggests the copolymerization is near the azeotropic 

composition, where there is negligible compositional drift. The copolymerization of EGDEMA 

and iBOMA also showed linear increase of Mn with conversion, suggesting good control of 

polymerization (Figure C-12). 

The poly(EGDEMA-co-iBOMA) macroinitiators were successfully chain-extended with Far, 

indicating most polymer chains had active chain-ends. As seen in Figure 5-2, the molecular weight 

distributions of EGiB1 and EGiB2 clearly shifted after chain-extension with Far. However, after 

clicking EGiB1-Far and EGiB2-Far with 10 molar equivalents of thiol-POSS, not many POSS 

units were apparently added to the polymer chains as shown by the modest increase in molecular 



 139 

weight. This could have been due to the added steric hindrance from the iBOMA units, impeding 

POSS units from clicking with the double bonds of EGDEMA. Furthermore, adding iBOMA units 

also increase the stiffness of the polymer (discussed in a later section), which likely decreased 

polymer chain mobility and further impeded thiol-ene clicking of POSS. The final Mn after thiol-

ene clicking with 10 mol eq. thiol-POSS for EGiB1-Far and EGiB2-Far were 24,900 and 34,200 

g mol-1, respectively. Similarly, the POSS functionalization of EGiB1-Far and EGiB2-Far block 

copolymers after thiol-ene clicking were fairly low compared to the remaining double bonds as 

seen from 1H NMR shown in Table 5-4. 

  

Figure 5.2. GPC traces of a) EGiB1-Far and b) EGiB2-Far block copolymers. The blue curves represent the 

poly(EGDEMA-co-iBOMA) macroinitiators, the green curves represent the chain-extended poly(EGDEMA-co-

iBOMA-b-Far) block copolymers, and the black curves represent the block copolymers thiol-ene clicked with 10 

molar equivalent of thiol-POSS. 

5.4.3 Thermal stability of block copolymers with and without POSS 

As thermoplastic elastomers are processible at high temperatures, it is important to understand 

their thermal stability and determine the processing temperature while avoiding decomposition of 

the material. TGA plots showing the decrease in weight with increasing temperature for 

poly(EGDEMA-b-Far) with and without POSS are shown in Figure 5-3. The decomposition 

temperature, or onset temperature (Tonset), is the temperature at which the mass of the polymer 

sample starts to decrease after a plateau. The endset temperature (Tendset) is the temperature at 
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which the mass of polymer sample has reached close to zero. The Tonset and Tendset for all polymer 

samples are summarized in Table 5-5. 

  

Figure 5-3. TGA plots of a) EG1-Far and b) EG2-Far block copolymers with and without POSS showing decrease in 

weight% with increasing temperature. 

Table 5-5. TGA results of poly(methacrylate-b-Far) block copolymers with and without added POSS. 

 EG1-Far  EG2-Far  EGiB1-Far  EGiB2-Far 

 
EG1-

Far a 

EG1-

Far 

POSS1 

EG1-

Far 

POSS2 

 
EG2-

Far 

EG2-

Far 

POSS1 

EG2-

Far 

POSS2 

 
EGiB1-

Far 

EGiB1

-Far 

POSS 

 
EGiB2

-Far 

EGiB2

-Far 

POSS 

Tonset 

(°C) 

120  

298.2 
335.2 335.5 

 
351.2 351.1 334.0 

 
315.0 310.2 

 
301.0 315.6 

Tendset 

(°C) 
442.0 441.8 449.9 

 
436.6 455.5 452.7 

 
449.6 455.4 

 
442.4 468.8 

a) EG1-Far block copolymer with no POSS exhibited two-step degradation, therefore two Tonset 

values were reported. 

Firstly, it is evident that the degradation curve for EG1-Far without POSS was a two-step 

degradation, whereas none of the other polymers exhibited the same behaviour. The first 

degradation step for EG1-Far began at around 120°C, then the second degradation occurred when 

0

20

40

60

80

100

0 200 400 600

W
ei

gh
t %

Temperature (°C)

a)

EG1-b-Far
EG1-b-Far POSS1
EG1-b-Far POSS2

0

10

20

30

40

50

60

70

80

90

100

0 200 400 600
W

ei
gh

t %

Temperature (°C)

b)

EG2-b-Far
EG2-b-Far POSS1
EG2-b-Far POSS2



 141 

the weight % decreased rapidly at around 298°C. Recall that EG1-Far has a very short 

poly(EGDEMA) block and mostly composed of poly(Far). This two-step degradation has been 

seen before with poly(myrcene), first at ~250°C which then decomposes quickly at ~425°C [20]. 

It was also observed with poly(styrene-b-myrcene-b-styrene) (SMS) triblock copolymer 

synthesized via RAFT, and the initial degradation was attributed to the depolymerization of 

poly(myrcene) with 1,4-addition, similar to poly(butadiene) with 1,4-conformation [59, 60]. 

However, in the cases for SMS block copolymers with longer poly(styrene) blocks, the initial 

degradation step was no longer evident. Furthermore, the thermal degradation of all block 

copolymers had 5-10 weight % of residual char until the nitrogen flow was switched to air flow at 

500°C to completely decompose the residual mass. The residual char is typical of the 

decomposition of poly(butadiene) due to the depolymerization and thermally-induced crosslinking 

during degradation [61]. Both the poly(EGDEMA) and poly(Far) blocks in this study have 

remaining double bonds, therefore crosslinked residue is very likely. The residual char could be 

due to the decomposition of POSS as well [62]. 

It is apparent that by having a longer poly(EGDEMA) block (i.e. EG2-Far) or by linking the POSS 

moities to EG1-Far (i.e. EG1-Far POSS1 and EG1-Far POSS2), the TGA curves only showed one 

degradation step. Interestingly, the degradation temperature of poly(EGDEMA) homopolymer 

synthesized by ATRP was reported to be 237°C, which is lower than what is observed for 

poly(EGDEMA-b-Far) in this study [34]. There seems to be a synergistic effect, where block 

copolymers help to minimize the initial degradation of poly(dienes) but also increase the thermal 

stability of poly(EGDEMA). This was also observed in a study examining the thermal degradation 

of poly(styrene-b-butadiene) diblock copolymers, where the block copolymers had a stabilization 

effect such that thermal stability is improved compared to a blend of the respective homopolymers 

[63]. This finding was explained by the delay of poly(styrene) degradation into toluene and styrene 

by-products due to the volatilization of poly(butadiene) into 1,3-butadiene and vinylcyclohexene, 

with the addition of methane and hydrogen. Perhaps, the degradation of EGDEMA was slowed 

down by decomposition of farnesene in this study. 

For the block copolymers where the methacrylate blocks consisted of EGDEMA/iBOMA units, 

the addition of iBOMA also improved the thermal stability of the poly(Far) block such that the 
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initial degradation is eliminated. EGiB1-Far and EG1-Far are similar in composition, where they 

have very short methacrylate blocks. As seen in Figure 5-4a for EGiB1-Far without POSS 

compared to EG1-Far without POSS, the addition of iBOMA units increased the initial thermal 

degradation from 120 to 315°C. However, there is a weak indicator of a second degradation around 

350°C for EGiB1-Far, which suggests some decomposition and release of the isobornyl group 

from the methacrylate backbone [36]. With POSS added to EGiB1-Far, the second decomposition 

of the isobornyl group was minimized. Similarly, in  Figure 5-4b the degradation of EGiB2-Far 

shows as slight indication of the release of isobornyl groups at 350°C but was minimized with the 

addition of POSS. 

 

Figure 5-4. TGA plots of a) EGiB1-Far and b) EGiB2-Far block copolymers with and without POSS showing 

decrease in weight% with increasing temperature. 

Otherwise, the decomposition temperature (Tonset) appeared to show negligible increase for block 

copolymers with added POSS compared to without (except for EG1-Far). This is likely due to the 

very low concentration of POSS that was added onto the polymer chains (1.6 to 10 mol%). In a 

study investigating the thermal stability of POSS-functionalized poly(ethylene), the increase in 

decomposition temperature depended on the substituents of the POSS units, as well as the type of 

bond that attaches the POSS to the polymer chain, but generally showed an improvement in 

thermal stability [40]. However, poly(ethylene) functionalized with POSS containing isobutyl R-

groups and attached by a C4H8 alkyl chain did not show a significant increase in temperature at 
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5% weight loss (T5%). One study copolymerized styrene with POSS-functionalized styrene (FPOSS 

= 0.36-3.2 mol%) and reported an increase of 10°C in decomposition temperature at 10% weight 

loss (T10%) [64]. Conversely, in another study where poly(styrene) was functionalized with POSS 

groups (FPOSS = 1.1-1.4 mol%) post-polymerization showed negligible change in T10% [65]. In an 

example most similar to our study, SEBS was functionalized with POSS via an azido group, and 

at most where there were 35 units of grafted POSS, the decomposition temperature increased 

~20°C [41]. Therefore, it is difficult to conclude whether polymers functionalized with POSS 

would have a significant effect on overall thermal stability at such low concentrations. 

Nonetheless, the addition of POSS improved the thermal degradation of Far diene units for EG1-

Far block copolymers, as well as preventing the release of isobornyl groups for EGiB1-Far and 

EGiB2-Far block copolymers.  

5.4.4 Rheology of block copolymers 

Rheological tests were done to characterize viscoelastic properties of the block copolymers. 

Amplitude tests were performed at room temperature, where the polymer samples were placed 

between parallel plates, and the storage (G′) and loss (G″) moduli were measured with increasing 

shear strain. The G′ and G″ versus shear strain plots for the poly(EGDEMA-b-Far) block 

copolymers are compared in Figure 5-5.  
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Figure 5-5. Storage (G′) and loss (G″) moduli versus shear strain plots for a) EG1-Far and b) EG2-Far block 

copolymers with and without POSS. 

Since EG1-Far has a very short poly(EGDEMA) block, and the length of the poly(Far) block is 

well below its entanglement molecular weight of 50,000 g mol-1 [17], the block copolymer 

behaved like a very viscous liquid, even with added POSS. Furthermore, poly(EGDEMA) is a 

relatively soft polymer in comparison to other poly(methacrylates) as suggested by its  Tg = 28°C 

[34]. As seen in Figure 5-5a, G″ is consistently higher than G′ for all EG1-Far samples indicating 

the polymers were indeed liquid-like. However, EG1-Far samples with added POSS show an 

increase in both storage and loss moduli, which indicates the mechanical strength of the block 

copolymers is increased even with low loadings of POSS. Furthermore, the linear viscoelastic 

(LVE) region was demonstrated by the plateau of G′ and G″ values up to a shear strain of 10%.  

For the block copolymers with a longer poly(EGDEMA) block (Mn of poly(EGDEMA) 

macroinitiator was 15,700 g mol-1 versus 7,500 g mol-1), EG2-Far, the polymer samples were solid 

at room temperature as they were able to be hot-pressed into disks of 1 mm thickness. In this case, 

G′ was greater than G″ at low shear strain as shown in Figure 5-5b, which indicate these polymers 

were more solid/gel-like. As shear strain increased, G′ crossed over with G″, suggesting flow and 

more liquid-like behaviour. A LVE region of G′ over a limited shear strain range was noticed for 

EG2-Far. This region became more noticeable and sharper with increasing POSS as seen for EG2-
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Far POSS1 and EG2-Far POSS2 and spanned over a wider shear strain range. The LVE regions 

exhibited by the EG2-Far polymers with and without POSS suggest the polymers behaved like a 

cross-linked material, but at higher shear strains, they flowed. This is indicative of a thermoplastic 

elastomer, which should behave like physically crosslinked polymer at ambient conditions but 

processible at high temperatures and/or shear. Furthermore, improved viscoelastic properties 

suggest that POSS was able to reinforce the physical crosslinks in these block copolymers, which 

is consistent with other thermoplastic elastomers either blended or functionalized with POSS [66, 

67].  

The EGiB1-Far and EGiB2-Far block copolymers, which include iBOMA units in the 

methacrylate block, display a LVE plateau region over an even wider range of shear strains 

compared to the EG2-Far block copolymers as seen in Figure 5-6. Similarly, G′ was greater than 

G″ indicating elastic solid-like materials, as EGiB1-Far and EGiB2-Far polymer samples were 

able to be hot pressed into solid discs as well. At higher shear strains > 1%, G′ crosses over with 

G″ and the polymers flowed. The broader plateaus were attributed to the more rigid isobornyl 

groups and higher Tg of poly(iBOMA) (190°C) that further reinforced the hard segments of the 

block copolymers [36]. However, there is negligible difference in the plateau regions for EGiB1-

Far and EGiB2-Far with and without POSS since there was very little POSS added. 
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Figure 5-6. Storage (G′) and loss (G″) moduli versus shear strain plots for a) EGiB1-Far and b) EGiB2-Far block 

copolymers with and without POSS. 

