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Motivation and Objectives 

The success story of rubbery materials started with the vulcanization of natural rubber in 

1839 by Charles Goodyear, resulting in the first tires for automobile industry.1 Nowadays, 

elastomers enrich our everyday life in manyfold ways. The biomass-derived polyterpene 

cis-1,4-polyisoprene, commonly referred to as natural rubber, still presents the most 

consumed rubber worldwide.2 The increased demand on natural rubber caused a growing 

industrial production volume of alternative petrochemical-based elastomers. However, 

today’s society desires a reduction on its fossil resource dependence, drawing attention 

to current research for the use of biomass-derived chemicals and materials.3 Terpenes 

represent a large-scale available and structural versatile class of bio-based compounds, 

which covers a wide range of applications from fragrances to rubber.4 Due to their large 

variety of polymerizable moieties, terpenes offer a versatile library of renewable 

monomers for polymerization.5 

The living anionic polymerization of isoprene in apolar solvents results in polyisoprene 

with high content of 1,4-regiosisomers, showing highly similar elasticity to natural 

rubber. In recent years, the vast potential of the biomass-derived 1,3-diene monomers 

β-myrcene and β-farnesene as alternatives for fossil-based isoprene has been explored. 

Today, β-myrcene as well as β-farnesene are produced in large scale from biomass.6,7 

Consequently, the polymerization of those renewable monomers is attracting increased 

interest. 

Nevertheless, there is a lack of functional groups in the polydiene backbone with 

exception of their double bonds. Functionalized polydienes are of industrial relevance 

because of their improved interaction with functional fillers, resulting in a reinforcement 

in mechanical, electrical and thermal properties at low costs.8,9 Additional to the 

polymerizable 1,3-diene moiety, β-myrcene offers an additional double bond in the 

isopropylidene pendant group. Those addressable double bonds allow functionalization 

of polymyrcene by postpolymerization modification reactions. Nevertheless, 

postmodification reactions exhibit a lack of regiospecificity of the functionalization, 

which is key for the synthesis of well-defined polymer architectures. A potential 

alternative for the regiospecific introduction of functional groups is the utilization of 

functional monomers. Due to the high susceptibility of the 1,3-diene moiety to side 

reactions in the living anionic polymerization, the diversity of suitable functional 
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1,3-diene monomers, is strongly limited.10 In publications to date, hydroxyl groups were 

attached to polymyrcene via post-polymerization modification reactions, leading 

imprecise defined polymer structures. This lack of tools for the adjustment of well-defined 

hydroxyl-functionalized polymer architectures, results in the following question: 

“Is it possible to introduce hydroxyl functionalities to the polydiene backbone in a 

regiospecific fashion, by using a biomass-derived functional diene-monomer for the living 

anionic polymerization?   

Besides their application as elastomers, polydienes represent suitable rubbery building 

blocks for so-called thermoplastic elastomers (TPEs). Cross-linking in elastomers is 

obtained by irreversible chemical cross-linking of flexible polymer chains, exhibiting low 

glass transition temperatures (Tg). However, the cross-linking in TPEs is achieved by 

reversible physical crosslinking. Thereby the linkage of glassy end blocks (A) and a 

flexible rubbery midblock (B) in a single polymer chain in form of ABA triblock 

copolymers combines the advantages of commonly incompatible materials.11 Bridge 

formation and entangled loops of the flexible rubbery midblock enhances the mechanical 

properties of the materials in comparison to AB diblock copolymers.12 The 

thermodynamic immiscibility of the polymer blocks induces the formation of rubbery and 

glassy domains. The phase separation behavior dictates the outstanding mechanical 

properties of the ABA triblock copolymers.13 Living anionic polymerization is the method 

of choice for the synthesis of well-defined and complex block copolymer architectures 

with high molecular weights, due to its unique sequence control by sequential monomer 

addition, in both the polymer industry and academia.14,15 The living anionic 

polymerization of 1,3-dienes and styrene is commonly used for the synthesis of highly 

industrial relevant block copolymer architectures. Their application varies from daily life 

articles like footwear, toothbrushes, food packaging, automotive products to advanced 

technologies like polymeric actuators and separation membranes.16,17 The mechanical 

properties of TPEs are improved by the synthesis of multiblock copolymers, due to 

multiple bridging polydiene segments in a single polymer chain.12 

In general, the replacement of the fossil sourced TPEs by renewable alternatives is a 

current objective in academic and industrial research. The previously discussed terpene-

based 1,3-diene monomers β-myrcene and β-farnesene are ideal candidates for low Tg 

rubbery building blocks of thermoplastic elastomers.18 In contrast to the linear 

polyisoprene chains, polyfarnesene exhibits a bottlebrush-like structure, which 
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influences the molecular dynamics of the polymer chains and induces an increase in the 

entanglement molecular weight. Thus, the terpene-based polydiene blocks are expected 

to influence the thermal, morphological and mechanical properties of TPEs when 

compared to conventional isoprene-based analogs. The investigation of the influence of 

the polydiene architecture on the properties of TPEs is a neglected topic in academic 

research and literature, which raises the question: 

“How does the replacement of fossil feedstock-based 1,3-diene monomers by biomass-derived 

terpene-based monomers influence the thermal, morphological and mechanical properties of 

thermoplastic elastomers?” 
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Abstract 

This thesis describes the introduction of a novel bio-based hydroxyl-functionalized 

1,3-diene monomer to the field of the living anionic polymerization, which enables the 

functionalization of polymyrcene. Furthermore, the thesis investigates the influence of 

the replacement of fossil feedstock-based 1,3-diene monomers by terpene-based 

alternatives in regards to the thermal, morphological and mechanical properties of 

tapered multiblock copolymers.  

Chapter 1 gives an introduction to the living anionic polymerization of terpene-based 

1,3-diene monomers. In general, biomass-derived monomers have been attracting 

attention in recent years due to dwindling fossil resources as well as a growing 

environmental awareness in society. The structural similarity of terpenes to isoprene 

opens a versatile library of various 1,3-diene monomers. Nevertheless, to date the 

carbanionic polymerization of terpenes is limited to the two 1,3-diene monomers 

β-myrcene and β-farnesene. In this chapter, an overview over the industrial large-scale 

production of both biomass-derived monomers is presented. The structural differences of 

polyterpenes compared to commercial fossil-based (thermoplastic) elastomers are key to 

tailor future materials for specialized applications. Furthermore, the huge structural 

variety of terpenes provides potential cyclic 1,3-diene monomers, which may enable the 

synthesis of bio-based rigid polymers with high glass transition temperatures. Those 

glassy polymer structures may represent bio-based alternatives to commercial fossil-

based polystyrene. Additionally, the functionalization of the bio-based polydiene 

backbone by postpolymerization modification reactions is reviewed. In this context, the 

vast potential of the functionalized polydienes as macro-precursors for the synthesis of 

bio-based TPEs with complex polymer architectures is highlighted. 

Chapter 2 presents a novel silyl-protected hydroxyl functionalized monomer (MyrOSi), 

derived from the terpenoid β-myrcenol, and its anionic polymerization to polymyrcenol 

(MyrOH). The removal of the tert-buthyldimethyl silyl (TBDMS) protective group after 

polymerization results in well-defined polymyrcenol homopolymers. Additionally, the 

copolymerization kinetics with β-myrcene (Myr) were investigated by 1H NMR 

spectroscopy, resulting in a random copolymer composition. Due to its polar silyl ether 

moiety, MyrOSi exhibits a “self-modifier” ability, which influences the polydiene 

microstructure during the copolymerization as typically known for polar additives 
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(modifier) like THF. The influence of the “self-modifier” effect on the polydiene 

microstructure as well as the thermal properties were investigated by a series of 

P(Myr-co-MyrOH) copolymers, varying the monomer ratios. The introduction of 

hydroxyl functionalities by the (co)polymerization of a functionalized monomer (MyrOSi) 

enables unique control of the regiospecificity of the functionalization, which is not 

attainable by a postmodifcation functionalization of polymyrcene. Graft copolymer 

architectures are presented after using a P(Myr-co-MyrOH) copolymer as macro-

precursor in the “grafting from” approach for the polymerization of L-lactide. The 

adjustable random distribution of the hydroxyl groups in the polydiene backbone leads 

to a well-controlled poly(L-lactide) graft density. Those graft copolymers are promising 

candidates for fully bio-based thermoplastic elastomers. 

In Chapter 3, the influence of silyl protective groups on the polymyrcenol microstructure 

is investigated. Surprisingly, only a few investigations on the protective group-controlled 

regio- and stereochemistry of polymers have been reported in literature. Therefore, the 

library of β-myrcenol-based monomers for the living anionic polymerization is expanded 

by using different silyl protective groups with varying steric bulk. An increasing steric 

bulk of the protective groups leads to a higher content of 1,4-units in the polymyrcenol 

backbone, resulting in a lower glass transition temperature. Consequently, the selectivity 

of the “self-modifier” effect of MyrOSi is strongly influenced by the steric volume of the 

protective group. The decreasing glass transition temperature, with increasing content of 

1,4-units, is desirable for potential application as soft compounds of thermoplastic 

elastomers or low-temperature flexible rubbers.  

In Chapter 4, the influence of the replacement of fossil feedstock-based 1,3-diene 

monomers by biomass-derived terpene-based monomers on the material properties of 

thermoplastic elastomers is investigated. In this context, the fundamental 

copolymerization kinetics of the bio-based monomer β-farnesene and styrene were 

investigated by in-situ 1H NMR spectroscopy. The copolymerization results in a tapered 

copolymer composition with highly diverging reactivity ratios of the monomers, similar 

to other 1,3-diene/styrene copolymerizations. Additionally, an in-depth understanding of 

the applicability of copolymerization models is obtained. The one-pot tapered copolymer 

approach was used for the synthesis of tapered tri- (ABA) and pentablock (ABABA) 

copolymers of β-farnesene (B) and styrene (A). Furthermore, analog isoprene and 

β-myrcene series of styrenic tri- and -pentablock copolymers were synthesized, keeping 



Abstract  

8 
 

the total polydiene volume fraction constant. The equal polydiene volume fractions 

resulted in identical morphologies of the phase separated multiblock copolymers. The 

morphology unity enables a valid comparison of thermal and mechanical properties of 

the multiblock copolymers, while they are based on different polydiene architectures. The 

bottlebrush-like structure of the polyfarnesene blocks exhibit a higher entanglement 

molecular weight in comparison to the linear polyisoprene analogs and therefore 

influences the mechanical properties of the multiblock copolymers. In addition, the 

processing behavior of the unique polyfarnesene-based block copolymers was 

investigated by electrospinning. 

In order to gain a deeper understanding of the influence of block number and molecular 

weight of tapered multiblock copolymers on their phase separation behavior and their 

thermomechanical properties, a series of tapered multiblock copolymers is discussed in 

detail in Chapter 5. For this purpose, three tapered multiblock copolymer series with 

constant molecular weights of 80, 120 and 240 kg mol-1 and block numbers of 2, 4, 6, 8 

and 10 were synthesized, using the monomers isoprene (I) and 4-methylstyrene (4MS). In 

contrast to the well investigated copolymerization of isoprene and styrene, the I/4-MS 

copolymerization results in a tapered copolymer with shorter tapered interface. 

Regarding the phase separation behavior, the shorter taper is counterbalanced by the 

lower effective interaction parameter, resulting in similar domain spacing. The 

mechanical properties of the multiblock copolymers can be fine-tuned by the judicious 

selection of molecular weight and number of blocks. 

A detailed comparison of the living anionic copolymerization of isoprene (I)/styrene (S) 

and isoprene (I)/4-methylstyrene (4MS) is given in Chapter A1. The statistical 

copolymerization of the monomer pairs is investigated by real-time 1H NMR 

spectroscopy. The extremely slow crossover from isoprene to the styrenic monomer 

results in a tapered copolymer composition. The effect of the methyl group in para-

position of 4-methylstyrene is observable in form of a shorter taper in comparison to I/S. 

Additionally, Kinetic Monte Carlo simulations were used to confirm the tapered 

copolymer structures. The presented unique combination of experimental methods and 

simulation enables in-depth understanding of the copolymerization kinetics and the 

copolymer composition
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Zusammenfassung 

Die vorliegende Arbeit beschreibt die Entwicklung eines neuartigen biobasierten 

hydroxyl-funktionalisierten 1,3-Dien-Monomers für die lebende anionische 

Polymerisation, welches die Funktionalisierung von Polymyrcen ermöglicht. Darüber 

hinaus wird in dieser Arbeit der Einfluss von Terpen-basierten Monomeren auf die 

thermischen, morphologischen und mechanischen Eigenschaften von verjüngten 

Multiblock Copolymeren im Vergleich zu bisherigen, auf fossilen Rohstoffen basierten, 

thermoplastischen Elastomeren untersucht.  

Kapitel 1 gibt eine Einführung in die lebende anionische Polymerisation von 1,3-Dien-

Monomeren auf Terpenbasis. Im Allgemeinen haben aus Biomasse gewonnene 

Monomere in den letzten Jahren aufgrund schwindender fossiler Ressourcen sowie eines 

wachsenden Umweltbewusstseins in der Gesellschaft verstärkt Aufmerksamkeit 

erhalten. Die strukturelle Ähnlichkeit von Terpenen mit Isopren eröffnet eine große 

Bandbreite an verschiedenen 1,3-Dienmonomeren. Bisher ist die carbanionische 

Polymerisation von Terpenen jedoch auf die beiden 1,3-Dien-Monomere β-Myrcen und 

β-Farnesen beschränkt. In diesem Kapitel wird ein Überblick über die industrielle 

Produktion beider aus Biomasse gewonnener Monomere gegeben. Die strukturellen 

Unterschiede von Polyterpenen im Vergleich zu kommerziellen fossilen 

(thermoplastischen) Elastomeren bieten neuartige Struktur-Eigenschafts-Beziehungen 

für zukünftiges Materialdesign. Die große strukturelle Vielfalt der Terpene bietet u.a. 

potentielle cyclische 1,3-Dien-Monomere, welche die Synthese von starren biobasierten 

Polymeren mit hohen Glasübergangstemperaturen ermöglichen. Diese glasartigen 

Polymerstrukturen könnten zukünftig biobasierte Alternativen zu kommerziellem fossil-

basiertem Polystyrol darstellen. Des Weiteren wird ein Überblick über die 

Funktionalisierung des biobasierten Polydien-Rückgrats mittels Postpolymerisations-

Modifikation gegeben. In diesem Zusammenhang wird das enorme Potenzial der 

funktionalisierten Polydiene als Makro-Präkursor für die Synthese biobasierter TPEs mit 

komplexen Polymerarchitekturen hervorgehoben. 

In Kapitel 2 wird ein neues silyl-geschütztes hydroxyl-funktionalisiertes Monomer 

(MyrOSi), welches auf dem Terpenoid β-Myrcenol basiert, für die anionische 

Polymerisation vorgestellt. Die Entfernung der tert-Buthyldimethylsilyl-Schutzgruppe 

(TBDMS) nach der Polymerisation resultiert in wohldefinierten Polymyrcenol-
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Homopolymeren. Zusätzlich wurde die Copolymerisations-Kinetik mit β-Myrcen (Myr) 

mittels 1H-NMR Spektroskopie untersucht, wodurch eine statische Verteilung der 

Copolymerzusammensetzung ermittelt wurde. Aufgrund der polaren Silylethereinheiten 

weist MyrOSi eine „Selbst-Modifikator“-Fähigkeit auf, welche die Polydien-

Mikrostruktur während der Polymerisation beeinflusst, wie es typischerweise für polare 

Additive (Modifikatoren) wie THF bekannt ist. Der Einfluss des „Selbst-Modifikator“-

Effekts auf die Polydiene-Mikrostruktur, sowie auf die thermischen Eigenschaften der 

Polymere wurde anhand einer Reihe von P(Myr-co-MyrOH)-Copolymeren untersucht, 

wobei die Monomerverhältnisse variiert wurden. Die Einführung von 

Hydroxylfunktionalitäten mittels Copolymerisation eines funktionalisierten Monomers 

(MyrOSi) ermöglicht eine einzigartige Kontrolle der Regiospezifität der 

Funktionalisierung von Polymyrcen, die durch Postmodifikations-Funktionalisierung 

nicht erreichbar ist. Zudem werden Pfropfcopolymerstrukturen auf Basis der 

P(Myr-co-MyrOH)-Copolymere vorgestellt, wobei die Copolymere als Makro-

Präkursoren für die Polymerisation von L-lactide mittels „grafting from“ Methode 

eingesetzt wurden. Die über das Monomerverhältnis justierbare Verteilung der 

Hydroxylgruppen der Copolymere ermöglicht eine gezielte Einstellung der Pfropfdichte 

der Pfropfcopolymere. Derartige Pfropfcopolymere sind vielversprechende Kandidaten 

hinsichtlich vollständig biobasierter thermoplastischer Elastomere. 

In Kapitel 3 wird der Einfluss von Silyl-Schutzgruppen auf die Polymyrcenol-

Mikrostruktur untersucht. Erstaunlicherweise wurden in der Literatur bisher nur wenige 

Untersuchungen zur schutzgruppen-gesteuerten Regio- und Stereochemie von 

Polymeren veröffentlicht. Daher wird in diesem Kapitel der Baukasten von Monomeren 

auf β-Myrcenol-Basis für die lebende anionische Polymerisation unter Verwendung 

verschiedener Silyl-Schutzgruppen mit unterschiedlichem sterischem Anspruch 

erweitert. Ein zunehmendes sterisches Volumen der Schutzgruppen führt zu einem 

höheren Gehalt an 1,4-Einheiten im Polymyrcenol-Rückgrat, was wiederum zu einer 

niedrigeren Glasübergangstemperatur führt. Folglich wird die Selektivität des „Selbst-

Modifikator“-Effekts von MyrOSi stark vom sterischen Volumen der Schutzgruppe 

beeinflusst. Die abnehmende Glasübergangstemperatur mit zunehmendem Gehalt von 

1,4-Einheiten ist für mögliche Anwendungen als elastische Komponente in 

thermoplastischen Elastomeren oder in flexiblen Niedertemperaturkautschuken 

wünschenswert. 
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In Kapitel 4 wird der Einfluss von Terpen-basierten Monomeren auf 

Materialeigenschaften von thermoplastischen Elastomeren im Vergleich zu bisherigen, 

auf fossilen Rohstoffen basierten, Materialen untersucht. In diesem Zusammenhang wird 

zunächst grundlegend die Copolymerisations-Kinetik der Copolymerisation von 

β-Farnesen und Styrol mittels in-situ 1H-NMR-Spektroskopie untersucht. Die 

Copolymerisation führt zu einer verjüngten Copolymerzusammensetzung mit stark 

divergierenden Reaktivitätsparametern der Monomere, ähnlich wie bei anderen 

1,3-Dien/Styrol-Copolymerisationen. Zusätzlich wird ein tiefgreifendes Verständnis der 

Anwendbarkeit von Copolymerisations-Modellen erhalten. Die Ein-Topf-Methode zur 

Synthese verjüngter Diblockcopolymer wurde zur Synthese von verjüngten Tri- (ABA) 

und Pentablockcopolymeren (ABABA) von β-Farnesen (B) und Styrol (A) verwendet. 

Darüber hinaus wurden analoge Isopren- und β-Myrcen-Reihen von Styrol-basierten 

verjüngten Tri- und Pentablock-Copolymeren synthetisiert, wobei der gesamte 

Polydienvolumenanteil konstant gehalten wurde. Die gleichen 

Polydienvolumenfraktionen führen zu identischen morphologischen Strukturen der 

phasenseparierten Multiblockcopolymere. Die Einheitlichkeit in der Morphologie 

ermöglicht einen validen Vergleich der thermischen und mechanischen Eigenschaften 

der Multiblockcopolymere, die auf verschiedenen Polydienbausteinen basieren. Die 

flaschenbürstenartige Struktur der Polyfarnesenblöcke weist im Vergleich zum linearen 

Polyisopren ein höheres Verschlaufungsmolekulargewicht auf und beeinflusst daher die 

mechanischen Eigenschaften der Multiblockcopolymere. Zusätzlich wurde das 

Verarbeitungsverhalten der Blockcopolymere auf Polyfarnesen-Basis mittels 

Elektrospinnen untersucht. 

Um den Einfluss der Blockanzahl und des Molekulargewichts von verjüngten 

Multiblockcopolymeren auf ihr Phasenseparationsverhalten und ihre 

thermomechanischen Eigenschaften besser zu verstehen, wird in Kapitel 5 eine Reihe 

von verjüngten Multiblockcopolymeren diesbezüglich detailliert untersucht. Zu diesem 

Zweck wurden drei verjüngte Multiblockcopolymer-Reihen mit konstanten 

Molekulargewichten von 80, 120 und 240 kg mol-1 und Blockanzahlen von 2, 4, 6, 8 und 

10 unter Verwendung der Monomere Isopren (I) und 4-Methylstyrol (4MS) synthetisiert. 

Im Gegensatz zur gut untersuchten Copolymerisation von Isopren und Styrol führt die 

I/4-MS-Copolymerisation zu verjüngten Diblockcopolymeren mit kürzerer verjüngenden 

Copolymersequenz. In Bezug auf das Phasenseparationsverhalten wird die kürzere 
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Grenzfläche durch den niedrigeren effektiven Wechselwirkungsparameter ausgeglichen, 

was zu einem ähnlichen Domänenabstand führt. Die mechanischen Eigenschaften der 

Multiblockcopolymere können durch die Auswahl des Molekulargewichts und der 

Anzahl der Blöcke feinjustiert werden. 

Ein detaillierter Vergleich der lebenden anionischen Copolymerisation von Isopren (I)/ 

Styrol (S) und Isopren (I)/4-Methylstyrol (4MS) ist in Kapitel A1 aufgeführt. Die 

anionische Copolymerisation der Monomerpaare wird durch Echtzeit-1H-NMR-

Spektroskopie untersucht. Der langsame Übergang von Isopren zum Styrol-Monomer 

führt zu einer verjüngten Copolymerzusammensetzung. Der Effekt der Methylgruppe in 

para-Position von 4-Methylstyrol ist in Form einer kürzeren verjüngenden 

Copolymersequenz im Vergleich zu I/S zu beobachten. Zusätzlich wurden kinetische 

Monte-Carlo-Simulationen verwendet, um die verjüngten Diblockcopolymerstrukturen 

zu bestätigen. Die vorgestellte einzigartige Kombination von experimenteller Methode 

und Simulation ermöglicht ein detailliertes Verständnis der Copolymerisationskinetik 

und der Copolymerzusammensetzung.
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Abstract 

Biomass-derived materials possess vast potential for material science and industry for the 

next decades. Dwindling fossil resources and an increasing environmental awareness 

increase the demand for sustainable feedstock-based alternatives. In addition to natural 

rubber (cis-polyisoprene), the class of terpenes offers a large variety of renewable 

monomers, like the 1,3-diene monomers β-myrcene and β-farnesene. Living anionic 

polymerization of the bio-based 1,3-diene monomers enables the synthesis of well-

defined, high molecular weight block- and copolymers with unique control over polymer 

architecture and polydiene microstructure. The resulting materials can be used for a 

variety of technical products. For instance, polyfarnesene has been introduced as an 

additive in tire mixtures and replaces fossil resource-based rubbery building blocks in 

styrenic thermoplastic materials that enrich our everyday life. Furthermore, the 

unsaturated nature of polymyrcene and polyfarnesene renders them accessible for 

functionalization by postmodification reactions, which results e.g. in improved 

interaction with functional fillers. (End-)functionalized polyterpenes are promising 

candidates as macro-precursors for the synthesis of fully bio-based thermoplastic 

elastomeric materials. In this review we give an overview of the recent developments 

regarding the anionic polymerization of terpenes and the considerable potential the 

resulting polymer architectures offer for material science and a more sustainable future. 

  



Chapter 1 

21 
 

Introduction  

Polymer-based materials possess key relevance in a vast range of applications and enable 

our high economic status in many ways. Nevertheless, plastics disposal poses one of the 

significant global challenges for the next decades.1 The accumulation of plastic waste in 

the environment is visibly evident in the great pacific garbage patch.2,3 On the other hand, 

decreasing fossil resources, which are required for the production of plastics such as 

styrene-butadiene-based rubbers (SBR), presents additional challenges for the plastics 

industry. For this reason, improved recycling of plastics, as well as the substitution of 

fossil resources by renewable resources are receiving increased attention, and there is a 

quest for a “circular economy”.4–6 Accordingly, there is an increase of the production 

volume of chemicals from biomass during the last years, highlighted by the 

comprehensive review of Bhowmick and Sarkar.7,8 An important class of biomass-based 

chemicals are terpenes, which offer an extensive variety of chemical structures. Terpenes 

are naturally abundant compounds originating from plants, which are employed as 

fragrances, spices, pharmaceutical products and pheromones in everyday life.9  The cyclic 

and linear terpene monomers differ in the size of the carbon framework, which fulfills 

the “isoprene rule” of Ruzicka, consisting of C5 units (isoprene units).9–12 Additionally, a 

wide range of functionalized terpene-based structures, so-called terpenoids (or 

isoprenoids) are also obtainable from biomass. Monoterpenes (C10) and sesquiterpenes 

(C15) exhibit special significance as monomers in polymer and material science.13–15 A 

growing library of monoterpene-based monomers already exists in literature.16 The most 

prominent C10 monomers are β-myrcene,17,18 β-pinene,19 limonene20,21 and limonene 

oxide.22,23 Furthermore, terpenes can be utilized to design novel renewable monomers by 

chemical transformation, e.g. thiol-ene modification of limonene results in a suitable 

monomer for polycondensation.24 In contrast, the vast potential of sesquiterpenes as 

monomers has been hardly exploited to date. There are few publications that deal with 

the polymerization of β-farnesene17,25 as well as the ring opening metathesis 

polymerization of humulene and caryophyllene.26  

Cis-polyisoprene (natural rubber) is the most important polyterpene, obtained from hevea 

brasiliensis. It accounts for around 46 % of the total worldwide rubber consumption. The 

similarity of synthetically produced polydienes to natural rubber illustrates the relevance 

of alternative bio-based 1,3-diene synthons for rubber materials.7 In particular, the 

1,3-diene-based terpenes β-myrcene and β-farnesene are promising bio-based 
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alternatives for the large scale industrial used 1,3-diene monomers butadiene and 

isoprene. Due to the structural similarity, polyfarnesene has already partially replaced 

synthetic and natural rubber in commercial products like chewing gum and tires (up to 

around 6 % of polyfarnesene content).27,28 The monoterpene β-myrcene naturally occurs 

in wild thyme, ylang-ylang fruits, bay leaves, hop and other plant materials.29 Due to the 

uneconomical direct extraction of β-myrcene from plant materials, β-myrcene is 

industrial basically produced in large scales from turpentine oil, which has an annually 

worldwide production scale of 330 000 t. The pyrolysis of β-pinene, which can be easily 

obtained from turpentine oil by fractional distillation, at temperatures of 450 – 600 °C 

results in β-myrcene with yields up to 85 % (as shown in Figure 1), described in detail in 

the comprehensive review of Behr and Johnen.29 The commercial production of 

β-farnesene by Amyris Inc., is described in the review of Paddon et al., as schematically 

shown in Figure 1.30 The fermentation of sugar, obtained from Brazilian sugar cane with 

engineered yeast enables the large scale production of β-farnesene. For this process, the 

yeast is engineered by the introduction of the enzyme β-farnesene synthase. The enzyme 

generates β-farnesene from farnesyl diphosphate, which occurs in the biosynthesis of 

isoprenoids by the mevalonate pathway (MVA).30 Alternatively, β-farnesene can be 

synthesized on small scale by dehydration of farnesol, which is obtainable from rose 

oil.9,31,32 
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Figure 1. Industrial large-scale production pathways of β-myrcene, based on turpentine 
oil (left) and β-farnesene based on fermentation technology of sugar cane (right) by 
Amyris Inc. The fermentation tanks of Amyris in Brotas, SP, Brazil, are shown at the 
picture on the right side (Photo by Paddon et al. / CC BY 4.0).30 

Anionic polymerization of terpenes. The key requirement for an aliphatic monomer 

to be suitable for living anionic polymerization is the existence of a 1,3-diene (butadiene) 

moiety in the monomer structure. Various alkyl-substituted 1,3-diene monomers have 

been polymerized by carbanionic polymerization so far. Isoprene represents the simplest 

alkyl-substituted 1,3-diene monomer. Terpenes, which are formed accordingly via the 

isoprenoid biosynthesis, formally consist of isoprene units, represent a promising 

monomer toolbox for the anionic polymerization. Nevertheless, to date merely β-myrcene 

and β-farnesene that show a high structural similarity to isoprene but differ in the length 

of the alkenyl side chains, have been reported as monomers for carbanionic 

polymerization. However, there are other promising terpene-based monomers, which are 

potentially suitable for the living anionic polymerization, as outlined in Figure 2. Acyclic 

terpenes with a different alkyl substituent pattern of the 1,3-diene moiety are also 

promising candidates for living anionic polymerization, but to date have been 

polymerized by other polymerization methods. β-Ocimene has been reported to be 

polymerizable by catalytic polymerization methods.17,33 Furthermore, alloocimene is 

polymerizable by the utilization of a catalyst system of sodium and aliphatic ether.34 An 

additional potential monomer class for carbanionic polymerization are cyclic terpenes 
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that contain a 1,3-diene moiety inside the cyclic structure. For instance, the cyclic terpene 

(R)-(-)-α-phellandrene offers promising structural similarities to cyclohexadiene, which 

is polymerizable by living anionic polymerization, using alkyllithium initiators.35,36 In 

contrast to acyclic flexible polydienes (low Tg), cyclic polydienes exhibit a rigid structure 

resulting in high glass transition temperatures (Tg) above 100 °C.37 Consequently, these 

rigid polymers offer potential regarding their application as glassy building blocks in 

thermoplastic elastomers. In addition to the naturally available 1,3-diene terpenes, there 

are several possibilities to transform terpenes by simple chemical modification reactions 

into 1,3-diene compounds.38 α,β-Unsaturated carbonyl compounds like carvone can be 

transformed into the corresponding cyclic 1,3-diene structure by the Wittig reaction, as 

shown in Figure 2.39 Hydroxyl functional terpenes (so-called terpenoids) also offer 

promise regarding the application as renewable functional 1,3-diene monomers for living 

anionic polymerization. They offer a possibility to overcome the lack of functional 1,3-

diene monomers for the living anionic polymerization, caused by synthetic difficulties 

due to the high reactivity of the 1,3-diene entity. By protecting the hydroxyl groups of 

terpenoids like β-myrcenol with appropriate protective groups for the living anionic 

polymerization (e.g. silyl groups), a novel type of monomers is obtained.40,41 In recent 

works myrcenol was copolymerized with β-myrcene or isoprene, using neodymium or 

cobalt catalyzed polymerization.42,43 
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Figure 2. Overview of terpenes containing (perspectively) polymerizable 1,3-diene 
moieties (red). 

The bio-based 1,3-diene monomers β-myrcene and β-farnesene are known to be 

polymerizable by free radical,25,44,45 controlled radical,25,46,47 cationic,48,49 

coordination17,42,50 and  living anionic polymerization.51,52 The living anionic 

polymerization exhibits key benefits over most other polymerization methods. It enables 

the synthesis of high molecular weight homo- and (block) copolymers with well-defined 

complex polymer architectures and complete monomer conversion, adjustable polymer 

microstructure and introduction of functional (end-)groups (all discussed in detail 

below).53,54 In comparison, the free and controlled radical polymerization of β-myrcene 

and β-farnesene results in incomplete conversion, the reported results ranging from 65 % 

to 80 %, respectively. Furthermore, cross-linking occurs, due to the double bond of the 

alkenyl side chain of the β-myrcene and β-farnesene units in the polymer backbone.25,47,55 

The coordination polymerization, using rare-earth catalysts, results in polyterpenes with 
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complete monomer conversion and high molecular weights, but the synthesized 

polyterpenes exhibit high dispersities (Ɖ >1.3).17,56 Furthermore the coordination 

polymerization cannot offer control of polymer microstructure, as is possible with the 

living anionic polymerization.17,42,50,56 In general, the polymerization of 1,3-diene 

monomers results in an heterogenous polydiene microstructure in form of cis- and trans-

1,4-, 3,4- and 1,2-units, as it is shown as an example for polymyrcene in Figure 3.57 The 

polydiene microstructure plays a key role for the adjustment of the glass transition 

temperature and the elastic properties of materials, as discussed in detail below.  

 

Figure 3. Possible polydiene microstructures of polymyrcene, resulting from anionic 
polymerization. The incorporation mode is controlled by solvent, temperature and added 
modifiers.  

