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Abstract 

Rising environmental awareness and responsibility has increased the demand for 

novel, bio-based sustainable materials. Therefore, there is an extensive need to 

research and develop closed-loop materials from novel feedstocks that can be 

generated using benign, environmentally friendly synthetic routes. The work 

presented in this thesis was focused on the development of polymeric materials 

from biomass waste-feedstocks. Especially the use of turpentine, a classical 

underutilized side-stream of the forest industry, and its main component α-pinene 

was the key objective of this work. To showcase the inherent potential of terpenes 

as a source material for novel biopolymers, α-pinene was transformed into different 

monomers and subsequently polymerized.  

The synthesis and polymerization of the pinene derived sobreryl methacrylate 

(SobMA) was studied using different radical polymerization techniques, including 

free radical polymerizations and controlled procedures. Post-modifications were 

further demonstrated by synthesizing crosslinked thin films, utilizing the tertiary 

alcohol and the unsaturation present in each monomer unit. The same methacrylic 

monomer was further utilized for the polymerization of amphiphilic block 

copolymers to form cationic polymer latexes.  

Pinene derived polyesters were further developed via two different pathways. In the 

first pathway, α-pinene was oxidized into the bicyclic verbanone based lactone 

(VaL) and subsequently polymerized resulting in a biobased semicrystalline 

polyester. In the second pathway, polyesters were synthesized via 

polycondensation, utilizing the diol (1-(1'-hydroxyethyl)-3-(2'-hydroxyethyl)-2,2-

dimethylcyclobutane (HHDC)) obtained from the oxidative cleavage of the double 

bond of α-pinene together with unsaturated biobased diacids. The resulting 

terpene based unsaturated polyester resins were afterwards crosslinked via UV-

irradiation to yield polyester networks with adjustable properties.  

The use of enzymatic catalysis in key synthetic steps was elaborated to showcase 

the potential of replacing harsh chemical conditions with mild reaction conditions 

in aqueous environment. 

Key words: Bio-based polymers, terpenes, α-pinene, sobrerol methacrylate 
(SobMA), verbanone lactone (VaL), 1-(1'-hydroxyethyl)-3-(2''-hydroxyethyl)-2,2-
dimethylcyclobutane (HHDC).  



Sammanfattning 

Ökande miljömedvetenhet och ansvar har ökat efterfrågan på nya, biobaserade 

hållbara material. Därför finns det ett stort behov av forskning och utveckling av 

hållbara material från förnyelsebara råvaror som kan syntetiseras med hjälp av 

ofarliga och miljövänliga metoder. Arbetet som presenteras i denna avhandling 

fokuserar på utvecklingen av polymera material från råvaror härrörande från 

biomassa och dess sidoströmmar. Särskilt användningen av terpentin, en klassisk 

underutnyttjad sidoström från skogsindustrin, och dess huvudkomponent α-pinen 

var huvudmålet för detta arbete. För att visa upp den inneboende potentialen hos 

terpener som ett källmaterial för nya biopolymerer omvandlades α-pinen till olika 

monomerer vilka därefter polymeriserades.  

Syntes och polymerisation av den pinen-baserade monomeren sobrerylmetakrylat 

(SobMA) studerades, varvid olika radikal polymerisationstekniker, inklusive fria 

radikal polymerisationer användes och kontrollerade polymerisationsmetoder. 

Eftermodifieringar demonstrerades vidare genom framställning av tvärbundna 

tunna filmer genom användning av den tertiära alkoholen och den omättnad som 

finns i varje monomerenhet. Samma metakrylmonomer användes vidare för 

polymerisation av amfifila segmentsampolymerer för att bilda katjoniska 

polymerlatexer. Pinen-härledda polyestrar utvecklades vidare via två olika vägar. I 

den första vägen oxiderades α-pinen till den bicykliska verbanonbaserade laktonen 

(VaL) som därefter polymeriserades, vilket resulterade i en biobaserad 

semikristallin polyester. I den andra vägen syntetiserades polyestrar via 

polykondensering med användning av diolen (1-(1'-hydroxyethyl)-3-(2'-

hydroxyethyl)-2,2-dimethylcyclobutane (HHDC)) erhållen från oxidativ klyvning 

av dubbelbindningen i α-pinen  tillsammans med omättade biobaserade syror. De 

resulterande terpenbaserade omättade polyesterhartserna tvärbands därefter 

genom UV-bestrålning för att ge polyesternätverk med kontrollerbara egenskaper. 

Användningen av enzymatisk katalys i viktiga syntessteg utforskades ytterligare för 

att visa upp potentialen i att ersätta hårda kemiska förhållanden med milda, 
vattenbaserade reaktionsförhållanden. 

Nyckelord: Biobaserade polymerer, terpener, α-pinen, sobrerylmetakrylat 
(SobMA), verbanonlakton (VaL), (1-(1'-hydroxyethyl)-3-(2'-hydroxyethyl)-2,2-
dimethylcyclobutane (HHDC)).  
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  Introduction 
 

One major objective in our modern society is to reduce the use and need for 

petroleum-based materials and establish circular solutions to reduce waste and 

enable growth without finite fossil resources. To accelerate this transition into a 

more sustainable society, the reduction of petroleum-based material waste and the 

development of new alternative materials and material origins need to be combined 

simultaneously. Due to the tremendous versatility and low-cost production of 

plastic materials, the substitution of it by other materials such as metal, glass and 

paper, leads in only very few cases to increased sustainability. Therefore, the goal 

lies in the research and development of new, sustainable routes towards either the 

same materials (drop-in solutions) or towards alternative materials with similar or 

superior properties (dedicated solutions). 

The current global annual plastic market has an estimated size of 380 million 

tonnes (for 2020), with a 1% market share for bio-based polymers (4.2 Mt, 2020). 

As of 2020, the compound annual growth rate (CAGR) of bio-based polymers 

surpassed the overall growth with 8% compared to 4%, respectively.1  

The increased production of bio-based plastics is mainly driven by consumer 

awareness and due to political decision, such as the sustainable development goals 

(SDG), adopted by all United Nations member states with The 2030 Agenda for 

Sustainable Development consisting of 17 defined goals.2,3 

In the pursuit of a more sustainable future and in compliance with these goals, the 

research presented in this thesis aims to further enlarge the foundation for the 

production of novel bio-based materials, focusing on α-pinene as raw material. 
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1.1. Objective of this work 

The main objective of this thesis was the use of terpenes and particularly of 

α-pinene as feedstock material for the development of renewable plastic materials. 

Rather than attempting to directly substitute fossil-sourced polymers, which 

requires transformations to replicate a given set of petroleum-based structures, this 

thesis explored the possibility to instead adapt synthetic routes to explore available 

metabolites. The use of cycloaliphatic-enriched biomass raw materials offers great 

potential towards generation of versatile bio-based building blocks that could be 

assembled in suitable ways to approach properties of petroleum-based compounds. 

Aliphatic chemicals currently form one major platform of petroleum-based 

chemicals used in the production of rigid and hydrophobic polymers.4,5 The 

purpose of this study was therefore to demonstrate how chemo-enzymatic 

pathways can be employed to upgrade underutilized, simpler molecules into 

valuable building blocks ready for polymer synthesis. The work targets the 

identification and testing key cycloaliphatic terpenes and their resulting polymers. 

Exploratory generation of unprecedented biopolymers was in focus, while aiming 

to comply with green chemistry principles. Therefore, utilizing benign conditions, 

such as implementing enzymes in key synthetic steps, was applied to highlight 

alternative routes with potentially lower environmental impact. 

  Background 

2.1. Key Political Decisions 

In 2015, both the Paris Agreement and The 2030 Agenda for Sustainable 

Development were finalized. While both agreements are essentially promoting a 

“bottom up”, country driven, approach to tackle global warming and transform into 

a more sustainable society, some differences exist between the two agendas. 
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The 2030 Agenda for Sustainable Development consists of 17 defined goals 

(SDGs), which include environmental, social, and economic development 

dimensions, and was adopted by all United Nations member states.6,7  

With the set goal of holding the increase of the global average temperature to below 

2 °C, compared to pre-industrial temperatures, each country committed to the 

Paris Agreement defines and reports their nationally determined contributions 

(NDCs). Evaluation of the NDC implementation is set on a five-year basis, with the 

first in 2023. SDGs can therefore be considered universally adopted goals that 

outline a sustainable future for everybody, while NDCs are the specific steps of each 

country in the fight against climate change and are therefore the primary indicators 

for governmental actions. Analysis of the synergies between the defined NDCs and 

SDGs showed that the defined NDCs connect to all 17 SDGs but to varying extents. 

One key issue pointed out was that only 12% of NDCs stated quantifiable activities.8 

The work presented in this thesis and its focus around the generation of bio-based 

materials using benign conditions can be linked to multiple SDGs, such as good 

health and wellbeing (Goal 3), responsible consumption and production (Goal 12), 

climate action (Goal 13), life below water (Goal 14) and protection of life on land 

(Goal 15). 

2.2. Twelve principles of green chemistry 

In the strive towards sustainable chemistry, Warner and Anastas9 defined a holistic 

guideline in the form of 12 principles to raise awareness and practice more 

sustainable and safer chemistry. Due to increased political and public concerns 

towards toxic and unsustainable chemicals, often related to plastic production, 

recyclability and general usage, consideration of these principles in materials 

design became increasingly important.10 The twelve principles of green chemistry 

are: 

 

1. Prevent waste 

2. Atom economy 

3. Less hazardous synthesis 

4. Design benign chemicals 
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5. Benign solvents and auxiliaries 

6. Design for energy efficiency 

7. Use of renewable feedstocks 

8. Reduce derivatives 

9. Catalysis (vs. stoichiometric) 

10. Design for degradation 

11. Real-time analysis for pollution prevention 

12. Inherently benign chemistry for accident prevention 

2.3. Biomaterials 

Bio-based plastic materials can be classified into several groups depending on 

various factors such as composition, architecture, chemical- and physical 

properties and many more. One very common differentiation is made by input 

within the production chain. Drop-in chemicals have identical fossil-based 

counterparts, while the additional classification into ‘smart drop-in’ is used for 

identical materials to their fossil-based counterparts while having significantly 

improved process advantages.1 So called dedicated materials do not have identical 

fossil-based counterparts and therefore display different properties. 