The addition of POSS made a significant improvement in viscoelastic properties for EG1-Far and 

EG2-Far block copolymers by providing mechanical strength in the poly(EGDEMA) segments 

and reinforcing the physical crosslinks. As for EGiB1-Far and EGiB2-Far, which have iBOMA 

copolymerized with EGDEMA statistically, the addition of POSS was very limited and therefore 

the mechanical properties remained relatively the same. Nonetheless, the addition of iBOMA did 

improve mechanical properties in comparison to EG1-Far and EG2-Far due to the rigid isobornyl 

groups of iBOMA. Furthermore, all block copolymers demonstrate glassy regions, which suggest 

the presence of physical crosslinks until higher shear strains were applied. 

5.4.5 Glass transition temperatures of block copolymers 

Glass transition temperatures of the block copolymers were determined thermally using DSC, as 

well as rheologically using DMTA. As the chiller for the rheometer could not reach below 0°C, 

sub-zero Tgs were not determined using DMTA. A summary of Tgs obtained are shown in Table 

5-6. For all DSC endotherms, see Figure C-13 to C-16 in Appendix C. 
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Table 5-6. Glass transition temperatures of block copolymers measured using DSC and DMTA. 

Differential Scanning Calorimetry (DSC) 

 EG1-Far  EG2-Far  EGiB1-Far  EGiB2-Far 

 
EG1-

Far 

EG1-

Far 

POSS1 

EG1-

Far 

POSS2 

 
EG2-

Far 

EG2-

Far 

POSS1 

EG2-

Far 

POSS2 

 
EGiB1-

Far 

EGiB1-

Far 

POSS 

 
EGiB2-

Far 

EGiB2-

Far 

POSS 

Tg, 

(ºC) 

-71.6 -66.2 -64.2  -76.8 

30.6 

-70.5 

31.3 

-63.1 

49.8 

 -72.0 -71.6  -67.8 

91.3 

-67.5 

87.8 

Dynamic Mechanical Temperature Analysis (DMTA)a 

Tg 

(ºC) 
- - - 

 
63.3 72.2 71.2 

 
109 115 

 
123 123 

a) Tgs reported using DMTA method in this table were obtained from the peak of tan𝛿 versus 

temperature plots. 

Examination of the DSC results indicated a distinct change in heat flow around -70°C for all block 

copolymers. This low Tg corresponds with the Tg of poly(Far) homopolymer in agreement with the 

literature value of -73°C [17]. The low Tg is also indicative of the soft, elastomeric segments of 

the block copolymers. However, a second Tg was not observed for the block copolymers with short 

poly(methacrylate) blocks (EG1-Far and EGiB1-Far), likely because the hard segments were not 

long enough to display a distinct second Tg and suggests some miscibility with the elastomeric 

phase. The block copolymers with longer poly(methacrylate) blocks exhibited two Tgs. The second 

Tg for EG2-Far with no POSS  was observed at 30.6°C and corresponds to the Tg of 

poly(EGDEMA) homopolymer (Tg = 28°C) [34].  With the good agreement of the two Tgs (-76.8°C 

and 30.6°C) observed for EG2-Far with the Tgs of the homopolymers, it indicates possible 

microphase separation of the block copolymer. 

The Tg  from DMTA was obtained  by determining the temperature at which tan𝛿 = G″/G′ reaches 

its peak. Since EG1-Far block copolymers were already liquid-like at room temperature, the 

DMTA revealed only a continual decrease in G′ and G″ with temperature. According to the tan𝛿 
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versus temperature plot in Figure 5-7a, there was a peak observed for all EG2-Far block 

copolymers above room temperature, which reconfirmed the second Tgs observed using DSC. 

Since sub-zero Tgs could not be measured with the rheometer, the first Tgs observed by DSC were 

not validated.  

Nonetheless, Tgs acquired using DMTA were about 20°C higher than the second Tg values obtained 

from DSC for EG2-Far block copolymers. This discrepancy can be explained by the heterogeneity 

of the overall block copolymers that resulted in a distribution of relaxation times [68]. This was 

also observed with SBS polymers blended with POSS fillers, where there was a broadening of the 

tan𝛿	peak [66]. The increase in POSS fillers increased the breadth of the peak due to the segmental 

constraints and interactions between polymer chains and POSS additives. Furthermore, the block 

copolymers in this study have fairly high Ð especially compared to commercially available SBS, 

which usually have Ðs closer to 1.1. Higher Ð indicates that not all polymer segments are the same 

length, which would also contribute to the distribution of relaxation times. Conversely, 

homopolymers show excellent agreement of Tgs between DSC and DMTA methods as seen for 

poly(Far) [17]. 

 

Figure 5-7. DMTA of EG2-Far block copolymers with and without POSS, where a) tan𝛿 and b) loss modulus are 

plotted as a function of temperature.  
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Some have argued that the temperature at which G″ is at its maximum is the more accurate Tg 

measurement, particularly for polymer mixtures because G″ is the measure of dissipation, which 

is the transition temperature being considered [69]. In Figure 5-7b, the Tgs where G″ is at its peak 

are 51°C, 57°C, and 60°C, which are much closer to the second Tgs obtained by DSC for EG2-Far 

block copolymers. Nevertheless, the trend is the same using all methods of Tg determination, and 

that is an increase in Tg with increasing POSS added for all block copolymers. This is consistent 

with other examples of polymers with added POSS, as POSS decreased chain mobility and 

increased the rigidity of the polymer chains [39, 66, 70]. However, in the case of polyurethane 

thermoplastic elastomers, the functionalization with POSS disrupted the crystallinity of the hard 

segments such that the Tgs were decreased [67].  

The second Tgs obtained for EGiB1-Far block copolymers were not as straightforward. As shown 

in Table 5-5, a second Tg was not observed using DSC. However, from DMTA, there appears to 

be local maximum tan𝛿 values observed around 110°C in Figure 5-8a, after which tan𝛿	increased 

very quickly. This may suggest a second Tg for the EGiB1-Far block copolymers, but it is not 

definitive.  Furthermore, the liquid-like behaviour of the block copolymers is very much influenced 

by the soft poly(Far) block, especially because EGiB1-Far is largely made of poly(Far) that is 

below its entanglement molecular weight. It is plausible that the second Tg could be as high as 

110°C, since poly(EGDEMA) and poly(iBOMA) have Tgs of 28°C and 190°C, respectively, so 

the Tg of the statistical EGDEMA/iBOMA copolymer segment is expected to be in between the 

two values [34, 36]. However, the Tg of poly(iBOMA) could range from 170°C to 206°C 

depending on tacticity [71]. Examining G″ in Figure 5-8b, modest maxima were observed as well 

and Tgs were estimated as 67°C and 69°C for EGiB1-Far and EGiB1-Far POSS 10, respectively.  
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Figure 5-8. DMTA of EGiB1-Far block copolymers with and without POSS, where a) tan𝛿 and b) loss modulus are 

plotted as a function of temperature. 

Similar to EG2-Far block copolymers, more than one Tg for EGiB2-Far was observed due to the 

longer poly(methacrylate) blocks. From DSC, there were two Tgs observed for both EGiB2-Far (-

67.8°C and 91.3°C) and EGiB2-Far POSS (-67.5°C and 87.8°C). The first Tgs observed at around 

-67°C corresponds with the Tg of poly(Far) homopolymer and the second Tgs fall in between the 

Tgs of poly(EGDEMA) and poly(iBOMA) homopolymers. According to the Gordon-Taylor 

equation, random copolymers would exhibit a Tg between the Tg of the two homopolymers [72]. 

Furthermore, compositional drift was not observed with the copolymerization of EGDEMA and 

iBOMA, since there was an equimolar concentration of each monomer initially and the copolymer 

composition was also nearly equimolar, which further confirms its random composition, rather 

than a gradient microstructure. It is important to note that for EGiB2-Far block copolymers, the 

addition of POSS had negligible effect on Tgs, likely because out of all the polymer samples, 

EGiB2-Far block copolymers had the least amount of POSS incorporated at 1.6 mol%.  

The DMTA for EGiB2-Far block copolymers revealed much more pronounced tan𝛿	peaks	(Figure 
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to Tgs obtained by DSC, Tgs observed in the tan𝛿 plots are higher. However, for both DSC and 

DMTA, the Tgs that correspond to the poly(methacrylate) blocks did not differ very much with or 

without POSS. The peaks in G″ as shown in Figure 5-9b indicate Tgs of 108°C and 103°C for 

EGiB2-Far and EGiB2-Far POSS, respectively, which also do not show a great difference between 

samples with and without POSS. Furthermore, the Tgs observed for the poly(EGDEMA-co-

iBOMA) blocks using DMTA, regardless of block length (EGiB1-Far versus EGiB2-Far), are very 

similar.  

 

Figure 5-9. DMTA of EGiB2-Far block copolymers with and without POSS, where a) tan𝛿 and b) loss modulus are 

plotted as a function of temperature. 

Two Tgs were not observed for EG1-Far due to the short poly(EGDEMA) block, therefore a second 

Tg was not observed in both DSC and DMTA. Otherwise, the use of DSC and DMTA confirmed 

distinct Tgs of the diblock copolymers corresponding to their respective blocks. The addition of 

POSS resulted in an increase in Tg for EG1-Far and EG2-Far block copolymers for both the 

poly(Far) and poly(EGDEMA) blocks. For the block copolymers with added iBOMA in the 

poly(methacrylate) blocks, the addition of POSS showed negligible difference in Tg, since the 
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Nevertheless, distinct Tgs could suggest possible microphase separation for most of these block 

copolymers, namely EG2-Far, EGiB1-Far, and EGiB2-Far with and without POSS. 

To further investigate whether there is microphase separation, polymer films were prepared in the 

hot press at 120°C for EG2-Far block copolymers and at 160°C for EGiB2-Far block copolymers 

and cooled slowly overnight to room temperature for small angle X-ray scattering (SAXS) 

analysis. Higher order peaks were not observed that would be indicative of self-assembled 

structures. The Flory-Huggins enthalpic interaction parameter, χ, was estimated using (1) to 

provide some insight regarding the miscibility between the two block segments. 

 𝜒!" =
#$

%&
(𝛿! − 𝛿")' (1) 

The interactions of polymers A and B depend on molar volume of the polymer, 𝑉1 , the solubility 

parameters, 𝛿! and 𝛿", of the respective monomers, and temperature, T. The molar volume of a 

mixture is determined by 𝑉1 = 2𝑉!111𝑉"111. For block copolymers, χN » 10.5 denotes the order-disorder 

transition, where N is overall degree of polymerization [73]. Solubility parameters and molar 

volumes of some relevant related monomers are summarized in Table 5-7. The solubility 

parameter of Far and EGDEMA were not found in literature and were calculated based on group 

component contributions method based on the Hoftyzer-Van Krevelen methodology [74]. Far has 

a similar solubility parameter compared to other dienes such as butadiene, isoprene, and myrcene. 

An approximate χ was calculated between Far and EGDEMA to be 0.0068 at 120°C (the 

temperature at which poly(EGDEMA-b-Far) polymers were processed for SAXS). Far and 

EGDEMA in EG1-Far and EG2-Far block copolymers have similar solubility parameters, and 

therefore have a low χ and suggest miscibility. Far and iBOMA have a much higher χ of 0.35 at 

160°C (the temperature at which poly(EGDEMA-co-iBOMA-b-Far) polymers were processed for 

SAXS)., however this only suggests that iBOMA and Far have greater immiscibility, but cannot 

be correlated to the case of EGiB1-Far and EGiB2-Far since the methacrylate blocks are random 

copolymers of EGDEMA and iBOMA. 
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Table 5-7. Summary of solubility parameters and molar volumes of relevant monomers. 

Monomer 𝛿 (MPa1/2) 𝑽C (cm3 

mol-1) 

Butadiene (BD) 16.6 a 60.7 a 

Isoprene (IP) 16.2 a 75.7 a 

Myrcene (Myr) 16.4 b 170 e 

Farnesene (Far) 14.4 c 251 e 

Styrene (St) 17.4 a 98 a 

iBOMA 16.7 d 226 e 

EGDEMA 14.1 c 246 e 

a) Values obtained from literature [74]; b) Solubility parameter was estimated in literature [75]; c) 

Solubility parameters of farnesene and EGDEMA were calculated based on Hoftyzer-Van 

Krevelen’s Component Group Contributions method; d) Solubility parameter of iBOMA obtained 

from literature [76]; e) Molar volumes were calculated based on density and molar mass of 

monomers. 

For reference, typical SBS is made of poly(styrene) blocks with Mn ~ 10-20,000 g mol-1 and 

poly(butadiene) blocks with Mn ~40-80,000 g mol-1 [77]. The χ between poly(styrene) and 

poly(butadiene) was calculated at 120°C (20°C above Tg of polystyrene) to be 0.015 [21]. In 

addition to the higher interaction parameter, the high degrees of polymerization for SBS further 

enables phase separation. The N of the block copolymers in this study are fairly short in 

comparison to SBS and would require much higher degrees of polymerization to enthalpically 

induce ordered phase separation [73]. However, distinct Tgs measured in DSC and DMTA still 

suggest some microphase separation, but the block copolymers are likely weakly segregated and 

disordered as suggested by SAXS and χ approximations. 