NMR analysis enables the determination of the polydiene microstructure, i.e. the mode of 

monomer incorporation, as first published by Newmark and Majumdas for polymyrcene 

and polyfarnesene.52,58 In material science (cis-)1,4-polydienes are preferred for most 

elastomer applications, due to their low glass transition temperatures and their similarity 

to natural rubber in their elastic behavior.59,60 The similarity of synthetically produced 

polydienes to the naturally occurring polyterpene cis-polyisoprene (natural rubber, 

obtained from the rubber tree Hevea brasiliensis), points at the relevance of alternative 

bio-based synthons for elastomers.7 Recently, polyfarnesene has been established on a 

technical scale and is used on small scale to replace natural rubber in commercial products 

as diverse as chewing gum and tires.27,28 In the field of carbanionic polymerization, the 

polydiene microstructure is mainly influenced by the solvent, polar additives, the counter 

ion, as well as chain end concentration and the temperature.61,62 The carbanionic 

sec-BuLi-initiated polymerization of β-myrcene in cyclohexane results in polymyrcene 

with 94 % of the preferred 1,4- and 6 % 3,4 units,41 while the polymerization in the more 

polar solvent THF results in 30 % 1,4-, 57 % 3,4-, and 13 % 1,2 units.63 A high content of 

1,4-units of polydienes results in a low glass transition temperature and improved 
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elasticity when compared to polydienes with increased 3,4-content.60,64 The glass 

transition temperature of polydienes generally increases in a linear fashion with 

increasing vinyl content (1,2 and 3,4 units).64,65 As demonstrated by Henning et al.,66 the 

slope of the linear correlation strongly correlates with the polydiene architecture, as 

shown in Figure 4.  

 

Figure 4. Glass transition temperature as a function of vinyl content for polyisoprene, 
polymyrcene and polyfarnesene reproduced from Henning et al. and expanded by data 
available for polymyrcene from literature.41,63,66,67 

While the slope of the linear dependency increases strongly for linear polyisoprene, a 

significant decrease of the gradient from polyisoprene > polymyrcene > polyfarnesene is 

observable, i.e. related to the terpene chain length. This translates to a nearly constant 

glass transition temperature of polyfarnesene, even for increasing vinyl content 

(Figure 4). The gradient change can be contributed to the different polydiene structures. 

While polyisoprene can be considered as a linear polymer with methyl side groups, the 

length of the side chain increases from polymyrcene (C6/C8, depending on the polydiene 

microstructure (1,4- or 3,4-units)) to polyfarnesene (C11/C13), which exhibits an almost 

bottlebrush-like structure, as illustrated in Figure 5. The additional vinyl groups in the 

side chain of the 3,4- and 1,2-units limit molecular motion and decrease the free volume 

of polyisoprene. In comparison, the low Tg values of polyfarnesene, showing a weak vinyl 

unit dependency, can be attributed to the bottlebrush-like structure. The bottlebrush-like 
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structure results in a hindered tight packing of the polymer chains, resulting in a higher 

free volume and consequently in a lower Tg. The influence of the 3,4- and 1,2-units in the 

side chain is increasingly overcompensated with longer side chain, corresponding to a 

more bottlebrush-like structure.66 In addition the bottlebrush-like structure of 

polyfarnesene causes an significantly higher entanglement molecular weight 

(Me(PFar) = 50 kg∙mol-1)68 in comparison to polymyrcene (Me(PMyr) = 18 kg∙mol-1) and 

polyisoprene (Me(PI) = 5.4 kg∙mol-1), which is attributed to the increased persistence 

length of polyfarnesene.69 The decrease in entanglement molecular weight follows the 

trend of decreasing side chain length, in the order PFar > PMyr > PI. Runt et al. studied 

in detail the influence of the bottlebrush-like structure of polyfarnesene on its molecular 

dynamics.68 Below the critical molecular weight (Mc(PFar) = 100 kg∙mol-1) polyfarnesene 

behaves like a bottlebrush-like polymer and exhibits Rouse-like melt dynamics. However, 

above the high critical molecular weight, polyfarnesene behaves like an entangled 

polymer melt.68 In general, bottlebrush-like or branched structures show reduced melt 

and solution viscosity in comparison to linear analogues, which renders polyfarnesene a 

useful alternative for linear polyisoprene to improve the processing of styrenic 

thermoplastic elastomers.70–72 
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Figure 5. Schematic illustration of the polydiene architectures of polyisoprene (linear), 
polymyrcene and polyfarnesene (bottlebrush-like). 

Copolymerization with styrene derivatives. The statistical anionic polymerization of 

1,3 diene and styrene derivatives in cyclohexane is commonly used for the synthesis of 

tapered copolymers and multiblock copolymers.73–75 Tapered multiblock copolymers 

present a unique alternative for well-established isoprene/styrene-based thermoplastic 

elastomers consisting of ABA triblock copolymers with flexible midblock structure.76–78 

β-Myrcene and β-farnesene are promising bio-based candidates for the replacement of 

the fossil-sourced 1,3-diene monomers butadiene or isoprene in styrene-based 

thermoplastic materials.63,70 Even if there are several alternative routes to produce the 

fossil source-based monomers isoprene and styrene from biomass, these approaches are 

currently not scalable to an industrially relevant production volume.79–82 In several 

recent, fundamental works the copolymerization of β-myrcene and styrene was 

studied.67,83–85 The copolymerization of β-myrcene and styrene in cyclohexane results in 
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tapered copolymers (as shown in Figure 6 (top)), with an even steeper gradient than 

observed for isoprene and styrene, expressed by the more disparate reactivity ratios 

(rMyrcene = 36, rStyrene = 0.028 and rIsoprene = 12.8, rStyrene = 0.051).83,86 Whilst the 

copolymerization with styrene results in tapered copolymers, the statistical 

copolymerization of β-myrcene with 4-methylstyrene results in block-like copolymers, 

due to the extremely steep gradient formed.83 The copolymer microstructure can be 

controlled both by the polarity of the solvent and by adding polar or complexing 

additives. In several works the dependency on the polarity of the solvent was used to 

adjust the copolymer microstructure.62 Polar modifiers like ethyl tetrahydrofurfuryl ether 

(ETE) or tetramethylethylenediamine (TMEDA) have been added to the anionic 

copolymerization of β-myrcene and styrene in cyclohexane, resulting in random 

copolymers (as shown in Figure 6 (middle)), albeit the corresponding works lack in-depth 

investigation of the copolymerization kinetics.67,84 In a completely different approach, 

Gallei et al. capitalized on the unreactive nature of β-myrcene in polar solvents (THF) 

at -78 °C for the formation of well-defined block copolymers with styrene directly from a 

monomer mixture.85 They initiated the comonomer mixture in THF at -78 °C, resulting in 

the formation of a pure polystyrene block. The cross-over from the living polystyrene 

chains to β-myrcene was induced by a temperature increase up to 10 °C, resulting in a 

polystyrene-block-polymyrcene block copolymers (as shown in Figure 6 (bottom)). The 

sec-butyllithium-initiated copolymerization of β-farnesene and styrene in cyclohexane 

results in in a tapered copolymer as well, with strongly disparate reactivity ratios of 

rFar = 27 and rS = 0.037.70 
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Figure 6. Molar composition profiles70 of copolymers of β-myrcene and styrene 
(FS,n: instantaneous styrene incorporation; Xn: molar-based chain position), synthesized 
by anionic polymerization. The anionic copolymerization results in dependency of the 
polarity of the solvent in tapered copolymers (top, solvent: cyclohexane),83 random 
copolymers (middle, solvent: cyclohexane and polar additives)67,84 and inverse block-like 
copolymers (bottom, solvent: THF, temperature induced).85 

In addition, the terpolymerization of β-myrcene, isoprene and 4-methylstyrene was 

investigated, resulting in a tapered copolymer with mixed polydiene block, exhibiting a 

gradient composition of β-myrcene and isoprene (rMyrcene = 4.4, rIsoprene = 0.23), followed 

by a taper and a pure polystyrene block. Han and coworkers investigated the influence 

of the alkenyl side chains of the myrcene units of poly(myrcene-co-butadiene-co-styrene) 

terpolymers in comparison to commercial used styrene-butadiene rubbers (SBR).67 The 

pendant alkenyl side chain of the myrcene units improved the carbon black dispersibility 

in rubber, commonly used in tire mixtures, as well as the wet grip resistance without 

affecting the low rolling resistance. Accordingly, the replacement of butadiene by bio-

based β-myrcene in styrenic rubbers is a promising approach for the development of more 

sustainable tires.67,87 Similar effects are observable for polyfarnesene, so consequently 

Kuraray Co, Ltd. and Amyris, Inc. have commercialized rubber compositions for tires 

containing polyfarnesene compounds.28 

Functionalization of polyterpenes. The potential for functionalization, provided by 

unsaturated polyterpenes like polymyrcene and polyfarnesene vastly expands their range 
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of applications. There are basically three approaches to introduce functionality to a 

polymer backbone: i) introduction of a functional end-group by using functional end-

capping agents and/or initiators; ii) postmodification reactions; iii) utilization of 

functional monomers.60 The living character of the anionic polymerization enables the 

introduction of functional end-groups by termination of the living polymer chains using 

a suitable end-capping agent. Commonly applied end-capping agents for the quantitative 

implementation of terminal hydroxyl groups are epoxides, such as ethylene oxide (EO) 

and propylene oxide, resulting in primary (EO) or secondary (PO) hydroxyl end-

groups.88,89 Li and coworkers synthesized α,ω-hydroxyl functionalized polymyrcene by 

the use of a silyl-protected alkyllithium initiator for the hydroxyl group in α-position, 

while the primary hydroxyl group in ω-position was implemented by end-capping with 

EO (Figure 7a).90 In a different approach by Henning et al., the heterobifunctional α,ω-

functionalization was introduced by end-capping of the bifunctional initiated 

polymerization of β-farnesene with PO, using a proprietary dilithio initiator (Figure 7b).66 

Those α,ω-functionalized polydienes are promising building blocks (macro-precursors) 

for the synthesis of triblock copolymers, which are discussed below in the section 

“Thermoplastic elastomers”. Furthermore, amine ω-terminated polymyrcene was 

synthesized by the usage of N-benzylidenetrimethylsilylamine as end-capping agent with 

a degree of functionalization up to 87 %, as shown in Figure 7c.91  

 

Figure 7. End-functionalization strategies for polymyrcene and polyfarnesene.66,90,91 
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The double bonds of the polymyrcene and polyfarnesene backbone as well as in the 

alkenyl side chains offer promising potential regarding postpolymerization reactions. 

There are several approaches for the postmodification of double bonds, which have 

already been applied for polymyrcene. Schlaad et al. investigated the regiospecifity of the 

thiol-ene reaction and epoxidation  of polymyrcene.92,93 Close to quantitative degrees of 

postmodification by thiol-ene click (side chain double bonds up to 24 times faster), allows 

a regiospecific functionalization, controlled by the degree of 

conversion/functionalization. In addition, the regioselectivity was found to increase from 

secondary (2) to primary thiols (1), while tertiary thiols (3) resulted in low conversion 

(exemplary thiol structures are shown in Figure 8, assigned by numbers 1-3). This effect 

is attributed both to their chemical structure and steric hindrance, which results in a 

different accessibility of the double bonds.92 In a further postmodification reaction, 

saponification of thiol functionalized polymyrcene resulted in amphiphilic 

polyelectrolytes.92 Furthermore, thiol-ene modification of polymyrcene enables its 

application as a 3D printing material (printable photopolymer resin component) by 

photo-cross-linking, using the tetrafunctional thiol-compound pentaerythritol 

tetrakis(3-mercaptopropionate) (PETMP) (thiol (5) in Figure 8).94 The surface 

hydrophobicity of 3D printed materials is adjustable by using different thiols, from 

superhydrophobic when using a long alkyl chain thiol (thiol (4) in Figure 8) to more 

hydrophilic in case of a more polar thiol (e.g. thiol (1) in Figure 8).94 

Complete epoxidation of the unsaturated polymyrcene was achieved by Schlaad and 

coworkers.93 The degree of epoxidation was adjustable in the range from 0 to 100 %. 

Additionally, a stereoselectivity of the epoxidation at the side chain was observed, 

although less pronounced than in comparison to the thiol-ene modification. Complete 

epoxidation of polymyrcene leads to an increase of the glass transition temperature from 

-64 °C up to 14 °C. Hydrolysis of the epoxidized polymyrcene results in a diol-moiety 

(polyol) as shown in Figure 8. However, the ring opening reaction is generally incomplete 

(conversion only around  72%).93 The introduction of epoxide or hydroxyl groups at the 

polymyrcene backbone improves the interaction with functional fillers, which is highly 

relevant for silica reinforced tires.43,95 Furthermore, epoxidized myrcene cross-links under 

acidic conditions or by annealing at 260 °C, resembling an epoxy resin.93 The epoxidation 

of polyfarnesene was also performed by Chao et al..96 
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Leaving aside the advantages the double bonds of polymyrcene and polyfarnesene offer 

for postmodification, it is obvious that the unsaturated nature of polydienes makes them 

vulnerable to oxidation and cross-linking processes. To overcome the limited stability of 

polydienes, hydrogenation of the polymer backbone is often utilized for industrial 

applications, as shown exemplary for polymyrcene in Figure 8. The hydrogenation is 

performed with palladium carbon catalysts under high pressure, which is highly relevant 

for industrial application.97 On a lab scale, the hydrogenation can be performed by the 

diimide method, using p-toluenesulfonyl hydrazide.62,92 In comparison to 

1,4-polymyrcene (Tg = -68 °C), the hydrogenation results in an increase of the glass 

transition temperature up to -54 °C.51 

Triazolinedione (TAD) click chemistry represents a further powerful tool for the 

postpolymerization modification reaction of unsaturated polymers. The terpene-based 

polymer poly(citronellyl glycidyl ether) (CitroGE) was quantitatively modified within 

short reaction times (< 1 hour). The similarity of the functionalized isopropylidene side 

chains of (PCitroGE) to polymyrcene promises a vast potential for the postmodification 

of polymyrcene by TAD click chemistry. The large library of triazolinediones enables a 

versatile functionalization as well as crosslinking by using a bisfunctional TAD, resulting 

in bio-based elastomers.98 

 

Figure 8. Postmodification reactions established for polymyrcene. 
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The functionalization of polymyrcene using a functional monomer in the living anionic 

polymerization is strongly limited, due to the high susceptibility of functionalized dienes 

to the Diels-Alder reaction. Furthermore, protecting functional groups is mandatory to 

prevent proton abstraction by the living carbanionic chain end, which results in the 

termination of the polymerization.60 In the field of coordination polymerization there are 

several recent works by Gong et al., in which a hydroxyl myrcene derivative (2-methyl-

6-methyleneoct-7-en-2-ol) was copolymerized with β-myrcene or isoprene, applying 

neodymium or cobalt catalyzed polymerization.42,43 In recent work, we were able to 

introduce the first reported hydroxyl group containing 1,3-diene monomer for the living 

anionic polymerization, based on β-myrcenol (2-methyl-6-methylideneocta-2,7-dienol), 

which was obtained by allylic oxidation of β-myrcene.41 The protection of the hydroxyl 

unit with a silyl protective group (TBDMS-, tert-butyldimethylsilyl-group) enables the 

carbanionic polymerization of silyl protected β-myrcenol (MyrOSi). The protective group 

was quantitatively removed after polymerization by treatment with tetra-n-

butylammonium fluoride (TBAF). In comparison to the epoxidation which results in a 

regioselective functionalization, the introduction of hydroxyl groups to the polymyrcene 

backbone is regiospecific at the alkenyl side chains of the myrcene units. Additionally, 

the random anionic copolymerization of MyrOSi with β-myrcene enables precise 

adjustment of the degree of functionalization by changing the comonomer ratio. 

Furthermore, functional monomers enable the selective functionalization of single 

polymer segments when employing sequential monomer addition.41 

Thermoplastic elastomers. Thermoplastic elastomers (TPEs) combine the typical 

properties of rubbers, behaving as viscoelastic liquids (low Tg) and stiff thermoplasts (high 

Tg). Block copolymers of at least three blocks, with the sequence hard-soft-hard (ABA), 

enable physical crosslinking of the hard domains, resulting in dimensional stability of the 

elastic material without additional vulcanization. Currently, commercial thermoplastic 

elastomers are based on monomers derived from fossil resources like isoprene, butadiene 

and styrene.99 Due to dwindling fossil feedstocks, academic and industrial research is 

increasingly focused on potentially sustainable alternatives. The first step towards the 

development of fully sustainable thermoplastic elastomers, synthesized by carbanionic 

polymerization, from terpene-derived monomers was undertaken by Bolton et al..63 In 

addition to β-myrcene, α-methyl-p-methylstyrene (AMMS) was used as bio-based styrene 

derivative. α-Methyl-p-methylstyrene is obtained from the pyrolysis of β-pinene and can 
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be alternatively derived from limonene by dehydrogenation.78 Triblock copolymers were 

synthesized by the sequential anionic polymerization in THF at low temperatures, 

followed by dichlorodimethylsilane coupling (Figure 9a).63 The triblock copolymers show 

phase separation (hexagonally packed cylinders) with a rubbery low Tg polymyrcene 

phase (Tg,PMyr = -39 °C), and hard, high Tg poly(α-methyl-p-methylstyrene) cylinders 

(Tg,PAMMS = 160 – 182 °C), which cause physical cross-linking. However, the exceptionally 

high glass transition temperature of PAMMS is unfavorable for processing of the material. 

The sustainable thermoplastic elastomers are competitive to fossil resource-based 

styrenic TPEs, as highlighted by a tensile strength of up to 10 MPa and ultimate 

elongations of up to 1300 %. However, due to the polymerization in THF, an increased 

vinyl content (1,2- and 3,4-units) is of the polymyrcene block cannot be avoided, resulting 

in an increased glass transition temperature of -39 °C.63 The glass transition temperature 

of the bio-based polydiene block can be decreased by performing the anionic 

polymerization in apolar solvents (e.g. cyclohexane). Kuraray Co, Ltd. and Amyris, Inc. 

developed the first ABA triblock copolymers based on styrene (A) and the bio-based 

monomer β-farnesene (B) synthesized by sequential anionic polymerization in 

cyclohexane, followed by hydrogenation of the polyfarnesene midblock (Figure 9b).97,100 

In a recent study by our group, the influence of the bio-based monomers β-myrcene and 

β-farnesene in styrenic tapered tri- and pentablock copolymers on the mechanical 

properties was investigated. Processing via electrospinning was also investigated (tapered 

triblock structure is shown in Figure 9c).70 . The bio-based tri- and pentablock copolymers 

were compared to the isoprene-based analogues. As a function of the entanglement 

molecular weight of the polydiene blocks, decreasing in the row polyfarnesene > 

polymyrcene > polyisoprene, the ultimate toughness of the styrenic multiblock 

copolymers decreased with increasing side chain length at the polydiene backbone.70 

Another approach for the synthesis of fully bio-based thermoplastic elastomers is the 

utilization of hydroxyl functionalized polymyrcene as a macro-precursor for the 

synthesis of L-lactide-based block or graft copolymers, reported in several works by Li 

and coworkers.90,101,102 On the one hand, linear poly(L-lactide)-block-polymyrcene-block-

poly(L-lactide) triblock copolymers were synthesized, starting from a hydroxyl 

α,ω-functionalized polymyrcene precursor (as shown in Figure 7a). The poly(L-lactide) 

end blocks were synthesized by TBD (1,5,7-Triazabicyclo-[4.4.0]dec-5-ene) catalyzed 

polymerization of L-lactide. The polymyrcene middle block of the L-lactide-based triblock 
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copolymers results in a toughening in comparison to pure poly(L-lactide), due to the 

flexible, low Tg polymyrcene backbone. The coexistence of a glass transition of the 

polymyrcene backbone (Tg ≈ -60) and the semicrystalline thermal behavior of the 

poly(L-lactide) (PLLA) domains with glass transition temperatures in the range of 49 °C 

to 53 °C and melting temperatures between 152 °C and 160 °C, indicates phase separation 

of the triblock copolymers.90 On the other hand, the epoxidation approach (Figure 8) was 

used for the synthesis of linear and star-shaped polymyrcene-graft-poly(L-lactide) graft 

copolymers (an overview of the L-lactide-based polymer architecture is given in 

Figure 9d).101,102 In dependence of the graft length and graft density, the crystallization of 

the poly(L-lactide) grafts was suppressed by the flexible polymyrcene backbone for 

several samples, resulting in completely amorphous materials with two glass transition 

temperatures due to the polymyrcene backbone (Tg,PMyr = -45 – -52 °C) and the PLLA 

grafts (Tg,PLLA = 39 - 54°C). However, due to the variation of both composition and 

molecular weights of the different polymyrcene/poly(L-lactide) block copolymer 

structures, a correlation of the polymer architecture with material properties is not 

possible.101,102 

In recent works, the potential of hydroxyl α,ω-functionalized polyfarnesene building 

blocks (polydiol, shown in Figure 7b) for hydrolysis-resistant polyurethane elastomers 

(shown in Figure 9e) was pointed out.103 The hydrophobic polyfarnesene diol soft 

segment reduces the amount of adsorbed water of the polyurethane elastomers (water 

contact angle of 100°), increasing the hydrolytic resistance. The bottlebrush-like structure 

of the polyfarnesene diol shields the hydrolytically cleavable carbamate bond of the 

polyurethane elastomers, resulting in improved hydrolysis-resistance in comparison with 

linear polyolefine-based diol soft segments (e.g. hydroxyl-telechelic polyisobutylene or 

polybutadiene). Consequently, the physical properties of the polyurethane elastomers 

remained constant after prolonged storage in water. Additionally, the bottlebrush-like 

structure of the polyfarnesene diol soft segment results in lower glass transition 

temperatures (Tg,PFar = -66 °C) in contrast to linear polyolefine-based diols, leading to low 

temperature flexible polyurethane elastomers.103  



Chapter 1  

38 
 

 

Figure 9. Examples of polymyrcene- and polyfarnesene based thermoplastic elastomers 
(TPEs).63,70,90,97,101–103  
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Conclusion and Perspective  

The versatile bio-based class of terpenes offers a variety of hidden treasures for various 

polymerization methods, which are currently revealed and exploited to an increasing 

extent. Their structural similarity to isoprene opens a toolbox of various 1,3-diene 

monomers. The immense structural variety of terpenes, ranging from acyclic to cyclic 

structures, as well as functional derivatives (terpenoids) is crucial to produce tailormade, 

bio-based materials.9 To date, the living anionic polymerization of terpenes is limited to 

the 1,3-diene monomers β-myrcene- and β-farnesene, which are widely present in bio-

based feedstocks and are already produced on industrial scale from biomass.30 The 

similarity of the chemical structure of polymyrcene and polyfarnesene to natural rubber 

(cis-polyisoprene) renders them a promising bio-based alternative for other fossil 

resource-based rubber materials. However, there are also promising cyclic 1,3-diene 

structures among terpenes that are yet unexplored. These structures may enable the 

synthesis of bio-based rigid polymers with high glass transition temperature, for instance 

as a bio-based alternative for polystyrene. In addition, several functional terpenes are 

suitable candidates for living anionic polymerization, like β-myrcenol.41 In contrast to 

established postpolymerization modification reactions, the introduction of functionality 

by a monomer enables unique regiospecificity as well as a selective functionalization of 

single polymer blocks by sequential monomer addition. Furthermore, there are several 

yet unexplored postmodification approaches, which enable fast and efficient modification 

or cross-linking of double bonds, like the triazolinedione (TAD) click chemistry.98 The 

structural peculiarity of terpenes is also reflected in the polymer properties. In case of 

polyfarnesene, the bottlebrush-like structure results in a reduced entanglement molecular 

weight in comparison to its linear fossil-based analog polyisoprene, affecting physical 

properties like viscosity and glass transition temperature.68 Remarkably, in contrast to 

polyisoprene, the glass transition temperature is nearly unaffected by the polydiene 

microstructure, which establishes new opportunities regarding structure-property 

relationship in materials.66 The structural differences of polyterpenes compared to 

commercial fossil-based (thermoplastic) elastomers are key to tailor future elastomers for 

specialized high-performance applications.  
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Abstract 

A bio-based hydroxyl group-containing diene monomer, silyl-protected β-myrcenol 

(MyrOSi), is introduced to the field of carbanionic polymerization. The polymerization of 

MyrOSi in cyclohexane, using sec-butyllithium as an initiator, resulted in homopolymers 

with well-controlled molecular weights in the range of 7.9 to 31.3 kg mol-1 and dispersities 

between 1.10 to 1.27. The silyl protective groups can be removed quantitatively under 

mild conditions, using tetra-n-butylammonium fluoride (TBAF), resulting in well-defined 

polymyrcenol. The statistical copolymerization of MyrOSi with β-myrcene was also 

investigated. The monomer sequence distribution of the copolymers was evaluated by 
1H NMR kinetic studies. Random copolymerization was observed for the 

β-myrcene/MyrOSi copolymerization. Copolymers with varying MyrOH content, in the 

full range between 0 and 100 mol% MyrOH, were synthesized (Ð ≤ 1.11) and characterized 

regarding their glass transition temperatures and polydiene-microstructure. With 

increasing MyrOH content in the polymer backbone, an increasing number of 3,4-units 

was observed, resulting in an increasing Tg from -67 to -23 °C. The P(Myr-co-MyrOH) 

copolymers are valuable building blocks for the synthesis of more complex polymer 

architectures, such as graft copolymers. The P(Myr-co-MyrOH) copolymers were used for 

the synthesis of graft copolymers consisting of a flexible polymyrcene backbone and 

poly(L-lactide) side chains by using the “grafting from” approach. The graft copolymers 

are promising candidates for bio-based thermoplastic elastomers.  
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Introduction 

Bio-based polymers have been attracting increased attention both in academic and 

industrial research in recent years.1–3 This trend is caused by an intensified 

environmental awareness as well as the desire to substitute dwindling fossil resources by 

sustainable alternatives.4–7 The development of innovative synthetic strategies for bio-

based advanced materials, associated with the usage of novel renewable monomers, is 

considered a key point for a sustainable future.1 In this context, terpenes are a promising 

class of renewable monomers due to their large variety of functional and polymerizable 

groups as well as their bioavailability.8,9 There has been rapid progress in manufacturing 

natural terpenes from biomass on large scales in the last decade.10,11 β-Myrcene is 

currently one of the most popular terpenes in material science. It is technically obtained 

by pyrolysis of β-pinene, which is a naturally occurring component of turpentine.11–13 

The diene entity of several terpenes, such as β-myrcene, renders them suitable for the 

living carbanionic polymerization. The polymerization of β-myrcene results in a 

microstructure consisting of trans- and cis-1,4, 1,2 and 3,4 units, with the relative amounts 

depending on the polymerization method, solvent and temperature.8,14 In the case of 

anionic polymerization of β-myrcene in apolar solvents (e.g. benzene), polymyrcene with 

a high amount (89%) of the preferable 1,4-units is obtained.8 In recent fundamental works 

the copolymerization kinetics of β-myrcene with several comonomers and the synthesis 

of fully bio-based thermoplastic elastomers were studied.15–18  

The isopropylidene groups of the myrcene units play an important role in the 

postmodification of polymyrcene, as they offer a side-chain double bond in addition to 

the polymer backbone. In several works, the immense potential of polymyrcene for 

postmodification was exploited, e.g. by thiol-ene “click” chemistry, which offers the 

possibility to introduce a variety of functional groups.19 Another modification reaction is 

the epoxidation of polymyrcene, which was already applied in several works.20–23 

Epoxidized polymyrcene can be used as precursor to build up more complex architectures, 

e.g., graft copolymers. In previous works, this approach was used for example to prepare 

polymyrcene-graft-poly(L-lactide) graft copolymers.21,22,24 A disadvantage of the 

postmodification reactions of polymyrcene is the lack of regiospecificity. In addition to 

the double bonds in the side chain, also modification of the double bonds in the polymer 

backbone takes place.19,21 An alternative approach to introduce functional groups into the 

polymer backbone is the utilization of suitable functional diene monomers. Compared to 
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postmodification reactions, functional monomers enable a quantitative and regiospecific 

functionalization of the polymer as well as sequence control of the functionalized 

monomer units by copolymerization with other monomers.25 In recent works β-myrcene 

was copolymerized with functional monomers like dibutyl itaconate and glycidyl 

methacrylate via radical emulsion polymerization.26,27 In other current works by Gong et 

al., a hydroxyl myrcene derivative (2-methyl-6-methyleneoct-7-en-2-ol) was 

copolymerized with β-myrcene or isoprene, using neodymium or cobalt catalyzed 

polymerization.28,29 The resulting hydroxyl functionalized elastomers show improved 

interaction with SiO2 fillers. 

However, the vast potential that terpenes offer for material science, is by no means 

exhausted. Especially in the field of carbanionic polymerization the utilization of 

functional terpene-based monomers, the so-called terpenoids, is a rather neglected topic. 

The accessibility of functional diene monomers for carbanionic polymerization is 

strongly limited, due to synthetic difficulties and the high susceptibility of the structures 

to the Diels-Alder reaction.30 Merely a few functional diene monomers have been 

reported to date, containing silyl or amine groups.31–34 Furthermore, it was demonstrated 

that the highly reactive carbanionic chain end induces an elimination reaction of 

2-alkoxy-1,3-butadienes, which leads to an unexpected transformation of the monomer 

structure under the polymerization conditions, the so called “back side collapse”. This can 

be circumvented by the introduction of an alkyl spacer, that is naturally present in 

β-myrcene.35,36 Terpenoids with a polymerizable diene unit are conveniently accessible 

compounds, which are prospective candidates for bio-based monomers for carbanionic 

polymerization. One of the potential candidates is β-myrcenol (2-methyl-6-

methylideneocta-2,7-dienol), which is a natural compound that is found in thyme oil, but 

also synthetically accessible by allylic oxidation of β-myrcene.37,38 In this work we present 

a novel hydroxyl group containing, silyl protected, diene monomer, based on the bio-

based compound β-myrcenol, which allows to introduce hydroxyl functionalities to 

polymyrcene both in a randomly distributed and regiospecific fashion. Furthermore, the 

hydroxyl groups in the polymer backbone permit a large variety of postmodification 

reactions, like the synthesis of graft copolymers. In the current work we chose to graft 

semicrystalline poly(L-lactide) from the P(Myr-co-MyrOH) copolymers to demonstrate 

the potential of the novel myrcene building blocks, e.g. for the synthesis of well-defined 

bio-based thermoplastic elastomeric materials. 
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Experimental Section 

Reagents. β-Myrcene (≥ 95%), selenium dioxide, salicylic acid and tetrabutylammonium 

fluoride, as a 1 M solution in THF, were purchased from Sigma Aldrich. Tert-

butyldimethylsilyl chloride (TBDMSCl) was received from Carbolution Chemicals GmbH. 

Tert-butyl hydroperoxide (TBHP, 70% solution in H2O), sec-butyllithium as a 1.3 M 

solution in cyclohexane/hexane (92/8), imidazole and calcium hydride were purchased 

from Acros Organics. Dichloromethane and cyclohexane were acquired from Fisher 

Scientific. Chloroform-d1 and tetrahydrofuran-d8 were received from Deutero GmbH. 

Cyclohexane was dried using sec-butyllithium and 1,1-diphenylethylene (DPE) as an 

indicator (sec-BuLi-DPE-anion shows red color). 

Instrumentation. SEC measurements were performed in THF as the mobile phase (flow 

rate 1 mL min-1) on an SDV column set from PSS (SDV 103, SDV 105, SDV 106) and a RI 

detector. Calibration was carried out by using polyisoprene (PI) standards, provided by 

PSS Polymer Standard Service GmbH. NMR spectra were recorded on a Bruker Avance II 

400 spectrometer with 400 MHz (1H NMR) or 101 MHz (13C NMR). All spectra are 

referenced internally to the residual proton signals of the deuterated solvent. The thermal 

properties of the polymers were studied with a Q2000 (TA Instruments) differential 

scanning calorimeter (DSC). Two heating and cooling cycles were performed in a 

temperature range between -90 °C and 130 °C (-90 °C and 180 °C for graft copolymers). 

Heating and cooling rates are given under the corresponding DSC curves. The glass 

transition temperatures (Tg) were determined from the second cycle. 

Monomer synthesis. 2-Methyl-6-methylideneocta-2,7-dienol (β-Myrcenol, MyrOH). 