Figure 1. Schematic visualization of the differentiation between dedicated and drop-in 

bio-based chemicals and polymers.11             
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Classification by origin of the natural resources is further beneficial when 

discussing bio-based materials and can be done by dividing them into three main 

categories. 4,12 

The first class comprises naturally occurring polymers such as cellulose, 

hemicellulose, lignin, and chitin.13 Biopolymers from this category are usually 

associated with large property variations, which significantly challenges their 

industrial utilization. The second class of biomaterials is built up by materials 

derived from fermentation and degradation of sugars and other macromolecules 

from the first category.12 The main drawback here is that existing macromolecules 

have to be depolymerized into small molecules and thereafter again polymerized to 

form large molecules, resulting in additional reaction steps and costs, respectively. 

Nonetheless, it is often applied for the generation of drop-in chemicals, which has 

the benefit, that no changes need to be made to the industrial downstream process. 

The third category pertains to materials originating from small molecular biomass, 

not attainable from fossil sources, that can be derivatized and polymerized. 

Materials in this category often origin from molecules that can be directly obtained 

from forestry and agriculture (extractives), such as vegetable oils, fatty acids, lactic 

acids, and terpenes.14–18 

 

2.4. Terpenes  

Terpenes are found in all organisms and commonly as part of essential oils in 

higher plants such as trees. The first methodical analysis dates back to 1833, when 

the French chemist M.J Dumas published his research on hydrocarbon, sulphur 

and nitrogen-containing constituents.19 A more sophisticated analysis was later 

performed by O. Wallach, who realized the general isoprene motive within the 

terpene structure and published about 180 articles on different terpenes, which was 

honored with the Nobel prize in 1910. The name “terpene” originated from the 

occurrence of terpenes in turpentine oil and was introduced by Wallach.20 Terpenes 

are enzymatically produced from primary metabolites and belong to the biggest 

class of secondary metabolites.21 Terpenes follo  the “isoprene rule” that states that 

the carbon skeleton is composed of multiple isoprene units that are linked together 
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in regular (head to tail) or irregular (head to head) arrangements.22 Due to the 

varying amount of isoprene units, terpenes are classified according to the number 

of isoprene units; monoterpenes (two units), sesquiterpenes (three units), 

diterpenes (four units) and so on. Today, a total of around 55000 terpenes are 

known and classified.23 Due to this abundance of variations in nature and the broad 

property profile, terpenes are highly relevant feedstock for the chemical industry.  

The current and potential applications of terpenes/terpenoids comprise areas such 

as fragrances and flavors,24 fine chemical synthons,12 biofuels,25 and as anticancer 

and antiviral agents;26 not least on account of the unique, multicyclic structure that 

makes terpenes highly interesting as chiral monomers for manufacturing of 

advanced biomaterials. 

Industrially, one of the major sources of terpenes is the pine-tree resin turpentine, 

with an industrially available capacity of ca. 300 000-tons annually.12 However, the 

potential availability of turpentine greatly exceeds this number. The European 

spruce (picea abies), one of the main resources for the Nordic pulp industry, 

consists of around 0.1 wt.% of turpentine (dry wt.% of the biomass).27 Turpentine 

is commercially used for the production of various chemicals and resins and as 

fragrances and flavours.28Its most common terpene, α-pinene,12,29,30 was estimated 

to be released into the atmosphere from bio- and anthropogenic activities, with an 

annual release rate of 70 million tons.31  

The direct use of terpenes in polymer chemistry has gained interest over the last 

years, and many research articles are devoted to it. In most cases, due to the low 

inherent reactivity, derivatization of terpenes is necessary to introduce 

functionality before converting them into polymeric materials. A recent review on 

current trends and developments is given by Kleij and Monica.32 

 

2.4.1. α-Pinene 

α-Pinene (C10H16) is an abundant terpene that naturally occurs in high quantities 

within most essential oils of conifers, such as junipers, larches, pines, hemlocks, 

redwoods, spruces.33 α-Pinene naturally occurs in two stereoisomers, d- and l-

configuration, as seen in Fig 2. As many other bicyclic terpenes, α-pinene readily 
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undergoes skeletal rearrangements via formation of carbocations as in the 

Wagner–Meerwein rearrangement (Fig. 2). This rearrangement includes the 

addition of gaseous HCl, forming the unstable pinene hydrochloride, which rapidly 

isomerizes to bornyl chloride. Further treatment with a base results in the 

crystalline isomer camphene, which can be, under similar condition by introducing 

HCl transformed into isobornyl chloride.34 There are a wide variety of remarkable 

rearrangement reactions known for terpenes, and unlocking their inherent 

potential as resources for polymer synthesis holds great potential.33–36  

 

 

Figure 2 Wagner–Meerwein rearrangement of α-pinene.33 

 

The direct use of α-pinene for the synthesis of high molecular weight polymers is 

limited due to the steric hindrance from the six-membered ring and the 

trisubstituted carbon-carbon bond.14 However, identification of relevant synthons 

that can be produced from α-pinene under benign conditions is crucial for 

unlocking its potential for polymerization.14,32 One suggested pathway is using the 

oxidation product of α-pinene, α-pinene oxide, which was polymerized together 

with glutaric anhydride to form α-pinene-based polyesters.37 Additional research 

performed by Park et al. showed the conversion of α-pinene oxide via 

photoinitiated cationic ring opening polymerization, unfortunately no 

characterization of the materials was presented.38 Another derivative, pinocarvone, 

was presented by Miyaji et al. Obtained via photooxidation of α-pinene, 
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pinocarvone was converted into high molecular weight polymers with high Tg and 

optical activity via controlled radical polymerization.39 α-Pinene was further 

transformed into ε-lactams and subsequently polymerized yielding in amorphous 

polyamines with glass transition temperatures surpassing those of PA6.40  

In this work, several derivatives obtained from α-pine were studied in the scope of 

polymer generation, such as Sobrerol, Verbanone, and 1-(1'-hydroxyethyl)-3-(2''-

hydroxyethyl)-2,2-dimethylcyclobutane (HHDC)). 

Sobrerol (Sob), an unsaturated diol, can be isolated from plant extracts in small 

quantities (fruits of Illicium lanceolatum: 7 mg/kg),41 or alternatively, starting 

from 3,5-dihydroxy-4-methyl benzoate in eight steps with a final yield of 26%.42 

Sobrerol is further directly formed from α-pinene through aqueous oxidation43 or 

via biotransformation in the fungi Armillaria mella.44 Bio-oxidation of α-pinene 

into Sob was further recently mimicked by Yin et al. using vanadium pentoxide 

together with hydrogen peroxide.45 Properties of Sob include antimycotic 

properties,46 prevention pulmonary hypertension47 and prevention of the 

development of breast cancer.48 The use of methacrylated Sobrerol (SobMA) in 

polymeric systems was discussed by Fonseca et al. as a replacement for polystyrene 

(PS) in the formation of polyester resins. It showed similar properties to those of 

the PS-based resins while enhancing environmental compatibility due to lowered 

volatility and its biobased origin.49  

Verbenone, the second intermediate discussed in this work, is the naturally 

occurring auto-oxidation product of α-pinene.50 Verbenone is further produced by 

several microorganisms51 and can be synthesized from α-pinene via electro-

chemistry.52 In nature, verbenone is produced by ovipositing female beetles to 

avoid other beetles from oviposition on the same tree.50 Thus, commercial 

applications have been developed in the field of anti-aggregation pheromones to 

reduce the attack rates on pines by mountain pine beetles.53 

The third derivative presented in this work, the diol HHDC, is another oxidation 

product of α-pinene. Obtained from oxidative cleavage of the double bond via 

ozonolysis, HHDC was previously published as an intermediate product to novel 

pharmaceutic chemicals.54 To the best of my knowledge, it has not been evaluated 

as feedstock for polyester synthesis.  
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2.5. Polymers  

Polymers can be defined as macromolecules, that are formed by covalently bound 

monomers into chains, which form various topologies such as linear, branched and 

hyperbranched. If the polymer is built up by the same monomeric unit, it is called 

a homopolymer. Adding a second or more type of monomeric unit, results in a 

copolymer, which can be further divided into block-, alternating- or random 

copolymers depending on their sequence within the polymer. Polymers can be 

found all around us in the form of natural polymers like DNA, cellulose, 

hemicellulose, and natural rubber, but also as synthetic polymeric materials which 

have become essential for our daily life. Applications of synthetic polymers range 

from medicine,55–57 electronics,58–60 automotive,61–63 packaging and preservation 

of food and beverages.64–66 

 

Figure 3 Overview of different polymer topologies and compositions. 

 

2.5.1. Polymerization techniques 

Polymers can be synthesized by various techniques, depending on the type of 

monomer and the final polymer requirements. Polymerization techniques can be 

categorized into step-growth and chain-growth, depending on the underlying 

growth mechanism. Techniques used in this work are briefly introduced to 

highlight their respective potential.  