5.5 Conclusions 

The polymerization of EGDEMA by nitroxide-mediated polymerization using D7 initiator was 

done for the first time, where no controlling comonomer was required and chain-ends remained 

active for chain-extension regardless of high Ð (~1.5-1.6). The poly(EGDEMA) macroinitiators 

were re-initiated for polymerization of Far, a bio-based terpene that is similar in structure to 
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petroleum-derived butadiene and isoprene. Similarly, the poly(methacrylate) blocks were also 

synthesized by statistically copolymerizing EGDEMA and iBOMA to form a more rigid 

methacrylate block. Since EGDEMA has a pendent double bond on the norbornene group, this 

allowed for thiol-ene clicking with thiol-POSS units onto the block copolymers post-

polymerization. Although the conjugation efficiency of the thermal initiated thiol-ene clicking was 

low, 1H NMR showed that thiol-POSS preferentially clicked onto the double bond of EGDEMA 

and not Far.  

Despite the low fraction of POSS incorporation (1.6 – 10 mol% incorporation of POSS), the 

thermal stability of the poly(Far) blocks was improved and the degradation of isobornyl groups for 

polymers containing iBOMA units was reduced. These block copolymers containing POSS 

demonstrated increased mechanical strength as shown by the increase in modulus due to the 

reinforced physical crosslinks provided by POSS in the poly(methacrylate) blocks. Furthermore, 

distinct Tgs were observed using DSC and DMTA for the block copolymers containing longer 

poly(methacrylate) blocks (around -70°C for the rubbery poly(Far) blocks and up to 110°C for the 

thermoplastic poly(methacrylate) blocks). This suggests microphase separation, even though 

microphase morphology was not observed, likely due to the relatively small degrees of 

polymerization. Nonetheless, incorporation of POSS increased the Tg of the respective blocks, 

which confirms the presence of reinforced physical crosslinks and increased stiffness due to the 

POSS units. Therefore, these novel block copolymers that were easily functionalized with POSS 

by thiol-ene clicking show good potential eventually for applications as TPEs.  
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6 Hydrogenation of poly(myrcene) and poly(farnesene) using 

diimide reduction at ambient pressure 

This chapter explores another post-polymerization modification method and it is in collaboration 

with Dr. Adrien Metafiot and two summer students, Judith Morize and Emmanuel Edeh, who 

completed the study on hydrogenation of poly(Myr). The chemical hydrogenation of poly(Myr) 

was based on Hahn’s modified method using p-toluene sulfonyl hydrazide (TSH), which forms 

diimides under thermal degradation, to reduce the double bonds of poly(dienes). The chemical 

hydrogenation was optimized by performing a semi-batch addition of TSH into a solution of 

poly(Myr) in xylene and tributylamine (TBA) at 125 °C to avoid unwanted autohydrogenation of 

diimides. Almost complete hydrogenation of both the backbone and pendant double bonds (97.2% 

and 94.0%, respectively) of poly(Myr) was achieved. Therefore, this semi-batch approach was also 

applied to the hydrogenation of poly(Far) and almost complete hydrogenation was achieved as 

well (96.8% and 99.6% for the backbone and pendent double bonds, respectively). Thermal 

stability of poly(Myr) and poly(Far) improved after hydrogenation and their viscosities also 

increased. Poly(Myr) displayed a large increase in viscosity by two orders of magnitude (102 Pa s 

to 104 Pa s) after hydrogenation because its Mn of 56 kg mol-1 was much higher than its 

entanglement molecular weight of 12 kg mol-1 (for saturated poly(Myr)) [47]. The viscosity for 

poly(Far) only increased by 1.5 times (~104 Pa s) after hydrogenation since its Mn of 62 kg mol-1 

was only slightly higher than its entanglement molecular weight of 50 kg mol-1.  However, 

unsaturated poly(Far) displayed better entanglement compared to unsaturated poly(Myr) due to its 

longer side chains. This chapter was published in Journal of Polymer Science in an advance online 

publication (S.B. Luk, A. Métafiot, J. Morize, E. Edeh, M. Maric, Hydrogenation of poly(myrcene) 

and poly(farnesene) using diimide reduction at ambient pressure, Journal of Polymer Science 

advance online publication) [52]. The supporting information of this publication is in Appendix 

D, and the supporting figures and tables are referred to as Figure D-X and Table D-X in this 

chapter. 
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6.1 Abstract 

Ambient pressure chemical hydrogenation using p-toluene sulfonyl hydrazide (TSH) via thermal 

diimide formation (N2H2) permitted reduction of double bonds of poly(myrcene) (poly[Myr]) and 

poly(farnesene) (poly[Far]). Both pendent and backbone double bonds in poly(Myr) (Mn = 

56 kg/mol) and poly(Far) (Mn = 62 kg/mol) synthesized by conventional free radical 

polymerization were hydrogenated to almost completion. Furthermore, TSH semi-batch addition 

efficiently hydrogenated double bonds, while avoiding undesired autohydrogenation of diimides 

that occurred in batch mode. Thermal stability improved for hydrogenated poly(Myr) and 

poly(Far), where temperature at 10% weight loss (T10%) increased from 188 to 404°C for 

poly(Myr) and from 310 to 379°C for poly(Far). Tgs of poly(Myr) and poly(Far) also increased by 

about 10–25°C, indicating increased stiffness after hydrogenation. Finally, viscosities of 

poly(Myr) and poly(Far) were also increased after hydrogenation, and a greater increase was 

observed for poly(Myr) (by two orders of magnitude from 102 to 104 Pa s) due to its Mn being 

much higher than its entanglement molecular weight. Poly(Far) viscosity only increased by 1.5 

times after hydrogenation (~104 Pa s), comparable to the poly(Myr) after hydrogenation, 

suggesting unsaturated poly(Far) was more entangled than unsaturated poly(Myr) because of its 

longer side chains. 

6.2 Introduction 

1,3-Dienes are conjugated hydrocarbons that contain two double bonds separated by one single 

bond and can be easily polymerized. Common 1,3-dienes are butadiene (BD) and isoprene (IP), 

which are byproducts of crude oil cracking, and their polymers are used in many applications such 

as automotive parts, tires, and seals for O-rings, gaskets, and hoses [1]. Poly(BD) and poly(IP) are 

considered synthetic rubbers or elastomers because of their low glass transition temperatures (Tg) 

and viscoelastic properties. Poly(IP) is also known as natural rubber (mostly cis-1,4-

poly(isoprene)) as it can be found naturally in tree sap [2]. Furthermore, the remaining double 

bond after polymerization allows for crosslinking, thereby forming thermosets that are resistant to 

chemical and thermal degradation [3]. Alternatively for poly(1,3-dienes) that are not chemically 

crosslinked, they can be blended with thermoplastics to obtain a final material with synergistic 
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effects in mechanical and physical properties. 1,3-Dienes  can also be copolymerized with  mainly 

styrene (St), methyl methacrylate (MMA) and their derivatives to make thermoplastic elastomers 

(TPEs) [4]. The glassy thermoplastic portion (Tg > Troom) acts as physical crosslinks, while 

maintaining viscoelastic properties of the rubbery portion (Tg < Troom), and TPEs can be processed 

at higher temperatures, like thermoplastics.  

The remaining double bonds in poly(dienes) present several disadvantages, as they are susceptible 

to solvent and thermal degradation. The unsaturated compounds exhibit different mechanical and 

rheological properties, as well as polymer-polymer miscibility as their saturated analogs. 

Poly(styrene-b-butadiene-b-styrene) SBS triblock copolymers are TPEs and are often blended with 

crystalline poly(propylene) (PP) as a toughener to improve impact and tensile strength [5]. SBS 

can be partially hydrogenated and form poly(styrene-b-ethylene-co-butadiene-b-styrene) (SEBS), 

which can also be blended with PP [6,7]. Similarly, poly(styrene-b-isoprene-b-styrene) (SIS) can 

be hydrogenated to form poly(styrene-b-ethylene-co-propylene-b-styrene) (SEPS) [8]. SEBS/PP 

blends showed improved impact strength compared to SBS/PP blends, as well as increased 

elongation at break due to the smaller droplets of TPE that are better dispersed in the matrix [9]. 

SEBS also has a higher Tg for the rubbery block at -50°C compared to a Tg of -86°C for SBS [10]. 

Moreover, hydrogenated poly(dienes) have lower hydrodynamic volumes compared to their 

unsaturated poly(dienes), and therefore require lower molecular weights in order to entangle and 

exhibit viscoelastic properties [11,12].  

Recently, there has been growing interest in replacing traditional petroleum-derived monomers 

with bio-derived monomers. Myrcene (Myr) and farnesene (Far) are terpenes that are found in 

nature and are also 1,3-dienes with longer sidechains and lower volatility compared to BD and IP. 

Myr can be produced by pyrolysis of β-pinene and Far can be produced from dehydration of 

terpenoids or fermentation using microorganisms [13–16]. Due to their lower volatility, these bio-

based dienes are more easily polymerized at ambient pressures in numerous ways including ionic 

polymerization, redox emulsion, catalytic/coordination polymerization, reversible addition-

fragmentation transfer polymerization (RAFT), and nitroxide-mediated polymerization (NMP) 

[17–31]. The longer sidechains of poly(Myr) and poly(Far) provide great potential as promising 

elastomers due their bottlebrush-like structure. However their degree of unsaturation is higher 
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compared to poly(BD) and poly(IP) [32]. Indeed, a poly(Myr) repeating unit contains two double 

bonds and a poly(Far) repeating unit has three double bonds as shown in Scheme 6-1. As a result, 

the entanglement molecular weights (Me) of poly(Myr) and poly(Far) are much greater than 

poly(BD) and poly(IP) (i.e. Me,Myr = 18,000–25,000 g mol-1 and Me,Far = 50,000 g mol-1 versus 

Me,BD = 1,500–1,900 g mol-1 and Me,IP = 3,000–5,000 g mol-1, where Me depends on composition 

of cis and trans or 1,2- and 1,4-addition repeating units) [33,34]. Therefore, the hydrogenation of 

poly(Myr) and poly(Far) is beneficial in order to lower their Mes and have comparable viscoelastic 

properties without achieving high molecular weights. In fact, the hydrogenation of poly(1,4-Myr) 

lowered the Me from 18,000 g mol-1 to 12,000 g mol-1 [33].  

 

Scheme 6-1. Chemical structures of a) poly(Myr) and b) poly(Far) shown by 1,4-addition. 

Hydrogenation of poly(dienes) is straightforward and is commonly done industrially using metal 

catalysts (homogeneous or heterogeneous) [12, 35–37]. However, catalytic addition of hydrogen 

gas requires specialized high pressure reactors. Another method developed by Hahn employs 

thermal degradation of p-toluene sulfonyl hydrazide (TSH) to generate diimides in order to 

chemically hydrogenate poly(dienes) without the use of pressurized reactors, but requires at least 

stoichiometric amounts of TSH for complete hydrogenation [38]. Early hydrogenation studies of 

poly(BD) and poly(IP) using TSH showed incomplete hydrogenation due to side reactions like 

degradation and cyclization. Eventually, modification of the Hahn method  was done by adding a 

base like tripropylamine (TPA) with TSH, which helped minimize side reactions and chain 

cleavage of polymers [38–41]. Chemical hydrogenation using TSH/TPA has successfully 

hydrogenated poly(BD) and poly(IP) block copolymers and homopolymers, while showing good 

a) b)

n n



 169 

tolerance for functional groups [42–46]. Diimides have also been used to hydrogenate polymers 

synthesized via ring opening metathesis polymerization of various substituted cyclooctenes [47–

50].  

There are several examples of catalytic hydrogenation of Myr monomer and one example of 

hydrogenation of poly(β-pinene) using diimides[51–55]. However, the chemical hydrogenation of 

bio-based poly(dienes) has not yet been explored. The goal of this study is to optimize the 

hydrogenation of poly(Myr) and poly(Far) to almost completion using diimides at ambient 

pressure. Poly(Myr) and poly(Far) were synthesized via free radical polymerization in bulk such 

that their average molecular weights are above their Me. Several modes of operation for 

hydrogenation were investigated (i.e. batch reaction, semi-batch addition of TSH, and with and 

without solvent) and suggested conditions for high hydrogenation degree of bio-based poly(dienes) 

was provided for the first time. Additionally, their thermal and rheological properties were 

compared before and after hydrogenation to assess the change due to the additional processing 

steps.  