402 mL of tert-butyl hydroperoxide solution (70% in water, 2.9 mol, 4.0 equiv) was added 

dropwise to a stirred solution of 2.44 g (22.0 mmol, 0.03 equiv) of selenium dioxide and 

10.12 g (73.3 mmol, 0.1 equiv) of salicylic acid in 660 mL dichloromethane. After 15 min 

of vigorous stirring, 99.8 g (732 mmol, 1 equiv) of β-myrcene was added dropwise at 0 °C, 

and the solution was stirred for 48 h under an argon atmosphere. The solution was diluted 

with benzene and concentrated under vacuum. The residue was diluted with diethyl ether 

and washed twice with an aqueous NaOH solution (10%) and subsequently with a Brine 

solution. The organic layer was dried over MgSO4 and the solvent was evaporated. After 

column chromatography (silica, n-hexane/ethyl acetate (4/1), Rf = 0.25) 22.3 g (147 mmol) 

of pure β-myrcenol were obtained (yield = 20%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 
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6.38 (dd, 17.6, 10.8 Hz, 1H, CH=CH2), 5.44 (m, 1H, CH=C), 5.24 (d, 17.6 Hz, 1H, CH2=CH), 

5.06 (d, 1H, CH2=CH), 5.02 (s, 1H, CH2=C), 5.00 (s, 1H, CH2=C), 4.00 (s, 2H, CH2-OH), 2.31 

– 2.15 (m, 4H, CH2-CH2), 1.67 (s, 3H, CH3-C). 1H and 13C NMR spectra are attached to the 

Supporting Information (Figures S1 and S2). 

(Tert-butyldimethylsiloxy)-2-methyl-6-methylideneocta-2,7-diene (MyrOSi). 7.6 g 

(50 mmol) of β-myrcenol and 8.51 g (125 mmol, 2.5 equiv) imidazole were dissolved 15 mL 

dichloromethane. A solution of 7.2 g (48 mmol, 0.95 equiv) tert-butyldimethylsilyl 

chloride in 15 ml dichloromethane was added dropwise to the β-myrcenol containing 

solution, which was cooled to 0 °C. The solution was stirred for 24 h under argon 

atmosphere. Afterwards the solution was washed with 50 mL of aqueous NaHCO3 

solution (5%). The organic layer was separated, and the aqueous layer was washed several 

times with n-hexane (3 × 20 mL). The combined organic layers were dried with MgSO4. 

The solvent was evaporated under vacuum to obtain the crude product. After column 

chromatography (silica, toluene, Rf = 0.89) 12.8 g (47.9 mmol) of pure MyrOSi were 

obtained (yield = 96%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 6.38 (dd, 17.6, 10.8 Hz, 1H, 

CH=CH2), 5.43 (m, 1H, CH=C), 5.24 (d, 17.6 Hz, 1H, CH2=CH), 5.06 (d, 10.8 Hz, 1H, 

CH2=CH), 5.02 (s, 1H, CH2=C), 5.00 (s, 1H, CH2=C), 4.02 (s, 2H, CH2-OSi), 2.29 – 2.23 (m, 

4H, CH2-CH2), 1.60 (s, 3H, CH3-C), 0.91 (s, 9H, (CH3)3-C-Si), 0.07 (s, 6H, (CH3)2-Si). 1H, 13C, 

COSY, HSQC, HMBC and 29Si NMR spectra are attached to the Supporting Information 

(Figures S4 – S9).  

Homo- and copolymerization. The polymerizations were carried out in a glove box in 

glass vessels (25 mL) with septum. Dry and degassed cyclohexane was distilled into a 

Schlenk flask equipped with a Teflon stopper. The monomer(s) (MyrOSi and β-myrcene) 

were dried 24 h over CaH2, degassed and finally distilled into another Schlenk flask with 

Teflon stopper. Inside the glove box the monomer(s) and cyclohexane were added into 

glass vessel with septum. For the synthesis of a homopolymer (shown as an example for 

Mnth = 17.5 kg mol-1) 1.13 g MyrOSi (4.2 mmol, [MyrOSi]0 = 0.84 mol L-1) in 5 mL 

cyclohexane was initiated with 0.05 ml of sec-buthyllithium (0.065 mmol). In case of a 

copolymerization (shown as an example for Mnth = 14.5 kg mol-1, with 50 mol% MyrOSi) 

a mixture of 0.61 g MyrOSi (2.27 mmol, [MyrOSi]0 = 0.45 mol L-1) and 0.37 g of β-myrcene 

(2.27 mmol, [Myr]0 = 0.45 mol L-1) in 5 mL cyclohexane was initiated with 0.05 mL sec-

buthyllithium (0.065 mmol). All homo- and copolymers were synthesized on a 1 g scale. 

After initiation both the homo- and copolymerization solution turned pale yellow. The 
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solution was stirred for 2 h at RT, and then the polymerization was terminated by adding 

degassed 2-propanol. Subsequently the polymer was precipitated in 2-propanol and dried 

under vacuum. The average molecular weights were determined by SEC (polyisoprene 

standards) and, after removal of the protective group, by 1H NMR-spectroscopy end group 

analysis. The product was a colorless, highly viscous material with yields > 90%. NMR 

spectra are attached to the Supporting Information (Figures 1, S10 – S13 and S20). 

Deprotection. Homopolymer. 400 mg of P(MyrOSi) was dissolved in 10 mL THF and 

afterwards tetra-n-butylammonium fluoride (1 M solution in THF, 7.5 equivalents related 

to MyrOSi units) was added under argon atmosphere. After 0.5 h, 4 mL 2-propanol was 

added to the cloudy solution. The solution was stirred for 0.5 h at 40 °C and quenched by 

the addition of 4 mL of a saturated aqueous NH4Cl solution. The organic layer was 

washed with brine. The polymer was precipitated from the organic layer in cyclohexane 

via centrifugation at -10 °C. The polymer was washed with water and precipitated twice 

from a 2-propanol solution in cyclohexane. The colorless highly viscous product was 

dried under vacuum, yielding > 85% of the hydroxyl-functional polymer. 1H and 13C NMR 

spectra are attached to the Supporting Information (Figures S14 and S15). 

Copolymers. 400 mg of P(Myr-co-MyrOSi) was dissolved in 10 mL THF and afterwards 

tetra-n-butylammonium fluoride (1 M solution in THF, 7.5 equiv with respect to MyrOSi 

units) was added under argon atmosphere. The solution was stirred for 1 h at RT. The 

polymer was precipitated from the solution in 2-propanol. The precipitation was repeated 

twice from a cyclohexane solution in 2-propanol, and the product was dried under 

vacuum, yielding > 90% of the deprotected copolymer. Copolymers with MyrOH-content 

exceeding 50 mol% were deprotected according to the procedure for the homopolymer. 
1H NMR spectrum is attached to the Supporting Information (Figures S21). 

General procedure for the “grafting from” approach of P(Myr0.89-co-MyrOH0.11) 

with L-lactide. The polymerization of LLA using 1,8-diazabicyclo[5.4.0]undec-7-ene 

(DBU) as a catalyst was performed according to the work of Hedrick and Waymouth.39 

The hydroxyl functional copolymer P(Myr0.89-co-MyrOH0.11) and LLA were dissolved in 

dry (molecular sieves 3 Å) benzene and dried in vacuo overnight, prior to use. DBU was 

stirred over CaH2 and distilled into a Schlenk flask. The polymerization was performed 

in a glovebox (MBraun UNILAB, < 0.1 ppm of O2 and < 0.1 ppm of H2O). LLA (330 mg, 

2.3 mmol) and the macroinitiator (96 mg, 0.005 mmol) were added to a screw cap vial and 
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dissolved in 1 mL of dry chloroform. A stock solution of DBU was prepared by dissolving 

0.1 mL of DBU in 4.9 mL of dry chloroform. Subsequently, 0.05 mL (2.2 mg, 0.01 mmol) of 

the stock solution was added to start the polymerization. After stirring at room 

temperature for 1 h the polymerization was quenched by adding 5 mg of benzoic acid. 

The polymer was precipitated in cold methanol, centrifuged and dried in vacuo. The 

polymer was obtained with quantitative yield as a colorless solid. 

Results and Discussion 

Monomer synthesis. The synthesis of functional diene monomers is a challenging 

objective, due to the high reactivity of the diene structure, resulting in a high 

susceptibility to side reactions.30 We have developed a functional diene monomer for 

carbanionic polymerization, synthesized by a two-step strategy (Scheme 1). The allylic 

oxidation of the bio-based compound β-myrcene results in β-myrcenol. For the allylic 

oxidation selenium dioxide was used in catalytic amounts, which reduces toxicity and 

waste, resulting in a simple work-up.40 THBP (tert-butyl hydroperoxide) was used as a 

primary oxidant, which is known as an environmentally friendly reactant, because of the 

reduction product tert-butanol, which is easily removable from the reaction products and 

can be regenerated to THBP.41 Low conversion of β-myrcene results in low yields, in 

agreement with literature.42 The conversion was determined from the 1H NMR spectrum 

of the crude product (shown in Figure S3), resulting in 70 % of unreacted β-myrcene, albeit 

this can be recycled for further monomer synthesis. The use of protective group 

chemistry resulted in a novel monomer, tert-butyldimetylsilyl (TBDMS) protected β-

myrcenol (MyrOSi), suitable for carbanionic polymerization.  

   

Scheme 1. Synthesis route of TBDMS-protected β-myrcenol based on β-myrcene. 

Homopolymerization. The polymerization of MyrOSi was carried out in cyclohexane, 

using sec-butyllithium as an initiator. The synthesis strategy, including subsequent 

removal of the protective groups, is outlined in Scheme 2. Homopolymers with molecular 

weights up to 31.3 kg mol-1 and dispersities in a range of 1.10 to 1.27 were obtained 
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(Table 1). Molecular weights and the degree of polymerization were determined by SEC 

measurements (SEC traces are shown in Figure 2). 

  

Scheme 2. Synthesis strategy for polymyrcenol.  

Table 1. Characterization data of the synthesized homopolymers, before (PMyrOSi) and 
after (PMyrOH) removal of protective groups.  

sample 
Mnth 

(kg mol-1) 

Mna  

(kg mol-1) 

Mnb  

(kg mol-1) 
Ða 

PMyrOSi28  8.75 7.9 7.5 1.10 
PMyrOSi51  17.5 12.8 13.6 1.12 
PMyrOSi78  35.0 21.2 20.8 1.24 

PMyrOSi126  52.5 31.3 -c 1.27 

PMyrOH28  5 4.5 4.3 1.10 
PMyrOH51 10 8.1 7.8 1.11 
PMyrOH78 20 15.2 11.9 1.20 
PMyrOH126 30 19.2 -c 1.26 

Degrees of polymerization were determined by Mna (SEC). aDetermined by SEC measurements (eluent: THF, 
calibration: polyisoprene standards). bDetermined by 1H NMR spectra, by end-group analysis of the 
corresponding PMyrOH (400 MHz, THF-d8). cMolecular weight too high for end-group analysis.  

The determination of the molecular weight of the silyl-protected homopolymers by end-

group analysis via 1H NMR spectrum was not directly possible, because of the overlapping 

proton signals of the methyl groups of the initiator and the tert-butyl groups of the 

protective groups at 0.91 ppm (a 1H NMR spectrum of PMyrOSi78 is shown in Figure 1). 

Hence, the molecular weights of the silyl-protected homopolymers (shown in Table 1) 

were extrapolated from the molecular weights of the corresponding deprotected 
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homopolymers. The dispersity of the polymers increases with molecular weight, which 

indicates side reactions during the polymerization. Possible side reactions of the 

carbanionic chain ends with the TBDMS protective groups were described by Hirao and 

coworkers for related styrene derivatives (Scheme S1) and include the nucleophilic attack 

of the living carbanionic species on the silyl-center of the protective group, resulting in 

the cleavage and a stable oxyanion-lithium-aggregate.43 In addition, the content of the 

3,4-units in the polymer backbone was determined from 1H NMR spectra (according to 

eq. S1), resulting in 31 % 3,4 units (and 69 % 1,4 units) for all homopolymers. The higher 

amount of 3,4-units of polymyrcenol in comparison to polymyrcene (6 % 3,4-units, Table 

3), synthesized under the same conditions, is discussed below with respect to (co)polymer 

composition and thermal properties.  

 
Figure 1.1H NMR spectrum (600 MHz) of PMyrOSi78 in CDCl3. 
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Figure 2. SEC traces (THF, PI standard, RI signal) of PMyrOSi homopolymers. 

The protective groups could be removed under mild conditions, using TBAF 

(tetra-n-butylammonium fluoride) in a THF/2-propanol mixture, resulting in quantitative 

deprotection of the hydroxyl groups. In the SEC traces, a shift of the molecular weight 

distributions to higher elution volume can be observed, which translates to lower 

molecular weight (Figure 3). However, the removal of the protective groups involves a 

low extent of chain coupling reactions that is observable as a small distribution mode 

with double molecular weight (Mn) in the SEC trace (Figures 3 and S16). Such chain 

coupling side reactions are a common problem of postmodification reactions of 

polymyrcene.19 Several concentration dependent SEC measurements (eluent: THF) of 

PMyrOH28, as well as SEC-measurements in DMF were performed, permitting to exclude 

aggregation phenomena as a reason for the bimodal distribution, which are show in 

Figures S17 and S18.  
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Figure 3. SEC traces (THF, PI standard, RI signal) before (PMyrOSi, blue line) and after 
(PMyrOH, green line) removal of the protective groups. 

 
Figure 4. 1H NMR Spectra (400 MHz, THF-d8) before (top) and after (bottom) quantitative 
cleavage of the silyl protective group of the homopolymer. 

Quantitative deprotection is proven by 1H NMR spectroscopy, showing the complete 

disappearance of the proton signals of the TBDMS protective group at 0.91 and 0.05 ppm, 

which overlapped with the proton signals of the methyl groups of the initiator, as shown 

in Figure 4. Due to the disappearance of the proton signals of the silyl protective groups, 

the molecular weight of deprotected polymyrcenol can be determined by end-group 

analysis relying on the 1H NMR spectrum (Figure 4). Nevertheless, even minor residues 

of the protective group (1H NMR signals overlap with the initiator signals at 0.91 ppm) 

result in an apparent decrease of the molecular weight determined from the 1H NMR 

spectrum. The molecular weights determined by 1H NMR spectroscopy are in good 

agreement with the values obtained from SEC in THF with polyisoprene standards. In all 
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cases the determined molecular weights are lower than the theoretical values, which can 

be tentatively ascribed to systematic errors, like a variation of the concentration of sec-

butyllithium. Furthermore, a polyisoprene standard was applied for the SEC 

characterization, which could result in an underestimation of the molecular weight due 

to different solubility behavior of polymyrcenol (potential aggregation effects), resulting 

in a different hydrodynamic radius in comparison to polyisoprene with the same 

molecular weight. The removal of the protective group results in an increase of the glass 

transition temperature from Tg,PMyrOSi = -53 °C to Tg,PMyrOH = -23°C (DSC results are 

shown in Figure 5), which is attributed to the increased chain interaction, due to the polar 

hydroxyl groups, which reduces the polymer chain mobility. Further evidence for the 

cleavage of the protective group is the appearance of an O-H band in the IR-spectra 

(Figure S19).  

 

Figure 5. DSC measurements of PMyrOSi51 (top) and of PMyrOH51 (bottom) after 
removal of the protective groups (second heating curves, heating and cooling rate of 
10 °C min-1). 

Table 2. Solubility of PMyrOSi and PMyrOH (10 mg in 1 mL solvent at RT). 

sample H2O MeOH iPrOH THF CHCl3 C6H12 

PMyrOSi51 − − − + + + 
PMyrOH51 − + + + ± − 

+: soluble, ±: partial soluble, −: unsoluble 

The removal of the protective groups results in a change of the solubility behavior of the 

polymer. While the silyl-protected polymers show similar solubility behavior as 
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polymyrcene, which is soluble in apolar solvents like cyclohexane or polar aprotic 

solvents like THF, polymyrcenol is soluble in more polar, protic solvents (e.g. methanol 

or 2-propanol), but as expected not soluble in water (Table 2). Due to the different 

solubility behavior of polymyrcene and polymyrcenol, the copolymerization of 

β-myrcene and MyrOSi, described in the following, enables to adjust the solubility / 

polarity of the copolymers by varying the monomer ratio. This is attractive for solution 

applications of rubbery materials or to adjust the interaction of β-myrcene-derived 

elastomers materials with functional fillers. The altered solubility behavior with 

increasing β-myrcenol content of the copolymers has to be considered for the choice of 

solvents for the deprotection procedure, as reported in the Experimental Section.  

Statistical copolymerization with β-myrcene. A series of copolymers with constant 

molecular weight of 10 kg mol-1 and monomer ratio varied over the whole range from 0 

to 100 mol% of β-myrcenol was synthesized (Scheme 3). An overview of all protected 

P(Myr-co-MyrOSi) copolymers is given in Table S1, and the corresponding SEC traces are 

shown in Figure S22. While the copolymers with Mn up to 10 kg mol-1 show monomodal 

molecular weight distributions, copolymers with Mn exceeding 10 kg mol-1 exhibited a 

low extent of chain coupling, which is a common side reaction of the polymerization of 

myrcene.19,44 In analogy to the homopolymers quantitative removal of the protective 

groups was achieved, as confirmed in the 1H NMR spectrum shown in Figure S21. Well-

defined P(Myr-co-MyrOH) copolymers with dispersities between 1.07 and 1.19 were 

obtained (Table 3). In comparison to the deprotection of the homopolymers, chain 

coupling induced by the deprotection of the copolymers is less pronounced and decreases 

with decreasing MyrOSi content (SEC traces in Figure S23). The molecular weights 

determined by 1H NMR and SEC are in good agreement, indicating that the polyisoprene 

calibration can be applied both for homo- and copolymers. Copolymers with molecular 

weights up to 46 kg mol-1 and dispersities lower than 1.19 were successfully synthesized. 

 
Scheme 3. Synthesis strategy for copolymers of β-myrcenol and β-myrcene. 
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Table 3. Characterization data of (co)polymers of β-myrcene and β-myrcenol with 
different monomer ratios 

Sample 

MyrOH 

contentb 

(mol%) 

Mnth 

(kg mol-1) 

Mna  

(kg mol-1) 

Mnb  

(kg mol-1) 
Ða 

Tgc  

(°C) 

3,4-

unitsb 

(%) 

PMyr70  0 10 9.9 9.5 1.09 -67 

 

6 

P(Myr0.94-co-MyrOH0.06)63  6 10 8.6 8.4 1.08 -65 9 

P(Myr0.86-co-MyrOH0.14)48 14 10 6.6 5.5 1.07 -60 10 

P(Myr0.73-co-MyrOH0.27)63 27 10 8.8 9.3 1.07 -53 14 

P(Myr0.40-co-MyrOH0.60)47 

 

60 10 6.9 6.4 

 

1.07 -40 21 

P(Myr0.25-co-MyrOH0.75)59 75 10 8.7 6.3 1.08 -33 26 

PMyrOH51 100 10 8.1 7.8 1.11 -23 31 

P(Myr0.89-co-MyrOH0.11)157 11 20 21.6 -d 1.16 -59 8 

P(Myr0.87-co-MyrOH0.13)334 13 30 46.2 -d 1.19 -60 9 

Degrees of polymerization were determined by SEC (Mna). aDetermined by SEC measurements in THF at 
25 °C with PI standard. bDetermined from 1H NMR spectra (400 MHz, CDCl3). cDetermined in DSC 
measurements. dMolecular weight too high for end-group analysis.  

Thermal properties and polydiene microstructure. As expected, the thermal 

properties of the copolymers are strongly dependent on the content of β-myrcenol in the 

polymer backbone. With increasing β-myrcenol content the glass transition temperature 

of the (co)polymers increased from -67 °C (0 mol% of MyrOH) to -23 °C (100 mol% of 

MyrOH). There is a linear dependency of the incorporated monomer ratio on the Tg, as 

shown in Figure 6 (red). According to the Fox-equation (eq S1, Figure S25),45 the linear 

dependency indicates a random distribution of the monomers along the polymer chains, 

which is confirmed by 1H NMR kinetic studies shown below. The increasing Tg is basically 

caused by two effects: (i) polarity of hydroxyl groups, resulting in increased interaction 

of the polymer chains and (ii) increased amount of 3,4-units. The apparently linear 

increase of Tg with increasing content of 3,4-units is in line with literature (Figure S26).46 

The stereochemistry of carbanionic diene polymerization generally depends on the 

solvent, the presence of polar additives, the counter ion, the chain end concentration and 

the temperature.47 During the anionic polymerization MyrOSi acts both as a monomer as 

well as a polar additive (modifier), capable of coordinating the lithium counter ion by the 

silyl protected hydroxyl group. Polar additives are well known to increase the 3,4-unit 

content of the anionic polymerization of polydienes like polymyrcene.17,48,49 
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Figure 6. Variation of Tg (red) and polydiene microstructure (3,4-units, blue) of the 
(co)polymers with MyrOH content (linear fit). 

1H NMR copolymerization kinetic study. 1H NMR kinetics measurements are known 

to be a powerful tool for understanding of the polymer microstructure and to determine 

reactivity ratios.25 Due to a lack of separated signals of β-myrcene and MyrOSi in 

cyclohexane-d12 (Figure S27), their copolymerization cannot be followed by in situ 
1H NMR kinetics experiments. Only when CDCl3 is used as a solvent, the proton signal 

of the MyrOSi monomer, with a chemical shift of 4.0 ppm, is separated from the 

corresponding signal of the polymer (as shown in Figure S28). However, since the 

carbanionic polymerization is not performable in a protic solvent like chloroform, for the 

considered monomer pair a 1H NMR kinetic study was performed by taking aliquots. For 

this purpose, sample were taken every 10 minutes and terminated with degassed 

methanol. After evaporation of the solvents, 1H NMR spectra of the samples were 

measured in CDCl3, to follow monomer incorporation during copolymerization (stacked 
1H NMR spectra are shown in Figure S28). In Figure 7a, the observed linear decrease of 

both monomer concentrations by increasing conversion is shown, which indicates a 

random copolymerization. Due the very small composition shift, only the Jaacks method 

(Wall’s non-terminal model)50 was used, resulting in reactivity ratios of rMyr = 1.1 and 

rMyrOSi = 0.9 (Figure S29), which correspond to the expected, almost perfectly random 

copolymerization.51,52 The linear trend of the logarithmic monomer conversion versus 
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time plot (Figure S30) confirms the living character of the copolymerization.53 The 

corresponding copolymerization diagram shows a random copolymerization (Figure S31). 

The reactivity ratios were used to simulate the composition profile, as shown in Figure 

7b. Note that in the case of a living copolymerization the total conversion translates to 

the normalized chain position (Supp. Inf., eq S7). The amount of MyrOSi-units is constant 

along the copolymer chain. In summary, the copolymerization of β-myrcene and MyrOSi 

allows to design copolymers with a defined and constant density of functional groups 

along the chain by varying the comonomer ratio. This can be used for instance to adjust 

the grafting density of brush copolymers. 

 

Figure 7. (a) Monomer concentration plotted vs total conversion of the copolymerization 
of Myr (red) and MyrOSi (blue), determined by 1H NMR spectroscopy in CDCl3. (b) 
Simulation of the molar composition profile: distribution of β-myrcenol units along the 
polymer chain, 50:50 copolymer of Myr and MyrOSi. 

Graft copolymers. The synthesized copolymers of β-myrcene and β-myrcenol are 

promising candidates for postmodification reactions. Copolymers with randomly 

distributed functional groups are ideal building blocks for the synthesis of graft polymers. 

The low melt viscosity of graft copolymers in comparison to their linear analogs has 

resulted in an increased popularity of these architectures both in academia and for 
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commercial utilization.54,55 The degree of functionalization of the precursor 

P(Myr-co-MyrOH), which is correlated with the degree of branching of the corresponding 

graft copolymer, is adjustable by varying the monomer ratio of the copolymerization. The 

rubbery nature of the P(Myr-co-MyrOH) copolymers renders them suitable building 

blocks for bio-based thermoplastic elastomers. The “grafting from” approach allows to 

graft poly(L-lactide) from the hydroxyl groups of the linear copolymer backbone. 

Poly(L-lactide) is a semicrystalline polymer, known for its bio-renewability, 

biodegradability and mechanical properties similar to polystyrene.56,57 In previous works 

polymyrcene-graft-poly(L-lactide) graft copolymers were synthesized by epoxidation of 

polymyrcene, followed by acid catalyzed hydrolysis, resulting in two hydroxyl groups 

per double bond.21,22 The epoxidation of polymyrcene is not regiospecific, resulting in 

transformation of the double bonds of the side chain as well as partial reaction of the 

double bonds of the polymer backbone.19 In comparison to these works, the current 

copolymers, utilizing MyrOSi as a functional comonomer, offer more precise placement 

of the hydroxyl groups, resulting in well-defined building blocks for the synthesis of graft 

copolymers. In a proof of concept reaction, the P(Myr0.89-co-MyrOH0.11)157 copolymer 

(Mn=21.6kg mol-1) was used as a precursor to graft poly(L-lactide) from the hydroxyl 

groups. Complete conversion of the hydroxyl groups of the macroinitiator is proven by 

the shift of the proton signal in the 1H NMR spectrum of the methylene group next to the 

hydroxyl group from 4.0 ppm to 4.5 ppm (Figure 8). Well-defined graft copolymers with 

dispersities < 1.1 and molecular weights up to 72.5 kg mol-1 were obtained 

(characterization data shown in Table 4 and SEC curves in Figure 9). The graft copolymer 

composition was determined by the 1H NMR spectrum according to eq. S8 and S9. 
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Table 4: Characterization data of synthesized PLLA graft copolymers using 
P(Myr0.89-co-MyrOH0.11)157 (Mn = 21.6 kg mol-1) as polymer precursor. 

Sample 
Mnth 

(kg mol-1) 

Mna  

(kg mol-1) 
Ða 

Mn,brancha  

(kg mol-1) 

yield 

(%) 

Tg1b 

(°C) 

Tg2b 

(°C) 

Tmb 

(°C) 

ΔHma  

(J g-1) 

Xcc 

(%) 

PMyr0.35-graft-PLLA0.65 55 51.9 1.09 1.8 95 -

55 

24 - - - 

PMyr0.20-graft-PLLA0.80 85 72.5 1.06 3.0 92 -

57 

34 110 9.8 10.5 

aDetermined by SEC measurements in THF at 25 °C with PI standard. bDetermined by DSC measurements 
with a rate of 5 °C min-1. c Degree of crystallization of copolymers (ΔHm of 100% crystalline PLLA is 
93.7 J g-1).22 

 
Figure 8. 1H NMR Spectra (400 MHz, CDCl3) of the macro-precursor P(Myr0.89-co-
MyrOH0.11)157 (grey) and the corresponding graft copolymer PMyr0.35-graft-PLLA0.65 
(black). 

 

 

Figure 9. SEC traces (THF, PI standard, RI signal) of the β-myrcene/β-myrcenol-based 
macroinitiator(blue) and lactide graft copolymers (red and green). 
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The thermal properties of the graft copolymers were investigated by DSC measurements. 

Poly(L-lactide) typically exhibits a glass transition temperature in the range of 50 °C to 

65 °C and a melting point at 160°C.58 In comparison to the homopolymer of poly(L-lactide), 

the synthesized graft copolymers show a reduced Tg and reduced degree of crystallization 

of the poly(L-lactide) branches. While the graft copolymer with 65 mol% of PLLA (with a 

molecular weight of a single PLLA branch of Mn,branch = 1.8 kg mol-1) shows no 

crystallization, the graft copolymer with 80 mol% PLLA (Mn,branch = 3 kg mol-1) shows a 

melting point at 110 °C, which is strongly reduced in comparison to PLLA homopolymer 

(DSC results shown in Figures S33-S36). The graft copolymer PMyr0.20-graft-PLLA0.80 

exhibits a low crystallinity (Xc = 10.5 %)), which was determined from the melting 

enthalpy (ΔHm = 9.8 J g-1) obtained from the DSC measurements. The attachment of rather 

short PLLA chains to the flexible polymyrcene backbone impedes crystallization of PLLA. 

On the other hand, the polymyrcene backbone reduces the glass transition temperature 

of polylactide (plasticizer effect). Graft architectures with flexible backbone offer 

promising potential to increase the toughness of polylactide.21,22 The adjustable molecular 

weight and degree of functionalization of the P(Myr-co-MyrOH) copolymer precursor 

offer a unique control over the grafting density and graft length of the graft copolymers.  

Conclusion 

To the best of our knowledge, this work presents the first example of a hydroxyl group 

containing diene monomer for carbanionic polymerization, employing the biobased 

compound β-myrcenol, which is synthesized by the allylic oxidation of β-myrcene. 

However, the low conversion of β-myrcene (around 30 %), which can be recycled for 

further monomer synthesis, resulted in low yields of β-myrcenol of 20 % after 

purification. Silyl-protective group chemistry was used to transform β-myrcenol to the 

anionic polymerizable monomer MyrOSi. The structure of the terpene structure of 

β-myrcenol, in which the polymerizable 1,3-diene entity is separated from the functional 

hydroxyl group by an alkyl spacer, enables controlled anionic polymerization of the 

monomer with a silyl-protected hydroxyl group. Homo- and copolymers with β-myrcene 

have been obtained with low to moderate dispersities between 1.08 and 1.27 and 

molecular weights up to 46.2 kg mol-1. As expected, the solubility behavior of 

polymyrcenol differs significantly from polymyrcene. The influence of the β-myrcenol 

content of the copolymers on the thermal properties and on the polydiene microstructure 

was investigated. An increasing glass transition temperature, due to 3,4-units formed 
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with increasing amount of β-myrcenol in the copolymer backbone, was observed, 

demonstrating the effect of the protected MyrOSi monomer as a modifier on the 

incorporation mode. The random copolymerization with β-myrcene, studied via 1H NMR 

measurements on samples taken from the copolymerization, allows to design copolymers 

with well-defined sequence distributions of the hydroxyl groups along the polymer 

backbone. This control of the functional group distribution of polymyrcene is not 

accessible by postmodification of polymyrcene via established methods like epoxidation 

or thiol-ene click chemistry. The hydroxyl groups as well as the two double bonds per 

β-myrcene and β-myrcenol unit enable diverse postmodification reactions. To 

demonstrate the promising potential of P(Myr-co-MyrOH) copolymers for 

postmodification reactions, usage of the copolymers as multifunctional macroinitiators 

for the synthesis of polymyrcene-graft-poly(L-lactide) copolymers was demonstrated. 

Attachment of PLLA to the flexible polymyrcene backbone of the graft copolymers 

impedes the crystallization of poly(L-lactide) and results in a reduced glass transition 

temperature (plasticizer effect) in comparison to pure poly(L-lactide). The graft-

copolymers offer potential regarding the synthesis of bio-based thermoplastic elastomers, 

varying both graft density and graft length, which is currently studied. 
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1 Monomer characterization 

 

Figure S1. 1H NMR spectrum (400 MHz) of β-myrcenol in CDCl3. 

 

Figure S2. 13C NMR spectrum (101 MHz) of β-myrcenol in CDCl3. 
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Figure S3. 1H NMR spectrum (400 MHz) of the crude product of the β-myrcenol 
synthesis; determination of the conversion of β-myrcene by integration of the signals 
(b,b') and (g'). 

 

 

Figure S4. 1H NMR spectrum (400 MHz) of MyrOSi in CDCl3. 
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Figure S5. 13C NMR spectrum (101 MHz) of MyrOSi in CDCl3. 

 

Figure S6. COSY NMR spectrum (400 MHz) of MyrOSi in CDCl3. 
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Figure S7. HSQC NMR spectrum (101 MHz / 400 MHz) of MyrOSi in CDCl3. 

 

Figure S8. HMBC NMR spectrum (101 MHz / 400 MHz) of MyrOSi in CDCl3. 
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Figure S9. 29Si NMR spectrum (400 MHz) of MyrOSi in CDCl3. 

2. Homopolymer characterization 

2.1 NMR spectra of PMyrOSi and PMyrOH 

 

Figure S10. 13C NMR inverse gated (IG) spectrum (150 MHz) of PMyrOSi in CDCl3. 
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Figure S11. COSY NMR spectrum (600 MHz) of PMyrOSi in CDCl3. 

 

Figure S12. HSQC NMR spectrum (150 MHz / 600 MHz) of PMyrOSi in CDCl3. 
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Figure S13. HMBC NMR spectrum (150 MHz / 600 MHz) of PMyrOSi in CDCl3. 

 

Figure S14. 1H NMR spectrum (400 MHz) of PMyrOH in THF-d8. 
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Figure S15. 13C NMR inverse gated spectrum (101 MHz) of PMyrOH in THF-d8. 

2.2 Determination of polydiene microstructure of homopolymers 

(content of 3,4-units) 

The content of 3,4-units in the homopolymer backbone was calculated from the integrals 

(I) of the proton signals e' and g of the 1H NMR spectrum (Figure S1 or Figure S14) as 

follows: 

3,4 content (%) =

𝐼(e′, e′′′)
2

𝐼(g) +  
𝐼(e′, e′′′)

2

                                                  (S1) 
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2.3 SEC measurements of PMyrOH 

 

 

Figure S16. SEC traces (THF, PI standard, RI signal) of PMyrOH homopolymers, after 
removal of the silyl protective groups. 