Monomers

Branched

Linear 
polymers

Homopolymer

Random copolymer

Alternating copolymer

Branched 
polymers

Hyperbranched
Block copolymer
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Free radical polymerization (FRP) is a very robust and widely applied 

technique to polymerize monomers with unpaired electrons even in the presence 

of polar and ionic compounds. Common free radical polymerizations are chain-

growth reactions, meaning that propagation takes place at the terminal chain ends 

via the addition of monomer to an activated/initiated monomer. Nevertheless, 

there are certain limitations related to FRP, such as the limited control over chain 

propagation and termination, which results in poor control over the molecular 

weight and its distribution and consequently, a poor control over material 

properties. To archive control, termination and other side reactions can be 

successfully minimized by establishing a dynamic equilibrium between a small 

amount of active propagating chains and a higher concentration of dormant chains, 

unable to propagate or terminate. Several different systems have been developed, 

including degenerative transfer with dithioesters in reversible addition-

fragmentation chain transfer (RAFT) polymerizations,67,68 stable free radical 

polymerization (SFRP, most commonly using nitroxide species, NMP)69,70 and 

transition-metal-catalyzed atom transfer radical polymerization (ATRP).71,72  

Ring-opening polymerization (ROP) is another form of chain growth 

polymerization. ROP is a versatile technique that allows polymerization of various 

cyclic monomers such as lactones, lactides, ethers, carbonates, and siloxanes. The 

polymerization behavior of cyclic monomers varies according to multiple factors, 

including ring size and substitution.73 For a monomer to undergo ROP 

spontaneously, the Gibbs free energy, defined as ΔG= ΔH -TΔS, should be 

negative. Thus, both enthalpy (ΔH) and entropy (ΔS) define the polymerization 

behavior. Monomers with ring sizes equal to or below 7 have sufficiently high ring 

strain to drive the polymerization (negative ΔH). Nevertheless, polymerization 

might be hindered due to the decreasing entropy upon polymerization. If the 

entropy combined with the reaction temperature outweighs the enthalpic gain, no 

monomer addition takes place. For larger ring sizes, the opposite effect can be seen 

in most cases. Upon polymerization, strain is increased, while the entropy within 

the system increases (positive ΔH and ΔS values).73 Therefore, monomers are often 

categorized into either enthalpically (smaller rings) or entropically (larger rings) 

activated monomers. The mechanism of ROP is further categorized by the charge 

of the propagating species into anionic or cationic, as well as into activated chain-



Background | 11 
 

end or activated monomer.74 ROP systems have been studied intensively to 

improve control and identify organocatalyzed systems with minimal side reactions 

like chain transfer and catalyst initiation.74 In an ideal living ROP system, no side 

reactions occur, and the polymerization follows a linear relationship between 

molecular weight and monomer conversion. 

Step growth polymerization describes polymerizations where bi- or 

multifunctional monomers react and form dimers, which further react together and 

within time create polymers. The drawbacks of this technique are that high-

molecular weights are only obtained at very high conversions and with precise 

stoichiometry.75 However, step-growth techniques are scalable and relatively cost-

efficient. Classification into polycondensation or polyaddition is further done by 

whether a leaving group is produced during propagation. Polyesters are commonly 

synthesized by polycondensation at temperatures above 150 °C, which has certain 

drawbacks with regards to energy demand and possible side-reactions of 

unsaturated monomers, which are often suppressed by the addition of phenolic 

radical inhibitors.76 

2.5.2. Enzyme catalysis in monomer and polymer synthesis 

Enzymes are biopolymers made of amino acids with specific catalytic activities 

depending on the sequence and 3D spatial arrangement of the monomeric units. 

Enzymes have gained attention as a possible replacement for traditional catalysts 

due to mild operation conditions, high efficiency and high selectivity while 

producing little to no by-products.77,78 Enzymes offer potentially sustainable 

generation of medicines, biochemicals and materials,79 with often great tolerance 

towards reactive groups without the need for protection chemistry.80 However, 

enzymes evolve over time and specificity is therefore often limited to natural 

substrates.81 To capitalize on the benefits of enzymes, the activity of enzymes needs 

to be shifted towards industrially relevant compounds, which can be done by either 

specific (rational design) or random (directed evolution) alternations of the amino 

acids and/or domains.82 Various studies have been published over the last years on 

modifying enzymes and their use as catalysts for different chemical reactions, 

including polymerization techniques. 83–88 
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One potent class of enzymes that is applied for the conversion of ketones into esters 

and that is used in this work are Baeyer–Villiger monooxygenases (BVMOs). The 

first isolation of BVMOs was reported in 197689 and since then BVMOs were 

successfully applied in the oxygenation of a broad variety of ketones.90 BVMOs are 

flavin-dependent oxidoreductases that, after the reduction of flavin adenine 

dinucleotide (FAD) by nicotinamide adenine dinucleotide phosphate (NADPH), 

bind molecular oxygen to form a peroxy-flavin intermediate. After substrate 

binding in the active site, the peroxy group attacks the carbonyl carbon atom, and 

a Criegee-intermediate is formed. This intermediate rearranges to the ester product 

and flavin hydroxide, which after the elimination of water and NADP+ results in the 

oxidized FAD.90–92 BVMOs have shown a high degree of regio- and enantio-

selective control under environmentally benign conditions, making them an 

attractive alternative to classical Bayer-Villiger oxidations using peracids.90 

However, BVMOs are often unstable under biotransformation conditions, resulting 

in limited synthetic applications and consecutively the need for protein 

engineering.93,94 

The use of enzymes in the scope of polymer chemistry was first reported in 1951 by 

Parravano et. al.95 demonstrating the xanthine oxidase-mediated polymerization of 

methyl methacrylate (MMA). Since then, a broad variety of enzyme catalyzed 

polymerizations were discovered including horseradish peroxidase (HRP) 

catalyzed polymerization of acrylic monomers, lipase-catalyzed polyester synthesis 

and glycosyl hydrolase catalyzed polysaccharide synthesis.96–99 

In this work, HRP was used for the enzyme-mediated polymerization of SobMA. 

The mechanism of the HRP-mediated redox reaction has not been fully elucidated, 

but proposed mechanisms include the oxidation of HRP by H2O2, which in its 

catalytically active forms oxidises β-diketones, the polymerization initiating species 

(Fig 4).100 Catalytic activity of HRP and other metalloproteins was further reported 

under activators regenerated by electron transfer (ARGET) ATRP conditions. The 

underlying mechanism was proposed to include the reduction of the enzyme by a 

reducing agent such as ascorbic acid (AscA), and the successive and reversable 

abstraction of the halogen on the initiators by the enzyme.101,102 
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Figure 4 Suggested mechanism of the HRP-mediated radical polymerization.100 
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 Materials and Methods 

A brief description of the experimental setups and procedures is explained in this 

chapter. Further details are available in the respective papers and manuscripts at 

the end of the thesis.  

3.1. Materials 

All chemicals were purchased from Sigma-Aldrich unless otherwise noted. A 

column packed with Al2O3 (activated, neutral, Brockmann Activity I) was used to 

remove the MEHQ inhibitor from methyl methacrylate (MMA) before its use. 

Reduced NADPH was purchased from Roche. Polyol 4640 was obtained from 

Perstorp and used as received. HPLC grade solvents were used for all synthetic 

steps and dried over heat-activated molecular sieves and under nitrogen 

atmosphere prior to use. 

3.2. Characterization techniques 

The most significant characterization techniques relevant for this thesis are listed 

and shortly described below, for more details see the appended papers.  

3.2.1. Nuclear magnetic resonance spectroscopy (NMR) 

1H (400 MHz) and 13C (100 MHz) NMR spectra were recorded with a Bruker 

Avance AM 400 spectrometer (USA). The signals of the residual solvent, CDCl3 

(d=7.26 ppm), (CD3)2SO (d=2.5 ppm), CD3OD (d=3.31 ppm), were used as 

references. 

3.2.2. Fourier transform Infrared spectroscopy (FT-IR)  

For FTIR measurements, a PerkinElmer Spectrum 100 FT-IR equipped with a 

single reflection ATR system, a MIR-TGS detector and a MKII Golden Gate 

(Graseby Specac Ltd, Kent, England) was used. Spectra were taken over the range 

4000 – 600 cm− 1 and averaged over 16 scans with a 4.0 cm− 1 resolution. 
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3.2.3. Size exclusion chromatography (SEC) 

For SEC performed in DMF, a TOSOH EcoSEC HLC-8320GPC system (Japan), 

including three PSS PFG 5 mm columns (microguard, 100 Å, and 300 Å; USA ) and 

an EcoSEC RI detector, was used. Toluene was used as internal standard and 

Poly(ethylene glycol) (PEG) or polymethylmethacrylate (PMMA) standards were 

used for calibration. For SEC performed in chloroform, a Malvern VISCOTEK 

GPCmax system equipped with a refractive index detector and three columns 

(TGuard column followed by two mixed-bed columns) was used. Toluene was used 

as internal standard and PS standards were used for calibration. 

3.2.4. Thermogravimetric analysis (TGA) 

TGA measurements were performed using a Mettler Toledo TGA/DSC1. Samples 

of 5-10 mg were charged in the instrument inside a 70 µL alumina crucible. Samples 

were subjected to heating, starting from 30 °C to 700 °C with a heating rate of 3-

10 °C/min under constant N2-flow of 50 ml/min. The results were analyzed with 

Mettler Toledo software STARe version: 15.00b. 

3.2.5. Differential scanning calorimetry (DSC) 

DSC thermograms were recorded on a Mettler Toledo DSC 820 module. Samples 

(5 – 10 mg) were weighed into 100 μl aluminum crucibles and subjected to heating-

cooling cycles. Initial heating was conducted from 30 to 160-220°C, then, the 

samples were cooled to – 60 or -80 °C, and then heated again to 160-220 °C at a 

heating/cooling rate varying from 5-20 °C min−1 under inert atmosphere (nitrogen 

flow 50 mL min−1). The data from the second heating was used for analysis. 