6.3 Results and discussion 

6.3.1 Hydrogenation of poly(Myr) in batch mode 

Preliminary hydrogenation experiments done with poly(Myr) were based on similar studies of 

hydrogenation of poly(dienes) using diimides found in literature [38,41–45]. In these studies, TSH 

would undergo thermal degradation to form a p-tolylsulfinic acid and a diimide, the latter which 

would chemically hydrogenate an alkene (Scheme 6-2). However, early studies of hydrogenation 

using TSH resulted in side reactions such as cyclization and chain cleavage due to nucleophilic 

attack of p-tolylsulfinic acid on the polymer backbone [39–41]. Hahn modified this method by 

adding a base like tripropylamine (TPA) that would deprotonate p-tolylsulfinic acid, and therefore 

avoid chain cleavage by protonation of the polymer backbone [38]. SBS and SIS triblock 

copolymers were hydrogenated with TSH/TPA, and SBS reached almost 100% hydrogenation 

whereas SIS reached at maximum of 69% hydrogenation using 6 molar equivalent of TSH/TPA 

per double bond. 
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Scheme 6-2. Hahn’s modified chemical hydrogenation of poly(dienes) using diimide (N2H2) [38]. a) Thermal 

degradation of TSH to form diimide in the presence of b) a base to deprotonate the acidic p-tolylsulfinic acid, and c) 

diimide hydrogenation of poly(diene). The R group can represent an H for butadiene, CH3 for isoprene, or other 

alkyl groups. 

In this study, poly(Myr) was hydrogenated using TSH with tributylamine (TBA) in slight excess 

(1:1.2 TSH:TBA molar ratio) as a base to deprotonate the acidic TSH byproduct. Like the studies 

in literature, hydrogenation reactions were done in batch, where all reagents were added initially 

into the reactor. Furthermore, BHT was added to prevent oxidative degradation of the polymer 

chains. Two hydrogenation reactions were done in batch using 2.0 and 4.0 molar equivalents of 

TSH per double bond of poly(Myr) and their hydrogenation degrees over 4 hours of reaction are 

shown in Figure 6-1. Because poly(Myr) has a double bond in the backbone due to mostly 1,4-

addition and a pendent double bond in its side chain, the hydrogenation of both the backbone and 

pendent double bonds were quantified using 1H NMR.  
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Figure 6-1. Hydrogenation of poly(Myr) in batch using 2.0 (B1) and 4.0 (B2) mol eq. of TSH per double bond. 

The final hydrogenation degrees when using initially 2.0 molar eq. of TSH per double bond 

(hydrogenation reaction abbreviated B1) were 55% and 61% for the backbone and pendent double 

bonds, respectively. With 4.0 molar eq. of TSH per double bond used in the feed (hydrogenation 

reaction abbreviated B2), the hydrogenation degrees were 63% and 65% for the backbone and 

pendent double bonds, respectively. By increasing from 2.0 to 4.0 mol eq. of TSH per double bond, 

it only increased the hydrogenation degree of poly(Myr) slightly. Furthermore, the hydrogenation 

of the backbone is slightly higher than that of the pendent double bond, but also not very 

significant, which suggests that the pendent double bond is almost as accessible as the backbone 

for hydrogenation and the steric hindrance are comparable for both double bonds.  

In Hahn’s study of the hydrogenation of SBS and SIS triblock copolymers, the double bonds of 

isoprene units could not be completely hydrogenated in comparison to butadiene double bonds, 

which reached complete hydrogenation [38]. This was attributed to steric hindrance from the 

methyl group of IP, which then favoured the undesired autohydrogenation of diimide (Scheme 6-

3).  It can be seen in Figure 6-1 that the hydrogenation degree increased significantly in the first 

30 mins of the reaction, and then essentially remained constant. In the beginning of the batch 

reaction, a high concentration of diimide led to fast hydrogenation of the double bonds of 

poly(Myr). However, as the reaction progressed and the double bonds became less available for 

hydrogenation, k2 became more favourable than k1. Due to the lowered concentration of double 
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bonds, any excess TSH remaining in the batch reaction would inevitably lead to 

autohydrogenation, such that increasing TSH from 2.0 to 4.0 mol eq. had negligible improvement 

on the hydrogenation degree of poly(Myr).  

 

Scheme 6-3. Desired hydrogenation of poly(diene) using diimide (k1) versus the competing autohydrogenation 

reaction of diimide (k2). 

Although hydrogenation of SIS triblock copolymers using Hahn’s modified method did not reach 

complete hydrogenation, later studies showed that high degrees of hydrogenation (> 95%) can be 

obtained by batch hydrogenation of poly(isoprene-b-styrene) diblock copolymer and liquid natural 

rubber [38,42,45]. Another study used the semi-batch approach and added TSH in three separate 

batches throughout the reaction, and achieved complete hydrogenation of poly(IP) and poly(1,3-

pentadiene) [46]. Therefore, semi-batch hydrogenation of poly(Myr) would be advantageous since 

the concentration of diimide is kept low in the reaction medium, which would minimize the 

unwanted autohydrogenation reaction. Furthermore, a constant supply of diimide would ensure 

that the limited amount of diimide available would favour towards the hydrogenation of the double 

bonds.  

6.3.2 Hydrogenation of poly(Myr) in semi-batch mode 

Hydrogenation of poly(Myr) was studied in a semi-batch operation, and the first two semi-batch 

reactions were done by adding a TSH solution continuously into the reaction using a dropping 

funnel. TSH was dissolved in two different solvents, 1,4-dioxane and pyridine (i.e. SB1 and SB2), 

although TSH was not completely soluble in either solvent. A peristaltic pump was originally used 

to add the TSH solution to the reaction, but the partially insoluble TSH powder in 1,4-dioxane and 
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pyridine caused blockages in the tubing. Additionally, poly(Myr) was not dissolved in xylene in 

the first two semi-batch reactions to minimize the use of organic solvents and because a solvent 

would be added with the TSH solution. Therefore, excess TBA was added initially to dissolve the 

poly(Myr) in the reactor. The hydrogenation degrees of poly(Myr) in SB1 and SB2 are shown in 

Figure 6-2, where 2.0 mol eq. of TSH was added per double bond.  

 

Figure 6-2. Hydrogenation of poly(Myr) in semi-batch using 2.0 mol eq. of TSH per double bond, where TSH was 

dissolved in 1,4-dioxane (SB1) and pyridine (SB2) and added continuously throughout the reaction. 

Semi-batch hydrogenation was more successful than the batch case, as higher hydrogenation 

degrees were achieved as seen in Figure 6-2. SB1 achieved hydrogenation degrees of 80% and 

83% for the backbone and pendent double bonds, respectively, and the hydrogenation showed a 

gradual increase using 1,4-dioxane, unlike hydrogenation in batch. Even though higher degrees of 

hydrogenation were achieved, poly(Myr) was still not completely hydrogenated. One issue was 

due to the low boiling point of 1,4-dioxane (Tb = 101°C), which effectively lowered the reaction 

temperature to 101°C – 104°C even though the reaction temperature was set at 125°C.  
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Therefore, pyridine was used as a solvent to dissolve TSH because it has a higher boiling point (Tb 

= 115°C). Final hydrogenation degrees by adding TSH in pyridine reached 72% and 60% for 

backbone and pendent double bonds, respectively, which was lower than what was achieved using 

TSH in 1,4-dioxane. Furthermore, hydrogenation seemed to increase steadily up until 100 min, 

then plateaued as seen in Figure 6-2. The reaction mixture also turned orange at the end of reaction 

and side degradation reactions were suspected. An earlier study for hydrogenation of 

poly(isoprene) used TSH and pyridine as a base suppressant for chain cleavage, however it resulted 

in severe chain degradation. Furthermore, higher concentrations of pyridine led to slower rates of 

hydrogenation [40]. Evidently, pyridine does not act as a base like TBA to deprotonate the TSH 

acid by-product, but rather accelerated chain cleavage.  

Since a suitable solvent could not be found to fully dissolve TSH into solution for semi-batch 

addition, dry TSH powder was added in small batches (1 g for every 15 min) throughout the 

reaction instead. Similar to SB1 and SB2, SB3 did not include any xylene to dissolve poly(Myr) 

initially, but the dry TSH powder was not fully soluble in the poly(Myr)/TBA mixture, and 

therefore hydrogenation did not occur. The reaction mixture turned yellow, then brown, and 

eventually purple towards the conclusion of the experiment. Consequently, the remaining semi-

batch reactions included xylene as a solvent, which was required to dissolve both poly(Myr) and 

TSH into a homogenous mixture.  

In SB4, poly(Myr) was dissolved in xylene and TBA, and 2.0 mol eq. of dry TSH powder per 

double bond was added throughout the reaction. The hydrogenation degrees of SB4 are shown in 

Figure 6-3, and high degrees of hydrogenation were achieved (89% and 88% for the backbone and 

pendent double bonds, respectively). The ratio of TSH to double bond was increased to 2.5 and 

3.0 mol eq. and the highest degrees of hydrogenation were achieved using 3.0 mol eq. of TSH, 

reaching 97% and 94% for the backbone and pendent double bonds, respectively. The semi-batch 

reactions with continuous addition of dry TSH powder also maintained the reaction temperature 

at 125°C unlike SB1 and SB2 where the temperatures were lowered due to the low boiling points 

of the solvents. Therefore, adding dry TSH powder had the most success in achieving almost 

complete hydrogenation of poly(Myr) for both the backbone and pendent double bonds.  



 175 

 

Figure 6-3. Hydrogenation of poly(Myr) in semi-batch by adding dry TSH powder (1 g for every 15 min) at 2.0 

(SB4), 2.5 (SB5), and 3.0 (SB6) mol eq. of TSH per double bond. 

The progression of the hydrogenation reactions of poly(Myr) were quantified by 1H NMR. As an 

example, the series of 1H NMR spectra for SB6 is shown in Figure 6-4. The doublet at 1.6 ppm 

(A) represents the two unsaturated methyl groups of the Myr repeating unit, which disappear as 

the hydrogenation reaction occurs. The appearance of the doublet at 0.8 ppm (B) represents the 

saturated methyl group protons of backbone double bonds as they become hydrogenated. Lastly, 

the disappearance of the peak at 5.1 ppm (C) represents the hydrogenation of the pendent double 

bonds of the poly(Myr). At the end of the reaction, it is evident that there is a minimal fraction of 

pendent and backbone double bonds remaining.  
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Figure 6-4. 1H NMR (CDCl3) spectra of SB6 hydrogenation reaction of poly(Myr) from time = 0 min (bottom, red) 

to time = 210 min (top, purple). 

The molecular weight distribution (MWD) of poly(Myr) synthesized by free radical 

polymerization is compared with the MWDs of the hydrogenated poly(Myr) made by the semi-

batch method. As seen in Figure 6-5, the molecular weights of poly(Myr) measured from GPC did 

not change significantly after hydrogenation, indicating there was no chain cleavage from TSH 

acidic by-products, or from any thermal or oxidative degradation.  
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Figure 6-5. Molecular weight distributions of poly(Myr) before and after hydrogenation in semi-batch using 2.0 and 

2.5 mol eq. of TSH per double bond. 

6.3.3 Hydrogenation of poly(Far) in semi-batch mode 

Since the hydrogenation of poly(Myr) was optimized by adding dry TSH powder in semi-batch 

operation, the hydrogenation of poly(Far) was done using the same method. In SB7, SB8, and SB9, 

poly(Far) was hydrogenated with 2.0, 2.5, and 3.0 mol eq of TSH per double bond of poly(Far), 

except now there are three double bonds per repeating unit instead of two. The hydrogenation 

degrees with reaction time are shown in Figure 6-6. Similar to the hydrogenation of poly(Myr) in 

semi-batch mode, the highest degrees of hydrogenation for poly(Far) was achieved using 3.0 mol 

eq of TSH. Almost complete hydrogenation was reached for poly(Far) at 97% and >99% of 

hydrogenation for the backbone and pendent double bonds, respectively.  
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Figure 6-6. Hydrogenation of poly(Far) in semi-batch by adding dry TSH powder (1 g for every 15 min) at 2.0 

(SB7), 2.5 (SB8), and 3.0 (SB9) mol eq. of TSH per double bond. 

A series of 1H NMR spectra for the hydrogenation of poly(Far) in semi-batch is shown in Figure 

6-7. Similar to the hydrogenation of poly(Myr), there is the disappearance of the doublet peak 

representing the three unsaturated methyl group protons at 1.6 ppm (A), and appearance of the 

saturated methyl groups at 0.8 ppm (B) from the hydrogenation of the backbone double bond. 

There is also the disappearance of the unsaturated proton peak at 5.1 ppm (C), which represents 

the hydrogenation of the pendent double bonds in the side chains of poly(Far).  
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Figure 6-7. 1H NMR (CDCl3) spectra of SB9 hydrogenation reaction of poly(Far) from time = 0 min (bottom, red) to 

time = 255 min (top, purple). 

Furthermore, the MWDs of poly(Far) before and after hydrogenation are shown in Figure 6-8. 