  

 

Figure S17. SEC traces (THF, PI standard, RI signal) of PMyrOH28 with different 
concentrations (normalized to the intensity of the low molecular weight distribution), to 
investigate the concentration dependency of the high molecular weight distribution. No 
significant concentration dependency of the SEC diagrams is observable, indicating chain 
coupling as a cause of the high molecular weight distribution (i.e. aggregation is 
negligible). 
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Figure S18. SEC traces in THF (green) and DMF (blue) (PS standards, RI signal) of 
PMyrOH28 (with equal concentrations of 1 g L-1) to investigate solvent dependency. The 
high molecular weight distribution appears in THF as well as in DMF, confirming chain 
coupling as the reason of the high molecular weight distribution (not aggregation). The 
SEC shift and difference in molecular weight indicates a strong solvent dependency of 
the hydrodynamic volume.  
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2.4 IR spectra of PMyrOSi and PMyrOH 

 

Figure S19. IR spectra of PMyrOSi51 (blue) and the corresponding PMyrOH51 (green), 
after removal of the protective groups 

 

3 Potential side reaction during polymerization 

The increasing dispersity of the homo- and copolymers with increasing molecular 

weight / degree of polymerization suggests the occurrence of side reactions during the 

polymerization. Hirao and coworkers reported for TBDMS-protected, hydroxyl group 

containing styrene derivatives the cleavage of the protective group by a nucleophilic 

attack of the living carbanionic chain end (as shown in Scheme S1), transferred to the 

MyrOSi monomer.1 

 

Scheme S1. Possible Side Reaction During the Anionic Polymerization of MyrOSi. 
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4 Characterization of copolymers 

Table S1. Characterization data of copolymers of β-myrcene and MyrOSi with different 
monomer ratio and molecular weights. 

Sample 

MyrOSi 

contentth 

(mol%) 

MyrOSi 

contentb 

(mol%) 

[M]0/[I]0th. 
Mnth 

(kg mol-1) 

Mna  

(kg mol-1) 

Mnb  

(kg mol-1) 
Ða 

P(Myr0.94-co-MyrOSi0.06)63 

  

5 6 73 10.4 8.6 8.4 1.09 

P(Myr0.86-co-MyrOSi0.14)48 10 14 73 10.8 7.1 5.5 1.07 

P(Myr0.73-co-MyrOSi0.27)63 25 27 71 12.0 11.8 9.3 1.07 

P(Myr0.40-co-MyrOSi0.60)47 

 

50 60 69 13.9 8.8 6.4 

 

1.07 

P(Myr0.25-co-MyrOSi0.75)59 75 75 67 15.8 12.1 6.3 1.09 

P(Myr0.89-co-MyrOSi0.11)157 10 11 145 21.7 22.2 -c 1.15 

P(Myr0.87-co-MyrOSi0.13)334 10 13 218 32.5 47.1 -c 1.16 

aDetermined by SEC measurements in THF at 25 °C with PI standard. bDetermined by 1H NMR spectra (400 
MHz, CDCl3).cMolecular weight too high for end-group analysis.  

4.1 1H NMR spectra of copolymers 

 

Figure S20. 1H NMR spectrum (400 MHz) of P(Myr0.89-co-MyrOSi0.11)157 in CDCl3. 
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Figure S21. 1H NMR spectrum (400 MHz) of P(Myr0.89-co-MyrOH0.11)157 in CDCl3. 

 4.2 SEC results of copolymers 

 

Figure S22. SEC traces (THF, PI standard, RI signal) of statistical copolymers of 
β-myrcene and MyrOSi with varying monomer composition and molecular weights 
(Mnth = 10, 20 (orange) and 30 (grey) kg/mol) (color codes corresponding to Figure S22). 
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Figure S23. SEC traces (THF, PI standard, RI signal) of statistical (co)polymers of β-
myrcene and β-myrcenol after removal of protective group with varied monomer 
composition (Mnth = 10 kg/mol) (color codes corresponding to Figure S21). 

 

4.3 Determination of molecular weight of homo and copolymers by 

1H NMR spectrum 

After removal of the protective groups the molecular weights of the homo- and 

copolymers were calculated by evaluation of the 1H NMR spectra. Exemplary described 

for the copolymers, the signal of the six methyl protons of the initiator (signal a,d in 

Figure S21) was used as a reference, and the molecular weight was determined from the 

integrals (I) of the protons in the region of the unsaturated double bonds (4.5-5.5 ppm) as 

follows (Figure S21): 

𝑀𝑛,P(MyrOH) =  𝐼(k, k′) ∙ 152.24
g

mol
                                              (S2) 

𝑀𝑛,Copolymer =
𝐼(j′′, j′′′) + 𝐼(j, j′, f, f′′) +

𝐼(e′, e′′′)
2

2
 

∙ (𝑥𝑀𝑦𝑟𝑂𝐻 ∙ 152.24
g

mol
+ (1 − 𝑥𝑀𝑦𝑟𝑂𝐻) ∙ 136.24

g

mol
)                         (S3) 
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4.4 Determination of copolymer composition 

The copolymer composition (molar fraction of myrcenol) was calculated from the 

integrals (I) of the proton signals e', e''', f, f'', j, j', j'', j'''of the 1H NMR spectrum (Figure 

S21) as follows: 

𝑥𝑀𝑦𝑟𝑂𝐻 =
𝐼(j′′, j′′′)

𝐼(j′′, j′′′) + 𝐼(j, j′, f, f′′) +
𝐼(e′, e′′′)

2
2

                                              (S4) 

4.5 Determination of polydiene microstructure of copolymers 

(content of 3,4-units) 

The content of 3,4-units in the copolymer backbone was calculated from the integrals (I) 

of the proton signals e', e''', f, f'', j, j', j'', j''' of the 1H NMR spectrum (Figure S21) as 

follows: 

3,4 content (%) =

𝐼(e′, e′′′)
2

𝐼(j′′, j′′′) + 𝐼(j, j′, f, f′′) +
𝐼(e′, e′′′)

2
2

∙ 100                        (S5) 
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4.6 DSC measurements of copolymers 

 

Figure S24. DSC-Curves of statistical (co)polymers of β-myrcene and β-myrcenol 
(second heating curves, heating and cooling rate of 10 K min-1) with monomer 
composition varied from 0 to 75 mol% of incorporated MyrOH (DSC curve of 100 mol% 
MyrOH is shown in Figure S19) (Mnth = 10 kg/mol). 

4.7 Fox equation 

The Fox equation (eq 1) was used for evaluation of the plotted glass-transition 

temperatures vs the incorporated weight fraction of β-myrcene in the polymer backbone, 

shown in Figure S25.2 For copolymers with randomly distributed monomer sequence, the 

glass-transition temperature depends on the weight fraction of the incorporated 

monomer in a linear fashion and can be predicted by the Tgs of the homopolymers. The 

single glass-transition temperature of the copolymer will be consequently between the 

Tgs of the homopolymers.3 

1

𝑇g
=

𝑤1

𝑇g1
+

𝑤2

𝑇g2
                                                   (S6) 

In Figure S26 the literature known linear dependency of the glass-transition temperature 

with the amount of 3,4 units is shown.4 
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Figure S25. Glass-transition temperature (Tg) plotted vs weight fraction of incorporated 
MyrOH (wMyrOH) and plotted line of Fox equation (dashed line). 

 

Figure S26. Glass-transition temperature (Tg) plotted vs amount of 3,4 units in the 
polydiene backbone and linear fit (blue line). 
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4.8 1H NMR copolymerization kinetic experiment 

 

Figure S27. 1H NMR (400 MHz, C6D12) spectrum of a mixture of MyrOSi and PMyrOSi, 
showing an overlap of the signals of the monomer mixture, which prohibits in situ 1H 
NMR kinetic experiments of the copolymerization. 

 

Figure S28. Stacked 1H NMR spectra (400 MHz, CDCl3) of the NMR kinetic experiment 
of the copolymerization of β-myrcene and β-myrcenol at 23 °C, (spectrum every 10 min, 
conversion of MyrOSi followed by the red colored signal, total monomer conversion 
followed by decrease of the purple signal) 
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Figure S29. Jaacks fit5 of the copolymerization of Myr and MyrOSi. 

 

Figure S30. Pseudo first order time-conversion plot of the copolymerization of Myr and 
MyrOSi. 
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Figure S31. Copolymerization diagram of β-myrcene and MyrOSi obtained from 1H 
NMR kinetic studies. 

Under the conditions of the living anionic polymerization, the total conversion X is a 

linear function of the degree of polymerization (Pn), with the constant factor of the 

initiator concentration [I]0 and total initial monomer concentration [M]0.6,7 In this case 

the total conversion X can be interchanged with the normalized chain length, as shown 

in eq 5. 
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5 Characterization of PMyr-graft-PLLA graft copolymers 

5.1 1H NMR spectrum of PMyr-graft-PLLA 

 

Figure S32: 1H NMR spectra (400 MHz, CDCl3) of the copolymer precursor P(Myr0.89-
co-MyrOH0.11) (grey) and the corresponding graft copolymer PMyr0.35-graft-PLLA0.65 
(black) with signal assignment. 

5.2 Determination of polymer composition of PMyr-graft-PLLA 

For the determination of the incorporated monomer ratio of the PMyr-graft-PLLA 

copolymers, the molar fraction of incorporated β-myrcenol (𝑥𝑀𝑦𝑟𝑂𝐻), determined from 

the corresponding spectrum of P(Myr-co-MyrOH) (grey spectrum in Figure S32), of the 

precursor copolymer was used. 

 

𝐼(m) = 𝐼(f, j, j′, m) − (2
𝐼(j′′, j′′′)

𝑥𝑀𝑦𝑟𝑂𝐻
− 𝐼(j′′, j′′′) −

𝐼(e′)

2
)                              (S8) 

𝑥𝐿𝐿𝐴 =
𝐼(m)

𝐼(j′′, j′′′) + (𝐼(f, j, j′, m) − 𝐼(m)) +
𝐼(e′, e)

2
2 + 𝐼(m)

                            (S9) 
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5.3 DSC measurements of PMyr-graft-PLLA 

 

Figure S33. DSC curves (second heating curves, heating and cooling rate of 5 K min-1) 
of the lactide graft copolymers and the corresponding macroinitiator (color codes 
corresponding to Figure 9). 

 

Figure S34. DSC cooling (blue) and heating (red) curves of PMyr0.20-graft-PLLA0.80 
(second cycle with heating and cooling rates of 5 K min-1). 
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Figure S35. DSC cooling (blue) and heating (red) curves of PMyr0.35-graft-PLLA0.65 
(second cycle with heating and cooling rates of 5 K min-1). 

 

Figure S 36. DSC curves of PMyr0.35-graft-PLLA0.65 (second heating curves, heating rate 
5K/min) with varying cooling rates (2 °C (up) and 5 °C (bottom).  
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Abstract 

Two novel β-myrcenol-based diene monomers carrying different silyl-protective groups, 

triisopropylsilyl (TIPS) and tert-butyldiphenylsilyl (TBDPh) groups, are introduced for 

carbanionic polymerization. The sec-butyllithium initiated polymerization of the 

monomers in cyclohexane resulted in homopolymers with molecular weights in the range 

of 12.8 to 24.0 kg mol-1 and dispersities between 1.12 and 1.41. The removal of the silyl 

protective groups can be achieved under mild conditions, using tetra-n-butylammonium 

fluoride (TBAF), and results in well-defined polymyrcenol. The polymers were 

characterized by 1H NMR spectroscopy, size exclusion chromatography (SEC) and 

differential scanning calorimetry (DSC). The monomers were found to act as “self-

modifier” of the polydiene microstructure. The amount of 3,4-units in the polydiene 

backbone was found to be dependent on the type of silyl group. The 3,4-unit content 

decreases in the following order TBDMS < TIPS < TBDPhS, which correlates directly with 

the increasing steric bulk of the respective protective groups. The Tg of the corresponding 

polymyrcenol increases expectedly with increasing 3,4-vinyl content. The increased 

content of 1,4-units, in comparison to the so far published tert-butyldimethylsilyl 

(TBDMS) protected polymyrcenol, renders the polymyrcenol building blocks interesting 

candidates for bio-based thermoplastic elastomers. 
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Introduction  

The living anionic polymerization of 1,3-diene monomers is highly relevant for the 

synthesis of elastomers. Unique control over the polydiene microstructure enables the 

synthesis of polydienes with high 1,4-stereoregularity. Due to their similarity to natural 

rubber (cis-1,4-polyisoprene), which accounts for around 46 % of the total worldwide 

rubber consumption, there is a large demand for synthetic and bio-based 1,3-diene 

monomers.1 Besides the common fossil feedstock-based monomers (butadiene and 

isoprene), there is an increasing number of biomass-derived alternatives, such as β-

myrcene and β-farnesene.2,3 These renewable monomers enable the synthesis of bio-

based thermoplastic elastomers (TPEs), which potentially substitute fossil source-based 

TPEs, for instance polystyrene-block-polyisoprene-block-polystyrene triblock copoly-

mers (SBS).4–6 In general, the polymerization of 1,3-dienes results in an inhomogeneous 

microstructure, consisting of cis-1,4-, trans-1,4-, 3,4- and 1,2-units.7 Since the glass 

transition temperature as well as the elastic properties strongly depend on the polydiene 

microstructure, there are numerous studies focusing on the control of the 

microstructure.8–18 In the living anionic polymerization, the polydiene microstructure is 

influenced by temperature, polarity of the solvent, polar additives (modifier), 

concentration and the pendant moiety.19,20  

The accessibility of functional 1,3-diene monomers is limited due to synthetic difficulties, 

caused by the susceptibility of the diene-moiety to side reaction, in particular the Diels-

Alder reaction.20 Terpenes like β-myrcene and β-farnesene are potentially convenient 

synthons for the synthesis of functional 1,3-diene monomers. However, the regiospecific 

functionalization of the double bond of the isopropylidene side chain is a non-trivial 

objective, as reported in several works.21–24 Nevertheless, some silyl- and amine-

functionalized diene-monomers, suitable for carbanionic polymerization, have been 

reported so far. In this context, an effect of the functional groups on the polydiene 

microstructure was observed, i.e. an increased vinyl-content (1,2- and 3,4-units).25–27 

Stadler et al. described the effect of the bulkiness of the alkyl moieties of 5-(N,N-

dialkylamino)isoprenes on the polydiene microstructure.25 The alkyl substituents 

influence the ratio of cis- and trans-1,4 units formed during the anionic polymerization in 

apolar solvents (benzene), while the fraction of 3,4-units is comparatively small (< 12 %). 

The modifier effect of the amino-based isoprene monomers on the polydiene 
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microstructure is significantly weaker than of the corresponding common polar modifier 

tetramethylethylenediamine (TMEDA) or triethylamine (TEA).25  

However, the influence of protective groups has rarely been investigated in literature. In 

general, protective groups are necessary for the carbanionic polymerization of most 

functional monomers to prevent proton abstraction of the functional group by the living 

carbanionic chain end.28 Silyl groups are well-established protective groups for hydroxyl 

moieties in the field of carbanionic polymerization. The stability of the silyl ether bond 

of the protected monomer is determined by the steric bulk of the silyl group.29 In several 

approaches the steric bulk of protective groups was exploited to adjust the 

stereochemistry of the resulting polymers. In free radical and RAFT copolymerization the 

tacticity of poly(methacrylic acid) (PMMA) was adjusted by the steric bulk of various 

silyl-protective groups, resulting in syndiotactic, atactic or highly isotactic PMMA.30 

Another work by Kamigaito et. al. investigated the influence of silyl groups on the 

tacticity of bio-based vinyl catechol monomers in living anionic polymerization.31 

The influence of the protective group structure on the (co)polymerization behavior of 

functional monomers was also investigated in a previous work of our group.32 The living 

anionic copolymerization of styrene and protected vinyl catechol monomers results in 

different gradient copolymer compositions, depending on the length of the pendant alkyl 

chains of the acetal protective group. Accordingly, the approach of protective group-

controlled monomer sequence enables unique control over the copolymer gradient.32 

In recent works, Liu et al. demonstrated the influence of a silyl-protected hydroxyl 

functionalized alkyllithium initiator on the microstructure of polybutadiene.33,34 The 

authors illustrated the increasing content of 1,4-units with increasing steric bulk of the 

protective group of the functional initiator. With increasing steric bulk of the protective 

group (TMS < TBDMS < TIPS) of the hydroxyl propyllithium initiator, the content of 1,4-

units increased from 79 to 91 %.34  

Recently, we presented the first silyl-protected hydroxyl functionalized 1,3-diene 

monomer for living carbanionic polymerization, based on the terpenoid β-myrcenol.35 

The polymerization and subsequent deprotection results in polymyrcenol with an 

increased content of 3,4-units (31 %) in contrast to polymyrcene (only 6% of 3,4-units), 

polymerized under the same conditions in cyclohexane.35 The difference in 

microstructure is attributed to the “self-modifier” effect, caused by the polar silyl-
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protected hydroxyl group in the alkenyl side chain. The protected hydroxyl group enables 

coordination of the lithium ions at the living chain ends by the monomer. Similar effects 

occur for polar additives like tetrahydrofuran (THF), TMEDA, TEA and ethyl 

tetrahydrofurfuryl ether (ETE), which act as a modifier during the 

(co)polymerization.17,18,36–38 In this work we expand the investigation of the effect of the 

steric bulk of the silyl protective groups on the polydiene microstructure, by varying the 

silyl protective groups of the β-myrcenol-based monomer.  

Experimental Section 

Reagents. β-Myrcene (≥ 95%), selenium dioxide, salicylic acid, triisopropylsilyl chloride 

(TIPSCl), and tetrabutylammonium fluoride, as a 1 M solution in THF, were purchased 

from Sigma Aldrich. Tert-butyldimethylsilyl chloride (TBDMSCl) was received from 

Carbolution Chemicals GmbH. Tert-butyldiphenylsilyl chloride (TBDPhCl) was acquired 

from Alfa Aesar. Tert-butyl hydroperoxide (TBHP, 70% solution in H2O), sec-butyllithium 

as a 1.3 M solution in cyclohexane/hexane (92/8), imidazole and calcium hydride were 

purchased from Acros Organics. Dichloromethane and cyclohexane were acquired from 

Fisher Scientific. Chloroform-d1 and tetrahydrofuran-d8 were received from Deutero 

GmbH. Cyclohexane was dried using sec-butyllithium and 1,1-diphenylethylene (DPE) as 

an indicator (the sec-BuLi-DPE-anion shows red color). 

Instrumentation. SEC measurements were performed in THF as the mobile phase (flow 

rate 1 mL min-1) on an SDV column set from PSS (SDV 103, SDV 105, SDV 106) and a RI 

detector. Calibration was carried out by using PI standards, provided by PSS Polymer 

Standard Service GmbH. NMR spectra were recorded on a Bruker Avance II 400 

spectrometer with 400 MHz (1H NMR) or 101 MHz (13C NMR). All spectra are referenced 

internally to the residual proton signals of the deuterated solvent. The thermal properties 

of the polymers were studied with a Q2000 (TA Instruments) differential scanning 

calorimeter (DSC). Two cooling and heating cycles were performed with a rate of 10 K 

min-1 in a temperature range between -90 °C and 100 °C. The glass transition 

temperatures (Tg) were determined from the second cycle. 

Monomer Synthesis. 2-Methyl-6-methylideneocta-2,7-dienol (β-Myrcenol, MyrOH). 

402 mL of tert-butyl hydroperoxide solution (70% in water, 2.9 mol, 4.0 equiv) was added 

dropwise to a stirred solution of 2.44 g (22.0 mmol, 0.03 equiv) of selenium dioxide and 

10.12 g (73.3 mmol, 0.1 equiv) of salicylic acid in 660 mL dichloromethane. After 15 min 
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of vigorous stirring, 99.8 g (732 mmol, 1 equiv) of β-myrcene was added dropwise at 0 °C, 

and the solution was stirred for 48 h under an argon atmosphere. The solution was diluted 

with benzene and concentrated under vacuum. The residue was diluted with diethyl ether 

and washed twice with an aqueous NaOH solution (10%) and subsequently with a Brine 

solution. The organic layer was dried over MgSO4 and the solvent was evaporated. After 

column chromatography (silica, n-hexane/ethyl acetate (4/1), Rf = 0.25) 22.3 g (147 mmol) 

of pure β-myrcenol were obtained (yield = 20%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 

6.38 (dd, 17.6, 10.8 Hz, 1H, CH=CH2), 5.44 (m, 1H, CH=C), 5.24 (d, 17.6 Hz, 1H, CH2=CH), 

5.06 (d, 1H, CH2=CH), 5.02 (s, 1H, CH2=C), 5.00 (s, 1H, CH2=C), 4.00 (s, 2H, CH2-OH), 2.31 

– 2.15 (m, 4H, CH2-CH2), 1.67 (s, 3H, CH3-C). 1H and 13C NMR spectra are attached to the 

Supporting Information (Figures S1 and S2). 

(Tert-butyldimethylsiloxy)-2-methyl-6-methylideneocta-2,7-diene (MyrOSiTBDM). 7.6 g 

(50 mmol) of β-myrcenol and 8.51 g (125 mmol, 2.5 equiv) imidazole were dissolved 15 mL 

dichloromethane. A solution of 7.2 g (48 mmol, 0.95 equiv) tert-butyldimethylsilyl 

chloride in 15 ml dichloromethane was added dropwise to the β-myrcenol containing 

solution, which was cooled to 0 °C. The solution was stirred under argon atmosphere for 

24 h. Subsequently, the solution was washed with 50 mL of aqueous NaHCO3 solution 

(5%). The organic layer was separated, and the aqueous layer was washed several times 

with n-hexane (3 × 20 mL). The combined organic layers were dried over MgSO4. The 

solvent was evaporated under vacuum to obtain the crude product. After column 

chromatography (silica, toluene, Rf = 0.89) 12.8 g (47.9 mmol) of pure MyrOSiTBDM were 

obtained (yield = 96%). 1H NMR (400 MHz, CDCl3): δ (ppm) = 6.38 (dd, 17.6, 10.8 Hz, 1H, 

CH=CH2), 5.43 (m, 1H, CH=C), 5.24 (d, 17.6 Hz, 1H, CH2=CH), 5.06 (d, 10.8 Hz, 1H, 

CH2=CH), 5.01 (d, 4.5 Hz, 2H, CH2=C), 4.02 (s, 2H, CH2-OSi), 2.29 – 2.23 (m, 4H, CH2-CH2), 

1.60 (s, 3H, CH3-C), 0.91 (s, 9H, (CH3)3-C-Si), 0.07 (s, 6H, (CH3)2-Si). 1H and 13C NMR 

spectra are attached to the Supporting Information (Figures S3 and S4). 

(Triisopropylsiloxy)-2-methyl-6-methylideneocta-2,7-diene (MyrOSiTIP). The same 

procedure as for MyrOSiTBDM was applied, replacing tert-butyldimethylsilyl chloride by 

triisopropylsilyl chloride (TIPSCl), with a yield of 90% of pure MyrOSiTIP. 1H NMR (400 

MHz, CDCl3): δ (ppm) = 6.38 (dd, 17.6, 10.8 Hz, 1H, CH=CH2), 5.48 (m, 1H, CH=C), 5.24 (d, 

17.6 Hz, 1H, CH2=CH), 5.06 (d, 10.8 Hz, 1H, CH2=CH), 5.01 (d, 4.5 Hz, 2H, CH2=C), 4.09 (s, 

2H, CH2-OSi), 2.25 (s, 4H, CH2-CH2), 1.60 (s, 3H, CH3-C), 1.15 – 0.97 (m, 21H, ((CH3)2-CH)3-
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Si). 1H, 13C, COSY, HSQC, HMBC and 29Si NMR spectra are attached to the Supporting 

Information (Figures S5 – S10). 

(Tert-butyldiphenylsiloxy)-2-methyl-6-methylideneocta-2,7-diene (MyrOSiTBDPh). The same 

procedure as for MyrOSiTBDM was applied, replacing tert-butyldimethylsilyl chloride by 

tert-butyldiphenylsilyl chloride (TBDPhCl), with a yield of 96% of pure MyrOSiTBDPh. 1H 

NMR (400 MHz, CDCl3): δ (ppm) = 7.69 (dd, 4H,  7.9, 1.6 Hz, m-Ar-H), 7.40 (m, 6H, o,p-Ar-

H), 6.39 (dd, 17.6, 10.8 Hz, 1H, CH=CH2), 5.48 (m, 1H, CH=C), 5.26 (d, 17.6 Hz, 1H, 

CH2=CH), 5.08 (d, 10.8 Hz, 1H, CH2=CH), 5.02 (d, 4.5 Hz, 2H, CH2=C), 4.06 (s, 2H, CH2-

OSi), 2.26 (s, 4H, CH2-CH2), 1.61 (s, 3H, CH3-C), 1.07 (s, 9H, (CH3)3-C-Si). 1H, 13C, COSY, 

HSQC, HMBC and 29Si NMR spectra are attached to the Supporting Information (Figures 

S11 – S16). 

Homopolymerization. The polymerizations were carried out in a glove box in glass 

vessels (25 mL) with septum. Dry and degassed cyclohexane was distilled into a Schlenk 

flask equipped with a Teflon stopper. The monomer was dried for 24 h over CaH2, 

degassed and finally distilled into another Schlenk flask with Teflon stopper. The 

monomer and cyclohexane were added into glass vessel with septum inside the glove box. 

The polymerization was initiated with sec-buthyllithium and the solution turned pale 

yellow shortly after initiation. After stirring the solution for 2 h at RT the polymerization 

was terminated by adding degassed 2-propanol. Subsequently the polymer was 

precipitated in 2-propanol and dried under vacuum. The average molecular weights were 

determined by SEC (polyisoprene standards). The product was a colorless, highly viscous 

material with yields > 90%. NMR spectra are attached to the Supporting Information 

(Figures S17 – S29). 

Deprotection. 400 mg of PMyrOSi was dissolved in 10 mL THF. Subsequently, tetra-n-

butylammonium fluoride (1 M solution in THF, 7.5 equiv related to MyrOSi units) was 

added under argon atmosphere. After 1 h, 4 mL 2-propanol was added to the cloudy 

solution. The solution was stirred for 0.5 h at RT and quenched by the addition of 4 mL 

of a saturated aqueous NH4Cl solution. The organic layer was washed with brine. The 

polymer was precipitated from the organic layer in cyclohexane via centrifugation at -

10 °C. The polymer was washed with water and precipitated twice from a 2-propanol 

solution in cyclohexane. The colorless highly viscous product was dried under vacuum, 
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yielding > 80% of the hydroxyl-functional polymer. 1H NMR spectra are attached to the 

Supporting Information (S31 and S32). 

Results and Discussion 

Monomer Synthesis. As reported in our recent study, a two-step strategy (outlined in 

Scheme 1) enables access to the hydroxyl-functionalized myrcene derivative for 

carbanionic polymerization.35 Via conventional petrochemical synthetic routes, the 

synthesis of functional 1,3-diene derivatives is limited due to the high susceptibilty of the 

diene moiety to side reactions.20 By using the biomass-derived compound β-myrcene, the 

challenge of the synthesis of functional 1,3-diene monomers can be overcome. The allylic 

oxidation of β-myrcene results in β-myrcenol with yields of 20 %. The low yield is caused 

by incomplete conversion of β-myrcene (conversion of 30 %) and can be recycled for 

further monomer synthesis.24 In contrast to our previous work, we introduce two 

different protective groups to the hydroxyl group of β-myrcenol, using the corresponding 

silyl chlorides. In addition to the tert-butyldimetylsilyl (TBDMS) group, the 

triisopropylsilyl (TBDMS) and tert-butyldiphenylsilyl (TBDMS) protective groups were 

introduced.  
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Scheme 1. Synthesis route of silyl-protected β-myrcenol (MyrOSi), with different silyl 
protective groups (TBDMS, TIPS and TBDPhS), based on β-myrcene. 

Homopolymerization. The polymerization of MyrOSi with different protective groups 

(TBDMS, TIPS and TBDPhS) was carried out in cyclohexane, using sec-butyllithium as an 

initiator. The synthesis strategy is outlined in Scheme 2. Homopolymers with molecular 

weights up to 24 kg mol-1 and dispersities in a range of 1.12 to 1.41 were obtained (Table 

1). Molecular weights and the degree of polymerization were determined by SEC 

measurements (SEC traces are shown in Figure 1). The molecular weight determined by 

SEC differs from the theoretical values. The deviation is attributed to the applied 

polyisoprene standard, which results in an underestimation of the molecular weight due 

to a different hydrodynamic radius of PMyrOSi in comparison to polyisoprene with the 

same molecular weight. Furthermore, systematic errors, e.g. in form of slight variation of 

the sec-butyllithium concentrations, are possible reasons for the deviation in molecular 

weight.  
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Scheme 2. Polymerization of silyl-protected β-myrcenol (MyrOSi) with varying silyl 
protective groups, which differ in steric bulk (TBDMS, TIPS and TBDPhS).  

Table 1. Characterization data of the synthesized homopolymers (PMyrOSi) with varying 
silyl protective groups.  

sample 
Mnth 

(kg mol-1) 

Mna  

(kg mol-1) 
Ða 

Tgb 

(°C) 

3,4-units 

(%) 

PMyrOSiTBDM48  17.5 12.8 1.12 -53 31 
PMyrOSiTBDM79  35 21.2 1.24  31 
PMyrOSiTIP43 20.3 13.4 1.12 -67 18 
PMyrOSiTIP78 40.5 24.0 1.41  18 
PMyrOSiTBDPh27 25.7 10.6 1.41 -14 15 

aDetermined by SEC measurements (eluent: THF, calibration: polyisoprene standards). bDetermined by DSC 
measurements (heating rate of 10 K min-1).  

The TIPS-protected polymyrcenol (PMyrOSiTIP) shows similar characteristics as the 

corresponding TBDMS-protected analogue (PMyrOSiTBDM) (Table 1). While the dispersity 

is low (Ɖ = 1.12) for a molecular weight of 13.4 kg mol-1, with increasing molecular weight 

(Mn = 24 kg mol-1) the dispersity of PMyrOSiTIP increases up to 1.41. In accordance with 

the previously reported TBDMS-protected polymyrcenol (PMyrOSiTBDM), increasing 

broadening (i.e. tailing to lower molecular weight, observable in the SEC traces in Figure 

1) of the molecular weight distribution with increasing molecular weight is assigned to 

potential side reactions. Hirao et al. reported the nucleophilic attack of the living 

carbanionic chain end at the silyl protective group for TBDMS-protected hydroxyl 

functionalized styrene derivatives, resulting in its cleavage.39 Accordingly, the side 

reaction is not inhibited by the larger steric bulk of the TIPS protective group in 
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comparison to the TBDMS protective group. In contrast to MyrOSiTBDM and MyrOSiTIP, 

the anionic polymerization of TBDPhS-protected β-myrcenol (MyrOSiTBDPh) is hindered 

by the high boiling point of MyrOSiTBDPh, which impedes the common monomer 

purification by drying over CaH2 and distillation in vacuo (thermally induced 

autopolymerization at around 140 °C at 10-3 mbar occurs before boiling). Instead, 

MyrOSiTBDPh was dried over molecular sieve (3 Å). Nevertheless, the described 

purification of MyrOSiTBDPh was insufficient for the synthesis of well-defined polymers 

by living anionic polymerization, resulting in a broad molecular weight distribution (Ɖ = 

1.41, Figure 1) and incomplete monomer conversion, as shown in the 1H NMR spectrum 

of the crude product in Figure S30. 

 

 

Figure 1. SEC traces (THF, PI standard) of PMyrOSi homopolymers with different 
protective groups (TBDMS, TIPS and TBDPhS). 

Polydiene microstructure. In recent works the influence of the steric bulk of different 

silyl protective groups of a hydroxyl functionalized alkyllithium initiator on the 

polydiene microstructure was investigated.33,34 In this work, we expand the approach of 

protective group-control of the polydiene microstructure by investigating the influence 

of the steric bulk of the silyl protective groups, attached to a functional 1,3 diene 

monomer (β-myrcenol), to the polydiene microstructure of polymyrcenol. The polydiene 

microstructure (content of 1,4- and 3,4-units) was determined by 1H NMR spectra, on the 

basis of the specific proton signals of the 1,4- and 3,4-units, shown in Figure 2.  
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Figure 2. 1H NMR spectra (zoom in of the region between 4.6 and 5.6 ppm) of silyl-
protected polymyrcenol (PMyrOSi) with different silyl protective groups (TBDMS, TIPS 
and TBDPhS), showing the different ratios of 1,4- and 3,4-units.   