3.2.6. Gas chromatography – mass spectrometry (GC-MS) 

GC-MS measurements were recorded on a Shimadzu (GCMS-QP2010 Ultra) 

system equipped with Rxi®-5 ms columns (30 m, 0.25 mm [inner diameter], 

0.25 µm [film thickness], RESTEK). The temperature was ramped from 70 to 

300 °C with a rate of 20 °C min− 1 followed by an increase to 350 °C with a rate of 

5 °C min− 1 before holding at 350 °C for 10 min. 
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3.2.7. Atomic force microscopy (AFM) 

AFM images were acquired on a Multimode 8 in TappingMode with RTESP-150 

cantilevers (Bruker, CA, USA). The nominal spring was constant at 5 Nm−1 and the 

resonant frequency was around 150 kHz. AFM-samples were produced by spin 

coating 0.1 wt% dispersions onto silica wafers. Image processing was done via 

NanoScope Analysis v1.6 software. The distributions of the particle diameter were 

analysed using Gwyddion v2.54 software. 

3.2.8. Dynamic light scattering (DLS) 

DLS analysis was performed using a Malvern Zetasizer NanoZS. The hydrodynamic 

diameter (DH, given as Z-average), the polydispersity index (PDI) and 

electrophoretic mobility (ζ potential) of the nanolatexes  ere determined at 25 °C. 

Each value given in Paper III is averaged over three samples. Each sample value is 

further calculated as an average of three consecutive runs. All measurements were 

done on latex dispersions with concentrations of approximately 10 vol% (solvent 

Milli-Q). PS was used as standard for the size correlation of the investigated latexes. 
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3.3. Synthetic procedures 

3.3.1. Chemo-enzymatic pathways towards terpene-based 

polymethacrylates (Paper I and III) 

Different pathways for the generation of terpene-based polymethacrylates were 

showcased (Fig. 5). The general procedures are described below. Further details 

can be found in the respective paper. 

Figure 5 Overview of different pathways towards pSobMA.16 

 

3.3.1.1 Chemaaical synthesis of Sobreryl methacrylate (SobMA) 

Methacryloyl chloride was dissolved in ice-cold DMF and added to an ice-cold 

solution of trans-sobrerol, triethyl amine and DMAP in DMF. The solution was 

stirred for 23 hours. The solution was diluted with ethyl acetate and washed with 

HCl (aq., 1 M), NaHCO3 (aq., 10% w/w), and de-ionized water. The organic phase 

was dried and reduced. Purification by M  C afforded the  obM  with 66% yield. 

As an alternative synthesis, DMF was substituted with 2-MeTHF. Upon performing 

the reaction and the work-up in the same fashion,  obM   as afforded with 57% 

yield. 
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3.3.1.2 Enzymatic synthesis of Sobreryl methacrylate (SobMA) 

Trans-Sobrerol (1 eq.) and P. fluorescens were added together and heated to 80 °C 

under stirring. The reaction was initiated by the addition of vinyl methacrylate 

(VMA, 20 – 40 eq.) and left to proceed for 72 h. The purification was done by 

removing the lipase and unreacted sobrerol by filtration through a thin layer of 

silica. Thereafter, the filtrate, P. fluorescens and small amounts of deionized water 

were stirred at 60 °C for 2 h. The reaction mixture was again filtered through Celite 

and diluted with EtOAc. Washing with sodium bicarbonate, and evaporation of 

EtOAc afforded SobMA with 76% yield. This work-up procedure showed to be 

effective for monomer amounts below ~4 g. Reactions in larger scales were not 

successfully purified with this method and further needed to be columned. 

 

3.3.1.3 Radical polymerization of SobMA (Paper I) 

Free radical polymerization (FR): A solution of SobMA stored in 

dichloromethane/EtOAc was concentrated under vacuum to roughly 80 wt% 

SobMA. DMF (2.90 mL, 1.20 M) was added, and the solution was further 

concentrated under reduced pressure overnight. The SobMA-DMF solution was 

transferred to a round flask containing the initiator 4,4′-azobis(4-cyanovaleric 

acid) (ACVA). The solution was bubbled with argon for one hour and subjected to 

4 vacuum/argon cycles. The reaction was initiated by placing the flask in a pre-

heated oil bath at 70 °C and stirred for five hours. The polymerization was 

quenched by opening the flask and subjecting the solution to air. The solution was 

diluted with DMF and the polymer (pSobMA) was precipitated in diethyl ether. The 

polymer was recovered by filtration, rinsed with diethyl ether, and dried under 

reduced pressure overnight.  

 

RAFT polymerization: Specific ratios between the reagents are described in 

Table 1 for each RAFT-derived polymer. The reaction was performed similarly to 

the FR, only with the addition of 4-cyano-4-(phenylcarbonothioylthio)pentanoic 

(CPAD) to the solution prior it was added to the round flask containing ACVA. After 

8 hours of reaction time, the polymerization was quenched exposure to air and then 
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diluted DMF. The polymers were precipitated in diethyl ether and dried under 

reduced pressure overnight. For the synthesis of the statistical copolymers, the 

comonomers were bubbled separately with argon for 30 minutes and added 

together under argon atmosphere to the SobMA-containing solution before 

applying the vacuum/argon cycles. Statistical copolymers with MMA were 

recovered after precipitation in diethyl ether while co-polymers containing BMA 

were recovered after precipitation in a 3 : 1 heptane/diethyl ether mixture. The 

block copolymers were prepared by adding the comonomers after 6 hours under 

inert atmosphere to the polymerization solution. The polymerization was then left 

to proceed for another 18 hours. The block co-polymer containing MMA was 

obtained after precipitation in heptane and then re-precipitation in diethyl ether 

from dichloromethane. The block co-polymer containing BMA was precipitated in 

accordance with the statistical copolymer. 

 

ATRP: Specific ratios of the reagents can be found in Table 1 for each ATRP-

derived polymer. A solution containing SobMA in dichloromethane/diethyl ether 

was concentrated under reduced pressure. Dry acetone was added, and the solution 

was cooled to 0 °C. 1,1,4,7,10,10-Hexamethyltriethylenetetramine (HMTETA) and 

ethyl 2-bromopropionate (EBrP) were added and the solution was degassed via 

three consecutive vacuum/argon cycles. The flask was then quickly opened to add 

Cu(I)Cl, whereafter three additional vacuum/argon cycles were conducted. The 

flask was immersed in a preheated oil bath (50 °C) to initiate the polymerization. 

After the reaction, the polymers were obtained after two precipitations in water and 

one precipitation in diethyl ether from acetone. 

 

Enzymatic polymerization: Ratios for homo- and copolymers were adopted 

from A. Gross103 and are listed in Table 1. For the enzyme-mediated synthesis, the 

mixture of SobMA and ethyl acetate was diluted in THF and reduced. This was 

repeated until most of the EtOAc was removed. Deionized water and THF were then 

added to the mixture of SobMA and THF to reach a concentration of 3 M (in 25/75 

THF/H2O). Hydrogen peroxide and 2,4-pentanedione were added, and the 

reaction was initiated by the addition of horseradish peroxidase (HRP). The 

reaction was stirred at room temperature until the reaction mixture became too 
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viscous. The reaction mixture was diluted with THF and precipitated in diethyl 

ether (cold MeOH for BMA copolymers). The precipitate was isolated and dried 

under reduced pressure. 

Table 1. Ratios and reaction times of the of Sobreryl methacrylate polymerizations.  

Polymera Method Ratio (Method) Time (h) 

PSobMAFR FR 250:1  5 

PSobMAR50 RAFT 50:1:0.2 8 

PSobMAR100 RAFT 100:1:0.2  8 

PSobMAR200 RAFT 200:1:0.2  8 

P(SobMAR100-b-MMAR100) RAFT (100:100)g:1:0.2  24 

P(SobMAR100-b-BMAR100) RAFT (100:100)g:1:0.2  24 

P(SobMAR100-st-MMAR100) RAFT (100:100)g:1:0.2  8 

P(SobMAR100-st-BMAR100) RAFT (100:100)g:1:0.2  8 

P(SobMAR25-st-BMAR75) RAFT (25:75)g:1:0.2  8 

PSobMAA50 ATRP 50:2:1:1  7 

PSobMAA100 ATRP 100:2:1:1  9 

PSobMAA200 ATRP 200:2:1:1  9 

PSobMAE Enz. 42:1:1.48 1 

P(SobMAE25-st-BMAE75) Enz. (10.5:31.5):1:148  3 

a The numbers refer to the target DP; the letter to the polymerization method where R = RAFT (ratio:[M] 

: [CPAD] : [ACVA]), FR = free-radical (ratio: [M] : [ACVA]), A = ATRP (ratio: [M] : [HMTETA] : [EBrP] : 

[CuCl]) and E = enzymatic (ratio: [M] : [2,4-pentanedione] : [H2O2] (Oxidase) 80 mg mL− 1(2.9 mg enzyme 

per mmol monomer)). 
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3.3.1.4 Emulsion polymerization of SobMA (Paper III) 

A latex was produced by emulsion polymerization using cetyltrimethylammonium 

chloride (CTAC) as surfactant. A representative protocol to produce latexes (e.g., 

PSobMACTAC) is described. The mixture of EtOAc and SobMA (1.0 g of dry 

monomer, 4.2 mmol) was added to a flask equipped with a magnetic stirrer and 

EtOAc was removed under vacuum. Thereafter, CTAC (31.1 μmol, 3.42 mM, 1 wt% 

compared to SobMA) and a solution of the initiator AIBA (3.4 g L−1 in water) were 

added (36.8 μmol, 1  t% compared to  obM ). Deionized water (6.2 ml) was added 

to reach a targeted concentration of 10 wt% dry content. The flask was cooled in an 

ice bath and bubbled with argon for 30 min. The polymerization was initiated by 

placing the flask into a pre-heated (70 °C) oil bath and left to proceed for 120 min. 