There is a prominent molecular weight shoulder for poly(Far) as a result of the free radical 

polymerization at low initiator loading, hence the high Đ of 6.6. Similarly, there is a negligible 

difference in the MWD after almost complete hydrogenation using 2.5 and 3.0 eq TSH per double 

bond, indicating there was no polymer chain degradation.  
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Figure 6-8. Molecular weight distributions of poly(Far) before and after hydrogenation in semi-batch using 2.5, and 

3.0 mol eq. of TSH per double bond. 

It is apparent that the semi-batch addition of dry TSH powder was very effective in almost 

completely hydrogenating the double bonds of both poly(Myr) and poly(Far). The most efficient 

hydrogenation was achieved by adding 3.0 mol eq. of TSH per double bond. The final 

hydrogenation degrees for all experiments for poly(Myr) and poly(Far) are summarized in Table 

6-1. Furthermore, the hydrogenated poly(dienes) were not expected to have any stereochemistry, 

as they become saturated alkyl chains comprised of σ-bonds. Although the manual addition of 

TSH required opening the reactor every time, N2 gas generated by the reaction itself was able to 

maintain a nitrogen atmosphere for the reaction. Although the addition of dry TSH powder could 

have been automated by using a powder dispenser, manual addition of the powder was still 

sufficient as shown by the semi-batch experiments in this study.   

Table 6-1. Summary of final hydrogenation degrees of poly(Myr) and poly(Far) for both pendent and backbone 

double bonds. 

Experiment 

ID 

Poly(diene) Molar eq. of 

TSH a 

Hydrogenation 

degree of pendent 

double bonds b 

Hydrogenation 

degree of 

backbone 

double bonds c 

B1 Poly(Myr) 2.0 61% 55% 

B2 Poly(Myr) 4.0 65% 63% 
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SB1 Poly(Myr) 2.0 83% 80% 

SB2 Poly(Myr) 2.0 60% 72% 

SB4 Poly(Myr) 2.0 88% 89% 

SB5 Poly(Myr) 2.5 91% 96% 

SB6 Poly(Myr) 3.0 94% 97% 

SB7 Poly(Far) 2.0 81% 79% 

SB8 Poly(Far) 2.5 95% 94% 

SB9 Poly(Far) 3.0 99% 97% 
a) Molar equivalent of TSH was added per double bond per repeating unit of poly(Myr) or 

poly(Far); b) Hydrogenation degrees were determined using 1H NMR. 

6.3.4 Thermal behaviour of hydrogenated poly(Myr) and poly(Far) 

The thermal stability of the bio-based polymers was analyzed before and after hydrogenation. The 

thermal degradations of poly(Myr) and the hydrogenated poly(Myr) in semi-batch mode with 2.5 

and 3.0 mol eq. of TSH per double bond were measured using TGA as shown in Figure 6-9. The 

degradation of poly(Myr) shows an initial degradation at 170°C and its weight decreased by 25 

wt% until a second degradation occurred at 360°C. This two-step degradation is consistent with 

the thermal degradation of poly(Myr) in literature, as well as for poly(BD) [21,56]. Poly(BD) 

homopolymer showed a two-step degradation for polymers containing the 1,4-addition (cis or 

trans) conformation, however there was only one degradation step for poly(BD) polymerized by 

1,2-addition [57]. Poly(Myr) polymerized by redox emulsion mostly consisting of 1,4-addition 

units also showed a distinct two-step degradation [21]. The initial degradation of poly(BD) is 

attributed to its depolymerization into butadiene and vinylcyclohexene by-products, and the 

second step is the degradation of cyclized and crosslinked polymer units [56]. Since poly(Myr) in 

this study was also mostly comprised of 1,4-addition units, it is not surprising that it exhibited a 

two-step degradation as well.  
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Figure 6-9. Thermal degradation of poly(Myr) showing weight loss with temperature before (dotted line) and after 

semi-batch hydrogenation using 2.5 (dashed line) and 3 mol eq (solid line) of TSH per double bond. 

The thermal degradation of poly(Myr) showed great improvement after almost complete 

hydrogenation as seen in  Figure 6-9 (HP(Myr) 2.5 eq and HP(Myr) 3 eq). The initial degradation 

lessened to 7 wt% loss, and the degradation temperature at 10 wt% loss (T10%) is at 404°C. This 

suggests that after saturation of the backbone double bonds, the depolymerization of the polymer 

units by 1,4-addition was minimized. Furthermore, the saturation of the pendent double bonds 

likely decreased the cyclization between monomer units. Therefore, the thermal stability of the 

hydrogenated poly(Myr) is significantly improved. This is consistent with other poly(dienes), 

where an increase in thermal stability was shown after hydrogenation of the double bonds 

[42,43,45]. 

Poly(Far) also shows an initial degradation at 125°C but only 4 wt% of its initial mass had 

degraded, therefore it is not as severe as poly(Myr) where 20 wt% of its initial mass degraded. 

Furthermore, poly(Far) exhibited a T10% at 310°C (Figure 6-10). The low initial thermal 

degradation of poly(Far) is similar to the work recently done by our group showing the degradation 

of poly(farnesene-b-ethylene glycol dicyclopentenyl methacrylate) (poly(Far-b-EGDEMA) [58]. 

The diblock copolymer had a very short block of poly(EGDEMA) and was mostly comprised of 

poly(Far), and it also had a 4 wt% decrease at 125°C. Even though both poly(Far) and poly(Myr) 

were polymerized by 1,4-addition, the lower initial degradation of poly(Far) suggests the longer 
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side chains may have helped to prevent the depolymerization degradation, and therefore has better 

thermal stability compared to poly(Myr). Nonetheless, much improvement in thermal stability was 

shown after almost complete hydrogenation using 2.5 and 3.0 mol eq. of TSH per double bond, 

where T10% increased to 379°C.  

 

Figure 6-10. Thermal degradation of poly(Far) with temperature before (dotted line) and after semi-batch 

hydrogenation using 2.5 (dashed line), and 3.0 mol eq (solid line) of TSH per double bond. 

Glass transition temperatures of the hydrogenated poly(Myr) and poly(Far) were measured using 

DSC and are summarized in Table 6-2. With increased degrees of hydrogenation (by increasing 

TSH per double bond), the Tg also increased compared to their respective unsaturated poly(dienes). 

Tgs of the unsaturated poly(Myr) and poly(Far) were not detected using the DSC in this study. This 

could be due to the high dispersity of the polymers made by free radical polymerization such that 

the presence of shorter chains could have plasticized the polymer and lowered the Tg to below or 

very close to the lowest possible temperature of -90°C for the DSC that was used.  There are 

several reported Tgs of poly(Myr), where homopolymerization of Myr via nitroxide-mediated 

polymerization exhibited a Tg of -77°C and homopolymerization of Myr by persulfate-initiated 

emulsion exhibited a Tg of -73°C [21,29]. However, poly(Myr) synthesized by redox emulsion and 

RAFT polymerization both had a Tg of -60°C [21–24]. Evidently, poly(Myr) with highly ordered 

microstructures (>90 mol% 1,4-cis) and/or higher molecular weight exhibit higher Tgs [59]. 
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Although Tg of poly(Myr) before hydrogenation was not detected using DSC, the Tgs of the 

hydrogenated poly(Myr) are all higher than the reported values of unsaturated poly(Myr). 

Furthermore, it has been shown that poly(Myr) polymerized with predominantly 1,4-addition had 

a Tg of -68°C compared to a Tg of -54°C after hydrogenation [60]. Tg of poly(Far) in this study was 

also not observed in DSC but it is reported to be -73°C [34]. Similarly, Tgs of the hydrogenated 

poly(Far) also increased compared to the unsaturated analog. An increase in Tg suggests an 

increase in stiffness of polymer chains as a result of the saturation of double bonds, and this is 

consistent with other hydrogenated poly(diene) homopolymers and copolymers in literature 

[10,42,43,46,61].  

Table 6-2. Glass transition temperatures of poly(Myr) and poly(Far) before and after hydrogenation. 

 Tg of unsaturated 

poly(diene) [°C] 

Tg of hydrogenated poly(dienes) [°C] 

  2.5 mol eq. TSH 3.0 mol eq. TSH 

Poly(Myr) -77 a -54 -52 

Poly(Far) -73 b -66 -63 
a) Obtained from references 20 for poly(Myr) mostly made of 1,4-addition units; b) Obtained from 

reference 32 

The thermal behaviour of these bio-based poly(dienes) was certainly affected after hydrogenation 

of the double bonds. A significant improvement in thermal stability was shown after the 

hydrogenation of poly(Myr), where the initial depolymerization degradation was greatly 

decreased. Furthermore, an increase in T10% for both hydrogenated poly(Myr) and poly(Far) 

compared to the unsaturated poly(dienes) was also observed. Their Tgs also increased after 

hydrogenation, which indicate stiffer polymer chains. 

6.3.5 Rheology of hydrogenated poly(Myr) and poly(Far) 

To further investigate the change in the properties of the bio-based poly(dienes) after 

hydrogenation, their steady shear viscosities were measured as a function of shear rate using the 

rheometer. In Figure 6-11a, the viscosity of the unsaturated poly(Myr) decreased slightly from 

1.41×102 Pa	s to 1.15×102 Pa	s by increasing the shear rate from 0.1 to 10 s-1. After hydrogenation, 
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the viscosity of the hydrogenated poly(Myr) increased significantly by two orders of magnitude to 

2.53×104 Pa	s (HP(Myr) 3 eq in Figure 11a), which confirms that hydrogenated poly(Myr) did 

increase in stiffness. By increasing shear rate from 0.1 s-1 to 10 s-1, the viscosity of hydrogenated 

poly(Myr) decreased by an order of magnitude to 2.70×103 Pa	s, which demonstrates more shear-

thinning behaviour. Conversely, the viscosity of poly(Far) only increased slightly after 

hydrogenation as seen in Figure 6-11b (HP(Far) 2.5 eq and HP(Far) 3 eq).  The viscosity of 

poly(Far) at low shear rates < 1 s-1 is about 1×104 Pa	s and decreased an order of magnitude at a 

shear rate of 10 s-1 indicative of shear-thinning behaviour.  

 

Figure 6-11. Viscosity as a function of steady shear rate for a) poly(Myr) and b) poly(Far) before and after 

hydrogenation. 

The difference in viscosities before and after hydrogenation is much greater for poly(Myr) than 

for poly(Far). Rheological studies of bottlebrush polymers have shown that the length of side 

chains have a great effect on the conformation of the polymer chains, as well as the ratio between 

the length of the backbone and the length of the side chains [62,63]. For bottlebrush polymers with 

compact side chains, viscosity has a weak dependence on molecular weight even after the 

molecular weight has surpassed the critical or entanglement molecular weight. This is due to the 

one-dimensional growth of the polymer chain as DPn of the backbone increases, while the length 

of the side chains remains fixed, meaning that the polymer chains change from a spherical to a 

cylindrical shape. Furthermore, the high density of side chains reduces the frictional effects of the 

1E+01

1E+02

1E+03

1E+04

1E+05

0.1 1 10

Vi
sc

os
ity

 (P
a.

s)

Shear rate (1/s)

a) P(Myr)

HP(Myr) 3 eq

1E+01

1E+02

1E+03

1E+04

1E+05

0.1 1 10

Vi
sc

os
ity

 (P
a.

s)

Shear rate (1/s)

b)

P(Far)

HP(Far) 2.5 eq

HP(Far) 3 eq



 186 

side chains on the backbone. Therefore, increased molecular weight has little effect on viscosity 

such that higher molecular weight bottlebrush polymers can behave similarly to linear unentangled 

polymers.  

Although both poly(Myr) and poly(Far) in this study were synthesized above their entanglement 

molecular weights, poly(Myr) has an Mn of 56 kg mol-1, which is more than three times its literature 

Me of 18 kg mol-1. After hydrogenation, the entanglement spacing in between branches becomes 

more compact, and effectively lowers the Me to 12 kg mol-1 [33]. Therefore, entanglement of 

poly(Myr) is significantly increased and it is reflected in the significant increase in viscosity. On 

the other hand, poly(Far) has an Mn of 62 kg mol-1, which is only slightly above its Me of 50 kg 

mol-1. However, poly(Far) has longer sidechains which would exhibit a higher degree of 

entanglement, and thus the unsaturated poly(Far) has a higher viscosity compared to unsaturated 

poly(Myr). Nonetheless, its entanglement was only slightly improved even after hydrogenation as 

seen by the slight increase in viscosity. Therefore, the DPn of poly(Far) would likely have to be 

much higher in order to see a significant increase in entanglements and subsequently viscosity, 

after hydrogenation. 