Similar to the works by Li et al., which are based on silyl-protected initiators, a decrease 

of 3,4-units with increasing steric bulk of the silyl protective group (TBDMS < TIPS < 

TBDPhS) was observed, as shown in Figure 3. In general, polar additives are well known 

to increase the 3,4-unit content of the anionic polymerization of polydienes like 

polymyrcene.10,17,37 We explain these observations with increasing steric bulk of the silyl 

protective group, since the oxygen atom is increasingly shielded, resulting in a reduced 

coordination strength of the lithium counter ions at the living carbanionic polymer chain 

end. Consequently, the microstructure modifier strength decreases with increasing steric 

bulk. The observed trend confirms the assumption of the microstructure modifier effect 

of MyrOSiTBDM during polymerization, which is reported in our previous study.35 In 

contrast to the silyl-protected hydroxyl propyllithium initiator, the modifier effect by 

using silyl-protected β-myrcenol monomers is more pronounced (higher amounts of 3,4 

units are accessible, up to 31 % vs. 15 % for the corresponding TBDMS-based hydroxyl 

propyllithium initiator). The stronger modifier effect is basically caused by the higher 

concentration of a monomer in comparison to an initiator. 
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Figure 3. Influence of the silyl protective group on the polydiene microstructure (amount 
of 3,4-units). Steric bulk of protective groups increases in the order TBDMS < TIPS < 
TBDPhS. 

The influence of the protective groups on the thermal properties of silyl-protected 

polymyrcenol was investigated by DSC-measurements (DSC-curves are shown in Figures 

S34-36). The glass transition temperatures (shown in Table 1) are basically influenced by 

two effects: (i) the content of 3,4-units in the polymer backbone and (ii) the steric bulk of 

the silyl protective groups. The TIPS protected polymyrcenol exhibits the lowest glass 

transition temperature observed at -67 °C, which is mainly caused by the low content of 

3,4-units (18 %) and the larger steric bulk of the silyl group in comparison to 

PMyrOSiTBDM. The larger steric bulk of the silyl protective group increases the free 

volume of the polymer chains and consequently reduces the Tg. In addition to the amount 

of 3,4-units and the steric bulk, the thermal properties of the silyl-protected polymers 

strongly depend on the chemical nature of the silyl protective group. While PMyrOSiTBDM 

and PMyrOSiTIP show low Tgs below -53 °C, in the typical range of polydienes as 

polymyrcene (Tg,PMyr = -67 °C, 6% 3,4 units), the glass transition temperature of 

PMyrOSiTBDPh is significantly higher (Tg,PMyr = -14 °C). The higher glass transition 

temperature is caused by the phenyl moieties of the TBDPhSi protective groups, resulting 

in a decreased chain mobility. 

Polymyrcenol. To demonstrate the influence of the silyl protective group on 

polymyrcenol, two exemplary samples (PMyrOSiTBDM48 and PMyrOSiTIP43) were 
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deprotected, as outlined in Scheme 3. The protective groups could be removed under mild 

conditions, using TBAF (tetra-n-butylammonium fluoride) in a THF/2-propanol mixture. 

Quantitative removal of the protective groups in all cases is proven by the complete 

disappearance of the proton signals of the protective groups in the corresponding 1H 

NMR spectra (Figures S31 and S32). Well-defined polymyrcenol homopolymers with low 

dispersities (Ɖ = 1.08-1.11) were obtained. In contrast to the previously reported 

deprotection of PMyrOSiTBDM,35 the deprotection of PMyrOSiTIP results in a monomodal 

molecular weight distribution, without any evidence for chain coupling side reactions, as 

shown in the SEC trace in Figure 4. 

 

Scheme 3. Removal of the silyl protective groups (TBDMS and TIPS) of PMyrOSi, 
resulting in polymyrcenol (PMyrOH). 

Table 2. Characterization data of polymyrcenol (PMyrOH), synthesized with different 
protective groups (TBDMS and TIPS). 

sample 
Mnth 

(kg mol-1) 

Mna  

(kg mol-1) 
Ða 

Tga 

(°C) 

ΔTg,deprot.

a (°C) 

3,4-

units 

(%) 

PMyrOHTBDMS48 10 8.1 1.11 -23 30 31 
PMyrOHTIPS43 10 8.4 1.08 -46 21 18 

aDetermined by SEC measurements (eluent: THF, calibration: polyisoprene standards). bDetermined by DSC 
measurements (heating rate of 10 K min-1).  
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Figure 4. SEC traces (THF, PI standard, RI signal) before (PMyrOSiTIP43, dashed line) and 
after (PMyrOHTIPS43, green line) removal of the protective groups. 

The protective group-controlled polydiene microstructure strongly influences the 

thermal properties of the resulting deprotected polymyrcenol. The removal of the 

protective groups results in an increase of the glass transition temperature (ΔTg,deprot), 

which is significantly higher for the deprotection of the TIPS-protected polymyrcenol 

than for the TBDMS-protected polymer, as shown in Table 2. The difference in ΔTg,deprot. 

is attributed to the higher steric bulk of the TIPS-group and the corresponding higher 

content of 1,4-units. The higher glass transition temperature of polymyrcenol with high 

content of 3,4-units is observable in the DSC-curves shown in Figure 5. Polymyrcenol, 

synthesized with the TIPS protective group (PMyrOHTIPS43, Tg = -46) exhibits a 

significantly lower glass transition temperature, in comparison to its analog synthesized 

with the TBDMS protective group (PMyrOHTBDMS48, Tg = -23). The reduced content of 

3,4-units, yielding a lower glass transition temperature, renders PMyrOHTIPS more 

interesting as a highly flexible building blocks for thermoplastic elastomers, as well for 

low temperature applications of rubbers, exhibiting improved interaction with functional 

fillers in comparison to non-functionalized polydienes.40,41 
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Figure 5. DSC curves of PMyrOH (top) and of PMyrOH (bottom) after removal of the 
protective groups (second heating curves, heating and cooling rate of 10 K min-1). 

Conclusion 

In this work we established a protective group-controlled polydiene microstructure of 

polymyrcenol by the application of different silyl-protective groups, which differ in steric 

bulk. An increasing steric bulk of the protective group lead to a higher content of 

1,4-units. To the best of our knowledge this work shows the first control of the polydiene 

microstructure by use of different protective groups of a functionalized 1,3-diene 

monomer. In comparison to a similar approach, using silyl-protected functionalized 

alkyllithium initiators, the effect of the silyl protected β-myrcenol monomer on the 

polydiene microstructure is stronger, resulting in an adjustable polydiene microstructure 

over a wide range (31 to 15 % of 3,4-units). The protective groups can be removed under 

mild conditions using TBAF. In contrast to the deprotection of TBDMS-protected 

polymyrcenol, the removal of TIPS protective group results in polymyrcenol with a 

monomodal molecular weight distribution without any evidence of chain coupling. A key 

observation is the TIPS group derived polymyrcenol’s lower glass transition temperature 

at -46 °C, in comparison to the TBDMS protective group derived polymyrcenol 

(Tg = -23 °C). The lower glass transition temperature improves the potential of 

polymyrcenol for prospective applications as low Tg flexible component, both in 

thermoplastic elastomers and in vulcanized rubbers. 
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1 Monomer characterization 

 

Figure S1. 1H NMR spectrum (400 MHz) of β-myrcenol in CDCl3. 

 

Figure S2. 13C NMR spectrum (101 MHz) of β-myrcenol in CDCl3. 
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Figure S3. 1H NMR spectrum (400 MHz) of MyrOSiTBDM in CDCl3. 

 

 

Figure S4. 13C NMR spectrum (101 MHz) of MyrOSiTBDM in CDCl3.  
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Figure S5. 1H NMR spectrum (400 MHz) of MyrOSiTIP in CDCl3. 

 

Figure S6. 13C NMR spectrum (101 MHz) of MyrOSiTIP in CDCl3. 
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Figure S7. COSY NMR spectrum (400 MHz) of MyrOSiTIP in CDCl3. 

 

Figure S8. HSQC NMR spectrum (101 MHz / 400 MHz) of MyrOSiTIP in CDCl3. 
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Figure S9. HMBC NMR spectrum (101 MHz / 400 MHz) of MyrOSiTIP in CDCl3. 

 

Figure S10. 29Si NMR spectrum (400 MHz) of MyrOSiTIP in CDCl3. 
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Figure S11. 1H NMR spectrum (400 MHz) of MyrOSiTBDPh in CDCl3. 

 

Figure S12. 13C NMR spectrum (101 MHz) of MyrOSiTBDPh in CDCl3. 
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Figure S13. COSY NMR spectrum (400 MHz) of MyrOSiTBDPh in CDCl3. 

 

Figure S14. HSQC NMR spectrum (101 MHz / 400 MHz) of MyrOSiTBDPh in CDCl3. 
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Figure S15. HMBC NMR spectrum (101 MHz / 400 MHz) of MyrOSiTBDPh in CDCl3. 

 

Figure S16. 29Si NMR spectrum (400 MHz) of MyrOSiTBDPh in CDCl3. 
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2 Homopolymer characterization 

2.1 NMR spectra of PMyrOSiTBDM 

  

Figure S17. 1H NMR spectrum (600 MHz) of PMyrOSiTBDM in CDCl3. 

2.2 NMR spectra of PMyrOSiTIP 

 

Figure S18. 1H NMR spectrum (400 MHz) of PMyrOSiTIP in CDCl3. 
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Figure S19. 13C NMR inverse gated (IG) spectrum (101 MHz) of PMyrOSiTIP in CDCl3. 

 

 

Figure S20. COSY NMR spectrum (400 MHz) of PMyrOSiTIP in CDCl3. 
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Figure S21. HSQC NMR spectrum (101 MHz / 400 MHz) of PMyrOSiTIP in CDCl3. 

 

Figure S22. HMBC NMR spectrum (101 MHz / 400 MHz) of PMyrOSiTIP in CDCl3. 
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Figure S23. DOSY spectrum (400 MHz) of PMyrOSiTIP in CDCl3. 

2.3 NMR spectra of PMyrOSiTBDPh 

 

Figure S24. 1H NMR spectrum (400 MHz) of PMyrOSiTBDPh in CDCl3. 
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Figure S25. 13C NMR inverse gated (IG) spectrum (101 MHz) of PMyrOSiTBDPh in CDCl3. 

 

Figure S26. COSY spectrum (400 MHz) of PMyrOSiTBDPh in CDCl3. 
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Figure S27. HSQC NMR spectrum (101 MHz / 400 MHz) of PMyrOSiTBDPh in CDCl3. 

 

Figure S28. HMBC NMR spectrum (101 MHz / 400 MHz) of PMyrOSiTBDPh in CDCl3. 
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Figure S29. DOSY spectrum (400 MHz) of PMyrOSiTBDPh in CDCl3. 

 

Figure S30. 1H NMR spectrum (400 MHz) of the crude PMyrOSiTBDPh in CDCl3, 
showing an incomplete monomer conversion (e.g. monomer residues in form of proton 
signal at 6.41 ppm). 
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2.4 NMR spectra of PMyrOH 

 

Figure S31. 1H NMR spectrum (400 MHz) of PMyrOH (synthesized with TBDMS 
protective group) in THF-d8. 

 

Figure S32. 1H NMR spectrum (400 MHz) of PMyrOH (synthesized with TIPS protective 
group) in THF-d8. 
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2.5 Determination of polydiene microstructure of homopolymers 

(content of 3,4-units) 

The content of 3,4-units in the homopolymer backbone was calculated from the 

integrals (I) of the proton signals e' and g of the 1H NMR spectrum (Figure S17, S18 and 

Figure S24) as follows: 

3,4 content (%) =

𝐼(e′, e′′′)
2

𝐼(g) +  
𝐼(e′, e′′′)

2

                                                  (S1) 

 

2.6 SEC trace of PMyrOHTBDMS 

 

Figure S 33. SEC traces (THF, PI standard, RI signal) before (PMyrOSiTBDM48, dashed 
line) and after (PMyrOHTBDMS48, green line) removal of the protective groups. 
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2.7 DSC measurements 

 

Figure S 34. DSC-Curves of PMyrOSiTBDM48 (heating rate of 10 °C min-1). 

 

Figure S 35. DSC-Curves of PMyrOSiTIPS43 (heating rate of 10 °C min-1). 
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Figure S 36. DSC-Curves of PMyrOSiTBDPh27 (heating rate of 10 °C min-1). 
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Abstract 

The reactivity of the bio-based monomer β-farnesene in the statistical anionic 

copolymerization with styrene and the effect of the bottlebrush-like polyfarnesene 

structure on phase separation behavior were investigated. Furthermore, thermal and 

material properties of β-farnesene-based thermoplastic elastomers (TPEs), based on tri- 

and pentablock copolymers with styrene, and their processing behavior were 

investigated. As shown by 1H NMR online kinetics, in analogy to both isoprene and 

β-myrcene, the direct (i.e. statistical) anionic copolymerization of β-farnesene and styrene 

in cyclohexane affords block-like, tapered copolymers due to the highly diverging 

reactivity ratios (rFar = 27; rS = 0.037). Algebraic expressions both for the molar and 

volume composition profiles were derived, which allow a mathematically accurate 

visualization of the tapered copolymer structure. The one-pot, tapered copolymer 

approach was used to synthesize series of tri- (ABA) and pentablock (ABABA) 

copolymers of styrene (A) and β-farnesene (B), varying the polydiene volume fraction 

between 0.50 and 0.68, respectively. Depending on the polydiene volume fraction, the 

tapered multiblock copolymers showed phase separation in lamellar or hexagonally 

packed cylindrical structures, as determined by small-angle X-ray scattering. Well-

defined tapered tri- and pentablock copolymers with molecular weights of 120 kg∙mol-1 

and low dispersity (Ɖ = 1.05–1.16) were obtained. The phase state of the 

poly(styrene-co-farnesene) copolymers bears many similarities (same morphology, 

practically the same domain spacing and a similar degree of segregation) to the 

corresponding polyisoprene copolymers with the same polydiene volume fraction. The 

similar domain spacing is suggestive of looped configurations mainly in the polyisoprene 

copolymers that are reduced in the polyterpene copolymers. The influence of the long 

alkenyl side chains of the polyfarnesene middle blocks on the mechanical properties of 

the multiblock copolymers was investigated by tensile testing. For this purpose, the 

respective tri- and pentablock copolymers of isoprene (C5 unit) and β-myrcene (C10) with 

styrene were synthesized as well, containing equal polydiene volume fractions as their 

β-farnesene-based (C15) analogs. The mechanical toughness of the polymers increased 

with decreasing length of the alkenyl side chains (from β-farnesene to isoprene). 

Furthermore, tapered polyfarnesene tri- and pentablock copolymers with styrene exhibit 

reduced solution viscosity in comparison to e.g. polyisoprene-based tapered PS-b-P(I-co-

S) triblock copolymers, resulting in improved processability by electrospinning. These 
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properties are discussed in terms of the different configurations of the polyterpene blocks 

and the pronounced differences in the entanglement molecular weights. 

Introduction 

Limited fossil feedstocks and the accumulating plastic waste in the environment have 

increased the prominence of research in the field of sustainable polymers within the last 

decade.1–7 Terpenes like β-myrcene and β-farnesene are bio-based alternatives for the 

petroleum-based 1,3-diene monomers butadiene and isoprene, which are commercially 

used for the synthesis of thermoplastic elastomers (TPEs) on large scale.8,9 Due to the 

increasing interest in bio-based materials, monomers from renewable sources like 

β-myrcene are already used on limited scale as an alternative for isoprene.8,10,11 While 

β-myrcene is industrially produced by pyrolysis of β-pinene obtained from turpentine, 

β-farnesene is manufactured on large scale from sugar cane (by Amyris, Inc.), using 

fermentation technology.12 In several approaches alternative routes to produce the – 

typically fossil source-based – monomers isoprene and styrene from biomass were also 

developed in recent works.13–16 However, these approaches are currently not scalable to 

an industrially relevant production volume. In analogy to isoprene and β-myrcene, the 

1,3-diene moiety of β-farnesene enables its anionic polymerization. Obeying the isoprene 

rule for terpenes, β-myrcene (C10) consists of two isoprene units (C5), while β-farnesene 

(C15, sesquiterpene) can be described as an isoprene trimer.17 Accordingly, the three diene 

monomers differ in the length of the alkenyl side chain linked to the polymerizable diene 

unit. The effect of the long alkenyl side chains on the polymer properties has been 

investigated for homopolymers of β-farnesene as well as for copolymers with butadiene 

in recent works.18–22 Due to the long C11 or C13 pendant groups, depending on the 

respective polydiene-microstructure (1,4- or 3,4-units), polyfarnesene can be described as 

a bottlebrush-like polymer. This structure of polyfarnesene (PFar) leads to reduced melt 

viscosity in comparison to polyisoprene (PI) and polymyrcene (PMyr), which is explained 

by the significantly higher entanglement molecular weight (Me(PFar) = 50 kg∙mol-1 > 

Me(PMyr) = 18 kg∙mol-1 > Me(PI) = 5.4 kg∙mol-1).19,23 In addition, the unique bottlebrush-

like structure of polyfarnesene results in a low glass temperature of 198 K. Furthermore, 

compared to polyisoprene, the polyfarnesene Tg exhibits a weak dependence on 

microstructure, because the compact branched structure dominates the effect of the 

backbone.18  
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At present there is little information available regarding copolymers of β-farnesene in 

general and in particular copolymers with styrene. The resulting materials are promising 

with respect to bio-based thermoplastic elastomers. Kuraray et al. developed the first ABA 

triblock copolymers based on styrene and β-farnesene, with hydrogenated polyfarnesene 

midblock.24 However, to the best of our knowledge, the only work focusing on the 

copolymerization of this comonomer pair was published by Kirillov et al., who 

copolymerized styrene and β-farnesene, catalyzed by an ansa-lanthanidocene catalyst, 

resulting in random copolymers.25 The statistical anionic copolymerization of analogous 

1,3-diene monomers, like isoprene and β-myrcene with styrene (or its derivatives) in 

apolar solvents like cyclohexane affords block-like, tapered copolymers, mirroring the 

highly disparate reactivity ratios.26–28 Tapered copolymers of styrene and 1,3-diene 

monomers like isoprene or β-myrcene are known for their microphase separation 

behavior,26,27,29 which is mainly driven by the thermodynamic incompatibility. This is 

described by the Flory-Huggins interaction parameter (χ), the molecular weight and the 

molecular composition of the polymer, described in terms of the polymer volume 

fraction.30–33 Thermal and mechanical properties are mainly governed by the microphase 

separation and the resulting bulk morphologies of the copolymers.34–37 

The vast potential of bio-based monomers for the synthesis of thermoplastic elastomers 

was pointed out in the work of Bolton et al., in which α-methyl-p-methyl-styrene based 

polymyrcene containing thermoplastic elastomers were synthesized by the sequential 

anionic copolymerization in THF at low temperatures, capitalizing on 

dichlorodimethylsilane coupling.38 However, the respective polymerization of 1,3-diene 

monomers in THF is known to result in an increased content of side chain vinyl 

regioisomers (3,4- and 1,2-units) in the polymer backbone.39 The side chain vinyl 

regioisomers increase the glass temperature of the rubbery polydiene phase, which is 

undesired for most applications.40 As an alternative to the polymerization in THF, the 

one-step tapered copolymer approach can be used for the synthesis of styrene/diene-

based tapered multiblock copolymers in cyclohexane, relying on sequential monomer 

addition of diene/styrene monomer-mixtures, resulting in a tapered diblock for each 

addition step. The multiblock copolymer synthesis in cyclohexane results in 

thermoplastic elastomer materials with high 1,4-unit content and consequently low Tg of 

the rubbery polydiene phase. These tapered multiblock copolymers show outstanding 

mechanical properties and microphase separation behavior.41–43  
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In this work we aim at presenting a comprehensive picture of β-farnesene/styrene-based 

copolymers, starting from an investigation of the copolymerization kinetics to the 

synthesis of tapered multiblock copolymers. We also studied the resulting materials 

properties and processing behavior, keeping an eye on the comparison with the 

established isoprene and β-myrcene (multiblock) copolymers with styrene. A series of tri- 

and pentablock copolymers with constant molecular weights (120 kg∙mol-1), with two 

different polydiene volume fractions (φPDiene = 0.5 and 0.68) were prepared. In the series of 

block copolymers, the brush length of the polydiene middle block increases from isoprene 

to β-farnesene. Consequently, for a valid comparison of the multiblock copolymers, the 

volume fraction of the polydiene middle blocks was kept constant for each diene 

monomer in order to study the effect of the bottle-brush architecture of polyfarnesene on 

the phase state and the mechanical properties.   

Experimental Section 

Reagents. Isoprene (99%), sec-butyllithium as a 1.3 M solution in cyclohexane/hexane 

(92/8) and calcium hydride were purchased from Acros Organics. β-Myrcene (≥ 95%) was 

purchased from Sigma Aldrich. β-Farnesene with a purity of 95%, was received from BOC 

Sciences. Cyclohexane was acquired from Fisher Scientific. Cyclohexane-d12 was received 

from Deutero GmbH. Cyclohexane was dried using sec-butyllithium and 

1,1-diphenylethylene (DPE) as an indicator (DPE-anion shows red color). 

Instrumentation. SEC measurements were performed in THF as the mobile phase (flow 

rate 1 mL/min) on an SDV column set from PSS (SDV 103, SDV 105, SDV 106) and an RI 

detector. Calibration was carried out by using PS standards, provided by PSS Polymer 

Standard Service GmbH. NMR spectra were recorded on a Bruker Avance II 400 

spectrometer with 400 MHz (1H NMR). All spectra are referenced internally to the 

residual proton signals of the deuterated solvent. The thermal properties of the polymers 

were studied with a Q2000 (TA Instruments) differential scanning calorimeter (DSC). Two 

cooling and heating cycles were performed with a rate of 10 K∙min-1 in a temperature 

range between 183 K and 403 K. The glass temperatures were extracted from the second 

cycle. Tensile tests were performed using a material testing machine Z005 (Zwick/Roell, 

Germany). The scanning electron microscopy (SEM) examinations of the fibers were 

conducted on a JEOL JSM-6010PLUS/LV scanning electron microscope with an 

acceleration voltage of 7 kV (secondary electron imaging mode, working distance: 10 mm, 
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spot size: 50). For the sample preparation a SEM specimen stub was covered with adhesive 

carbon tape (NEM Tape, Nisshin EM. Co. Ltd.). A small piece of the nonwoven copolymer 

was glued onto the tape and coated twice for 2 minutes each with a thin layer of gold 

using a sputter coater (DII-29030SCTR Smart Coater, JEOL).  

X-Ray scattering. Small-angle (SAXS) measurements were made using CuKα radiation 

(RigakuMicroMax 007 x-ray generator, Osmic Confocal Max-Flux curved multilayer 

optics). 2D diffraction patterns were recorded on an Mar345 image plate detector at a 

sample-detector distance of 2076 mm. Intensity distributions as a function of the modulus 

of the total scattering vector, q = (4π/λ) sin(2θ/2), where 2θ is the scattering angle, were 

obtained by radial averaging of the 2D datasets. Samples in the form of thick films (~1 

mm) were prepared by slow solvent casting (chloroform). Temperature-dependent 

measurements of 1 hour long were made by heating the films from 303 K to 453 K in 30 

K steps and subsequent cooling to 303 K aiming at obtaining the phase state.  
 

Synthesis of multiblock copolymers. A mixture of the diene monomer and styrene 

was dried over CaH2 for 24 h, degassed by three freeze−thaw cycles, and distilled into a 

graduated ampule. In addition, the required amount of styrene was dried and degassed 

separately over CaH2 for 24 h and was directly distilled into the reaction flask. Dried 

cyclohexane was distilled into the reaction flask, followed by flushing the flask with argon 

and the initiation of the polymerization of the first styrene block with a 1.3 M sec-BuLi 

solution. After 2 h a mixture of the diene monomer and styrene was added by an ampoule. 

For pentablock copolymers a second addition of the monomer mixture was carried out. 

The living polymerization was terminated by the addition of degassed 2-propanol. 

Afterwards the polymer was precipitated in 2-propanol and dried under vacuum. The 

equipment employed and the synthesis scheme are shown in Figure S12. 

In situ 1H NMR kinetics experiments. The monomers and the solvent were dried by 

the same procedure as for the multiblock copolymer synthesis. The monomer/solvent 

mixtures were prepared in an argon-filled glovebox (MBraun UNILAB, <0.1 ppm of O2 

and <0.1 ppm of H2O). For the copolymerization at 23 °C a mixture of 0.1 mL β-farnesene 

(0.42 mmol, [Far]0 = 0.56 mol L-1) and 0.05 mL styrene (0.42 mmol, [S]0 = 0.56 mol L-1) in 

0.6 mL of cyclohexane-d12) was filled into NMR tubes and sealed with rubber septa. After 

initiation with 0.01 mL of sec-butyllithium ([Ini]0 = 0.017 mol L-1) via syringe, the solution 

was vigorously homogenized by shaking several times. Subsequently, the NMR tube was 
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immediately inserted in the 1H NMR spectrometer (Avance III HD 400 from Bruker; 

equipped with a 5 mm BBFO-SmartProbe (Z-gradient probe), ATM, and SampleXPress 

60). A spectrum was recorded every 30 s with one scan until complete disappearance of 

the monomer signals. Additional to the kinetic experiment at 23 °C, 1H NMR kinetic 

studies at increased sample temperatures (30 °C and 40 °C) were performed.  

Electrospinning. The copolymer nanofiber preparation by electrospinning was adapted 

and modified from one of our previous works.44 The copolymer was dissolved in a mixture 

of THF and DMF (80:20 v/v) to a concentration of 25-35 wt% (depending on the 

copolymer) by stirring at room temperature overnight. The spinning process was 

conducted using a rotating drum as collector (diameter: 2cm, length: 13 cm, rotation speed 

of 292 rpm), covered with aluminum foil. A distance between the needle tip (type Braun 

Sterican© 23G, with filed-down tip) and the collector drum of 10 cm was adjusted, and 

the spinning was conducted horizontally at a voltage of 17 kV and with a flow rate of 1.75 

mL h-1. The temperature inside the spinning chamber was 27-29 °C at a humidity of 

45-50%. Scanning electron microscopy (SEM) was used for the characterization of the 

resulting fibers (as reported in Instrumentation). The diameters from 50 fibers were used 

in the calculation of the fiber diameter distribution using the software ImageJ. For the 

evaluation OriginPro 9.0 (OriginLab Corporation) was used.  

Results and Discussion 

In situ 1H NMR copolymerization kinetics. The  kinetics of the statistical anionic 

copolymerization of styrene with isoprene and β-myrcene has been investigated in depth 

in the past and in recent years.26,27,45,46 In the current work we expand the understanding 

of the copolymerization kinetics of styrene with 1,3-diene derivatives to the 

copolymerization of styrene with β-farnesene. 1H NMR kinetic experiments enable to 

determine the reactivity ratios, based on the non-terminal copolymerization model, 

which produces reliable results for modelling the anionic copolymerization in various 

systems.27,47,48 The sec-butyllithium ([Ini]0 = 0.017 mol L-1) initiated copolymerization of 

β-farnesene ([Far]0 = 0.56 mol L-1) and styrene ([S]0 = 0.56 mol L-1) at 23 °C in deuterated 

cyclohexane was monitored by 1H NMR spectroscopy, following the decrease of the 

methylene protons of styrene at 5.78-5.54 ppm (blue color) and β-farnesene at 

6.41-6.28 ppm (green color) (stacked 1H NMR spectra are shown in Figure 1, every 10th 

spectrum is shown, spectra were recorded every 30 s).  
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Figure 1. Stacked 1H NMR spectra (400 MHz, C6D12) of the in situ NMR kinetics study of 
the copolymerization of styrene and β-farnesene at 23 °C (region from 7.7 to 4.6 ppm). 

The normalized concentrations of both monomers, determined by integration of the 

monomer signals in the 1H NMR spectra, were plotted as a function of time and function 

of total monomer conversion Figures 2a and 2b). This shows the strongly preferred 

incorporation of β-farnesene at the early stage of the copolymerization, resulting in a 

polyfarnesene block with a small amount of incorporated styrene units, followed by a 

steep gradient. After complete conversion of β-farnesene, the remaining styrene forms a 

pure polystyrene block, resulting in a tapered copolymer. For the determination of the 

reactivity ratios the integrated equation47 for the non-terminal (ideal) model according to 

Wall48 was fitted to the experimental data, as shown in Figure S1. The value of the 

explanatory power (R²) very close to unity verifies the accuracy of the fit and the adequate 

description of the copolymerization by the non-terminal model. Highly diverging 

reactivity ratios were determined for the copolymerization of β-farnesene and styrene 

(rFar = 27, rS = 0.037). In addition to the Integrated Ideal method, both the Jaacks49 and the 

Meyer-Lowry50 formalism were used to determine the reactivity ratios, as shown and 

discussed in the Supporting Information (Table S1 and Figures S1 and S2). The reactivity 

ratios were used for the calculation of the molar composition profile, shown in Figure 2b. 

Additional kinetic studies were performed at 30 °C and 40 °C, resulting in no significant 
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changes in the reactivity ratios (Figures S3 – S8). However, the fits for the terminal model 

by Mayo-Lewis51 (in the form of the Meyer-Lowry equation) resulted in a deviation of the 

reactivity ratios in comparison to the ideal/non-terminal model and in a clear temperature 

dependency of the reactivity ratios, without any tendency. For copolymerizations 

following the non-terminal model, the Meyer-Lowry treatment can be numerically 

instable. These results illustrate the problem of overfitting, which results from using an 

overly complex model to describe experimental data, as is discussed in detail in the 

Supporting Information (Table S2 and Figure S9).52,53 Therefore the resulting values from 

the ideal model of Wall in the form of the Integrated Ideal equation were regarded to be 

more reliable and used for the depiction of the composition profiles. 

In addition, the homopolymerization 1H NMR kinetics of β-farnesene has been 

investigated, showing that the homopolymerization rate of β-farnesene 

(kFarFar = 3.2 ∙ 10-3 (L/mol)1/4 s-1, at 23 °C in cyclohexane) is significantly higher than the 

rate of isoprene (kII = 0.61 ∙ 10-3 (L/mol)1/4 s-1, at 23 °C)28, resulting in a faster 

copolymerization with styrene, as shown and discussed in detail in the Supporting 

Information (Tables S3–S5 and Figure S10). The shorter reaction times of the 

copolymerization of β-farnesene and styrene are demonstrated on some exemplary 

Monte Carlo simulations in Table S6. 
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Figure 2. a) Time-conversion plots of the copolymerization of β-farnesene (green) and 
styrene (blue). Monomer concentrations were determined by in situ 1H NMR 
spectroscopy in C6D12 at 23 °C. b) Comonomer concentrations as a function of total 
conversion. c) Calculated molar composition profile of the corresponding tapered 
copolymer. 



Chapter 4 

155 
 

The resulting bulk morphologies of (block) copolymers, discussed in an ensuing section 

of this work, mainly depend on the volume fraction of the polymer blocks and their 

thermodynamic incompatibility.54 Since the degree of phase separation can influence the 

related key material properties of (block) copolymers, understanding of the volume based 

monomer gradient profile is crucial.30–34 Thus, it is necessary to convert the molar 

composition profile into the volume composition profile. To the best of our knowledge, 

the molar and volume composition profiles have not been accessible by algebraic 

expressions to date. In the Supp. Inf. we show the analytical derivation of the explicit 

expressions both for the molar and volume composition profiles. These expressions can 

be directly implemented in simple spreadsheet software and in this way render the 

depiction of the copolymer composition profile easily accessible (as shown in Figure 3). 

Furthermore, this approach eliminates the risk of introducing numerical errors compared 

to previous approaches that use numerical integration to depict the composition 

profiles.29,55 The results of applying the related equations for the copolymerization of 

styrene with 1,3-dienes are shown in Figure 3. The difference in the molar and volume 

composition profile depends on the molecular weight and the corresponding volume of 

the 1,3-diene monomer. Obviously, the shift from the molar to volume composition 

profile strongly depends on the 1,3-diene monomer employed. While the shift for the 

isoprene-based copolymers is low, it increases with increasing volume of the diene 

monomer units from β-myrcene (C10, isoprene dimer) to β-farnesene (C15, isoprene 

trimer). The steepness of the gradient and the disparity of the reactivity ratios increases 

in the order I/S < Far/S < Myr/S.  
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Figure 3. Shift from the molar composition profile of the tapered copolymers to the 
volume composition profile (orange) for equal total volume fractions (φPDiene) and the 
corresponding reactivity ratios.  

Tapered multiblock copolymer synthesis and molecular characterization. The 

synthesis of tapered multiblock copolymers by the sequential addition of monomer 

mixtures was reported by our group for the monomer pairs isoprene/styrene and 

isoprene/4-methyl-styrene.41,42 In the concept of thermoplastic elastomers (TPEs), the 

polydiene blocks determine the elastic behavior of the material. To generate a TPE 
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material, an ABA triblock polymer structure is required, i.e. long polydiene B blocks have 

to be fixated by two terminal styrenic A-blocks that form the noncovalent crosslinking 

domains.56 Thus, in contrast to our previous works on tapered multiblock copolymers, in 

the current work we prepared a pure polystyrene block before adding the diene/styrene 

mixture to generate the tapered blocks, as shown in Figure 4a. The concept of tapered 

triblock copolymers, based on styrene and isoprene (or butadiene), was developed by 

Geoffrey and Milkovich at Shell Co..57 This concept for the polymer architecture was 

recently used for the synthesis of tapered multiblock star copolymers based on I/S to 

achieve optimized mechanical properties.58 The procedure used in the current work 

results in two polystyrene end blocks, which in effect results in physical crosslinking of 

the polymer chains due to vitrification of the PS domains. A second addition of the 

respective diene/styrene monomer mixture enables the synthesis of tapered pentablock 

copolymers.  

