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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. 
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1 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), -100ºC and -70 ºC for poly(butadiene) and poly(isoprene), respectively 

[2]. To improve the versatility and mechanical strength of these poly(diene) materials, they are 
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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-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 KratonTM, 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 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 

(-85ºC) 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 ~ 6,000 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 (-73ºC) 

also with a 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].  

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 
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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. 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 1.  But first, the 

synthesis of the precursors for these materials will be briefly examined.  

 

Scheme 1 

2 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 
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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].  

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. Furthermore, 

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

another monomer of interest.  

 

Scheme 2 

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 
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and nerolidol can be found in grapes and wines, along with small amounts of α-farnesene isomers 

[54]. The acid-catalyzed dehydration of both farnesol and nerolidol using KHSO4 at 170ºC can 

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

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

using KOH at 210ºC 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 3 

3 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 60ºC [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. 

Later, polymerizations with myrcene proved more informative and successful (Scheme 4). Like IP 

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

 

Scheme 4 
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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. 

Poly(Far) was prepared anionically in heptanes using n-butyl lithium as the initiator resulting in a 

wide range of molecular weights (3,800 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 -73ºC. 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 
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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 

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. 

4 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 
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polymerization (NMP), atom-transfer radical polymerization (ATRP), and reversible addition-

fragmentation chain transfer (RAFT).   

4.1 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 

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 in 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 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 molecular weight. Both 
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initiating systems still required high temperatures (120 – 125ºC) and long reaction times (~20 

hours) to reach high conversions.  

 

Scheme 5 

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 BlocBuilderTM by Arkema [81-83]. The chemical structures of the various 

commonly used commercially available nitroxides are shown in Scheme 6. 

 

Scheme 6 
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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 5,200 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 like St, acrylonitrile, or even IP to decrease the overall Keq and better maintain active 

chain-ends [84, 90-92]. The SG1-based BlocBuilderTM 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 7. 
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Scheme 7 

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 composition 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]. 

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 

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

compositions 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 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, 
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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 8 

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 9. 
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Scheme 9 

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-

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 
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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.  

4.2 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 Schematic 6. 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].  

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 
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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 10.  

 

Scheme 10 

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 
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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 

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) were synthesized (Mn < 10,000 g mol-1) but high 

conversions were achieved (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 11) [136-138]. It seemed the 
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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]. 

 

Scheme 11 

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 
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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.  

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.   
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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 

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.  

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

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

amongst 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 supressed. The RAFT 

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

RAFT CTAs in Scheme 13.  
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Scheme 12 

 

Scheme 13 

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

bulk polymerizations yielded very slow rates (Scheme 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, 

as the kp of BD is very low and was unable to form hydrophobic oligomers in the aqueous phase 



 23 

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 14 

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-

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 
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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 hours. 

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 

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)) 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 therefore phase separation was not achieved. In a more recent study, it showed that 

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 
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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 

hours, and even at a higher temperature of 130°C conversion reached 50-60% after ~50 hours [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 hours 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 increased 

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.   

5 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 that in the 

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

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 
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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 

poly(Far) and poly(Myr) that 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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7 Figure Captions 

Scheme 1: General mechanisms for living/anionic polymerization, and different types of RDRP 

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

Scheme 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]. 

Scheme 3: Chemical structure of farnesene isomers. 

Scheme 4: Schematic of several syntheses of poly(Myr) block copolymers via anionic 

polymerization. 

Scheme 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. 

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

Scheme 7: Chemical structures of a) succinimidyl-modified SG1-based BlocBuilderTM and b) 

Dispolreg 007 alkoxyamines. 

Scheme 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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Scheme 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. 

Scheme 10: General mechanism for ATRP using copper as the metal catalyst. Catalyst 

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

Scheme 11: Cp2TiCl (3) initiated controlled radical polymerization of isoprene (7) using epoxides 

(5), aldehydes (5’), alkyl halides (5’’) [138]. 

Scheme 12: General polymerization mechanism for RAFT using dithioester chain transfer 

agent.[141] 

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

Scheme 14: Schematic of RAFT polymerization of bio-based dienes in bulk/solution, conventional 

emulsion, and in seeded miniemulsion. 
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