For the copolymerization of SobMA and BMA, the stoichiometry was based on 

having the same concentration of CTAC in the system as in the 

homopolymerization. BMA comprised 85 wt% of total monomer content, whereas 

CTAC and AIBA were set to 1 wt% of total monomer content. Aliquots were taken 

during the polymerizations and analyzed by AFM, DLS, and FE-SEM. Freeze-dried 

samples were used for 1H-NMR, SEC and DSC analysis.  

3.3.1.5 RAFT-mediated PISA to form SobMA latexes 

The synthesis of PSobMA latexes was performed by employing a pre-synthesized 

P(DMAEMA-co-MAA) macroRAFT, which had an experimentally determined 

molecular weight (Mn) around 4100 g/mol.104 The DMAEMA is partly hydrolysed 

into methacrylic acid during synthesis (DH 2.9%), hence the copolymer.105 The 

macroRAFT was then chain-extended with SobMA in water, resulting in the 

formation of polymerization-induced self-assembly latexes (PISA-latexes). In a 

representative experiment (e.g., PSobMA370), SobMA (1.1 g of dry monomer, 4.6 

mmol, target DP 370) was added in a 25 mL round bottom flask with a magnetic 

stirring bar, and the solvents were evaporated. Thereafter, the macroRAFT agent 

(516.7 mg, 12.5 μmol)  as added, followed by the addition of an aqueous solution 

of the initiator AIBA (3.4 g L−1) (1.5 μmol in 1 : 8.25 molar ratio to the macroRAFT). 

Deionized water was added (10.3 mL) to reach a final dry content of 10 wt%, and 

the flask was immersed in an ice bath and degassed with argon for 30 min. The 
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reaction was then started by immersing the flask into a pre-heated oil bath ( 70 °C) 

and allowed to proceed for 120 min. Aliquots were taken during polymerization to 

follow the reaction. 

3.3.2. Synthesis of verbanone based polyesters (Paper II and IV) 

The pathway for the generation of verbanone based lactone (VaL) was presented in 

Paper II together with the first polymerization reactions (Fig 6). Star-shaped 

polyesters were generated in Paper IV using a multi-functional initiator. The 

general reaction procedures are described below. Further details can be found in 

the respective papers. 

 

Figure 6  Chemo enzymatic pathway towards pVaL. BVMO: Baeyer–Villiger 

monooxygenase, GDH: glucose dehydrogenase. For clarity, only the most 

substituted (i.e., normal) lactone is shown.106 

 

3.3.2.1 Synthesis of verbanone 

Verbenone was dissolved in CH2Cl2 followed by the addition of 10% (w/w) of Pd/C. 

The reaction flask was sealed with a septum and stirred under H2 (~3 bar). 

Conversion was followed by proton NMR, and the reaction was stopped after the 

disappearance of the double bond. The solution was filtered through a p5 glass filter 

(1.0-1.6 µm) to remove the catalyst. The filtrate was concentrated to afford 

verbanone in quantitative yields. 

3.3.2.2 Chemical synthesis of verbanone lactone (VaL) 

mCPBA (1.1-2 eq) was dissolved in dry CH2Cl2, dried over magnesium sulfate, and 

added into a round-bottom flask under inert atmosphere. Verbanone (1 eq, 0.5 M 

final concentration) was added to the flask. The reaction mixture was stirred for 
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18 h under reflux and inert atmosphere. The reaction was cooled to room 

temperature, and the resulting slurry was filtered. The filtrate was subsequently 

washed with saturated sodium bisulfite and saturated sodium bicarbonate, dried 

and concentrated. The organic phase was purified through MPLC afford the normal 

verbanone lactone in 37% yield. 

3.3.2.3 Enzymatic synthesis of VaL 

Screening reactions: Reactions were conducted using cell lysate in 96-deep-well 

plates sealed with a breathable seal, at 30 °C and 200 rpm. All reactions were 

performed for 24 h. The cell lysate (40 mL) was mixed with 0.2 mM (NADPH, from 

a 0.1M stock in 50 mM Tris·HCl, pH 8.5) and 2 mM verbenone (1M stock in 

ethanol), supplemented with FAD (62 mm; 62 mM stock in 50 mm Tris·HCl pH 

8.5) and catalase from bovine liver (290 U mL-1). A GDH cofactor regeneration 

system was used by adding GDH (Codexis, USA) with a concentration of 

0.09 mg/mL @1 and an activity 0.03 U/mL @1 with d-glucose (0.2M; 1M stock in 

50 mM Tris·HCl, pH 8.5). 

 

Reaction with increased oxygen supply: The verbenone conversion reaction 

was performed using 34 mg of the BVMO protein with 2 mM verbanone as starting 

substrate. The reaction was mixed using the concentrations as in the screening 

reactions but with a total reaction volume of 40 ml. The reaction was started by 

adding verbanone to the prepared enzyme solution, and it was immediately poured 

into the preheated reactor (Berghof Br-100). The reaction was conducted for 24 

hours at 30 C using different oxygen pressures.  

 

3.3.2.4 Polymerization of VaL 

ROP into linear polymers (Paper II): All glassware was dried at 150 °C for 

24 h and dried with a heating gun. VaL (100 eq) was added to the reaction vessel 

and distilled azeotropically with toluene (2m final concentration of toluene). MSA 

(2 eq) and BnOH (1 eq) were added under argon, and three vacuum–argon cycles 

were performed. The reaction was started by placing the sealed vial in a preheated 
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oil bath at 70 °C. After stirring for 24 h, the polymers were precipitated in excess of 

MeOH (-78 °C). The solution was filtered, and the recovered polymers were dried 

under reduced pressure overnight.  

 

ROP      ‘    - h    ’   ly     (P     IV): VaL was charged into a flask 

together with the polyol according to different targeted molecular weights of 2000, 

4000 and 8000 g/mol. The mixture was then subjected to three consecutive 

vacuum argon cycles. The reaction vessel was placed in a preheated oil bath at 

70 °C, and MSA was added under argon stream. After stirring for 30 min, the 

polymers were slightly diluted by the addition of CHCl3 and precipitated three 

times into an excess of MeOH (−78 °C). The recovered polymers were dried under 

reduced pressure overnight. 

3.3.2.5 Crosslinking of ‘star-shaped’ polymers (Paper IV): 

Coatings cross-linked via transesterification were prepared by dissolving pVaL 

(0.500 g), 2-dodecylbenzenesulfonic acid (DDBS, 0.01g) and HMMM (0.14 g for 

pVaL2k; 0.07 g for pVaL4k and 0.04 g for pVa8k) in butyl acetate (0.33 g) or xylene 

in case of pVaL8k. The solution was applied onto a glass substrate with a 120 μm 

applicator and dried in a fume hood for 10 minutes. The coating was cured at 170 °C 

for 15 minutes. 

3.3.3. Synthesis of HHDC-based polyester materials (Paper IV) 

The pathway for the generation of HHDC based polyesters was presented in 

Paper IV. HHDC was synthesized according to previously published work and 

polymerized with together with dimethyl maleate (DMM), dimethyl itaconate 

(DMI) and dimethyl furandicarboxylate (DMFDCA). 

3.3.3.1 Synthesis of HHDC 

The synthesis of HHDC was performed as previously published.54 α-Pinene was 

dissolved in a 1:1 mixture of MeOH and CH2Cl2, stirred at -76 °C, purged with an 

O3/O2 mixture and stirred until 1 equivalent of O3 had reacted. The reaction was 

afterwards purged with oxygen, treated with NaBH4 and stirred for 4 h at room 
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temperature. Afterwards hydrochloric acid was added until the pH reached 1. The 

organic layer was separated, and the aqueous layer washed three times with ethyl 

acetate. The organic layers were combined, dried over MgSO4 and concentrated 

under reduced pressure. The crude product was purified using column 

chromatography resulting in the diol as transparent oil with a yield of 65%. 

 

3.3.3.2 Synthesis of HHDC-based polyesters 

Monomers were charged into a dual neck round bottom flask according to ratios 

seen in Table 1 (final weight ~5 g). Radical inhibitor 4-methoxyphenol (MeHQ) 

(0.5 wt.% of total monomer weight) and 2-3 ml of p-xylene was then added. The 

reaction vessel was connected to a Dean-Stark and lowered into an oil bath at 

160°C. The reaction was started with the injection of the catalyst, Ti(OBu)4, (7 

mol% of total monomer amount). The resulting polymer was precipitated twice in 

ice-cold methanol from chloroform. 

3.3.3.3 Crosslinking of HHDC-based polyesters 

HHDC-based polymers, thiol agent TMTP (1:1 molar ratio of thiol to unsaturated 

double bonds), UV-curing agent Irgacure 651 (1 wt.% of resin weight) and solvent 

butyl acetate (40 wt.% of resin weight) were mixed together. All coatings were 

applied using frame applicators. For free-standing films, a frame applicator with 

120 µm thickness was used while and for board coatings were done with a 30 µm 

applicator. After 10 minutes drying in a fume hood, the coating was cured by UV-

irradiation (10 × 5 s, total dose ~ 30 J cm−2). 
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 Results and discussion 

The work conducted in this thesis focuses on the derivatization of (-)-α-pinene to 

generate novel polymeric materials. Thus, the following discussion of the obtained 

results was divided by derivatives as shown in Fig 7. In the first section, materials 

based on Sobrerol, such as polymethacrylates, will be discussed (Paper I and III). 

The second section highlights the use of verbenone based lactones in the scope of 

polyester synthesis (Paper II and IV). The third and final section outlines the use of 

the HHDC, a terpene diol obtained by oxidative cleavage of the double bond of α-

pinene.  