In this work, for each tapered tri- and pentablock copolymer composition, the analogous 

polyfarnesene, polymyrcene and polyisoprene-based copolymer was synthesized, 

keeping the total polydiene volume fraction (φPDiene) constant, as shown in  depends on 

the different volume requirement of the 1,3-diene monomers, according to Figure 3. The 

three copolymer systems have the same polydiene volume fraction but very different 

chain length of the diene midblock. As we will see below in the SAXS measurements, this 

is a key feature of the copolymers that enables a direct comparison of the mechanical and 

processing behavior of the tapered block copolymers.  

 



Chapter 4 

158 
 

 

 

Figure 4. a) Synthetic strategy for tapered multiblock copolymers of styrene and 1,3-
diene monomers (isoprene, myrcene or farnesene), b) volume composition profile 
(incorporation volume of styrene (FStyrene(V)) vs. volume-based chain position) of tri- and 
pentablock copolymers with constant polydiene volume fraction (φPDiene = 0.5) and 
constant molecular weight (120 kg∙mol-1). 

The synthesis of the tri- and pentablock copolymers was performed with the three 1,3-

diene monomers, resulting in molecular weights in a range of 107 to 140 kg∙mol-1 and low 

dispersities between 1.05 and 1.16 (Figures S13-15; Table 1). The deviation of the SEC-

data from the theoretical molecular weight can be explained by the overestimated 

molecular weight of polyisoprene when using a polystyrene standard. In addition, the 

increasing length of the side chain of the polydiene-units on going from isoprene to β-

farnesene results in a bottlebrush-like structure of the polyfarnesene middle blocks, 

which alters the hydrodynamic volume and results in underestimated molecular weights 

of the tapered polyfarnesene copolymers in comparison to their polyisoprene analogs.59 

The polydiene microstructure of the tapered copolymers was determined by 1H NMR 

spectroscopy (spectra are shown in Figures S16-18). For the polyisoprene based polymers 

a 3,4-regioisomer content around 5 % was found, which is in accordance with literature.60 

In the row of polyisoprene < polymyrcene < polyfarnesene-based tapered copolymers a 

slight increase of the 3,4-units up to 6.6 % is observable for the copolymerization in 

cyclohexane. 
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 Table 1. Characterization data of synthesized series of tapered tri- and pentablock 
copolymers of styrene and different 1,3-diene monomers and with constant polydiene 
volume fractions (φPDiene = 0.5 or 0.68). 

aDetermined by SEC measurements in THF at 25 °C using PS standards (Figs. S13-S15). bDetermined from 
1H NMR spectra (400 MHz, CDCl3, Figs. S13-S15). cDetermined by DSC measurements (Fig. S19). 
dDetermined by SAXS measurements. 

Thermal properties. The influence of the polydiene architecture on the thermal 

behavior was investigated by DSC measurements (DSC curves are shown in Figure S19). 

The occurrence of two glass temperatures for all tri- and pentablock copolymers (with 

φPDiene = 0.5) is an indication for phase separation of the polydiene- and the polystyrene 

domains, which is a precondition for thermoplastic elastomer behavior. More insight into 

the phase state requires a structural investigation (SAXS measurements below). The glass 

temperature of the flexible polydiene block (Tg,PDiene) decreases for all series of tri- and 

pentablock copolymers in the order polyisoprene > polymyrcene > polyfarnesene (Figure 

S20). The effect of the slightly increasing amount of 3,4-units in the series from 

polyisoprene to polyfarnesene, which is known to increase Tg,40,61 is overcompensated by 

the bottlebrush-like structure of the polyfarnesene blocks.18 In the latter, the lower glass 

temperature results mainly from the longer side groups with the free ends that effectively 

plasticize the backbone. Since the glass temperature is mainly (but not solely)62 a property 

of the backbone (associated with the freezing of the backbone motions) a lower 

temperature is necessary for polyfarnesene to freeze.  

For the triblock copolymers with a polydiene volume fraction of φPDiene = 0.68 merely the 

Tg of the polydiene phase was observable, which is even lower than for the corresponding 

triblocks with φPDiene = 0.5. The lack of a detectable Tg of the polystyrene domains is 

caused by the sensitivity limitation of the DSC measurement (the heat capacity step Δcp 

Sample Mnth 
(kg/mol) 

Mna  
(kg/mol) 

Ða xDieneb φPDieneb Tg,PDienec 

(K) 
Tg,PSc 

(K) 

micro-
structureb 
1,4-units 

(%) 

dnormd 

(nm) 

PS0.25-b-P(I0.5-co-S0.25) 120 122.7 1.09 0.57 0.5 220 

 

355 94.8 35.6 

PS0.25-b-P(Myr0.5-co-S0.25) 120 106.8 1.12 0.40 0.5 214 366 93.9 36.0 

PS0.25-b-P(Far0.5-co-S0.25) 120 107.6 1.14 0.31 0.5 205 366 93.6 36.0 

PS0.17-b-P(I0.25-co-S0.17)2 120 140.1 1.12 0.57 0.5 224 358 94.8 24.7 

PS0.17-b-P(Myr0.25-co-S0.17)2 120 136.5 1.15 0.40 0.5 214 356 93.5 25.2 

PS0.17-b-P(Far0.25-co-S0.17)2 120 123.3 1.16 0.31 0.5 209 361 93.4 25.5 

PS0.16-b-P(I0.68-co-S0.16) 115 127.1 1.05 0.74 0.68 218 - 94.8 36.7 

PS0.16-b-P(Myr0.68-co-S0.16) 115 119.3 1.08 0.59 0.68 212 - 94.1 37.7 

PS0.16-b-P(Far0.68-co-S0.16) 115 108.7 1.09 0.49 0.68 203 - 93.6 36.5 
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at Tg, is inversely proportional to temperature). In this case SAXS provides 

unambiguously the nanodomain morphology. 

Morphology. The morphology of the tapered tri- and pentablock copolymers can be 

discussed with respect to the small-angle X-ray scattering (SAXS) curves depicted in 

Figures 5-7. The temperature-dependent SAXS patterns of all triblock copolymers share 

some features (Figure 5). All patterns exhibit a strong peak at low q followed by higher 

order reflections. The number and intensity of the higher order reflections depends on 

temperature. In general, all triblock copolymers show increased tendency for phase 

separation at temperatures above the polystyrene Tg. This might sound paradoxical as 

increasing temperature brings the copolymers closer to the disordered state. The 

increased nanophase separation here reflects the enhanced mobility of chains (e.g. 

annealing above the polystyrene Tg). Bragg reflections appear with relative q values of 

1:2:3:4, corresponding to a lamellar structure (LAM) with periodicity (as do=2π/q*, q* is 

the modulus of the scattering vector corresponding to the first maximum) of 35.6 nm, 33.6 

nm and 33.7 nm respectively for the polyisoprene, polymyrcene and polyfarnesene 

blocks. To account for the difference in the block molecular weights (Table 1, and further 

assuming Gaussian statistics for simplicity) we can obtain a normalized spacing as 

dnorm=(do/M1/2)/(do/M1/2)Isoprene that amounts to 36 nm for the polymyrcene and 

polyfarnesene blocks.  

The similarity in the domain spacing of the polyfarnesene triblock copolymers with the 

corresponding polyisoprene and polymyrcene copolymers has some important 

implications for the conformational properties of the diene blocks. In an SIS triblock 

copolymer the mid-block has a large fraction of looped configurations (in the range of 

0.4-0.6 according to experiment, theory and simulation).63 However, loops in 

polymyrcene - and even more so in polyfarnesene - blocks are increasingly more difficult 

because of the bottlebrush-like structure of the polydiene blocks that restrict such 

configurations. Hence the similar d-spacing is the result of the similar interaction 

parameters, χS/Myr and χS/Far with the respective χS/I and of the different configurations 

(loops vs bridges) of the polydiene blocks. 
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Figure 5. SAXS patterns of the triblock copolymers with polydiene volume fraction of 
φPDiene=0.5 shown at different temperatures obtained on heating. Arrows indicate the 
positions of the Bragg reflections corresponding to a lamellar morphology. 

The reduced intensity for the even numbered reflections in the polyisoprene and 

polymyrcene copolymers reveal that the polydiene and PS domains have equal volumes 

(positions where the form factor has a minimum). Note that this is not case in the 

polyfarnesene copolymers (polyfarnesene and PS domains have slightly different 

volumes) where all reflections appear in similar intensity.  

The corresponding SAXS results for the asymmetric triblock copolymers (polydiene 

volume fraction of φPDiene=0.68) are shown in Figure 6. SAXS patterns of the triblock 

copolymers with polydiene volume fraction of φPDiene=0.68 shown at different 

temperatures obtained on heating and cooling (cooling curves are indicated by c). Arrows 

indicate the positions of the Bragg reflections corresponding to a cylindrical morphology. 

All triblock copolymers exhibit Bragg reflections with relative q values of 

1:31/2:41/2:71/2:91/2 revealing a hexagonally packed cylindrical structure (HPC) composed 

of PS cylinders in a diene matrix. The periodicity (d=do(4/3)1/2; do=2π/q*), normalized for 

the difference in molecular weights, is now at 36.7 nm, 37.7 nm and 36.5 nm respectively 

for the polyisoprene, polymyrcene and polyfarnesene blocks. Again, this is suggestive of 

a similar degree of segregation but different diene configuration in the asymmetric 

triblock copolymers.  
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Figure 6. SAXS patterns of the triblock copolymers with polydiene volume fraction of 
φPDiene=0.68 shown at different temperatures obtained on heating and cooling (cooling 
curves are indicated by c). Arrows indicate the positions of the Bragg reflections 
corresponding to a cylindrical morphology.  

All patterns of the pentablock copolymers translate to a LAM morphology of reduced 

periodicity as compared to the triblock copolymers. Domain-spacings normalized for the 

different molecular weights amount to 24.7 nm, 25.2 nm and 25.5 nm respectively for the 

polyisoprene, polymyrcene and polyfarnesene blocks (Fig. 7, Table 1). The reduced 

domain spacing relative to the triblock copolymers is a composite effect. In the case of 

the polyisoprene blocks it reflects the increased number of blocks at a fixed overall 

molecular weight and the configuration of the mid-blocks (e.g. further formation of 

loops), whereas in the case of polymyrcene and polyfarnesene blocks it mainly reflects 

the increase in block number.   
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Figure 7. SAXS patterns of the triblock (top, blue) and pentablock copolymers (bottom, 
green) with polydiene volume fraction of φPDiene=0.5, shown at 423 K. Arrows indicate 
the positions of the Bragg reflections corresponding to a lamellar morphology.  

In summary, the phase state of the polymyrcene and polyfarnesene copolymers bears 

many similarities (same morphology, practically the same domain spacing and a similar 

degree of segregation) to the corresponding polyisoprene copolymers. The same domain 

spacing further suggests that specific chain configurations (loops) that are present in the 

polyisoperene copolymers are minimized in polymyrcene and polyfarnesene copolymers. 

The two effects (reduced entanglement molecular weight and increased bridging 

configurations in polymyrcene and polyfarnesene copolymers) are expected to influence 

the mechanical properties discussed below (in opposite ways), yet it is unknown which 

effect will prevail.  

Mechanical properties. The mechanical properties of the tapered tri- and pentablock 

copolymers were investigated by uniaxial tensile measurements. The representative 

stress-strain plots for the tapered copolymers with a polydiene volume fraction of 0.5 and 

0.68 are shown in Figure 8 and Figure 11. The investigation of the mechanical properties 

reveals striking differences between the different polydiene architectures of the tapered 

block copolymers, both regarding their yield point characteristics and the properties at 

the point of mechanical failure. Focusing on the point of mechanical failure, the stress at 

break (σb), strain at break (εb) and ultimate toughness decrease in the order polyisoprene 
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> polymyrcene > polyfarnesene (values are shown in Table S7). We recall here that all 

copolymers exhibit the same morphology (LAM), have similar degree of segregation but 

differ considerably in the configurations of the polydiene blocks. Based on the increasing 

bridging configurations of the polyterpene blocks one would expect increasing stress and 

strain at break, and ultimate toughness, whereas the opposite is observed. As discussed 

in the morphology section, polyterpenes have an increasing tendency to be less entangled 

(polymyrcene) or even to be unentangled (polyfarnesene). Comparing these two 

parameters, i.e. increasing bridging configurations and increasing propensity for 

unentangled chains it is the latter that prevails and eventually controls the mechanical 

response. This trend also occurs in the yield point characteristics. While the Ey modulus 

does not change significantly from the isoprene- to the β-myrcene-based triblocks, there 

is a slight decrease in the yield stress (σy). In contrast, all β-farnesene-based triblocks 

show clearly lower values for Ey and for the yield stress (see Table S7 and Figure 9 and 

S23). 

 

Figure 8. Representative stress−strain curves of the three series of tapered tri- 
(continuous lines) and pentablock (dashed lines) copolymers with different polydiene 
blocks: (a) polyisoprene (black), (b) polymyrcene (red) and (c) polyfarnesene (blue). The 
volume fraction of the polydiene phase is identical for all copolymers (φPDiene = 0.5). 
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With an increase of the block number from 3 to 5, keeping the overall molecular weight 

(120 kg∙mol-1) and the polydiene volume fraction (φPDiene = 0.5) constant, there are several 

factors that affect the mechanical properties: i) the increasing bridging fraction of the 

polydiene middle blocks,64 ii) the decreasing molecular weights of the individual blocks, 

effectively reducing the number of entanglements, and iii) additional bridges in the glassy 

domains by the polystyrene midblock in the pentablock structures.65,66 In the pentablock 

series (dashed lines in Figure 8), the same trends regarding the ultimate mechanical 

properties and the yield point can be observed. Comparing the tapered tri- and pentablock 

copolymer series, for the isoprene-based samples, both the toughness, σb , and εb increase 

with increasing block number, as reported in literature.42 However, this trend is not 

followed by the terpene-based tapered block copolymer samples. The dependency of the 

ultimate toughness on the number of blocks of the tapered block copolymers with 

φPDiene = 0.5 and varying polydiene structures is presented in Figure 10. In contrast to the 

isoprene-based copolymers, the toughness in the β-myrcene-based samples slightly 

decreases with increasing number of blocks, while the toughness of the β-farnesene 

sample remains nearly constant (U ≈ 40 MJ∙m-3). Given the similar phase state and degree 

of segregation, this trend can be correlated to the molecular weights of the single 

polydiene blocks in relation to the corresponding entanglement molecular weights (Me) 

of the polydienes, listed in Table S9 and Table S10. An increasing block number under a 

constant overall molecular weight results in a decrease of the molecular weight of the 

single polymer blocks. For the polymyrcene-based series the molecular weights of the 

polymyrcene blocks approach the entanglement molecular weight of polymyrcene 

whereas for  the polyfarnesene blocks the molecular weight is below  than the Me for the 

pentablock copolymer, resulting in no significant decrease in toughness. Accordingly, the 

decrease in toughness is attributed mainly to the absence of entanglements of the 

polydiene blocks between the terminal styrene blocks, which are known to contribute to 

the mechanical properties of thermoplastic elastomers.67,68 Furthermore, the values of Ey 

decrease with increasing number of blocks, as shown in Figure 9.  
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Figure 9. Young’s modulus of the tapered tri- and pentablock copolymers (φPDiene = 0.5) 
in dependence of number of blocks and polydiene block (same color codes as used for the 
stress-strain curves). Values are determined as the average of 5 independent 
measurements. Errors are given in the 1σ interval. 

 

Figure 10. Toughness of the tapered tri- and pentablock copolymers (φPDiene = 0.5) in 
dependence of number of blocks and polydiene block (same color codes used as for the 
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stress-strain curves). Values are determined as the average of 5 independent 
measurements. Errors are given in the 1σ interval. 

The series of tapered triblock copolymers with a higher polydiene volume fraction (φPDiene 

= 0.68), showing hexagonally packed cylindrical morphologies, was also investigated by 

tensile measurements. The stress-strain plots (Figure 11) show significantly different 

behavior in comparison to the samples with φPDiene = 0.5. The copolymers  now exhibit 

the stress-strain behavior of conventional thermoplastic elastomers (φPDiene ≈ 0.65 – 0.8), 

which do not show any yield point.34,35,69 In general, similar trends regarding toughness, 

stress at break (σb) and strain at break (εb) can be observed for the triblock series with 

φPDiene = 0.68, as given in Table S8 and Figure 11. The copolymer PS0.16-b-P(I0.68-co-S0.16) 

shows different behavior in comparison to the corresponding β-myrcene and β-

farnesene-based samples. The point of mechanical failure of PS0.16-b-P(I0.68-co-S0.16) was 

not reached, due to the limitation of the testing machine. In contrast to PS0.16-b-P(Myr0.68-

co-S0.16) and PS0.16-b-P(Far0.68-co-S0.16), that exhibit an elastomeric behavior, the copolymer 

PS0.16-b-P(I0.68-co-S0.16) undergoes strain hardening, starting at εb ≈ 700 %. In analogy to 

the stress-strain behavior of the samples with φPDiene = 0.5, the difference in the 

mechanical properties can be explained by the decreasing number of entanglements in 

the order PI > PMyr > PFar, as a consequence of the bottlebrush-like structure of 

polyfarnesene.  
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Figure 11. Representative stress−strain curves of the of tapered triblock copolymers 
(φPDiene = 0.68) with varying polydiene blocks: (a) polyisoprene (black), (b) polymyrcene 
(red) and (c) polyfarnesene (blue). 

Processing. Linear ABA type tri- or A(BA)n multiblock copolymers show excellent 

mechanical properties, but there are limitations in the processing of the materials, due to 

their high melt and solution viscosity.70 Branched structures are well-known for their 

reduced melt viscosities in comparison to their linear analogs. In comparison to the linear 

polyisoprene segments of the tapered copolymers, the polyfarnesene segments can be 

described as bottlebrush-like structures, due to their long C11/C13 side chains. As a 

consequence they possess very high entanglement molecular weight (50 kg∙mol-1) that 

results in a reduced melt viscosity.19 To demonstrate the impact of this unique 

architectural feature of polyfarnesene on the processing behavior of thermoplastic 

elastomeric materials, electrospinning was selected as exemplary processing technique to 

generate nanofibers of the tapered block copolymers. The experimental section of the 

electrospinning experiments can be found in the Supporting Information. Electrospinning 

is a versatile and viable processing method, which is attracting increased attention in 

academic research as well as in commercial applications.71–74 The solution viscosity is one 

of the most important parameters in electrospinning for the production of well-defined 

nanofibers.75 There is a limited viscosity range, where electrospinning of a polymer 
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solution is possible. While too low viscosity results in the formation of droplets (so-called 

electrospraying) or “beads” on fibers (concentration dependency of morphology is shown 

in Figure S24), too high concentration of the polymer solution results in the formation of 

extremely thick fibers leading in a boundary case to prohibition of fiber formation (see 

Figure S25a).76 The solution viscosities of the tapered tri- and pentablock copolymers 

dissolved in THF/DMF (80/20 v/v) were measured with a viscometer (Brookfield DV-III 

Ultra). The deviation of the diameter distribution is given by the standard deviation of 

the Gauss fit. The solution viscosity of the triblock copolymers dissolved in THF/DMF 

(80/20 v/v) decreased from polyisoprene to polyfarnesene-based samples, of the same 

molecular weight and total polydiene volume fraction, corresponding to the decreasing 

side chain length of the polydiene-units (viscosities and resulting fiber diameter are 

presented in Table 2) and the reduced number of entanglements.  

Table 2. Solution viscosity of tapered triblock copolymers (φPDiene = 0.5) dissolved in 
THF/DMF (80/20 v/v) with different concentrations (30 and 25 wt%) and the diameters of 
the resulting nanofibers. 

Sample η / mPa s 

(30 wt%) 

η / mPa s 

(25 wt%) 

d / µm 

PS0.25-b-P(I0.5-co-S0.25) 5500 850 1.99 ± 0.39a 
 PS0.25-b-P(Myr0.5-co-S0.25) 760 170 1.82 ± 0.50b 

PS0.25-b-P(Far0.5-co-S0.25) 420 140 1.88 ± 0.44b  
a Spun from 25 wt% solution. b Spun from 30 wt% solution. 

While the ABA triblocks containing polymyrcene and polyfarnesene segments were 

spinnable at high solution concentrations of 30 wt%, the polymer solution of the 

polyisoprene triblock had to be diluted to a concentration of 25 wt% to get in a processable 

viscosity range. In all cases well-defined fibers in a range of 1.82 – 1.99 µm diameter were 

obtained. As an example, the SEM image, as well as the fiber thickness distribution of the 

PS0.25-b-P(Far0.5-co-S0.25) sample are shown in Figure 12. 
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Figure 12. SEM image of electrospun PS0.25-b-P(Far0.5-co-S0.25) tapered triblock copolymer 
nanofibers and distribution of the fiber diameters. 

The same trend in solution viscosity could be observed for the pentablock copolymers. 

Due to the smaller polydiene domains of the pentablock copolymers, the solution 

viscosity decreases with increasing number of blocks (see Table S11). The complete results 

of the viscosity measurements of all sample and all SEM images as well as fiber 

distributions and diameters are available in the Supporting Information (Figures S25-S27). 

The results show the potential of β-farnesene (and even β-myrcene) based thermoplastic 

elastomers for simplified processing, exemplified by the processing method 

“electrospinning”. The reduced viscosity of polyfarnesene-based block copolymers enable 

to produce microfibers from concentrated polymer solutions, which offers an economical 

benefit over established isoprene/styrene-based TPEs. Furthermore, the reduced melt 

viscosity of the β-farnesene-based thermoplastic elastomers is of importance for 
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processing methods like melt extrusion.19 Electrospinning enables direct access to various 

microfiber assemblies, that are potentially suitable for membrane applications.71 Further 

work in this area is currently under way. 

Conclusion 

In this work we describe the direct, i.e. statistical anionic copolymerization of β-farnesene 

and styrene and the resulting monomer gradient in the polymer chains formed. 

Furthermore, we have investigated the consequences of the gradient composition on the 

morphology and mechanical properties of the resulting, partially bio-based thermoplastic 

elastomers. An online NMR kinetics study of the sec-butyllithium initiated statistical 

copolymerization in cyclohexane as well as the homopolymerization of β-farnesene was 

performed by in situ 1H NMR kinetic experiments. The faster homopolymerization 

kinetics of β-farnesene (kFarFar = 3.2 ∙ 10-3 (L/mol)1/4 s-1, at 23 °C), in comparison to the 

established isoprene systems (kII = 0.61 ∙ 10-3 (L/mol)1/4 s-1, at 23 °C)28, can be used to create 

tapered and block copolymers at reduced reaction times. Similar to the isoprene- and β-

myrcene-based styrene copolymerization, the copolymerization kinetics of β-farnesene 

and styrene showed highly disparate reactivity ratios (rFar = 27; rS = 0.037, determined by 

the Integrated Ideal method), leading to block-like, tapered copolymers for the 

copolymerization in cyclohexane. For the design of tailor-made copolymers with 

adjustable material properties, the volume composition profile of the resulting tapered 

copolymers is essential. For this purpose, we introduced analytically derived algebraic 

expressions for the molar and volume composition profiles, which were directly 

implemented in a simple Microsoft Excel® spreadsheet, making the depiction of the 

copolymer composition profile directly accessible. 

The tapered building blocks were used for the synthesis of both tri- (ABA) and pentablock 

(ABABA) copolymers of β-farnesene (B block) and styrene (A block) with total polydiene 

volume fractions of 0.50 and 0.68. In addition, the corresponding tri- and pentablock 

copolymers with isoprene (C5) and β-myrcene (C10) were synthesized, containing equal 

polydiene volume fractions as their β-farnesene-based (C15) analogs. This approach 

resulted in well-defined tapered tri- and pentablock copolymers with molecular weights 

of 120 kg∙mol-1 for all samples and low dispersities in the range of 1.05–1.16. This series 

of multiblock copolymers enabled a comprehensive study of the influence of the 

polydiene architecture on the thermal and mechanical properties of the thermoplastic 
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elastomers as well as their processability. The copolymers exhibit the same morphology. 

Depending on the polydiene volume fraction multiblock copolymers show phase 

separation in lamellar or hexagonally packed cylindrical morphologies, practically the 

same domain spacing and a similar degree of segregation. The similarity in domain 

spacing revealed that specific chain configurations (loops) that are present in the 

polyisoprene copolymers are minimized in polymyrcene and are practically absent in the 

polyfarnesene copolymers. The tensile properties of the tri- and pentablock copolymers 

depend strongly on the polydiene architecture. The toughness of the multiblock 

copolymers decrease from PI > PMyr > PFar-based block copolymers, which was ascribed 

to reduced number of entanglements of the polydiene midblocks ((Me(PFar) > Me(PMyr) 

> Me(PI)). 

Furthermore, the reduced solution viscosity of the tapered polyfarnesene tri- and 

pentablock copolymers in comparison with their linear polyisoprene analogs, leads to 

improved processability by electrospinning. The directly accessible microfiber meshes, 

with fiber diameters of 2 µm, are promising for use of the tapered multiblock copolymers 

for membrane applications. . 
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1 In situ 1H NMR copolymerization kinetics 

The copolymerizations were both modelled by the ideal/non-terminal model (Wall, 

Jaacks) and the terminal model (Mayo-Lewis).1,2 The reactivity ratios of the Jaacks3 and 

Integrated Ideal4 fits show no significant dependence regarding the reaction temperature, 

as shown in Table S1, while the fits for the Mayo-Lewis model (in the form of the Meyer-

Lowry equation)5 resulted in a deviation of the reactivity ratios from the ideal/non-

terminal model and in a clear temperature dependency of the reactivity ratios, without 

any obvious tendency. The numerical instability of the Meyer-Lowry equation for 

copolymerizations that follow the non-terminal model, illustrates the problem of 

overfitting.6,7 It should be mentioned that it is necessary to compare models, which differ 

in their complexity, to reduce the problem of overfitting. In general a more complex 

model which results in no better predictions than a simpler model is an overfit.7 The 

linear correlation of the data points in the Jaacks plot indicate a nearly ideal 

copolymerization of β-farnesene and styrene, in comparison to the copolymerization of 

isoprene and styrene, which follows the terminal model.8 
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1.1  Evaluation of 1H NMR copolymerization kinetic experiment 

at 23 °C 

 

 

Figure S1. Integrated Ideal (II) and Meyer-Lowry (ML) fits of the copolymerization of 
styrene and β-farnesene at 23 °C with reactivity ratios determined by the fitting 
procedure (measured data points in black). 

  

Figure S2. Jaacks fit of the copolymerization of styrene and β-farnesene at 23 °C with 
reactivity ratios determined by the fitting procedure (measured data points in black).  
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1.2  Evaluation of 1H NMR copolymerization kinetic experiment 

at 30 °C 

  

Figure S3. a) Time-conversion plots of the copolymerization of styrene and β-farnesene. 
Monomer concentrations were determined by in situ 1H NMR spectroscopy in C6D12 at 
30 °C. b) Comonomer concentrations as a function of total conversion. c) Calculated molar 
composition profile of the corresponding tapered copolymer. 
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Figure S4. Integrated Ideal and Meyer-Lowry fit of the copolymerization of styrene and 
β-farnesene at 30 °C with reactivity ratios determined by the fitting procedure (measured 
data points in black). 

  

Figure S5. Jaacks fit of the copolymerization of styrene and β-farnesene at 30 °C with 
reactivity ratios determined by the fitting procedure (measured data points in black). 
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1.3  Evaluation of 1H NMR copolymerization kinetic experiment 

at 40 °C 

 

Figure S6. a) Time-conversion plots of the copolymerization of styrene and β-farnesene. 
Monomer concentrations were determined by in situ 1H NMR spectroscopy in C6D12 at 
40 °C. b) Comonomer concentrations as a function of total conversion. c) Calculated molar 
composition profile of the corresponding tapered copolymer. 
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Figure S7. Integrated Ideal and Meyer-Lowry fit of the copolymerization of styrene and 
β-farnesene at 40 °C with reactivity ratios determined by the fitting procedure (measured 
data points in black). 

 

Figure S8. Jaacks fit of the copolymerization of styrene and β-farnesene at 40 °C with 
reactivity ratios determined by the fitting procedure (measured data points in black). 
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Table S1. Reactivity ratios for the copolymerization of β-farnesene with styrene at 
different temperatures, based on different methods. 

Temperature / 

°C 

Integrated Ideal Jaacks Meyer-Lowry 

rFar rS rFar rS rFar rS rFar∙rS 

23  27 0.037 27 0.036 23 0.011 0.24 
30 27 0.038 27 0.038 27 0.040 1.06 
40 26 0.039 26 0.038 19 0.017 0.33 

1.4  Comparison of Integrated Ideal and Meyer-Lowry evaluation of 

the copolymerization kinetics for varying conversions 

For an ideal polymerization the Meyer-Lowry fit is known to result in inaccurate 

reactivity ratios when dealing with systematic errors, as shown by several simulations.4 

In 1H NMR kinetic studies systematic errors, due to the baseline noise, especially in the 

range of low monomer concentrations, cannot be excluded. The well-known problem of 

overfitting can be identified by investigating the influence of varying the range, in which 

the data set is evaluated, on the model fitting.7 Accordingly, the numerical instability of 

the Meyer-Lowry equation regarding systematic errors is demonstrated by the evaluation 

of the β-farnesene/styrene copolymerization kinetic measurement at 23°C (shown in 

Figure S9). For this purpose the minimal trusted monomer concentration of β-farnesene 

[MFar]min was varied. The minimal trusted monomer concentration defines the upper limit 

for the conversion interval that is evaluated in the fitting procedure. It is given as a 

fraction of the initial monomer concentration [MFar]0. While the reactivity ratios 

determined by the Meyer-Lowry equation show negative values for a minimal trusted 

concentration of 0.05·[MFar]0 and 0.02·[MFar]0, as well as a significant deviation along the 

series, the reactivity ratios determined by the Integrated Ideal fit evidence good stability 

against systematic errors (as shown in Table S2). 
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Figure S9. Comparison of Integrated Ideal and Meyer-Lowry fit of the copolymerization 
of styrene and β-farnesene at 23 °C, evaluated up to different minimal trusted monomer 
concentrations [MFar]min, which is given as fraction of [MFar]0. Reactivity ratios 
determined by the fitting procedure (measured data points in black). 
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Table S2. Overview of the reactivity ratios of the copolymerization of styrene and β-
farnesene at 23 °C, determined by the Integrated Ideal and Meyer-Lowry fit and evaluated 
up to different minimal trusted monomer concentrations [MFar]min, which is given as 
fraction of [MFar]0. 

Minimal trusted 

concentration [MFar]min  

Integrated Ideal Meyer Lowry 

rFar rS rFar rS rFar∙rS 

0.05 [MFar]0 25 0.040 19 (-0.050) (-0.95) 
0.02 [MFar]0 26 0.038 22 (-0.00014) (-0.0031) 
0.01 [MFar]0 27 0.038 23 0.011 0.25 
0.005 [MFar]0 27 0.037 19 0.016 0.30 

2 Homopolymerization kinetic experiments 

The homopolymerization kinetic studies were performed analogous to the 

copolymerization kinetic studies. In Figure S10 the pseudo-first-order time-conversion 

plots for the homopolymerization of β-farnesene in C6D12 at 23 °C (blue), 30 °C (black) 

and 40 °C (red) at different temperatures are shown. The linear dependence is an 

indication for the living character of the homopolymerization. By using eqs 1 and 2 (under 

the assumption of a tetrameric coordination of polyfarnesyllithium chains, in analogy to 

polyisoprenyllithium),9,10 the slope of the linear fits of the time-conversion plots 

(apparent rate constant, kapp)  was used to calculate the homopolymerization rates 𝑘p
′  at 

different temperatures. The comparison with the corresponding homopolymerization 

rates of isoprene (Table S4) reveals a significantly higher homopolymerization rate for 

β-farnesene than isoprene. This also affects the total polymerization time of the 

copolymerization of β-farnesene and styrene, which is completed faster than the 

corresponding styrenic copolymerization with isoprene (according to eq. 2). From an 

industrial point of view, reduced reaction times may be a crucial advantage of homo- and 

copolymers of β-farnesene over isoprene, aiming at process optimization. 
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Figure S10. Pseudo-first-order time-conversion plots for the homopolymerization of 
β-farnesene in C6D12 at different temperatures. 

ln
[𝑀0]

[𝑀𝑡]
= 𝒌𝒂𝒑𝒑𝑡                                                     (S1) 

𝑘p = 𝒌𝒂𝒑𝒑/[Ini]
1
4                                                     (S2) 

It should be noted that the so-called rate constant, kp, still contains the unknown 

aggregation equilibrium constant, Kagg, of the polyfarnesene-Li chain ends: 

 𝑘p = 𝑘p
′ (4𝐾agg)

−
1

4                                              (S3) 

Table S3. Apparent rate constants from the homopolymerization kinetic measurements 
for different temperatures. 