6.4 Conclusion 

Hydrogenation of poly(dienes) has been well-studied for homopolymers and copolymers 

containing butadiene or isoprene. However, hydrogenation of bio-based poly(Myr) and poly(Far) 

has not been reported. Furthermore, the hydrogenation was done at ambient pressure using diimide 

generated by thermal degradation of TSH and was optimized in a semi-batch process to efficiently 

hydrogenate the backbone and pendent double bonds of poly(Myr) and poly(Far). By adding 3.0 

mol eq. of TSH per double bond in a semi-batch fashion, almost complete hydrogenation was 

achieved for poly(Myr) (97% and 94% for the backbone and pendent double bonds, respectively) 

and poly(Far) (97% and >99% for the backbone and pendent double bonds, respectively). The 

thermal stability of poly(Myr) and poly(Far) also improved after hydrogenation as the 

depolymerization and cyclization degradations were reduced and T10% degradation temperatures 

were increased. Glass transition temperatures also increased after hydrogenation, suggesting stiffer 

polymer chains after saturation of the double bonds, which was also shown by the increase in 
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viscosities of the hydrogenated polymers. Although a greater increase in viscosity for poly(Myr) 

was observed compared to poly(Far) due to the molecular weight of poly(Myr) being much higher 

than its Me, the hydrogenated poly(Myr) and poly(Far) possessed greater thermal stability and 

higher glass transition temperatures, which is consistent with the hydrogenation of poly(BD) and 

poly(IP) found in in literature. Furthermore, these hydrogenated bio-based poly(dienes) can 

substitute midblocks of TPES such as SEBS and SEPS, or copolymerized with bio-based outer 

thermoplastic blocks made of different methacrylates or acrylates, for example. 

6.5 Experimental Section/Methods 

Materials. β-Myrcene monomer (Myr, ≥95%) was purchased from Millipore Sigma. Trans-β-

farnesene monomer (Far, ≥95%) was obtained from Amyris Inc. Monomers were purified using 

1.0 g of aluminum oxide (basic Al2O3, activated, Brockmann I) and 0.05 g calcium hydride (CaH2, 

≥90%) per 50 mL of monomer, which were used as received from Millipore Sigma. Dicumyl 

peroxide (DCP, 98%) initiator, p-toluene sulfonyl hydrazide (TSH, 97%), tributylamine (TBA, 

≥98.5%), 3,5-di-tert-butylhydroxytoluene (BHT, ≥99%) were purchased from Millipore Sigma 

and used as received. Xylene (≥ 98.5%), methanol (MeOH, ≥ 99.8%), tetrahydrofuran (THF, 

99.9% HPLC grade), 1,4-dioxane (≥ 99%), and pyridine (≥ 99%) were purchased from Fisher 

Chemicals and used as received. Deuterated chloroform (CDCl3, 99.9% D) was purchased from 

Cambridge Isotope Laboratories, USA and used as received.   

Free radical polymerization of Myr and Far in bulk. The synthesis of poly(Myr) was done by free 

radical polymerization in bulk. DCP thermal initiator (0.18 g) and Myr monomer (117 g) were 

added into a 250 mL three-neck round bottom flask, with a condenser attachment to prevent 

evaporation of monomer during polymerization. The reaction mixture was purged with nitrogen 

for 30 mins, and polymerization proceeded at 120°C with stirring for 6 h and reached a conversion 

of Xmyr = 76% (see Appendix D Figure D-1), final number-average molecular weight (Mn) of 57 

kg mol-1 and dispersity (Đ)  of 3.6. Poly(Myr) was confirmed by 1H NMR to be mostly polymerized 

by 1,4-addition (86 mol%) with some units of 1,2- and 3,4-addition (7 mol% each) (Figure D-2). 

However, cis- or trans- stereochemistry was not confirmed via 13C NMR. Poly(Far) was 

synthesized in a similar manner using DCP initiator (0.05 g) and Far monomer (10 g) in bulk at 
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120°C for 2 h. The reaction mixture was purged with nitrogen for 30 mins, and the polymerization 

proceeded at 115°C with stirring for 2 h, reaching a conversion of XFar = 64% (Figure D-3) and 

final Mn of 62 kg mol-1 , Đ = 6.6. The Poly(Far) was more predominantly polymerized by 1,4-

addition (96.8 mol% 1,4-addition, 1.9 mol% 1,2-addition, and 1,3 mol% 3,4-addition) compared 

to Myr as seen in Figure D-4. The final polymers were precipitated using methanol, then dried 

under air overnight and in the vacuum oven at room temperature for a day.  

Hydrogenation of poly(Myr) in batch mode. Hydrogenation experiments of poly(Myr) (obtained 

from free radical polymerization in bulk) were done in batch, where all reagents were added 

initially into the reactor. In a 250 mL three-neck round bottom flask equipped with a condenser, 

magnetic stir bar, and nitrogen influx, poly(Myr) was dissolved in xylene at approximately 3.3 –  

4.0% w/v. The amount of TSH added was based on 2.5 or 4.0 molar equivalent of TSH per double 

bond of poly(Myr), which was estimated based on the number average degree of polymerization 

(DPn) of poly(Myr) measured from gel permeation chromatography (GPC). Every repeating unit 

of poly(Myr) has 2 double bonds (Scheme 6-1), therefore the number of double bonds is two times 

the DPn. TBA was also added in slight excess relative to TSH to neutralize the acidic by-product 

of TSH thermal degradation. Finally, a very low concentration of BHT was also added to prevent 

oxidative degradation of the poly(Myr) chains. A summary of hydrogenation experiments in batch 

are shown in Table 6-3. Hydrogenation reactions took place at 125°C for up to 4 h, and samples 

were taken periodically to be analyzed by 1H NMR to quantify hydrogenation degree. The final 

polymer after hydrogenation was also analyzed by GPC to check for polymer chain degradation. 

Table 6-3. Summary of experiments for hydrogenation of poly(Myr) in batch. 

Experiment ID mpoly(Myr) (g) 
a 

Vxylene (mL) Mol eq. of 

TSH b 

mTSH (g) c mTBA (g) c mBHT (g) 

B1 2.0 50 2.5 6.80 6.85 0.01 

B2 2.0 60 4.0 10.9 11.0 0.01 
a) Concentration of poly(Myr) in xylene solution is 3.3 to 4.0% w/v; b) Molar equivalent amount 

of TSH added for hydrogenation is per double bond per repeating unit of poly(Myr), calculated 

based on molecular weight measured from GPC; c) Mass of TSH is determined based on molar 

equivalent amount of TSH required, and mass of TBA is added in slight excess. 
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Hydrogenation of poly(Myr) in semi-batch mode. Hydrogenation experiments of poly(Myr) were 

done in semi-batch, where TSH was slowly added throughout the reaction. Similarly, the 

hydrogenation reactions were done in a 250 mL three-neck round bottom flask equipped with 

condenser, magnetic stir bar, nitrogen influx. Several experimental setups were investigated 

including only dissolving poly(Myr) in TBA and no xylene, dissolving TSH in a solvent and 

adding the TSH solution to reaction mixture by a dropping funnel, and adding dry TSH powder 

manually to the reaction mixture. The flow rate of TSH addition by dropping funnel was calculated 

based on total volume of solution added over the total time of TSH addition. The addition of dry 

TSH powder was 1 g for every 15 mins until the total amount has been added to the reaction 

mixture. A summary of the semi-batch experimental formulations is shown in Table 6-4. In the 

experiments where poly(Myr) was not dissolved in xylene, excess TBA was added to solubilize 

the polymer. In all cases, reaction mixtures were purged with nitrogen for 30 mins and 

hydrogenation of poly(Myr) was done at 125°C for up to 9 h depending on the rate of TSH 

addition. 

Table 6-4. Summary of experiments for hydrogenation of poly(Myr) in semi-batch conditions. 

Experiment 

ID 

mpoly(Myr) 

(g) 

Vxylene 

(mL) 

Mol 

eq. of 

TSH b 

mTSH 

(g) 

TSH 

solvent 

VTSH 

solvent 

(mL) 

TSH 

addition 

rate 

mTBA 

(g) 

mBHT 

(g) 

SB1 2.0 0.0 2.0 10.9 1,4-

Dioxane 

63.6 c 0.30 

mL/min d 

30.9 f 0.01 

SB2 2.0 0.0 2.0 10.9 Pyridine 48.7 c 0.43 mL/ 

min d 

22.5 f 0.01 

SB3 2.0 0.0 2.0 10.9 -- -- 1g/15min e 34.3 f 0.01 

SB4 2.0 a 56 2.0 11.0 -- -- 1g/15min e 14.2 g 0.01 

SB5 2.0 a 72 2.5 14.0 -- -- 1g/15min e 21.0 g 0.01 

SB6 2.0 a 60 3.0 16.4 -- -- 1g/15min e  23.4 g 0.01 
a) Concentration of poly(Myr) in xylene solution is 2.8 to 3.3% w/v; b) Molar equivalent amount 

of TSH added for hydrogenation is per double bond per repeating unit of poly(Myr), calculated 

based on molecular weight measured from GPC; c) Volume of solvent for TSH solutions is based 

on approximately 20% w/w of TSH in 1,4-dioxane or pyridine; d) Flow rate of TSH solution was 
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calculated based on total volume of solution added over total time of addition; e) Dry TSH powder 

was added in small batches throughout the reaction at 1 g for every 15 min until all of the required 

TSH is added; f) Excess TBA was added to solubilize poly(Myr) in absence of xylene as solvent; 
g) TBA was added in slight excess (1:1.2 TSH:TBA molar ratio) 

Hydrogenation of poly(Far) in semi-batch mode. After optimization of the semi-batch 

hydrogenation of poly(Myr), hydrogenation of poly(Far) was also done in semi-batch. Similar to 

the hydrogenation experiments of poly(Myr), poly(Far) (obtained from free radical polymerization 

in bulk) was dissolved in xylene (about 3.3% w/v) in a 250 mL three-neck round bottom flask 

equipped with a condenser, magnetic stirring, and nitrogen influx. The amount of TSH added was 

calculated based on three double bonds per repeating unit of poly(Far) (Scheme 6-1), which was 

estimated based on the DPn from GPC. In these semi-batch hydrogenation experiments, 2.0 – 3.0 

molar equivalent of TSH was added per double bond in poly(Far). TBA in slight excess relative to 

TSH (1:1.2 TSH:TBA) was also added to the polymer solution, as well as small amounts of BHT. 

The polymer solution was then purged with nitrogen for 30 mins. TSH dry powder was added 

manually (1 g for every 15 min) to the reaction mixture, and the hydrogenation reaction was done 

at 125°C for up to 4.5 h. A summary of the semi-batch experimental recipes for hydrogenation of 

poly(Far) is shown in Table 6-5. 

Table 6-5. Summary of experiments for hydrogenation of poly(Far) in semi-batch. 

Experiment ID mpoly(Far) (g) a Vxylene 

(mL) 

Mol eq. 

of TSH b 

mTSH 

(g) 

TSH addition 

rate c 

mTBA 

(g) d 

mBHT 

(g) d 

SB7 2.4 60.0 2.0 13.0 1g/15min 15.5 0.01 

SB8 1.9 60.0 2.5 12.6 1g/15min 15.1 0.01 

SB9 1.9 60.0 3.0 15.4 1g/15min 18.4 0.01 
a) Concentration of poly(Far) in xylene solution is approximately 4.0% w/v; b) Molar equivalent 

amount of TSH added for hydrogenation is per double bond per repeating unit of poly(Far), 

calculated based on molecular weight measured from GPC; c) Dry TSH powder was added in small 

batches throughout the reaction at 1 g for every 15 min until all of the required TSH is added; d) 

Mass of TSH is determined based on molar equivalent amount of TSH required, and mass of TBA 

is added in slight excess (1:1.2 of TSH:TBA molar ratio). 
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Polymer characterization. Conversions and hydrogenation degrees of the poly(Myr) and poly(Far) 

samples were determined using 1H NMR (Bruker AVIIIHD 500 MHz spectrometer, 16 scans). For 

the hydrogenation experiments, 1 mL samples were taken periodically, and the polymers were 

precipitated from solution using excess methanol. The dried polymer samples were redissolved in 

CDCl3 for 1H NMR analysis. Hydrogenation degree calculations can be found in Appendix D 

(Figure D-5 and D-6). Number average molecular weight (Mn) and dispersity (Đ = Mw/Mn) of 

polymer samples were characterized using gel permeation chromatography (GPC, Water Breeze) 

with HPLC grade THF as an eluent at a flow rate of 0.3 mL min−1. The GPC has three Waters 

Styragel HR columns (HR1 with a molecular weight measurement range of 102 to 5 × 103 g mol−1, 

HR2 with a molecular weight measurement range of 5 × 102 to 2 × 104 g mol−1, and HR4 with a 

molecular weight measurement range of 5 × 103 to 6 × 105 g mol−1), a guard column, and a 

refractive index (RI 2414) detector. The columns were heated to 40°C during analysis. The 

molecular weights were determined relative to poly(styrene) calibration standards from Scientific 

Polymer Products Inc. (ranging from 570 to 2,754,000 g mol−1). 