 

 

 

Figure 7 Overview of the different pathways that were explored in this thesis. 

 

4.1. Sobrerol-based materials 

4.1.1. Pathways towards sobreryl methacrylate (SobMA) 

Sobrerol (Sob) is an unsaturated terpene-diol that can be obtained via different 

routes as discussed in section 2.4.1. To showcase the mild transformation of 

α-pinene into trans-Sob, purified P450-BM3/2M was used in vitro to afford 42% 
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Sob in one-pot via the corresponding epoxide. The results were in good agreement 

with previously published data.107  

Synthesis of SobMA was performed using both conventional chemistry as well as 

via enzymatic transformation, starting from commercially available Sob. 

In the first case, methacryloyl chloride was used together with TEA and DMAP in 

DMF and 2-methyltetrahydrofuran (2-MeTHF) representing the use of a less 

toxic108 and bioderived109 solvent. After MPLC purification, SobMA was isolated in 

66% and 57% yield, respectively. 1H-NMR spectrum of SobMA confirmed the 

presence of the mono-methacrylated Sob by showing a 1 : 1 : 1 : 1 integral ratio of 

the methine proton neighboring the secondary alcohol (signal a Fig. 8), the ene-

proton (signal e), and the methacrylate alkenes (signals n1 and n2). Further, the 

signal of the methyl group on the ring (signal g in Fig. 8a and b) shifted up-field 

compared with Sob, confirming the electron density change in the six-membered 

ring.  

 Figure 8 1H-NMR spectra of a) sobrerol (Sob) and b) sobreryl methacrylate (SobMA).16 
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SobMA was also synthesized using vinyl methacrylate (VMA) and the Amano lipase 

from Pseudomonas fluorescens (P. fluorescens). The enzymatic methacrylation of 

sobrerol were adopted from Chen et al., who reported the acetylation of Sob to high 

conversions.110 SobMA was obtained with conversions above 90% for reaction 

temperatures of 80 °C and 90 °C, respectively (Fig. 9). The excess of VMA was varied 

between 1:20 to 1:56 with regards to Sob and showed conversions in all ratios 

(Table S1 and S2, Paper I). The advantage of this reaction is the high selectivity of 

the lipase, only resulting in the methacrylation of the secondary alcohol, which 

spares the necessity of column purification and therefore results in a better atom 

efficiency. The use of VMA drives the reaction by essential irreversible formation 

of acetaldehyde. Nevertheless, Biocatalyst production, higher reaction 

temperature, excess of VMA that would need to be recycled, and longer reaction 

times also need to be accounted for when judging environmental aspects. Also, it 

should be noted that for scales above 4 g of Sob, isolation of the pure product still 

required MPLC purification. 
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Figure 9 GC-FID chromatogram of the synthetic trans-sobreryl methacrylate and 

commercially available Sob compared to the lipase catalyzed conversion of Sob 

into SobMA (Enzymatic reaction). 96% conversion was reached.16  

 

4.1.2. Polymerization of SobMA 

SobMA was polymerized by free radical (FR), reversible addition-fragmentation 

chain-transfer (RAFT) or atom transfer radical polymerization (ATRP), to 

elaborate its potential as a methacrylate monomer. Due to the tendency of 

premature polymerization, SobMA was stored in DCM and ethyl acetate. For the 

polymerizations, DCM and ethyl acetate were carefully removed, and SobMA was 

diluted by the respective polymerization solvent. For the FR polymerization, DMF 

was used as solvent and 4,4′-azobis(4-cyanovaleric acid) (ACVA) as the thermal 

initiator. The reaction was followed by 1H-NMR and SEC and stopped after 5 h and 

conversion above 90%, whereafter the polymer was precipitated in diethyl ether 

and isolated by filtration. The successful polymerization was corroborated by the 

upfield shift of the signal corresponding to the methine proton neighboring the 

Retention time [min]
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methacrylate group from 5.29 ppm to 5.00 ppm (proton a) and the disappearance 

of the methacryloyl alkene signals at δ = 6.07 and 5.51 ppm (signals n). The former 

signals ratio was used to calculate the monomer conversion (Fig. S9, Paper I). The 

molecular weight (Mn) and the dispersity Ð were determined by SEC and were 

reasonable for free-radical polymerization (Table 2). 

 

Table 2. Characterization of SobMA-based polymers.16  

Polymer 
Conv.a 

(%) 

Mn, theo.
b 

(g/mol) 

Mn, SEC
c 

(g/mol) 
Ðc 

Tg
d 

(oC) 

Td
e 

(oC) 

PSobMAFR 91 - 48 200 2.4 154 238 

PSobMAR50 90 11 000 7 200 1.2 116 191 

PSobMAR100 83 20 100 20 900 1.3 145 224 

PSobMAR200 81 38 900 31 600 1.2 155 238 

P(SobMAR100-b-MMAR100) 95/66e 29 500 28 000 1.2 141 227 

P(SobMAR100-b-BMAR100) 88/70e 31 200 27 000 1.1 n.d. 200 

P(SobMAR100-st-MMAR100) 73/74e 25 100 27 800 1.2 133 224 

P(SobMAR100-st-BMAR100) 67/81e 27 800 25 800 1.1 74 213 

P(SobMAR25-st-BMAR75) 39/48e 13000 11000 1.2 41 195 

PSobMAA50 75 9 100 10 500 1.2 132 215 

PSobMAA100 62 15 000 16 900 1.2 138 220 

PSobMAA200 71 34 500 20 900 1.2 141 224 

PSobMAE 89 n.d. 39 800 1.9 149 235 

P(SobMAE25-st-BMAE75) 59/79e n.d. 51 100 2.3 37 196 

Subscipt number refers to the target DP while the subscript letter refers to the polymerization method 
(Table 1) aDetermined by 1H-NMR. bCalculated according to the RAFT and ATRP mechanisms. 
cDetermined by SEC using DMF as eluent and PMMA standards. dDetermined by DSC using second heating 
to assess the glass transition temperature. eDetermined by TGA at the temperature corresponding to 5 % 
weight loss. gLeft figure refers to SobMA, right figure refers to MMA or BMA. 
 



Results and discussion | 31 
 

To assess the potential of SobMA in controlled radical polymerizations, ATRP and 

RAFT polymerizations were conducted targeting three different molecular weights. 

For RAFT, similar conditions were used as in the FR polymerization, but with the 

addition of 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPAD) as the 

RAFT agent and with an extended reaction time of 8 h. The applied 

[SobMA] : [CPAD] ratios were 50 : 1, 100 : 1, and 200 : 1 and resulted in the 

respective polymers PSobMAR50, PSobMAR100, and PSobMAR200. All polymers were 

characterized by NMR and SEC to determine the conversion, molecular weight, and 

dispersity (Fig. S6, Paper I). Reasonable control was corroborated by the first-order 

kinetics of the monomer conversion over time (Fig. S7, Paper I) as well as the linear 

relation between molecular weight and monomer conversion (Fig. S8, Paper I). 

Representative 1H NMR and 13C NMR spectra for the RAFT-derived polymers are 

displayed in Fig. 10. The possibility of successfully tailoring the molecular weights 

by varying the ratio of monomer to RAFT agent was shown by the reasonably 

narrow dispersities Đ, as well as the agreement of theoretically calculated and by 

SEC determined molecular weights (Table Table 22). 

 

  

Figure 10 1H-NMR and 13C-NMR spectra of pSobMA synthesized via RAFT.16 



Results and discussion | 32 
 

The ATRP reactions were performed using three different initiator to monomer 

ratios ([SobMA] : [HMTETA] : [EBrP] : [CuCl] ratios; 50 : 2 : 1 : 1, 100 : 2 : 1 : 1, and 

200 : 2 : 1 : 1), similar to the RAFT polymerizations. The polymerization was 

followed over time (Fig. S10, Paper I), and all polymers were analyzed by NMR and 

SEC. (Fig. S7 and S8). The results are listed in Table 2 and corroborated good 

control over the molecular weight using ATRP, similar to the RAFT systems. 

 

To prove the controlled character of the RAFT polymerization, SobMA was 

polymerized together with methyl methacrylate (MMA) and butyl methacrylate 

(BMA) to form statistical co-polymers and block co-polymers. For the block co-

polymers, SobMA was first polymerized for 6 h reaching a conversion of ca. 80% as 

determined by NMR. Then, an equimolar amount of the co-monomer was added, 

and the reaction was left to proceed for an additional 18 h. Successful formation of 

the block co-polymer was confirmed by 1H-NMR (Fig. S11 and S12, Paper I) and by 

SEC analysis, showing increased molecular weight while maintaining relatively 

narrow dispersity (Fig. S13 and S14, Paper I). The monomer conversion of MMA 

and BMA was calculated by the ratio of the protons related to the methyl side group 

for MMA, and the ratio of the methylene protons that neighbor the alcohol part of 

the methacrylate ester in BMA, respectively. Analysis of the purified polymers 

showed a good agreement between the theoretical Mn and the molecular weight 

determined by SEC (Table 2). Statistical co-polymers were performed by mixing 

the monomers prior to polymerization. The reactions were carried out for 24 h with 

conditions adopted from the RAFT homopolymerization. Conversion data was 

calculated as for the block co-polymers. The calculated molecular weights showed 

again good agreement to the via SEC determined molecular weights (Table 2).  

In addition to chemically synthesized polymers, enzymatic catalysis was used to 

synthesize high molecular weight polymethacrylates successfully. Horseradish 

peroxidase (HRP)112,113 was used together with low concentrations of hydrogen 

peroxide (H2O2) and acetylacetone as radical initiator. The synthesis of homo- and 

copolymers with BMA were performed in a 1 : 3 water : THF mixture at room 

temperature, following the procedures published by Gross et. al.103 The 

polymerization was stopped after 1 and 3 h with conversions above 80%. Isolated 
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polymers showed high molecular weights above 45 kg/mol and reasonable 

dispersities of 2.2 (Fig 3b, S20-22, Paper I). 