 
Temperature 

[Ini]]0a ∙/ 

mol L
-1

 

kapp∙10
-3 

/  

s
-1 

 

k
p 

∙10
-3 

/ 

(L/mol)
1/4

s
-
 

23 °C 0.038 1.49 3.23 

30 °C 0.030 2.49 6.31 

40 °C 0.045 11.1 23.1 
a [Ini]0 = [Far]0Mn/MMonomer, determination of the molecular weight of the polymer via end-group analysis 
via 1H NMR spectroscopy ([Far]0

 
∙= 0.75 mol/L). 
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Table S4. Computed homopolymerization rate constants of β-farnesene and isoprene for 
different temperatures. 

 
Diene-

Monomer 

k
p 

∙10
-3 

/ 

(L/mol)
1/4

s
-

1 
 

at 23 °C 

k
p 

∙10
-3 

/ 

(L/mol)
1/4

s
-1 

 
at 30 °C 

k
p 

∙10
-3 

/ 

(L/mol)
1/4

s
-1 

 
at 40 °C 

Far 3.23 6.31 23.1 

I11,12 0.61 1.47 3.81 

  

 

Figure S11. Arrhenius plots of the homopolymerization rate constants of isoprene and 
β-farnesene in cyclohexane and the corresponding activation energies. Data for 
homopolymerization of isoprene are obtained from literature.11 

It might be surprising that the polymerization of the rather bulky β-farnesene is faster 

than that of isoprene. However, the kp values still contain the aggregation constant of the 

chain ends, which – most probably due to steric reasons - for PFar-Li chain ends might 

be lower than that of the PI-Li chain ends. However, as expected, a linear correlation in 

the Arrhenius plot is observed for the homopolymerization of farnesene as well as for 

isoprene, as shown in Figure S11. The activation energy for the homopolymerization of 

β-farnesene (EA,FarFar = 91 ± 8 kJ mol-1), determined by the slope of the Arrhenius plot, 

shows a similar order of magnitude as the activation energy for the homopolymerization 

of isoprene (EA,II = 81 ± 2 kJ mol-1). 
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Table S5. Computed homo- and cross-propagation rate constants obtained for β-
farnesene and styrene at different temperatures. 

 
Temperature 

kFarFar 
∙10

-3 
/ 

(L/mol)
1/4

s
-1 

  

kSS11,13
 
∙10

-3 
/ 

(L/mol)
1/2

s
-1 

  

kFarS 
∙10

-3 
/ 

(L/mol)
1/4

s
-1 

  

kSFar 
∙10

-3 
/ 

(L/mol)
1/2

s
-1 

 
 

23 °C 3.23 6.39 0.119 172 

30 °C 6.31 10.9 0.233 287 

40 °C 23.1 23.2 0.888 595 

3 Determination of reaction times of the copolymerization of 

β-farnesene with styrene. 

The reaction times of the copolymerizations of isoprene (I) or β-farnesene (Far) with 

styrene (S) in cyclohexane at different temperatures were simulated by kinetic Monte 

Carlo simulations, according to previous works of our group,14 for 5000 chains and 

monomer conversions of 99% with chain aggregation numbers of N = 4 for polydienyl 

and N = 2 for polystyryl lithium, respectively. For the β-farnesene/styrene 

copolymerization the rate constants listed in Table S5 were used. The rate constants of 

the isoprene/styrene copolymerization were obtained from literature.11 As the presence 

of another monomer changes the environment slightly. and the homopropagation 

constants are derived from homopolymerization experiments, an additional time buffer 

of 10% is advisable. 

Due to the higher homopolymerization rate of β-farnesene in comparison with isoprene, 

the copolymerization of β-farnesene and styrene is faster than the corresponding 

copolymerization of isoprene and styrene in the whole temperature range from 23 °C to 

40 °C. 

In Table S6 an overview of calculated reaction times for the copolymerization of isoprene 

or β-farnesene with styrene for copolymers with equal molar and volume composition is 

given. Striking differences between the copolymerization times of isoprene and β-

farnesene are observable. To sum up, β-farnesene enables a faster synthesis of styrene-

based thermoplastic elastomers in comparison to their isoprene analogs. 

 

  



Chapter 4 – Supporting Information 

191 
 

Table S6. Simulated reaction times of the copolymerizations of isoprene (I) or β-
farnesene (Far) with styrene (S) in cyclohexane at different temperatures and with an 
initiator concentration of 1.1 mmol/L, with constant polydiene mole fraction or constant 
polydiene volume fraction. Homopolymerization rates of styrene were obtained from 
literature.3,5 

Copolymer Mn / 

g∙mol-1 

[Ini] /  

mmol∙L-1 

φPDiene xPDiene 
t (23°C) / 

min 

t (30°C) / 

min 

t (40°C) / 

min 

P(I0.43-co-S0.57) 120 1.1 0.43 0.5 697 332 141 

P(Far0.69-co-S0.31) 120 1.1 0.69 0.5 388 223 93 

P(I0.5-co-S0.5) 120 1.1 0.5 0.57 727 342 144 

P(Far0.5-co-S0.5) 120 1.1 0.5 0.31 371 212 86 

4 Synthesis and characterization of tapered tri- and pentablock 

copolymers PS-b-P(Far-co-S)n 

 

Figure S12. Synthesis scheme for tapered triblock copolymers. 
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Figure S13. SEC traces (THF, PS standard) of triblock copolymers with φPDiene = 0.5. 

 

Figure S14. SEC traces (THF, PS standard) of pentablock copolymers with φPDiene = 0.5. 
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Figure S15. SEC traces (THF, PS standard) of triblock copolymers with φPDiene = 0.68. 

 

 

Figure S16. 1H NMR spectrum (400 MHz) of PS16-b-P(I68-co-S16) in C6D12. 
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Figure S17. 1H NMR spectrum (400 MHz) of PS16-b-P(Myr68-co-S16) in C6D12. 

 

Figure S18. 1H NMR spectrum (400 MHz) of PS16-b-P(Far68-co-S16) in C6D12. 
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Figure S19. DSC-diagrams of the tri- and pentablock copolymers (2nd heating curve, from 
-90°C to 130 °C, heating rate 10 °C/min). 
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Figure S20. Glass temperatures of the tapered tri- and pentablock copolymers 
(φPDiene = 0.5) corresponding to PS (open symbols) and PDiene (filled symbols). Dashed 
lines give the glass temperature of PS and PDiene homopolymers.  

5 SAXS measurements 
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Figure S21. SAXS patterns of the pentablock copolymers with polydiene volume fraction 

of φPDiene=0.5 shown at different temperatures obtained on heating and cooling (cooling 

curves are indicated by c). Arrows indicate the positions of the Bragg reflections 

corresponding to a lamellar morphology.  
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6 Tensile Tests 

 

Figure S22. Exemplary transparent film of PS0.25-co-P(Far0.5-b-S0.25), cast by solvent 
evaporation of a chloroform solution (c = 20 wt%). 

Table S7. Mechanical data of tri- and pentablock copolymers with φPDiene = 0.5. Values 
are determined as the average of 5 independent measurements. Errors are given in the 1σ 
interval. 

sample 
E /  

MPa 
ε

yield
/ 

% 

σ
yield

/ 

MPa 

ε
break

/ 

% 

σ
break

/ 

MPa 

U /  

MJ m
-3

 
PS0.25-b-P(I0.5-co-S0.25)  257 ± 17 3.4 ± 0.42 6.2 ± 0.26 1119 ± 32  16.9 ± 1.04 103 ± 5 

PS0.25-b-P(Myr0.5-co-S0.25) 255 ± 6 3.7 ± 0.26 6.3 ± 0.11 851 ± 56 13.7 ± 0.54 81 ± 8 

PS0.25-b-P(Far0.5-co-S0.25)  209 ± 5 4.3 ± 0.15 5.3 ± 0.11  601 ± 42  10.1 ± 0.18 44 ± 4 

PS0.17-b-P(I0.25-co-S0.17)
2
 214 ± 3  4.6 ± 0.12 6.6 ± 0.18 1149 ± 33 19.6 ± 0.78 111 ± 4 

PS0.17-b-P(Myr0.25-co-S0.17)
2
 217 ± 4 4.2 ± 0.06 6.3 ± 0.09 806 ± 37 12.1 ± 0.18 65 ± 7 

PS0.17-b-P(Far0.25-co-S0.17)
2
 170 ± 1 4.9 ± 0.27 5.1 ± 0.02 577 ± 41 9.1 ± 0.26 42 ± 4 
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Figure S23. Representative stress−strain curves (zoomed into the range of the yield-
point) of the three series of tapered triblock copolymers with varying polydiene blocks: 
(a) polyisoprene (black), (b) polymyrcene (red) and (c) polyfarnesene (blue) with φPDiene = 
0.5. 

Table S8. Mechanical data of triblock copolymers with φPDiene = 0.68. Values are 
determined as the average of 5 independent measurements. Errors are given in the 1σ 
interval. 

sample 
ε

break
/ 

% 

σ
break

/ MPa U /  

MJ m
-3

 

PS0.16-b-P(I0.68-co-S0.16) 1279 ± 192  10.3 ± 2.2 3.7 ± 0.1 
PS0.16-b-P(Myr0.68-co-S0.16) 934 ± 66 5.9 ± 0.2 36 ± 5 
PS0.16-b-P(Far0.68-co-S0.16)  256 ± 5   2.1 ± 0.1 44 ± 4 
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Table S9. Overview of the molecular weights (Mn) of the single polystyrene (A) and 
polydiene (B) blocks of tri- and pentablock copolymers with different polymer volume 
fractions φPDiene, related to the synthesized isoprene-, myrcene- and farnesene-based tri- 
and pentablock copolymers of this work. 

Mn / kg/mol ABA 

(φPDiene = 0.5) 

ABABA 

(φPDiene = 0.5) 

ABA 

(φPDiene = 

0.68) 

first block (A) 32.1 21.4 20.1 

second block (B) 55.8 27.9 74.8 

third block (A) 32.1 21.4 20.1 

fourth block (B) 
 

27.9 
 

fifth block (A) 
 

21.4 
 

 

Table S10. Overview of the entanglement molecular weights (Me) of the building blocks 
of the tri- and pentablock copolymers.15,16 

 
Polyisoprene Polymyrcene Polyfarnesene Polystyrene 

Me / kg/mol 5.4 18 50 13.3 
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7 Electrospinning 

Table S11. Solution viscosity of tapered tri- and pentablock copolymers (φPDiene = 0.5 or 
0.68) dissolved in THF/DMF (80/20 v/v) with different concentrations (30 and 25 wt%) and 
the diameters of the resulting fibers. 

Sample c / 

wt% 

η / 

mPa*s 

d / µm 

PS0.25-b-P(I0.5-co-S0.25) 25 850 1.99 ± 0.39 
 PS0.25-b-P(Myr0.5-co-S0.25) 30 760 1.82 ± 0.50 

PS0.25-b-P(Far0.5-co-S0.25) 30 420 1.88 ± 0.44  

PS0.17-b-P(I0.25-co-S0.17)2 25 807 1.70 ± 0.35 
PS0.17-b-P(Myr0.25-co-S0.17)2 30 555 2.33 ± 0.57 
PS0.17-b-P(Far0.25-co-S0.17)2 30 337 2.68 ± 0.51 

PS0.16-b-P(Far0.68-co-S0.16) 35 370 1.92 ± 0.75 
 

 

 

Figure S24. SEM images of electrospun PS0.16-b-P(Far0.68-co-S0.16) tapered triblock 
copolymer, showing the influence of the concentration and viscosity of the polymer 
solution in THF/DMF (80/20 v/v) on the fiber formation: a) formation of beads mainly, b) 
formation of fibers with beads, c) formation of well-defined nanofibers without defects. 

 



Chapter 4 – Supporting Information 

201 
 

  

 

Figure S25. SEM image of electrospun PS0.25-b-P(I0.5-co-S0.25) tapered triblock copolymer: 
a) with too high concentration/viscosity, resulting in very thick fibers (30 wt% polymer 
solution, η = 5500 mPa s), b) with adequate concentration/viscosity (25 wt% polymer 
solution, η = 850 mPa s), resulting in fibers with adequate diameters, c) distribution of the 
fiber diameters obtained by SEM imaging of b). 
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Figure S26. a) SEM image of electrospun PS0.25-b-P(Myr0.5-co-S0.25) tapered triblock 
copolymer (25 wt% polymer solution, η = 760 mPa*s), b) distribution of the fiber 
diameters. 
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Figure S27. SEM images of electrospun pentablock copolymers (top, concentrations of 
Table S11 were used) and distribution of the corresponding fiber diameters (down). 
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8 Transformation of simulated molar composition profile to the 

corresponding volume composition profile  

Basic definitions 

In the following f always corresponds to f1 and analogously f or F for F1 .  

   
   

2 11 1

2 1 2 1 2 10 0

M M[M ] [M ]
; ; 1

[M ] [M ] [M ] [M ] M M

d
F f X

d d

+
= = = −

+ + +
    (S4) 

8.1 Derivation of the copolymer molar composition profile formula 

for the nonterminal/ideal model (Wall) 

Wall’s Ideal model in the fractional form can be transformed with the definitions of F an 

f in the following equation F(f):1  
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F(f) can be solved for f to obtain an equation f(F)                 (S6) 
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Substitution of f(F) in the integrated ideal equation by X(f) to yield an equation for the 

total conversion X in dependence of the instantaneous copolymer composition F.4 

( ) ( )

1

1 1

0 0

substi
1

1 u e
1

t t

r

r rf f F
X f f F

f f F r rF

− −   −
= − =   

− + −   



    (S8) 

( )

1

1 1

0 0

1

1
1

r

r rF F

F r rF F r rFX F
f f

− −   
−   + − + −= −    

−   
   

      (S9) 



Chapter 4 – Supporting Information 

205 
 

The equation X(F) independent of the monomer feed f can be directly used to depict the 

copolymer composition profile for copolymerizations which can be described by the 

nonterminal model.  

8.2 Derivation of the copolymer molar composition profile 

expression for the terminal model (Mayo-Lewis) 

The derivation of the equation for the composition in case of the nonterminal model is 

analogous to the non-terminal model above. In the following only the intermediate results 

are given. 

First the Mayo-Lewis equation in the fractional form is solved for f: 
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This expression f(F) can be substituted in the Meyer-Lowry equation. 
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The derived expressions enable the exact depiction of copolymer gradients with simple 

spreadsheet software with as little as 1000 data points. Previous methods either relied on 

numerical integration, which is prone to numerical errors especially in cases of extreme 

gradients. Another approach was to independently calculate values X(f) and F(f) and and 

plotting these value pairs in a graph X(F). Due to the uneven spacing of X and F, a large 

amount of data points was required to obtain a smooth depiction of the composition 

profile. 
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8.3 Derivation of the copolymer volume composition profile 

expression for the nonterminal/ideal model (Wall)  

In recent work we already discussed the impact of the replacement of the mole fraction 

with any other fraction (e.g. volume fraction) for the nonterminal and terminal model.4 

Based on these equation in the following we derive the expressions required to depict 

the volume-compositional profile.  

The molar ratio is proportional to the volume ratio by the factor υ. 
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This equation is important to transform the molar to the fractional form of the models: 
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In the fractional form the transformation from the molar to the volume-based equation is 

the following: 
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In complete analogy the following equations can be obtained, which are required to 

transform the mole fraction to the volume fraction: 

1
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In recent work we showed that the integrated ideal equation X(f) is unchanged, when a 

constant factor (here υ) is introduced.5 X(f) has the same form as XV(fV). The same is true 

for X(F). In XV(FV) below, the uncommon initial volumetric feed fraction fV,0 can be 

substituted by f0 by the relation fV(f) derived above: 
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The equation XV(FV) can be directly used for the depiction of the volume composition 

profile for copolymerizations that can be modeled with the nonterminal/ideal model.  
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8.4 Expression for the compositional drift of the volume fraction for 

the terminal model. 

In contrast to the ideal model in the nonterminal model a constant factor has an influence 

on the form of the equations. A constant factor c results in the following equations:   
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In the case of the volume fraction, 
1

c


=  . Therefore XV(fV) takes the following form: 
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To eliminate fV from this equation, FV(fV) is solved for fV: 
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In this equation again fV,0 can be substituted by f0 (equation above), and the variable fV,F 

is substituted by FV 
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The equation XV(FV) can be directly used for the depiction of the volume composition 

profile for copolymerization which are modeled with the terminal model. 

8.5 Transformation of total conversion to chain position of the 

composition profile 

Under the conditions of the living anionic polymerization, the total conversion X is a 

linear function of the degree of polymerization (Pn), with the constant factor of the 

initiator concentration [I]0 and total initial monomer concentration [M]0.17,18 In this case 

the total conversion X can be interchanged with the normalized chain length, as shown 

in eq S26. This allows to transform the conversion-based composition profile to the chain 

position-based composition profile. 
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Abstract 

The synthesis of tapered multiblock copolymers by statistical living anionic 

copolymerization of a mixture of isoprene (I) and 4-methylstyrene (4MS) in cyclohexane 

is based on vastly different reactivity ratios of I and 4MS (rI = 25.4 and r4MS = 0.007). A 

library of tapered multiblock copolymers was prepared with different molecular weights 

(approximate molecular weights of 80 kg/mol, 240 kg/mol and 400 kg/mol) and number 

of blocks (P(I-co-4MS)n with 1 ≤ n ≤ 5) and their thermomechanical properties were 

investigated by differential scanning calorimetry, rheology and tensile testing in relation 

to their nanodomain structure, the latter investigated by small-angle X-ray scattering. 

The interaction parameter between I and 4MS segments was obtained based on the order-

to-disorder transition temperatures of a series of PI-b-P4MS diblock copolymers prepared 

by sequential addition of monomers. The obtained χ(T) dependencies (χMFT = 23.2/T-0.024 

and χFH = 36.0/T-0.041) are weaker than in the corresponding PI-b-PS system, revealing 

that the different reactivity ratios of the monomers is not the sole factor that controls the 

miscibility of the tapered multiblock copolymers. The latter is controlled by the value of 

the interaction parameter, the width of the tapered interfaces as well as by the number of 

blocks and total molecular weight. Tapered multiblock copolymers undergo a fluctuation-

induced first order transition from the ordered to the disordered state. The domain 

spacing scales as d~n-0.83±0.02 when compared under a fixed total molecular weight 

reflecting the conformational properties of the middle blocks. In addition, domain spacing 

depends on molecular weight, as d~N0.55, revealing stretching of chains and non-ideal 

configurations. These structural features of the tapered multiblock copolymer affected 

their mechanical properties. Tensile tests showed a dramatic enhancement of the strain 

at break with a concomitant increase in toughness. These mechanical properties can be 

fine-tuned by the judicious selection of molecular weight and number of blocks. The state 

of order (ordered, weakly ordered vs. disordered) and proximity to the glass temperature 

of the hard phase are additional parameters that affect the mechanical response. The 

improved mechanical properties reflect the enhanced interfacial strength the latter 

provided by the configurations of the middle blocks in the copolymers. The influence of 

methyl group substitution in the para position of styrene is discussed by comparing the 

self-assembly and thermomechanical properties of the current P(I-co-4MS)n with the P(I-

co-PS)n system. We found that the shorter tapered interface in the former is 
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counterbalanced by its lower effective interaction parameter resulting to similar domain 

spacings.   

Introduction 

Applications of thermoplastic elastomers rely on anchoring of a rubbery center block 

between glassy end blocks.1 Well-known examples are triblock copolymers based on 

poly(styrene-b-butadiene-b-styrene) (SBS) and poly(styrene-b-isoprene-b-styrene) (SIS) 

with respective trade names Kraton and Dexco.2,3 Other thermoplastic elastomers are 

based on more stiff resins and have a lower rubber content (the commercial product 

Styrolux is composed of SBS with a rubber content of 26 %) having  a star polymer 

structure. Application of such copolymers (e.g. in molding, melt extrusion and film 

blowing) requires lowering the order-to-disorder transition temperature, TODT, while 

maintaining an ordered state at ambient temperature as to provide the desired mechanical 

properties. The multiblock copolymer strategy offers a versatile approach to obtaining 

useful and tunable physical properties.4-17 Increasing the number of blocks affects the 

chain configurations; a single chain in a multiblock copolymer can couple, (i.e., “bridge”) 

over a number of glassy and rubbery domains, thus increasing the “bridging effect” that 

effectively controls the mechanical properties. The desired systems should be based on 

multiblock copolymers that are nanophase separated at ambient temperature and with an 

accessible TODT, located preferably in the vicinity of the glass temperature of the “hard” 

phase. Although controlling the TODT in multiblock copolymers by adjusting the number 

of blocks is still feasible, multiblock copolymers possessing a tapered interface provide 

additional degrees of freedom.18-28 The latter exert control over the segregation strength 

(χN, where χ is the interaction parameter and N is the total degree of polymerization) by 

varying the mixing of unlike segments at the interface. Interfacial mixing gives rise to an 

effective interaction parameter, χeff, that is lower as compared to the bare χ.  

Earlier important experimental studies have shown that controlled tapering allows access 

to higher molecular weight materials that reside in the weak-segregation limit.18-24,28 

Block sequencing was also found to be an important factor controlling compatibility.19,20 

Computer simulations29 have also shown that TODT can be controlled by changing the 

composition gradient without any change in the nanodomain morphology. Most of the 

experimental studies were based on P(I-co-S) tapered tri- or multiblock copolymers with 

a taper generated by monomer addition protocols.18-23,28 There is a need to expand the 

published tapered multiblock copolymers with systems possessing varying interaction 
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parameters, interfacial widths, number of blocks and block lengths. Effectively, 

comparisons should be made (i) at a fixed total molecular weight and (ii) at a fixed block 

length, by varying the number of blocks. 

Recently, the one-step synthesis of tapered block copolymers by statistical living anionic 

copolymerization of a mixture of isoprene (I) and 4-methylstyrene (4MS) in nonpolar 

media was reported.25 The statistical copolymerization leads to tapered block copolymers 

because of the extremely slow crossover reaction from isoprene to the styrenic monomer. 

For the system I/4MS the reactivity ratios were highly disparate with values rI = 25.4 and 

r4MS = 0.007, resulting in a steep gradient of the comonomer composition. These synthetic 

efforts revealed the dual effect of a methyl group substitution in the para position of 

styrene: first, in controlling the reactivity ratios in nonpolar media and, secondly, in 

lowering the dispersity of the I/4MS copolymers in comparison to the I/S copolymers.28 

This strategy for block copolymer synthesis that avoids break-seal techniques, resulted 

in a series of tapered block copolymers from low to ultrahigh molecular weight 

(molecular weights exceeding 106 g/mol).25,26  

Herein, we are exploring the effect of the tapered interface in I/4MS multiblock 

copolymers of the P(I-co-4MS)n type (with 1 ≤ n ≤ 5) on the thermomechanical properties 

by differential scanning calorimetry, rheology and tensile testing in relation to their 

nanodomain structure, the latter investigated by small-angle X-ray scattering. Three 

series of tapered multiblock copolymers with approximate molecular weights of 80 

kg/mol, 240 kg/mol and 400 kg/mol were prepared. Addressing issues related to the phase 

state and the mechanical properties requires knowledge of the interaction parameter 

between I and 4MS segments. For this purpose, a series of diblock copolymers PI-b-P4MS 

was prepared by the sequential addition of monomers as well. The obtained χ(T) was 

extracted from the PI-b-P4MS copolymers and compared to the PI-b-PS case. It was shown 

that χ(T) has a weaker dependence than in the corresponding PI-b-PS copolymers 

revealing that miscibility of the tapered multiblock copolymers is controlled by the value 

of the interaction parameter, the difference in reactivities of the two monomers as well 

as by the number of blocks and total molecular weight. Tapered multiblock copolymers 

were shown to undergo a fluctuation-induced first-order transition from the ordered to 

the disordered state. Tensile tests showed a dramatic enhancement of the strain at break 

with a concomitant increase in toughness. The role of the configurations of the middle 

block    on the improved mechanical properties is discussed. 
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Experimental Section 

Synthesis. The synthesis of the P(I-co-4MS) copolymers was reported in a previous 

work.25 However, in this work a systematic variation of chain architectures was achieved, 

keeping total molecular weights constant. Three series of copolymers with molecular 

weights of 80 kg/mol, 240 kg/mol and 400 kg/mol have been prepared, changing the 

number of segments in the range of 2-10. Herein we provide only a short description of 

the synthesis scheme (Figure 1). The I/4MS monomer mixture was dried over CaH2 and 

trioctylaluminum. Cyclohexane was dried using a living polystyrene solution. All 

monomers and solvents were degassed by three freeze-thaw cycles prior to use. The 

monomer mixture was distilled into a graduated ampule equipped with a teflon stop cock. 

Cyclohexane was distilled directly into the all-glass reactor under reduced pressure. For 

the preparation of a tapered multiblock copolymer, a specific amount of the monomer 

mixture was added to the cyclohexane and initiated by sec-Butyllithium via syringe. All 

polymerizations were carried out at 30 °C and argon atmosphere. Depending on the block 

sizes, the next load of monomers was added after 12, 24 or 36 hours, the color change 

from the colorless polyisoprenyllithium to the dark orange poly(4-methylstyryl)lithium 

marked the successful crossover from the polyisoprene to the poly(4-methylstyrene) 

block segment. Due to the highly disparate reactivity ratios of isoprene and 

4-methylstyrene (rI = 25.4; r4MS = 0.007) incorporation of isoprene is highly favored, 

yielding a block-like tapered copolymer subunit (AB) in one step. The monomer mixture 

addition was repeated until the desired number of blocks was achieved. The 

polymerization was terminated by degassed isopropyl alcohol and the polymer solution 

was precipitated into an eight-fold excess of isopropyl alcohol. Sample characterization 

via 1H NMR and SEC are shown in Supporting Information section (Figure S1 and Figure 

S2, respectively).  
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Figure 1. a) One-step tapered block copolymer formation; b) composition profile of 
multiblock copolymers with constant molecular weight and varied block number. 
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Table 1. Molecular characteristics of the tapered multiblock copolymers P(I-co-4MS) and 
of the sequential PI-b-P4MS (i.e. “normal”) and P4MS-b-PI (i.e. “inverse”) diblock 
copolymers. 

Entry Sample number 
of blocks 

Mntheo 

(kg/mo)l 
Mna 

(kg/mol) 
Ða 

Isoprene 
contenttheo 

(mol%) 
1 80K 2B 2 

80 

94.7 1.06 50 
2 80K 4B 4 82.4 1.12 50 
3 80K 6B 6 81.1 1.10 50 
4 80K 8B 8 78.7 1.15 50 
5 80K 10B 10 77.5 1.18 50 
       
6 240K 2B 2 

240 

237.8 1.11 50 
7 240K 4B 4 227.2 1.11 50 
8 240K 6B 6 308.1 1.26 50 
9 240K 8B 8 253.1 1.24 50 
10 240K 10B 10 232.2 1.17 50 
       

11 400K 2B 2 

400 

481.2 1.09 50 
12 400K 4B 4 313.4 1.05 50 
13 400K 6B 6 356.3 1.11 50 
14 400K 8B 8 431,7 1.22 50 
15 400K 10B 10 423,9 1.23 50 
       

16 30K P(I-b-4MS) 2 
30 

38.3 1.15 50 
17 30K P(4MS-b-I) 2 37.7 1.17 50 
18 35K P(I-b-4MS) 2 

35 
41.8 1.15 50 

19 35K P(4MS-b-I) 2 40.3 1.16 50 
20 40K P(I-b-4MS) 2 

40 
45.6 1.17 50 

21 40K P(4MS-b-I) 2 46.4 1.18 50 
a Determined by SEC at 25°C in THF 

 Differential Scanning Calorimetry. The thermal properties of the tapered multiblock 

copolymers were studied with a Q2000 (TA Instruments) differential scanning 

calorimeter (DSC). The instrument was calibrated for best performance on the specific 

temperature range and heating/cooling rate. The calibration sequence included a baseline 

calibration for the determination of the time constants and capacitances of the sample 

and reference sensor using a sapphire standard, an enthalpy and temperature calibration 

for the correction of thermal resistance using indium as standard (ΔΗ = 28.71 J/g, 

Tm = 428.8 K), and a heat capacity calibration with sapphire standard. Two cooling and 
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heating cycles were performed at a rate of 10 K/min in a temperature range between 173 

K and 433 K and the glass temperatures corresponding to PI and P4MS were extracted 

from the second cycle. 

Transmission Electron Microscopy (TEM).  TEM experiments were carried out 

on a Zeiss EM 10 electron microscope operating at 60 kV. All shown images were 

recorded with a slow-scan CCD camera obtained from TRS (Tröndle) in bright field 

mode. The camera control was omputer-aided using the ImageSP software from 

TRS. 

X-Ray Scattering. Small-angle (SAXS) measurements were made using CuKα radiation 

(RigakuMicroMax 007 x-ray generator, Osmic Confocal Max-Flux curved multilayer 

optics). 2D diffraction patterns were recorded on an Mar345 image plate detector at a 

sample-detector distance of 2060 mm. Intensity distributions as a function of the modulus 

of the total scattering vector, q = (4π/λ) sin(2θ/2), where 2θ is the scattering angle, were 

obtained by radial averaging of the 2D datasets. Samples in the form of thick films 

(~1 mm) were prepared by slow solvent casting (chloroform). Temperature-dependent 

measurements of 1 hour long were made by heating the films from 298 K to 473 K in 5 K 

steps aiming at obtaining the structure factor and further identifying the corresponding 

order-to-disorder transition temperatures.    

Rheology. A TA Instruments, AR-G2, with a magnetic bearing that allows for 

nanotorque control was used for recording the viscoelastic properties of the polymer 

electrolytes. Measurements were made with the environmental test chamber (ETC) as a 

function of temperature. Samples were prepared on the lower rheometer plate (8 mm and 

25 mm), the upper plate was brought into contact, and the gap thickness was adjusted. 

The linear and nonlinear viscoelastic regions were determined by the strain amplitude 

dependence of the complex shear modulus |G*| at ω = 10 rad/s. Evidently, tapered 

multiblock copolymers orient easily by the application of strain. A low strain amplitude 

(typically below 1.5 %) was used to avoid non-linearities in the multiblock copolymers. 

Subsequent measurements involved (i) isothermal frequency scans within the range 

10−1<ω<102 rad/s at several temperatures and (ii) isochronal temperature ramps with 

ω = 1 rad/s between 298 K and 473 K. 
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Results and Discussion 

Thermodynamics. It is known that DSC alone cannot account for thermodynamic 

miscibility/immiscibility in multicomponent polymer systems as even miscible 

blends/copolymers exhibit dual glass temperatures.30,31 Nevertheless, based on (i) the shift 

of the respective temperatures relative to the homopolymers and (ii) the broadening of 

the heat capacity curves at the respective Tg’s, some conclusions can be drawn on the 

purity of phases at the probed length scale. In accordance with the expectation, DSC 

curves of multiblock copolymers revealed two glass temperatures, independent of the 

phase state of the copolymers (ordered or disordered). This is depicted in Figure 2, where 

the first derivative of the heat flow obtained during the second heating runs are shown. 

The lower and higher peaks in this representation correspond to the PI and P4MS glass 

temperatures, respectively. Although the lower Tg – albeit broad – is always evident, the 

high Tg is less pronounced especially in the tapered multiblock (tetra-, hexa-, octa- and 

deca-block) copolymers. In the tapered copolymers with the lower molecular weight 

(Mw ~ 80 kg/mol) the two peaks approach each other especially in the octablock and 

decablock cases meaning that segmental mobilities are in proximity. In addition to the 

high and low glass temperatures another very broad peak around 303 K is evident for the 

240 kg/mol and 400 kg/mol copolymers. This feature can be interpreted as an “interphase 

Tg” of those segments that are intimately mixed within the I/4MS interface.  
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Figure 2. Derivative of heat flow obtained during the second heating runs of the P(I-co-
4MS) tapered multiblock copolymers with overall molecular weights of 80 kg/mol (a), 240 
kg/mol (b) and 400 kg/mol (c) with a rate of 10 K/min. Vertical arrows in black and orange 
colors indicate the PI and P4MS glass temperatures, respectively.  