Thermal stability and glass transition temperature analysis. Polymer samples were analyzed by 

thermogravimetric analysis (TGA) to evaluate their thermal degradation before and after 

hydrogenation using Discovery 5500 TGA (TA Instruments). Polymer samples weighing between 

5 – 10 mg were placed in platinum pans and they were analyzed from room temperature to 600°C 

under nitrogen flow at a heating rate of 10°C min-1. Differential scanning calorimetry (DSC) was 

also done using Discovery 2500 from TA instruments. Polymer samples were heated up from room 

temperature to 50°C to remove any thermal history, then cooled to -95°C, then heated up to 20°C 

again to determine Tg. The heating rate used for all three cycles was 10°C min-1. 

Rheology. Dynamic viscosity of polymer samples before and after hydrogenation was measured 

using the MCR302 rheometer from Anton Paar Instruments. Polymer samples were placed 

between parallel plates with a 1 mm gap, and the viscosity was measured at steady shear from 0.1  
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7 Conclusions and future work 

This body of work offers significant insight on the polymerization of Far using NMP, as well as 

its copolymerization with various functionalized methacrylates (i.e. GMA, iBOMA, and 

EGDEMA) using different modes of operation. A wide array of materials were synthesized 

exhibiting properties that could be used as modifiers, thermoplastic elastomers, and 

compatibilizers. Although both NHS-BB and D7 showed good control over the polymerization of 

Far, its copolymerization with methacrylates is more effective using D7 due its ability to 

demonstrate linear polymer chain growth and maintain active chain-ends for re-initiation. The 

polymerization of Far in miniemulsion via NMP revealed many challenges, but livingness of 

polymer chains was achieved followed by successful chain-extension. However, the phenomena 

regarding increased chain-end fidelity at higher surfactant concentration remains unknown and 

would require further investigation. The block copolymer synthesis of poly(EGDEMA-b-Far) and 

poly(EGDEMA-co-iBOMA-b-Far) functionalized with POSS presented promising properties as 

alternative TPEs, as their mechanical properties were reinforced by the addition of POSS and 

iBOMA and thermal stability was enhanced. An optimization of block lengths is still needed in 

order to achieve good entanglement of the poly(Far) blocks. Furthermore, the hydrogenation of 

poly(Myr) and poly(Far) using diimides was straightforward and showed great efficiency in 

saturating their double bonds, and improved thermal and rheological behaviours were 

demonstrated. 

Currently, there are several upcoming collaborative projects that are based on the work that was 

highlighted in this thesis. The ease of thiol-ene click chemistry as shown by the addition of POSS 

onto the norbornenyl group of EGDEMA units motivated the thiol-ene clicking of thiol-boronic 

esters to impart self-healing properties. UV-initiated thiol-ene clicking will be used instead since 

it is shown to be much more efficient than thermally-initiated systems. Additionally, a terpene-

based methacrylate has been synthesized by transesterification between geraniol and methacrylic 

acid to form a methacrylate with a myrcene side chain. A similar terpene-based methacrylate 

demonstrated effective polymerization using D7 and in miniemulsion [48], therefore it will be used 

to make block copolymers also with self-healing properties. Another collaborative project involves 
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blending high molecular weight poly(Far) or poly(Far-co-GMA) with poly(lactic acid) (PLA) in 

order to toughen the biodegradable, but brittle PLA. The epoxy functional groups from GMA 

would aid in compatibilizing the two polymers in the blend. The chemical hydrogenation of 

poly(Far-co-GMA) can also be explored, to see if the epoxy functionalities can be preserved after 

hydrogenation. Furthermore, the increased viscoelastic properties of hydrogenated poly(Far) could 

provide enhanced toughening properties and thermal stability when blended with PLA. 

Moreover, the study of miniemulsion polymerization of Far can continue using RAFT 

polymerization instead of NMP. A great deal of success was shown in studies using seeded 

miniemulsion of BD via RAFT polymerization to make poly(St-b-BD) [53]. Particles containing 

poly(St)-RAFT chain transfer agents were dispersed in water with surfactant, then swollen with 

BD monomer, therefore polymerization loci were ensured to be inside every particle. SBS triblock 

copolymers were also made by seeded miniemulsion by RAFT [54]. Furthermore, 

compartmentalization was observed, and polymerization rates increased as a result. Poly(St-b-

Myr-b-St) (SMS) triblock copolymer was also synthesized by bifunctional RAFT agent in seeded 

emulsion, and block copolymers with 20–30 wt% poly(St) content showed comparable tensile 

strength and elongation at break as commercial SIS and SBS block copolymers [41]. Therefore, 

seeded emulsion via RAFT can indeed be applied to polymerization of Far to synthesize alternative 

TPE materials.  

In conclusion, the work done on polymerization of Far thus far is only the beginning, and there is 

much more that can be done to optimize its polymerization kinetics by RDRP such that more 

innovative materials can be made. The advantages of Far do not only encompass its sustainability 

factor, but also its superior viscoelastic properties due to the entanglement of the long side chains. 

However, much higher molecular weights must be achieved in order to reach sufficient 

entanglement. Furthermore, post-polymerization techniques have been already been shown to 

enhance the mechanical strength and thermal behaviour of poly(Far) homo- and copolymers, and 

the possibility of adding self-healing properties will certainly be interesting as well.  
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9 Appendices 

The appendices contains the supporting information for all the published articles and submitted 

manuscripts. 
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9.1 Appendix A: Supporting Information for “Nitroxide-mediated polymerization of bio-based 

farnesene with incorporation of functional glycidyl methacrylate” 

The homopolymerization of farnesene is mostly by 1,4-addition, as opposed to 1,2-addition, as 

shown in Figure A1. The broad peak at d=5.2 ppm after 240 minutes of polymerization is the shift 

of proton C due to the formation of a double bond after 1,4-addition. The small peak at d=4.8 ppm 

is the shift of the vinyl protons D and D’ as a result of 1,2-addition. 

 

Figure A-1. 1H NMR spectra (500 MHz) for polymerization of farnesene at t = 0 and 240 mins in CDCl3. 
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Figure A-2. 1H NMR spectra (500 MHz) of 50/50 molar ratio of Far/GMA copolymerization at t = 0 and 150 mins 

in CDCl3. 
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Figure A-3. 1H NMR spectra (500 MHz) of chain-extension of 80/20 molar ratio Far/GMA macroinitiator with 

styrene in toluene at t = 0 and 120 mins in CDCl3. 

 

Figure A-4. a) Linearized conversion as a function of time and b) Mn and Đ vs. Conversion plots for random 

copolymerization of 10/90 molar ratio of Far/GMA at 120°C with NHS.BB in bulk. 
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Figure A-5. a) Linearized conversion as a function of time and b) Mn and Đ vs. Conversion plots for random 

copolymerization of 20/80 molar ratio of Far/GMA at 120°C with NHS.BB in bulk. 

Table A-1. Summary of experimental conditions for Far/GMA statistical copolymerizations using NHS-BB in bulk 

at 120°C. Final conversion (X), number average molecular weight (Mn), dispersity (Đ), and final polymer 

compositions (FFar and FGMA) are reported. 

fFar,0 mNHS-BB (g) mFar (g) mGMA (g) X Mn (g/mol) Đ FFar FGMA 

0.1 0.1 1.08 6.79 73% 26000 1.71 0.12 0.88 

0.2 0.1 2.08 5.79 75% 22900 1.63 0.25 0.75 

0.3 0.1 3.00 4.87 88% 29200 1.50 0.34 0.66 

0.4 0.1 3.21 3.35 92% 21900 1.67 0.42 0.58 

0.5 0.12 4.64 3.23 86% 24300 1.54 0.51 0.49 

0.7 0.08 4.85 1.45 65% 20300 1.29 0.65 0.35 

0.9 0.1 7.31 0.56 60% 17900 1.23 0.85 0.15 

 

Table A-2. Summary of Far monomer and polymer compositions, and their conversions for Far/GMA statistical 

polymerization with NHS-BB in bulk for Mayo-Lewis plot at 120 and 90°C. 

fFar,0 X120C FFar, 120C X90C FFar, 90C 

0.05 -- -- 6.3% 0.12 

0.1 10.8% 0.25 6.8% 0.22 

0.2 10.4% 0.37 8.4% 0.4 

0.3 21.1% 0.44 -- -- 

0.4 27.3% 0.5 -- -- 

0.5 22.4% 0.56 -- -- 
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0.7 13.7% 0.66 -- -- 

0.9 13.6% 0.86 -- -- 

 

Table A-3.  Chain-extension of GMA-rich macroinitiator with St in 50 wt% toluene at 110°C. 

Time (mins) X Mn (kg/mol) Đ 

0 7% 22.9 1.44 

30 18% 28.6 1.54 

60 21% 29.1 1.62 

120 22% 29.3 1.77 

 

Table A-4. Chain-extension of Far-rich macroinitiator with St in 50 wt% toluene at 110°C. 

Time (mins) X Mn (kg/mol) Đ 

0 3% 22.0 1.22 

30 13% 22.7 1.30 

60 14% 25.6 1.29 

120 22% 27.7 1.34 

  

Figure A-6. Synthesis of Far homopolymer macroinitiator using NHS-BB in bulk at 120°C. a) Linearized 

conversion vs. time plot, b) molecular weight (Mn) vs. conversion and dispersity (Đ) vs. conversion plots. 
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Figure A-7. Synthesis of Far homopolymer macroinitiator using CCDP in bulk at 120°C. a) Linearized conversion 

vs. time plot, b) molecular weight (Mn) vs. conversion and dispersity (Đ) vs. conversion plots 
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9.2 Appendix B: Supporting information for “Polymerization of bio-based farnesene in 

miniemulsions by nitroxide-mediated polymerization” 

 

  

Figure B-1. Ln(1/(1-X)) vs. time, Mn and Dispersity vs. time plots for farnesene homopolymerization miniemulsions 

done with D7 and NHS-BB initiators at 20 wt% monomer and 5 wt% surfactant for 30 h. 
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Figure B-2.  MWDs of chain-extension reactions with St for poly(Far) made in miniemulsion using a) D7 and b) 

NHS-BB in 20 wt% monomer and 5 wt% surfactant. 

  

Figure B-3.  Ln(1/(1-X)) vs. time, Mn and Dispersity vs. time plots for farnesene homopolymerization 

miniemulsions done with D7 at 20 wt% monomer and 5 wt% surfactant for 72 h. 
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Figure B-4. MWD of chain-extension reactions with St for poly(Far) made in miniemulsion using D7 in 20 wt% 

monomer and 15 wt% surfactant after 72 h. 
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Figure B-5. Number-averaged particle size distribution from DLS for a) Exp 1, b) Exp 2, c) Exp 3, d) Exp 4, and e) 

Exp 5. 
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Figure B-6. Volume-averaged particle size distribution from DLS for a) Exp 1, b) Exp 2, c) Exp 3, d) Exp 4, and e) 

Exp 5. 
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Figure B-7. MWD of chain-extension reactions with iBOMA for poly(Far) made in miniemulsion using D7 in 20 

wt% monomer and 15 wt% surfactant after 72 h. 
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9.3 Appendix C: Supporting information for “Farnesene and norbornenyl methacrylate block 

copolymers: application of thiol-ene clicking to improve thermal and mechanical 

properties” 

The 1H NMR spectra of EGDEMA monomer is shown in Figure C-1. Conversion of 

polymerization of EGDEMA via nitroxide-mediated polymerization was calculated according to 

the NMR spectra as shown in Figure C-2. 

 

Figure C-1. 1H NMR (500 MHz) spectra of ethylene glycol dicyclopentenyl ether methacrylate (EGDEMA) 

monomer in CDCl3. 
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Figure C-2. 1H NMR (500 MHz) spectra of polymerization of EGDEMA after 60 mins in CDCl3. 

The conversion of EGDEMA polymerization was calculated using the vinyl proton that is 

polymerized by NMP at 6.2 ppm, and the monomer plus proton peaks are at 3.8 – 4.4 ppm. The 

conversion is therefore calculated using the following equation. 

𝑋()*(+! = 41 −
𝑚

𝑚 + 𝑝9 × 100% = 41 −
𝐴,.'

𝐴../01.1
9 × 100% 

Similarly, the copolymerization of equimolar EGDEMA and iBOMA monomers are characterized 

using 1H NMR as shown in Figure C-3. The conversion of EGDEMA and iBOMA 

copolymerization is calculated based on the spectra shown in Figure C-4. 
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Figure C-3. 1H NMR (500 MHz) spectra of equimolar EGDEMA and iBOMA monomers in CDCl3. 

 

Figure C-4. 1H NMR (500 MHz) spectra of copolymerization of EGDEMA and iBOMA after 120 mins in CDCl3. 

The conversion for equimolar copolymerization of EGDEMA and iBOMA is calculated using the 

same protons as EGDEMA homopolymerization (A6.2 and A3.8-4.2 are the integrated areas peak 
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areas), the vinyl proton of iBOMA at 6.1 ppm and the monomer and proton peaks at 4.4 – 4..8 

ppm. The following equation was used to calculating the conversion of the copolymerization. 