4.1.3. Thermal characterization and crosslinking of pSobMA 

The thermal properties of the synthesized polymers were assessed by TGA and 

DSC. The TGA thermograms showed a three-step degradation for all materials in 

accordance to what is reported for polymethacrylates (Fig. 11a and S23, Paper I).114–

116 The ratio between the different weight loss steps is determined by the ratio of 

the chain-termination mechanisms and varied therefore in between the different 

polymerization techniques. The first degradation of pSobMA occurred at 165 °C 

and is attributed to the degradation of a weak head-to-head linkages.116 The second 

degradation at around 270 °C is associated with β-scissioning of the unsaturated 

chain ends formed during disproportionation and the third degradation at around 

420 °C is attributed to random scission within the polymer chains. The degradation 

temperatures (Td, defined at 5% weight loss) are in the range of 190 to 240 °C and 

listed in Table 2. 

 

Figure 11. TGA (a) and DSC (b) thermograms of the enzymatic PSoBMA and RAFT 

derived PSobMAs.16 
 

DSC thermograms of the synthesized polymers showed glass transition 

temperatures (Tg) above 110 °C for all homopolymers. Copolymers containing 

MMA showed comparable Tg’s to those of the homopolymers,  hile incorporating 
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BMA decreased Tg to 37 °C. No crystallization or melting transition was observed 

for the synthesized materials. 

To showcase the inherent potential of the synthesized PSobMAs, bearing two 

functional groups in every repeating unit that allow the alteration of the material 

properties, post-polymerization functionalizations were performed (Fig12).  

To evaluate the potential in thin film and coating applications, crosslinking of the 

synthesized PSobMAs was performed by utilizing both the tertiary alcohol and the 

substituted alkene present in each repeating unit Crosslinking via the alkene 

functionality was conducted by thiol–ene chemistry, using the trifunctional thiol 

trimethylolpropane tris(3-mercaptopropionate) (TMTP). Successful crosslinking 

was confirmed by FT Raman spectroscopy,  hich sho ed a decrease of the “ene”-

band at 1678 cm−1, compared to the native PSobMAR50 (Fig. S25 and 26, Paper I).  

 

Figure 12. Crosslinking of pSobMA utilizing the functional side-chain groups via thiol–ene 

chemistry (left) and transesterification (right).16
 

 

Crosslinking via transetherification, utilizing the tertiary alcohol was performed 

using the crosslinker hexamethoxymethylmelamine (HMMM). After curing at 

140 °C, the films were analyzed by FTIR and showed a reduction in the hydroxyl 

band. Successful crosslinking was further corroborated by the fact that the films 

were insoluble (Fig. S28 and 29, PaperI)  
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4.1.4. Synthesis of SobMA-based Latexes  

In Paper III, SobMa was explored as a monomer in waterborne systems, i.e. 

emulsion polymerization with and without surfactants. SobMA was homo- and 

copolymerized with BMA to result in latexes with high and low Tg’s, respectively. 

Additionally, the ability of the synthesized latexes to form films upon adsorption 

onto cellulose was investigated. 

 
Figure 13. Schematic representation of the synthesized latexes.117  

 

For the synthesis of the surfactant-based latexes (PSobMACTAC, P(SobMA-co-

BMA)CTAC), the commercially available cetyltrimethylammonium chloride (CTAC) 

was used as surfactant. In the case of the surfactant-free system, a pre-formed 

P(DMAEMA-co-MAA) macroRAFT (Mn ~4100 g/mol, DH = 2.9%, Fig. S1 Paper III) 

was used.  or both systems, the cationic initiator 2,2′-azobis(2-

methylpropionamidine) dihydrochloride (AIBA) was used. A summary of the 

properties of the synthesized latexes can be found in Table 3. 

Due to the high boiling point of SobMA and its tendency towards thermally induced 

self-polymerization, the conversion was followed by 1H-NMR instead of 

gravimetrical analysis. The conversion was calculated by the shift of the methine 

proton as described for RAFT-polymers in Paper I (Fig. S3, Paper III). The 
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conversion over time can be found in Fig 14 and shows a faster polymerization rate 

of the surfactant-based latexes, reaching a plateau at around 90% after 

approximately 45 min. The two PISA-systems showed inhibition periods of roughly 

15 min, which is in good agreement with previously reported PISA systems.118,119 

The conversion of the PISA systems reached a plateau after 75 min, corresponding 

to 83%.  

 

 

Figure 14.Conversion data of the synthesized nanolatexes; a) with surfactants and b)  
surfactant-free polymerization (PISA).117 

 

The size of the different latexes was analyzed via DLS, AFM and SEM and can be 

found in Table 3. Monitoring of the reaction by DLS generally confirmed the trends 
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observed by 1H-NMR. After an initial drop in particle size (caused by the 

transformation of monomer- and precursor droplets into nanolatexes), the particle 

size increased due to monomer diffusion into the latex core until reaching a plateau 

when latexes have obtained their final size (Fig 3, Paper III). Analysis of the final 

particle size further showed the possibility of successfully tuning the latex size by 

varying the ratio between hydrophobic monomer and hydrophilic macroRAFT 

(from 73 to 112 nm).  

AFM (Fig. 4, Paper III) and FE-SEM (Fig. S8, Paper III) confirmed the spherical 

character of the synthesized latexes. The generally lower particle sizes measured by 

AFM and SEM are attributed to the increased influence of large particles on the 

final diameter in DLS as well as to the dry state of the particles in AFM and SEM, 

leading to a decreased particle size due to evaporation of solvent molecules from 

the core.  

Table 3. Characterization of SobMA based latexes. 

a Synthesized using macroRAFT as stabilizer. The target DP is shown in subscript. b Commercial sulfate 
polystyrene latex. c Monomer conversion (p) calculated from 1H-NMR in DMSO-d6 and CDCl3. d Measured 
by AFM on spin coated silica wafers. The diameter was extracted using Gwyddion software. e Measured by 
FE-SEM on the same samples used for AFM. f DLS measurement with 10 vol% dispersion in MilliQ water. 
The DLS values (DH and PdI) are averages of three samples, where each sample value is the average of three 
subsequent runs, apart from PSobMACTAC, the average of two samples. h Obtained from the second heating 
run of DSC measurement and averaged over three samples.  

 

The thermal properties of the latexes were assessed using DSC to determine their 

glass transition temperatures. All SobMA-based latexes showed glass transition 

temperatures around ~120 °C, which is in good agreement with the Tg values 

determined in Paper I (Fig. S7, Paper III).  

The ability of the nanolatexes to adsorb onto cellulose was further investigated. 

With this objective, pieces of cellulose (filter paper) were immersed for 24 h in 1wt% 

nanolatex solution and afterwards either left to dry or annealed at 150 °C for 1 and 

Materials 
P 

(%)c 

DAFM 

(nm)d 

DSEM 

(nm)e 

DH 

(nm)f 
PdI g 

Tg 

(oC)h 

PSobMACTAC
 91 76±24 78±23 109±1 0.09±0.01 123±2 

P(SobMA-co-BMA)CTAC
 98 81±20 93±28 110±3 0.03±0.01 50±2 

PSobMA370 
a 83 38±17 52±16 73±1 0.08±0.01 119±7 

PSobMA1000 
a 83 58±28 73±23 112±17 0.09±0.03 127±11 

PS-latexb    215±1 0.03±0.02 104±1 
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8 h, respectively. Successful adsorption of the latex was confirmed via FT-IR by the 

presence of the carbonyl band, which is present in all polymers (Fig. S9, Paper III). 

Film formation was further followed with FE-SEM, to assess the morphological 

changes during the process. Changes of the substrate caused by the annealing were 

ruled out by subjecting pristine cellulose to the same annealing protocol, resulting 

in no detectable macroscopical difference (Fig. S10, Paper III). Low magnification 

images of the modified cellulose samples showed only signs of film formation in the 

case of the surfactant-based latexes after 8 h (Fig. S11, Paper III). To assess the 

morphological difference between the different latexes, higher magnification 

images were taken and compared to samples modified with commercial PS latex 

(Fig 15). Successful and relatively homogenous adsorption can be seen for all 

latexes (Fig 15 a, d, g). Film formation, which starts by interdiffusion of the 

particles, can be seen in the images taken after 1 h of annealing (Fig 15 b, e, h). The 

latex samples of the co-polymer and the PS latex showed the highest degree of 

interdiffusion, which can be attributed to their respective lower Tgs, resulting in a 

higher degree of collective chain movement. After 8 h of annealing, most samples 

showed complete coalescence and the formation of coherent films. Noteworthily, 

the samples modified with PISA particles showed uncoalesced particles even after 

8h of annealing. This structural stability caused by the charged corona corroborates 

previous studies, which reported the necessity of annealing temperatures well 

above the Tg of the PISA particles to cause interdiffusion.120,121  
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Figure 15. FE-SEM images of modified cellulose filter paper; (a–c) PSobMACTAC, (d–f) 
PSobMA370 and (g–i) PS latex. Each sample was recorded (a, d and g) before annealing, (b, 
e and h) after 1 h of annealing and (c, f and i) after 8 h of annealing. The magnification is ×35 
k, and the scale bar is 1 μm for all images.117 

 

The successful film formation was further indirectly confirmed by CA analysis 

(Table 2, Paper III). Due to the absorption of the droplet, no CA could be assessed 

for the unmodified cellulose. For the modified cellulose samples, the CA increased 

with the respective annealing time, indicating a successful polymer coating 

formation with hydrophobic units. The highest CA of 106 °C was detected for 

P(SobMA-co-BMA)CTAC (Fig. S14, Paper III).  
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4.2. Verbanone-based materials  

In Paper II and III, the synthesis of pinene—derived, verbanone-based polyesters 

was discussed. Polyesters are of great interest, due to their properties and their 

possible (bio)degradation provided by the hydrolysable ester bond.122–124 

Generation of bio-sourced polyesters with substituted, cycloaliphatic motives in the 

backbone were speculated to enable generation of bio-based materials that could 

potentially substitute currently available, industrialized materials, and in this way 

enable optimal utilization of available side-streams. The α-pinene-derived terpene 

verbenone was used as starting material for the chemo-enzymatic synthesis of 

verbanone lactone (VaL). VaL was polymerized into linear polymers in Paper II via 

ROP. In Paper IV, star-shaped polyesters were synthesized that allow post-

polymerization functionalizations, such as the formation of crosslinked materials. 