The results from the DSC investigation with respect to the PI and P4MS glass 

temperatures are summarized in Figure 3. The Figure shows dual glass temperatures in 

all copolymers with a temperature separation that decreases with the number of blocks 

and with decreasing total molecular weight. In addition, the PI Tg is higher than for a 

homopolymer PI (Tg = -65 oC) as a result of the incorporation of 4-methylstyrene 

segments within the PI chain. These findings for the dual Tg and for an intermediate Tg 

in the P(I-co-4MS) tapered multiblock copolymers bear certain similarities to the P(I-co-S) 

case.28 The main difference between the P(I-co-4MS) and P(I-co-S) case is the location of 

the low (PI “phase”) glass temperature being approximately 15 K lower in the former 

system. This finding for the segmental mobility is in line with the vastly different 

reactivity ratios for isoprene, styrene and 4-methylstyrene resulting to a shorter tapered 

interface in the P(I-co-4MS) case.     
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Figure 3. Glass temperatures in the tapered multiblock copolymers corresponding to 
P4MS (filled symbols) and PI (open symbols). Vertical bars indicate the temperature range 
of the respective glass temperatures (taken as the full width at half maximum). Dashed 
and dash-dotted lines give the glass temperature of P4MS and PI homopolymers, 
respectively. 

Self-assembly. The phase state of the multiblock copolymers is controlled by (i) the 

interaction parameter between isoprene and 4-methyl styrene, (ii) the length of the 

tapered interface, (iii) the total molecular weight, and (iv) the number of blocks. The 

disparate reactivity ratios of I and 4MS (rI = 25.4, r4MS = 0.007) is expected to lead to a 

short tapered midblock. To this end, the I/4MS system shows a better controlled monomer 

distribution composition and a shorter tapered structure in comparison to the known I/S 

copolymer (rI = 11.0, r4MS = 0.053).25,28 The effect of methyl group substitution on the 

reactivity ratios in non-polar media is very strong. However, weather this effect will be 

the dominant factor controlling the phase state of the mutliblock copolymers of 

P(I-co-4MS) and P(I-co-S) requires additional knowledge of the interaction parameter in 

the respective sequential copolymers (PI-b-P4MS and PI-b-PS).  

Sequential and symmetric diblock copolymers, according to the mean-field theory 

(MFT),32 undergo a second order phase transition from the disordered to the lamellar 

phase by lowering temperature at the critical point (χN = 10.495, f = 1/2). The MFT 

structure factor in the disordered phase is predicted,32 
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𝑁

𝑆(𝑞)
= 𝐹(𝑥, 𝑓) − 2𝜒𝑁                                                 (1) 

where F(x,f) is a combination of Debye factions and x = q2Rg2; q, is the modulus of the 

scattering vector. However, the MFT predictions for the structure factor apply only at 

temperatures much above the order-to-disorder transition temperature, TODT. On 

approaching the TODT from higher temperatures, fluctuation corrections become 

important.30,31 This becomes evident as within MFT, 1/S(q), is proportional to 1/T in the 

disordered phase (in the simplest approximation χ is inversely proportional to T). 

However, at T>TODT there exists a pronounced curvature which cannot be accounted by 

the MFT. Furthermore, the peak intensity at the transition remains finite and S(q*) is 

discontinuous at the transition. Subsequently, Fredrickson and Helfand33 demonstrated 

that with the introduction of fluctuation corrections, the critical point is suppressed and 

is replaced by a weakly first order transition (f = 0.6) at 

(𝜒𝑁) 𝑂𝐷𝑇 = 11.2 +
46.1

𝑁̅1/3                                               (2) 

Fluctuation corrections apply to both the disordered and ordered phases in the vicinity of 

the transition. In the disordered phase the structure factor is33  

                                    (3) 

In eq. 3, d = 3x*/2π and c, λ are composition dependent coefficients, where = Nα6/u2, 

and α, u are the statistical segment length and volume, respectively (in the present case 

of f = 0.6; c = 1.126, λ = 132, and d = 1.835).33 Thus, approaching the TODT from high 

temperatures the predicted intensities are lower than the ones expected from Leibler’s 

theory and give rise to a non-linear dependence of 1/S(q) on 1/T which is in qualitative 

agreement with the non-linear dependence obtained experimentally (see below).  

Herein we determine the interaction parameter, χI-4MS, based on the TODT values of three 

P(I-b-4MS) copolymers prepared by sequential addition. For this purpose, we employ 

rheology that is a sensitive probe of the order-to-disorder transition temperature.34-40 

Figure 4 gives the storage moduli in three diblock copolymers under isochronal 

conditions (ω = 1 rad/s). The fluctuation induced first order transition is evident by the 

drop in the shear storage modulus G'(T) at the TODT. By forcing the MFT and FH 

predictions (Eqs. (1) and (2)) to the TODT we obtain (Figure 4) χMFT = 23.2/T-0.024 and 

χFH = 36.0/T-0.041; χ(300 Κ) = 0.08), respectively, for the interaction parameters in the 
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mean-field32 and fluctuation approach.33 These dependencies are weaker than in the 

poly(isoprene-b-styrene) copolymers41 (χFH = 71.4/T-0.0857; χ(300 Κ) = 0.15) revealing 

that a methyl group in the former system is responsible for the change in polarizability 

and the alleviated immiscibility relative to PI-b-PS. In addition, block copolymers 

prepared by the reverse sequential addition of monomer, i.e., reverse block copolymers 

(P4MS-b-PI), display small changes at the order-to-disorder transition temperatures 

relative to the respective normal copolymers (Figure S3, Supporting Information).     

 

Figure 4.  (Left) Temperature dependence of the storage modulus, G', obtained at a 
frequency of ω = 1 rad/s with a low strain amplitude on heating the sequential diblock 
copolymers PI-b-P4MS with Mn = 30600 g/mol (blue), 34800 g/mol (green) and 37950 
g/mol (red). Vertical lines indicate the TODT’s. (Right) Temperature dependence of the 
interaction parameter within the MFT (black symbols) and the FH (red symbols) 
approach.  
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Figure 5. TEM images of 240K4B (left) and 400K4B (right). 

The morphology of the tapered multiblock copolymers can be discussed based on the 

TEM results. The TEM images of Figure 5 depict well defined lamellar morphologies for 

the tetrablock copolymers with molecular weights of 240 kg/mol and 400 kg/mol and a 

much weaker phase segregation for the respective hexablock copolymers (Figures S5 and 

S6, Supporting Information Section). 

The SAXS results for the tapered multiblock copolymers with approximate molecular 

weights of 80 kg/mol, 240 kg/mol and 400 kg/mol are shown in Figure 6 at ambient 

temperature. The curve for the tapered diblock copolymer with Mw~80 kg/mol shows 

Bragg reflections with positions 1:2 relative to the first peak corresponding to a lamellar 

morphology. The curves for the tapered tetrablock, hexablock, octablock and decablock 

copolymers reveal a single and broad peak corresponding to scattering from the 

disordered state (correlation hole scattering42). The SAXS results for the tapered 

multiblock copolymers with molecular weight of 240 kg/mol, reveal ordered phases with 

the expected nanodomain morphology (lamellar). This is evident by the Bragg reflections 

with positions 1:2:3:4:5 relative to the first peak in the tapered diblock copolymer. 

However, the curves of the octablock and decablock copolymers reflect only weakly 

ordered structures. Similarly, for the copolymers with molecular weight of 400 kg/mol, 

ordered phases are obtained (in the tapered diblock copolymer case with long-range 

order) with the exception of the decablock copolymer (disordered state). The final 

assignment of the exact phase state in the tapered multiblock copolymers (ordered vs 

disordered) as well as the location of the order-to-disorder transition temperature, TODT, 

requires temperature-dependent SAXS measurements and/or rheology (see below).  
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Figure 6. SAXS patterns for the tapered multiblock copolymers with approximate 
molecular weights of 80 kg/mol (left), 240 kg/mol (center) and 400 kg/mol (right) obtained 
at ambient temperature. Arrows give the positions of the Bragg reflections corresponding 
to a lamellar morphology. The same color code is used for the different samples.  

The domain spacing, d, obtained from SAXS (as d = 2π/q*, q* is the modulus of the 

scattering vector corresponding to the first maximum) for the tapered multiblock 

copolymers can be compared to the corresponding spacing in PI-b-P4MS copolymers 

made by sequential addition (Figure 7). The figure depicts the domain spacing obtained 

at ambient temperature as a function of the number of blocks for the different molecular 

weights and as a function of the total molecular weight, the latter in a double logarithmic 

representation. For the sequential diblock copolymers the domain spacing varies as 

log(d/nm) = -1.61+0.65 log(Mn/(g/mol)) suggesting extended chains. Under conditions 

applicable to the strong segregation limit (SSL), the molecular weight dependence of the 

nanodomain spacing scales as d ~ Nδ, with δ ~ 2/3, as opposed to δ = ½ for the 

unperturbed (Gaussian) chains. Helfand predicted43 a nanodomain spacing scaling as: 

d ~ αN9/14χ1/7 whereas Semenov argued44 that the copolymers are strongly segregated 

with d ~ αN2/3χ1/6. However, experiments on symmetric diblock copolymers spanning a 

broad range of molecular weights revealed that the picture is more complicated than 

theoretically predicted.45 Interestingly, the molecular weight dependence in the tapered 
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multiblock copolymers is weaker, with δ ~ 0.55±0.02 suggesting that chains are stretched 

- albeit to a lesser degree - with non-ideal (Gaussian) configurations. 

Additional information on the chain configuration in the tapered multiblock copolymers 

can result by comparing their domain spacings with the corresponding diblock 

copolymers made sequentially. Strikingly, Figure 7b reveals that the tapered diblock 

copolymers have approximately the same domain spacing as the corresponding 

PI-b-P4MS copolymers made sequentially. The difference in domain spacing is even 

smaller considering that SEC overestimates the molecular weight of the copolymers. 

Evidently, the vastly different reactivity ratios of I and 4MS in cyclohexane lead to a 

tapered diblock with the same (narrow) interface as a block copolymer made by 

sequential addition. This feature permits an estimation of the width of the interface. In 

the limit of very long diblock copolymers (SSL), the interfacial width can be estimated 

according to Helfand and co-workers43 as 

                                                                       ∆∞=
2𝛼

√6𝜒
                                                                       (4) 

where a is the statistical segment length (we further assumed aPI ≈ a4PMS). For a diblock 

copolymer of finite molecular weight the interfacial width increases and now depends on 

block incompatibility as 

                                                          ∆≈ ∆∞ [1 +
1.34

(𝜒𝑁)1/3]                                                                 (5) 

Based on the above equations, a typical interfacial thickness for a phase-separated PI-b-

P4MS copolymer with N = 1000, a ≈ 0.635 nm, and χFH = 0.076 at 303 K, is Δ ~ 2.5 nm, 

meaning that ~7 % of segments are at the interface. In the multiblock copolymers this 

interfacial width is expected to increase further by the length of the tapered interface.  
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Figure 7. (a) Domain spacing obtained from SAXS plotted as a function of the number of 
blocks for the tapered multiblock copolymers with approximate molecular weights of 80 
kg/mol (squares), 240 kg/mol (triangles) and 400 kg/mol (circles). The dashed line 
separates the ordered from the disordered states. (b) Domain spacing plotted as a function 
of molecular weight in a log-log representation for the tapered multiblock copolymers 
(filled symbols) and for sequential PI-b-P4MS copolymers (open squares). Lines are fits to 
the experimental data for the multiblock copolymers and have slopes of 0.57 and 0.55 for 
the diblock and octablock, respectively. A line with a slope of ½ is also shown for 
comparison.   

Multiblock copolymers prepared by the repeated addition of mixtures of 4-methyl styrene 

and isoprene show very different domain spacings when compared at a fixed overall 

molecular weight with increasing n. In the tetrablock copolymer the domain spacing is 

reduced by 52 %, relative to the diblock whereas in the octablock the reduction amounts 

to 74 %. The reduction in domain spacing by increasing the number of blocks at a fixed 

overall molecular weight is anticipated by the conformational properties of the middle 

blocks. The looping statistics of normal (AB)n multiblock copolymers under conditions of 

increasing n has been treated theoretically.6 (AB)n copolymers consist of two terminal 

blocks with only one junction site and of 2n-2 middle blocks each having two junction 

sites. It was shown that increasing n increases the total number of loops as 22(n-1), with 

the average number of loops being equal to n-1. Two extreme cases were considered; fully 
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extended chains and fully looped chains and the predicted domain spacings scaled as 

d ~ n-1.15 and d ~ n-0.66, respectively. For an average number of loops, the scaling prediction 

follows d ~ n-0.86.6 These predictions for normal (i.e., not tapered) multiblock copolymers 

can be compared with the P(I-co-4MS)n multiblock copolymers with the tapered interface. 

Figure 8a gives the domain spacing as a function on n for the three molecular weights in 

a log-log representation. First, we note that the scaling is obeyed despite some of the 

copolymers being in the ordered, weakly ordered or disordered states. Secondly, the 

scaling follows d ~ n-0.83±0.02 in accord with the expectation for an average number of 

loops.  

Informative is also the dependence of the domain spacing on n under fixed block length. 

From the series of molecular weights and number of blocks investigated there exist three 

copolymers that fulfill this requirement; P(I-co-4MS)1 with Mn = 94.7 kg/mol; P(I-co-4MS)3 

with Mn = 240.1 kg/mol and P(I-co-4MS)5 with Mn = 335.3 kg/mol with corresponding 

domain spacings of 37.2 nm, 24.4 nm and 9.9 nm. The domain spacings decrease strongly 

with increasing n, a property found also in multiblock copolymers when examined under 

a constant block length.7 In this case the domain spacing is corrected for the difference in 

the block molecular weights (assuming Gaussian statistics for simplicity) as 

dnorm = (d/M1/2)n=1/(d/M1/2) and the normalized domain spacing is depicted  in Figure 8b. 

The domain spacing now follows d ~ n-1.14. In any case, the reduction in domain spacing 

by increasing the number of blocks both at a fixed overall molecular weight and at a fixed 

block length reflect the conformational properties of the middle blocks and is expected to 

affect the mechanical properties of the multiblock copolymers (see below).   
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Figure 8. (a) Domain spacing obtained from SAXS plotted as a function of n for the 
tapered multiblock copolymers with approximate molecular weights of 80 kg/mol 
(squares), 240 kg/mol (triangles) and 400 kg/mol (circles) in a log-log representation. Lines 
represent linear fits to the data. (b) Normalized domain spacing plotted as a function of n 
under a fixed block length. The line gives the result of a linear fit.  

More information on the phase state can be obtained by following the structure factor, 

S(q), of the tapered multiblock copolymers as a function of temperature.35 As an example, 

the static structure factor for the tapered tetrablock copolymer with a total molecular 

weight of 85.7 kg/mol is shown in Figure 9 as a function of temperature. A broad liquid-

like peak is observed suggesting that all curves are located at T > TODT, i.e., in the 

disordered phase. In accord with this expectation, there is no discontinuous change of the 

peak intensity as evidenced in the 1/S(q*) vs 1/T representation. Furthermore, the 1/S(q*) 

vs 1/T has a non-linear dependence as expected from the theory that includes fluctuation 

corrections (Eq. 3).33 The latter representation shows, additionally, the role of the P4MS 

glass temperature in the S(q). Crossing the TgP4MS influences the peak intensity through 

the change in macroscopic density and the concomitant change in the electron density 

for P4MS.  
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Figure 9. SAXS curves of the tapered tetrablock copolymer with a total molecular weight 
of 85.7 kg/mol plotted at different temperatures; T = 353 K (black); 358 K (red); 363 K 
(green); 368 K (blue); 373 K (magenta); 378 K (dark blue), 383 K (purple), 388 K (light 
green), 393 K (violet), 398 K (cyan), 403 K (orange) and 408 K (wine). The inverse peak 
intensity is plotted versus inverse temperature in the inset. The solid line indicates the 
MFT predictions. The vertical arrow indicates the Tg of the P4MS phase.  

Rheology and mechanical properties. Rheology has been employed as a sensitive 

probe of the order-to-disorder transition and of the different ordered nanophases. This 

sensitivity originates from the large viscoelastic contrast of the disordered and the 

different ordered phases.34-40 Isochronal measurements of the storage modulus performed 

at low frequencies with low strain amplitudes by slowly heating the specimen provide a 

way of locating the TODT (Fig. 4). Figure 10a shows the result of the isochronal 

measurements of the storage (G') and loss (G") moduli at  = 1rad/s obtained on heating 

for the series of the tapered multiblock copolymers with molecular weight of ~80 kg/mol. 

The figure depicts one tapered copolymer that remains in the ordered phase over the 

whole temperature range (the diblock), and four multiblock copolymers (tetra-, hexa-, 

octa- and deca-block) that are in their disordered state. Overall, there is an excellent 

agreement with the SAXS results (Fig. 6) with respect to the phase state of the copolymers. 

In addition to the phase state the figure depicts the very different viscoelastic responses 

of the copolymers that are largely controlled by the glass temperature of the hard phase 
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(P4MS) being a strong function of the number of blocks (Figs 2 and 3) and the overall 

molecular weight.       

 

Figure 10. (a) Storage (filled symbols) and loss (open symbols) shear moduli during 
heating with a rate of 1 K/min at a frequency of 1 rad/s for the different tapered multiblock 
copolymers with a total molecular weight of 80 kg/mol. The strain amplitude was below 
4% for the diblock and below 2% for the rest of the multiblock copolymers. (b) Master-
curves of the storage (filled symbols) and loss (open symbols) shear moduli at a reference 
temperature of 367 K.  Lines with slopes of 1 and 2 are shown for the P(I-co-4MS)5 and a 
line with a slope of ½ for the P(I-co-4MS)1. Vertical arrows indicate the P4MS glass 
temperatures.  

More informative of the viscoelastic response of block copolymers is the use of isothermal 

measurements as a function of frequency. The time-temperature superposition principle 

(tTs) allows the frequency ω dependence of the complex modulus G* at any temperature 

T to be determined from a master curve at a reference temperature. At each temperature 

T, a single frequency-scale shift factor aT allow superposition of all viscoelastic data at 

temperature T with the data at the reference temperature, Tref, as: 

𝐺∗(𝜔; 𝑇) = 𝐺∗(𝑎𝑇𝜔; 𝑇𝑟𝑒𝑓)                                            (6) 

As an example, master-curves of the storage and loss moduli for the same tapered 

multiblock copolymers are shown in Figure 10b at a reference temperature of 367 K. The 
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viscoelastic response of disordered block copolymers is usually similar to that observed 

for homopolymer melts. At high and intermediate frequencies two relaxation processes 

affect the viscoelastic response: the segmental and chain relaxation, respectively. At 

T > TODT, the time-temperature superposition (tTs) works well and the moduli exhibit 

typical terminal behavior (G' ~ 2 and G" ~ ). When examined over a broad temperature 

range, however, tTs is violated due to the order-to-disorder transition that drives the 

system from the disordered state to a nanophase separated state. At T<TODT and at low 

frequencies, the moduli exhibit weak frequency dependencies of the order of 1/2 (for 

symmetric block copolymers) to 1/4. This results from the appearance of an ultra-slow 

relaxation process related to morphological rearrangements. As an example, the “master 

curve” for the P(I-co-4MS)1 exhibits the segmental relaxation of P4MS, the chain 

relaxation and at lower frequencies the structural relaxation. The breakdown of tTs is 

observed at low frequencies where the Newtonian behavior of the disordered state is 

replaced by a rubbery state related to the un-relaxed morphology.  

The linear viscoelastic properties of nanophase separated block copolymers have been 

the subject of theoretical studies. In the study by Rubinstein and Obukhov46 both 

microscopic and mesoscopic mechanisms have been invoked which were attributed, 

respectively, to the dispersion in the number of entanglements of a chain with the 

opposite brush (high frequency response) and to the collective diffusion of copolymer 

chains along the interface. The latter mechanism is controlled by defects in lamellar 

orientation and contributes to the low-frequency side. For the disordered lamellar 

mesophase they predicted: G'() ~ G"() ~ 1/2. On the other hand, Kawasaki and Onuki47 

proposed that overdamped second-sound modes in an orientationally disordered lamellar 

phase could result in a complex shear modulus proportional to (i)1/2. The experimental 

low-frequency data for P(I-co-4MS)1 also show a parallel dependence of the moduli with 

G'() ~ G"() ~ 1/2 as suggested from theory for a lamellar morphology.  

The master-curves shown in Fig.10b contain additional information on the state of 

entanglements. A comparison for the different tapered multiblock copolymers for the 80 

kg/mol series is made in Figure 11a that involves an additional horizontal shift factors, 

aT', that accounts for the difference in the glass temperatures of P4MS. The plateau 

modulus, Ge, of entangled polymers relates to the entanglement molecular weight, Me, 

and the tube diameter, α, as48  

𝐺𝑒 ≈
𝜌𝑅𝑇

𝑀𝑒
≈

𝑏3𝑘𝐵𝑇

𝑣0𝑎2𝑏
                                                           (7) 



Chapter 5 

235 
 

Here, ρ is the density, v0 is the Kuhn monomer volume, and b is the monomer size. Despite 

the fact that the plateau is only marginally observed in the 80 kg/mol series, an increasing 

Ge (by approximately a factor of 3) is evident in going from P(I-co-4MS)1 to the multiblock 

copolymers. There is also a smaller increase in going from P(I-co-4MS)2 to P(I-co-4MS)5. 

An increase of Ge reflects the bridged configuration of chains in the multiblock 

copolymers.13 The same comparison can also be made under conditions of a fixed block 

molecular weight.  This is shown in Figure 11b where the master curves of P(I-co-4MS)1 

and P(I-co-4MS)3, with respective total molecular weights of 80 kg/mol and 240 kg/mol, 

are compared. The figure depicts again an increasing plateau for P(I-co-4MS)3 despite that 

it is only weakly segregated (Fig. 7). 

 

 

Figure 11. (a) Master-curves of the storage shear moduli for the different tapered 
multiblock copolymers with a total molecular weight of 80 kg/mol from Fig. 10b, shifted 
horizontally with additional shift factors (aT') so as to coincide at the P4MS glass 
temperature. A small vertical shift (bT) was also applied to the octablock and decablock 
cases. (b) Master-curves of the storage shear moduli for two tapered multiblock 
copolymers bearing the same block molecular weight. A line with a slope of 2 is shown 
in both cases.   
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Apart from the linear viscoelastic properties examined above with shear rheometry, of 

particular interest for applications are the tensile properties of the tapered multiblock 

copolymers. Some representative stress-strain curves for the different series of molecular 

weights all at ambient temperature are depicted in Figure 12. In general, all P(I-co-4MS)1 

copolymers are brittle with an elongation at break below 10 %, for the 80 kg/mol, and 

below 40 % for the 400 kg/mol series. Contrast this with the situation in the tetrablock 

copolymers with respective elongation at break of 300 % and about 600 % for the 80 

kg/mol and 400 kg/mol copolymer series. Depending on the overall molecular weight, the 

number of blocks, the state of nanophase separation (ordered, weakly ordered vs 

disordered states) of the copolymers and the proximity to the P4MS glass temperature, a 

high elongation at break as high as 800% could be obtained. The tensile properties 

unambiguously show a transition from brittle to ductile behavior in going from the P(I-co-

4MS)1 to the tapered multiblock copolymers. In addition, all tapered copolymers show 

yielding followed by strain hardening (i.e. dσ/dε increases with increasing strain) prior to 

break. Strain hardening has also been observed in normal (AB)n multiblock copolymers 

but only for large n values.12 Here this effect is evident – especially for the higher 

molecular weights – even from the tetrablock (n = 2).  

These results can also be discussed in terms of the increased toughness shown in Figure 

13. As expected, P(I-co-4MS)1 exhibits little toughness independent of the molecular 

weight. In the tapered multiblock copolymers there is a 35-fold (in the 400 kg/mol) to 

200-fold (in the 80 kg/mol) increase in toughness. The figure reveals that, in addition to 

the number of blocks and total molecular weight, the state of order and proximity to the 

P4MS glass temperature also plays a role. The highest increase in toughness is obtained 

for nanophase separated copolymers where, in addition, P4MS is well into the glassy 

state. Similarly, the reduction in toughness obtained for the P(I-co-4MS)5 with 80 kg/mol 

reflects the proximity of the temperature where the tensile test is performed (ambient 

temperature) to the P4MS glass temperature. These findings taken together suggest an 

enhanced interfacial strength as a result of the configurations of the middle blocks in the 

tapered multiblock copolymers.  



Chapter 5 

237 
 

 

Figure 12. Representative stress-strain curves for the tapered multiblock copolymers 
with approximate molecular weights of 80 kg/mol (top), 240 kg/mol (center) and 400 
kg/mol (bottom) obtained at ambient temperature. The same color code is used for the 
different samples.  

 

Figure 13. Toughness of the tapered multiblock copolymers with approximate molecular 
weights of 80 kg/mol (black squares), 240 kg/mol (blue triangles) and 400 kg/mol (red 
circles) obtained from the stress-strain curves at ambient temperature. Areas in grey, 
magenta and orange indicate, respectively, ordered, weakly ordered and disordered 
regimes.  
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Conclusions 

The one-pot synthesis of tapered block copolymers by statistical living anionic 

copolymerization of a mixture of isoprene and 4-methylstyrene in cyclohexane provided 

a series of well-defined tapered multiblock copolymers with up to 10 blocks that exhibit 

much steeper gradients than the previously studied series of tapered multiblock 

copolymers based on isoprene and styrene.28 The thermomechanical properties of these 

copolymers were found to be influenced by the phase state and the configurations of the 

middle blocks. More specifically:  

Dual glass temperatures corresponding to P4MS-rich and PI-rich domains were obtained 

in all tapered multiblock copolymers. The two Tgs approach each other with the number 

of blocks and with decreasing total molecular weight. DSC provides evidence for an 

additional “interphase” Tg. 

The interaction parameter between I and 4MS segments was obtained based on the order-

to-disorder transition temperatures of PI-b-P4MS diblock copolymers prepared by 

sequential addition monomers. Forcing the TODT to the MFT and FH predictions resulted 

to the following χ(T) dependencies: χMFT = 23.2/T-0.024 and χFH = 36.0/T-0.041. Both 

dependencies are weaker than in the corresponding PI-b-PS system, revealing that the 

different reactivity ratios of the monomers and the associated steeper composition profile 

is not the only factor that controls the miscibility of the tapered multiblock copolymers. 

The latter is controlled by the value of the interaction parameter, the length of the tapered 

interface as well as by the number of blocks and total molecular weight. Temperature-

dependent SAXS results show that tapered multiblock copolymers undergo a fluctuation-

induced first-order transition from the ordered to the disordered state. The domain 

spacing in the P(I-co-4MS)n  series scales as d ~ n-0.83±0.02 when compared under a fixed 

total molecular weight and as d ~ n-1.14 when compared under a fixed block length both 

reflecting the conformational properties of the middle blocks. In addition, domain spacing 

depends on molecular weight, as d ~ N0.55, and this dependence is weaker than in the 

corresponding diblock copolymers prepared by sequential addition (d ~ N0.65). 

Nevertheless, it shows stretching of chains and non-ideal configurations.  

The linear viscoelastic response of the tapered copolymers is controlled by the number of 

blocks and overall molecular weight. The plateau modulus in the tapered multiblock 

copolymers increases with the number of blocks as a result of the bridged configuration 

of chains. In the tapered multiblock copolymers a single chain can bridge over several 
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soft/rubbery domains. The non-linear mechanical properties obtained during the tensile 

tests revealed a dramatic enhancement of the strain at break; from about 10 % in the 

diblock copolymers to as high as 800 % in several tapered multiblock copolymers with a 

concomitant increase in toughness. These mechanical properties can be fine-tuned by the 

judicious selection of molecular weights and number of blocks. The state of order (ordered 

vs weakly ordered) and proximity to the glass temperature of the hard phase also plays a 

role. The improved mechanical properties reflect the enhanced interfacial strength as a 

result of the conformational properties of the middle blocks in the segmented polymer 

chains.  In comparing the P(I-co-4MS)n and P(I-co-PS)n systems with respect to their phase 

state, we find that the shorter tapered interface in the former is counterbalanced by its 

lower effective interaction parameter, resulting in similar domain spacings.   

In summary, we have demonstrated that the one-pot synthesis of tapered multiblock 

copolymers with controlled molecular weights, well-understood tapered interface, and 

defined number of blocks is feasible based on 4-methylstyrene and isoprene. We rely on 

a strategy that can be conveniently scaled up, permitting detailed mechanical 

characterization as well as processing studies. We believe that our results are highly 

relevant for thermoplastic elastomers (TPEs), in general, since the tapered multiblock 

copolymers are obtained in a one-pot procedure that relies on common vinyl monomers. 

We can demonstrate that tapered copolymers exhibit unique structural and 

thermomechanical properties enabled by the selection of the number of blocks and the 

total molecular weight and, in addition, by the mixing of unlike segments at the interface. 

This affords materials with an accessible (e.g., low) order-to-disorder transition 

temperature located in the vicinity of the glass temperature of the “hard” phase. This 

observation is important in view of processing of such materials. To sum up, these novel 

materials are highly promising for future applications as thermoplastic elastomers, 

especially when considering different block copolymer architectures or with blocks that 

in addition exhibit electrostatic interactions. A remaining challenge in the field is the 

quantification of the conformational properties of the middle blocks (bridges vs loops) 

that determine the mechanical properties. 
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Supporting Information 

Tapered Multiblock Copolymers Based on Isoprene and 

4-Methylstyrene: Influence of the Tapered Interface on the Self-

Assembly and Thermochemical Properties 

Eftyxis Galanos, Eduard Grund, Christian Wahlen, Axel H. E. Müller, Michael Appold, 

Markus Gallei, Holger Frey* and George Floudas* 

Preparation of multiblock copolymers 

In a previous short account we described a synthetic approach for (AB)n multiblock 

copolymers, based on the highly disparate reactivity ratios of isoprene (I) and 

4-methylstyrene (4MS) (rI = 25.4; r4MS = 0.007).1 Due to the highly favored incorporation 

of I, the statistical copolymerization of I/4MS yields tapered block copolymer in one step.2 

The living chain end permits further addition of I/4MS monomer mixtures, providing 

rapid access to linear tapered (AB)n multiblock copolymers (Figure S1 a). This general 

synthetic approach was used in our recent study to generate tapered multiblock 

copolymers based on isoprene and styrene.3 The resulting (AB)n multiblocks showed 

ordered structures for up to ten blocks (n = 5) and extraordinary toughness. To examine 

whether multiblock properties like state of order and mechanical response are affected 

by length and shape of the tapered interface, three series of (AB)n multiblock copolymers 

with varying block number, but constant molecular weights of 80 kg/mol; 240 kg/mol and 

400 kg/mol were prepared based on isoprene and 4-methylstyrene (Figure S1 b).   

For a better comparison of the samples, we aimed for a constant isoprene content of 

50 mol% for all copolymers. The discrepancies between the targeted molecular weights 

and the molecular weights determined by SEC are, mainly caused by the calibration with 

polystyrene standards. However, the SEC results provide a sufficient estimation of the 

actual molecular weights (Table S1). The dispersities of the multiblock samples showed a 

broadening of the molecular weight distributions and the appearance of small shoulders 

at low molecular weights for increasing molecular weights and an increasing number of 

monomer additions (Supp. Inf. Figure S3). Both effects can be explained by a small 

percentage of termination during every monomer addition step. However, considering 
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the high molecular weights and the high number of blocks, the dispersities are still very 

narrow and demonstrate the potential and applicability of this synthetic approach for 

well-defined linear multiblock copolymers. 

1H NMR Analysis 

  

Figure S1. 1H-NMR spectrum (400 MHz) of 400K 10B in CDCl3 (Table S1 Entry 15). 
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SEC 

 

Figure S3. SEC elugrams of I/4MS multiblock copolymers.  
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Rheology 

 

 

Figure S4: Temperature dependence of the storage modulus, G', obtained at a frequency 
of ω = 1 rad/s with a low strain amplitude on heating the sequential diblock copolymers 
30KP(PI-b-P4MS) (Table S1 Entry 16) (blue), 35KP(PI-b-P4MS) (Table S1 Entry 18) 
(green) and 40KP(PI-b-P4MS) (Table S1 Entry 20) (red) (top) and the inverse diblock 
copolymers 30KP(P4MS-b-PI) (Table S1 Entry 17) (blue), 35KP(P4MS-b-PI) (Table S1 
Entry 19) (green) and 40KP(P4MS-b-PI) (Table S1 Entry 21) (red) (bottom). Vertical 
dashed lines indicate the respective TODT’s. 
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Tensile Testing 

 

Figure S5. Tensile testing of a multiblock sample.  
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TEM 

 

Figure S6: TEM image of a hexablock copolymer (240 kg/mol) (Table S1 Entry 8), 
showing very fine lamellar structures. 

 

 

Figure S7: TEM image of a hexablock copolymer (400 kg/mol) (Table S1 Entry 13), 
showing a lamellar morphology.   
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