𝑋()*(+!&3"4+! = >
𝐴,.'	

𝐴,.' + 𝐴,.6
41 −

𝐴,.'
𝐴../01.'	

9 +
𝐴,.6	

𝐴,.' + 𝐴,.6
41 −

𝐴,.6
𝐴1.101./

9? × 100% 

Alternatively, conversion of EGDEMA polymerization can be calculated relative to the pendent 

double bond protons assuming they are also inert and do not participate in polymerization. These 

conversions are compared with previous calculations which were relative to the inert CH2 protons 

to verify that the pendent double bonds are not polymerized via NMP. The integration of one of 

the pendent double bond proton at 5.7 ppm is shown in Figure C-5. At time = 0 min, the integration 

of the pendent double bond proton is equal to the vinyl proton of EGDEMA and after 60 mins of 

polymerization, the integration of pendent double bond proton is higher than the vinyl proton. 
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Figure C-5. 1H NMR of EGDEMA homopolymerization at time = 0 min and 60 min. 

The conversion calculated relative to the pendent double bond is calculated using the integration 

of the pendent proton peak at 5.7 ppm (A5.7) relative to the vinyl proton peak at 6.2 ppm (A6.2) 

using the below equation. 

𝑋()*(+!
789:89; = 41 −

𝑚
𝑚 + 𝑝9 × 100% = 41 −

𝐴,.'
𝐴<.=

9 × 100% 

The conversions of EGDEMA polymerization calculated relative to inert CH2 protons compared 

to inert pendent double bond protons are shown in Table C-1. The two methods give comparable 

conversions given the inherent error of 1H NMR spectra, therefore the pendent double bonds of 

EGDEMA can be considered inert in the polymerization reactions.   
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Table C-1: Summary of conversions of EGDEMA polymerization and EGDEMA and iBOMA copolymerization 

using the pendent proton peaks compared to the CH2 proton peaks. 

Macroinitiator ID 

Conversion of EGDEMA 

calculated using CH2 

protons (A3.8-4.4) 

Conversion of EGDEMA 

calculated using pendent 

proton (A5.7) 

EG1 32.0% 28.6% 

EG2 46.7% 47.1% 

EGiB1 a 36.7% 35.5% 

EGiB2 a 48.2% 41.9% 
a) For the equimolar copolymerizations of EGDEMA and iBOMA, the conversions calculated in 

this table are for EGDEMA monomer only and does not include conversion of iBOMA. 

The chain-extension of poly(EGDEMA) macroinitiators with Far is shown in Figure C-6. 

 

Figure C-6. 1H NMR (500 MHz) spectra of chain-extension of poly(EGDEMA) macroinitiators with Far after 120 

mins in CDCl3.  

The chain-extension reaction is monitored by tracking the disappearance of the proton (B) adjacent 

to the vinyl protons of Far at 6.45 ppm, and the 9 CH3 protons (A) of Far at 1.7 ppm, which are 
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present in both Far monomer and polymer. Therefore, the conversion of chain-extension is 

calculated using the equation, 

𝑋>?@3908A;89B3C9 = 41 −
𝐴,.1<
𝐴6.=

9 × 100% 

The 1H NMR of thiol-POSS is shown in Figure C-7. The thiol proton at 1.3 ppm would disappear 

after thiol-ene clicking. 

 

Figure C-7. 1H NMR (500 MHz) spectra of thiol-POSS in CDCl3. 

To quantify the thiol-ene clicking reaction with the poly(EGDEMA-b-Far) block copolymers, 1H 

NMR of the final polymers were done and an example spectra is shown in Figure C-8. 



 228 

 

Figure C-8. 1H NMR (500 MHz) spectra of poly(EGDEMA-b-Far) block copolymer clicked with thiol-POSS in 

CDCl3. 

To find the concentration of double bonds of EGDEMA that remained after thiol-ene clicking, the 

alkene protons of EGDEMA at 5.4 and 5.7 ppm are compared to the 2 poly(EGDEMA) protons at 

4.0 ppm. 

𝐸𝐺𝐷𝐸𝑀𝐴	(𝐶 = 𝐶) =
𝐴<.1
𝐴1.D/2

 

To find the concentration of double bonds of Far that remained after thiol-ene clicking, the 3 

poly(Far) alkene protons at 5.1 ppm are compared to the 9 CH3 protons of poly(Far) at 1.6 ppm. 

𝐹𝑎𝑟(𝐶 = 𝐶) =
𝐴<.6/3
𝐴6.,/9
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The copolymer composition of the block copolymers (FEGDEMA, FFar, FPOSS) is calculated by 

finding the mole fractions of each component by integrating the poly(Far) peak at 5.1 ppm (3 

equivalent protons), poly(EGDEMA) peak at 4.0 ppm (2 equivalent protons), and the CH2 protons 

of the R group of POSS at 0.6 ppm (14 equivalent protons, 7 R groups per POSS). However, even 

though there are 7 R groups per POSS, as seen in the 1H NMR spectra for thiol-POSS in Figure 

C-7, only 11 protons are quantified per 2 CH2 protons on the mercaptopropyl group. Therefore, 

the copolymer compositions were calculated assuming 11 POSS CH2 protons at 0.6 ppm per mole. 

𝐹()*(+! =
𝐴1.D/2

𝐴1.D/2 + 𝐴<.6/3 + 𝐴D.,/11
 

𝐹E@F =
𝐴<.6/3

𝐴1.D/2 + 𝐴<.6/3 + 𝐴D.,/11
 

𝐹G4HH =
𝐴D.,/11

𝐴1.D/2 + 𝐴<.6/3 + 𝐴D.,/11
 

Similarly, poly(EGDEMA-co-iBOMA-b-Far) block copolymers are characterized using 1H NMR 

spectra shown in Figure C-9. The calculations to find remaining double bonds remain the same. 
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Figure C-9. 1H NMR (500 MHz) spectra of poly(EGDEMA-co-iBOMA-b-Far) block copolymer clicked with thiol-

POSS in CDCl3. 

The copolymer composition of the poly(EGDEMA-co-iBOMA-b-Far) block copolymers 

(FEGDEMA, FiBOMA, FFar, FPOSS) is calculated with the addition of including poly(iBOMA) protons 

at 4.4 ppm as well. Therefore,  

𝐹()*(+! =
𝐴1.D/2

𝐴1.D/2 + 𝐴1.1 + 𝐴<.6/3 + 𝐴D.,/11
 

𝐹3"4+! =
𝐴1.1

𝐴1.D/2 + 𝐴1.1 + 𝐴<.6/3 + 𝐴D.,/11
 

𝐹E@F =
𝐴<.6/3

𝐴1.D/2 + 𝐴1.1 + 𝐴<.6/3 + 𝐴D.,/11
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𝐹G4HH =
𝐴D.,/14

𝐴1.D/2 + 𝐴1.1 + 𝐴<.6/3 + 𝐴D.,/11
 

 

Figure C-1: GPC chromatograph of EGiB2-Far-POSS10 after purification following thiol-ene clicking showing 

absence of unreacted POSS that would appear at 28-31 min elution time. 

The kinetic plots, Mn and Ð versus conversion plots for homopolymerization of EGDEMA using 

D7 initiator at 90°C are shown in Figure C-11. 
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Figure C-11. Kinetic plots for homopolymerization of a) EG1 and b) Mn and Ð versus conversion for EG1, as well 

as kinetic plots for c) EG2 and d) Mn and Ð versus conversion for EG2. 

The semi-logarithmic kinetic plots, Mn and Ð versus conversion plots for copolymerization of 

EGDEMA and iBOMA using D7 initiator at 90°C are shown in Figure C-12. 
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Figure C-12. Kinetic plots for equimolar copolymerization of a) EGiB1 and b) Mn and Ð versus conversion for 

EGiB1, as well as kinetic plots for c) EGiB2 and d) Mn and Ð versus conversion for EGiB2. 
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Figure C-13. DSC heat flow vs. temperature plots for a) EG1-Far, b) EG1-Far POSS10, and c) EG1-Far POSS20 

block copolymers to determine Tg. 
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Figure C-14. DSC heat flow vs. temperature plots for a) EG2-Far, b) EG2-Far POSS10, and c) EG2-Far POSS20 

block copolymers to determine Tg. 
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Figure C-15. DSC heat flow vs. temperature plots for a) EGiB1-Far and b) EGiB1-Far POSS10 block copolymers to 

determine Tg. 

 

Figure C-16. DSC heat flow vs. temperature plots for a) EGiB2-Far and b) EGiB2-Far POSS10 block copolymers to 

determine Tg. 
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9.4 Appendix D: Supporting information for “Hydrogenation of poly(myrcene) and 

poly(farnesene) using diimide reduction at ambient pressure” 

The conversion of poly(Myr) via free radical polymerization after 6 h in bulk is calculated based 

on the 1H NMR spectra shown in Figure D-1. There are 6 CH3 protons at 1.6 ppm, which represent 

the methyl groups of Myr monomer and poly(Myr), and 1 =CH- proton adjacent to the vinyl carbon 

at 6.4 ppm, which disappears during polymerization. Therefore, conversion can be calculated as 

such, 

𝑋+IF = M1 −
𝐴,.1
𝐴6.,
6
O × 100% 

 

Figure D-1. 1H NMR (500 MHz) of poly(Myr) in CDCl3 by free radical polymerization in bulk after 6 h. 
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Myr was mostly polymerized by 1,4-addition as characterized by 1H NMR shown in Figure D-2. 

The peak for =CH- proton by 1,4-addition is at 5.2 ppm, for 1,2-addition the peak is at 4.7 ppm 

and for 3,4-addition the peak is at 5.4 ppm. 

 

Figure D-2.  1H NMR (500 MHz) of poly(Myr) in CDCl3 after purification for characterization. 

The conversion of Far free radical polymerization in bulk was determined by 1H NMR as shown 

in Figure D-3. There are 9 CH3 protons at 1.7 ppm that represent the 3 methyl groups of Far and 

poly(Far), and the =CH- proton adjacent to the vinyl carbon at 6.4 ppm that disappears with 

polymerization. Therefore, conversion of Far is calculated as such 

𝑋E@F = 41 −
𝐴D.1
𝐴6.=/9

9 × 100% 
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Figure D-3. 1H NMR (500 MHz) of poly(Far) in CDCl3 by free radical polymerization in bulk after 2 h. 

Far was mostly polymerized by 1,4-addition as characterized by 1H NMR shown in Figure D-4. 

The peak for =CH- proton by 1,4-addition is at 5.2 ppm, for 1,2-addition the peak is at 4.8 ppm 

and for 3,4-addition the peak is at 5.4 ppm. There was some residual monomer (6 mol%) leftover 

after purification of poly(Far). 
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Figure D-4. 1H NMR (500 MHz) of poly(Far) in CDCl3 after purification for characterization. 

The degree of hydrogenation of poly(Myr) is calculated using 1H NMR as well as shown in Figure 

D-5. The protons (6 CH3 and CH2s) at 0.7 ppm and 1 – 1.6 ppm represent saturated poly(Myr), 

where 1.4-addition backbone double bond has been hydrogenated. The doublet at 1.6 ppm 

represents the 6 CH3 protons of the unsaturated 1,4-addition backbone double bond, and the peak 

at 5.1 ppm represents the =CH- proton of the pendant branches of poly(Myr). The hydrogenation 

of the backbone and pendant double bonds is calculated as such 

𝐻𝐷J@>KJC98 = 41 −
𝐴6.,

𝐴6., + 𝐴D.=
9 × 100% 

𝐻𝐷789:@9; = M1 −
𝐴<.6
2

𝐴6.,
6 + 𝐴D.=6

O × 100% 
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Figure D-5. 1H NMR (500 MHz) of poly(Myr) in CDCl3 after 210 min of hydrogenation in semi-batch. 

The degree of hydrogenation of poly(Far) is calculated using 1H NMR as shown in Figure D-6.The 

protons (9 CH3 and CH2s) at 0.9 ppm and 1 – 1.6 ppm represent saturated poly(Far), where 1.4-

addition backbone double bond has been hydrogenated. The doublet at 1.6 ppm represents the 9 

CH3 protons of the unsaturated 1,4-addition backbone double bond, and the peak at 5.1 ppm 

represents the =CH- proton of the pendant branches of poly(Far). The hydrogenation of the 

backbone and pendant double bonds is calculated as such 

𝐻𝐷J@>KJC98 = 41 −
𝐴6.,

𝐴6., + 𝐴D.L
9 × 100% 

𝐻𝐷789:@9; = M1 −
𝐴<.6
3

𝐴6.,
9 + 𝐴D.L9

O × 100% 



 242 

 

Figure D-6. 1H NMR (500 MHz) of poly(Far) in CDCl3 after 240 min of hydrogenation in semi-batch. 

 