 

4.2.1. Chemo-enzymatic synthesis of VaL 

In the first step, verbenone was chemically reduced using Pd/C under hydrogen 

(~3 bar). The conversion was followed by the disappearance of the alkene proton 

at 5.7 ppm and the reaction was stopped after full conversion. After removal of the 

catalyst, (-)cis-verbanone was isolated in quantitative yields (Fig. S4, Paper II).  

In the second step, Verbanone was further enzymatically oxidized into VaL using 

the cyclohexanone monooxygenase rom Acinetobacter calcoaceticus (CHMO). In 

Paper II, a library of 26 variants was tested based on the homology model of the 

quadruple mutant of CHMO with higher stability.92,125,126 The eight respective 

amino acids, which were selected as mutation points, are depicted in orange 

(Fig 16). The amino acids were chosen based on their respective distance on a side 

chain pointing towards the methyl groups of VaL and their residues lying within 6 

Å heavy‐atom range.  
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Figure 16. Energy‐minimized homology model of CHMOAcineto_QM (gray), complexed with 

VaL. Identified hot spot amino acids are in orange sticks. Only parts of the cofactors (FAD in 

pink and nicotinamide adenine dinucleotide phosphate (NADP+) in yellow) are shown.106 

 
 
The screening of the variants for the biocatalytic conversion of verbanone into VaL 

showed the highest conversion with 5% for variant L426A (Leucine at position 426 

exchanged to Alanine) under screening conditions (Table 1, Paper II). Upscaling of 

the reaction to a 2 L conical flask, which presumably allowed a higher oxygen 

availability, resulting in a 39% conversion of VaL in 24 h. As a proof-of-concept, 

successful product formation of roughly 24 mg VaL was confirmed by GC analysis 

and 1H-NMR (Fig S2 and S3, Paper II). 

In Paper IV, further investigations of the lactone conversion under different oxygen 

conditions were performed. The results clearly showed the effect of different 

oxygen conditions on the total lactone conversion ratio. Up to 70% of the starting 

verbanone was observed to be turned to lactone by constantly bubbling oxygen 

condition at atmospheric pressure, which is significantly higher comparing to the 

39% conversion achieved in Paper II (Fig 17). Further increase of the oxygen 

pressures to 3 bars resulted in a comparable conversion of around 60%. However, 

further increasing the oxygen pressure to 8 bar resulted in a significant drop in the 

lactone conversion, which could be explained by a detrimental effect of high 

pressure on the enzyme stability. The enzymatic reaction further resulted in a 
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mixture of both, the “normal” (oxygen insertion in most substituted side) and 

“abnormal” lactone.  

 

 

Figure 17. GC-FID of the extracted reaction product of BVMO with verbanone in BR-100 
reactor for 24 hours. Reaction conducted with fixed enzyme and substrate concentration 
and stirring but with varying oxygen supply (atmospheric pressure, pressure (3 or 8 bars), 
bubbling). 

 

VaL was further synthesized using chemical BV oxidation with m-chloroperbenzoic 

acid (mCPBA) under an inert atmosphere in anhydrous dichloromethane. The 

product was isolated by MPLC in 37% yield and confirmed to be the normal VaL by 

MS analysis (Fig. S6, Paper II) and by 1H-NMR, following the downfield shift of the 

epsilon proton from 2.6 to 4.3 ppm (Fig 18 and Fig. S4, Paper II). In Paper IV, the 

reaction was upscaled to 200 g of verbanone and purification of VaL by distillation 

was assessed. However, due to the similar boiling points of the normal and 

abnormal VaL, successful isolation of the normal VaL was not achieved. Therefore, 

all polymers presented were based on the column purified normal VaL.  
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Figure 18. 1H-NMR spectrum of the via MPLC purified VaL.106 
 

4.2.2. Synthesis of verbanone-based polyesters. 

VaL was polymerized by ROP with methane sulfonic acid (MSA), an 

environmentally benign catalyst,127 to investigate its potential as a monomer for 

polyester synthesis. In Paper II, linear homo- and co-polymers were synthesized 

with benzyl alcohol (BnOH) as initiator and ε-decalactone as co-monomer. In 

Paper IV, ethoxylated pentaerythritol (Polyol 4640, Fig. S5, Paper IV) was used as 

initiator to synthesize star-shaped polyesters of different molecular weights. The 

monomer conversion was determined by 1H-NMR, following the shift of the epsilon 

protons from δ=4.3 to 4.5 ppm, showing conversions above 90% for all polymers. 

The successful incorporation of the cyclobutane rings was further confirmed by 2D 

NMR spectroscopy (Fig S7 and S8, Paper II).  

The theoretical molecular weights, Mn, were calculated by the ratio between the 

epsilon protons of the repeating unit (δ=4.5 ppm) and the terminal epsilon protons 

(δ=3.6 ppm) in case of the linear polymers and by the ratio between the epsilon 

protons of the repeating unit and the terminal methylene protons of the initiator 

(δ=3.95-4.25 ppm) for the star-shaped polyesters, respectively (Fig 19). The 

calculated molecular weights can be found in Table 4 and correspond well to the 

molecular weights determined by SEC. The measured dispersities Đ were 
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reasonably narrow for ROP despite being slightly higher in the case of pVaL2k, 

which can be reasoned with the statistical larger influence of a single monomer 

addition in a system containing only 2-3 units per polymer arm.  

 

 

Figure 19. 1H-NMR spectrum of the star-shaped pVaLs: a) pVaL2k b) pVaL4k c) pVaL8k. 

 

The ratio between benzylic and terminal protons was used to determine the 

efficiency of the initiation, which was below 40% for the synthesized polyesters in 

Paper II, which can be explained by the nonoptimized reaction conditions and the 
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resulting presence of residual trace amounts of water. The ratio of the two different 

lactones incorporated into the linear copolymer further assessed by the ratio 

between the epsilon protons of the repeating units (δ=4.5 ppm for verbanone and 

δ=4.9 ppm for ε-decalactone) and corresponded well with 51:49 (Val: ε-DL) to the 

targeted ratio (Fig S10, Paper II). 

In Paper IV, the initiation efficiency of the polyol was assessed by the ratio of the 

polyol methylene protons (d=3.95-4.25 ppm) and the combined protons in the 

region d=3.3-4.3 ppm (32 H, polyol protons plus terminal epsilon protons) and was 

calculated to be above 86% (or 3.44 out of 4) for all polyesters (Fig. 18a-c).  

Table 4: Characterization of PVal based polymers. 

Polymer 
Conv.a 

(%) 

Mn, NMR.
b 

(g/mol) 

Mn, SEC
c 

(g/mol) 
Ðc 

Tg
d 

(oC) 

Td
e 

(oC) 

Tm
d 

(oC) 

PVaL 94 3000 3300 1.1 26 306 - 

P(εDL‐VaL) 95 3400 3200 1.1 -21 254 - 

PεDL 93 3500 3000 1.1 -57 227 - 

PVal2k 93 1920 2080 1.4 2 285 - 

PVal4k 95 3780 5580 1.2 35 350 139 

PVal8k 94 6780 7300 1.1 47 369 158 

aDetermined by 1H-NMR. bCalculated from 1H-NMR. cDetermined by SEC using chloroform as eluent and 
PS standards. dDetermined by DSC using second heating. eDetermined by TGA at the temperature 
corresponding to 5 % weight loss. 
 

 

All polymers were further analyzed by TGA and DSC to assess the impact of the 

incorporation of the substituted ring on the physiochemical properties. TGA 

analysis showed increased thermal stability, relative to that of the ε-decalactone-

based polyester (Fig 2, Paper II). The thermograms of the star-shaped polyesters 

are shown in Fig 20 a and b and are in good agreement with the linear pVal. 

However, early degradation can be seen in the case of the low molecular weight 

polyesters such as pVal2k. This low thermal stability of oligomeric polyesters (with 

molecular weights <3500 g/mol) has been previously reported for multiple 

materials such as poly(ethylene succinate) and poly(3-hydroxybutyrate),128,129 
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where a decomposition at low temperature, accounting for around 15% mass loss, 

already occurred at temperatures above the glass transition temperature of the 

oligomer.129 

 

 

Figure 20. SEC- (a), TGA- (b) and DSC (c) analysis of the VaL-based, star-shaped polyesters. 
 

DSC analysis of the synthesized materials showed glass transition temperatures 

between 2 and 47 °C, with an expected dependency between molecular weight and 

Tg. The two polymers pVaL4k and pVaL8k further showed melting transitions at 139 

and 164 °C. These thermal properties are in the range of commercially available 

PLA, which displays glass transition and melting temperatures in the range of 50-

65 °C and 150-180 °C, respectively.130,131 Comparing the thermograms shown in 

Fig. 20c with the linear pVaL (Fig 2, Paper II), a low intensity melting transition 

could be noticed in the case of the linear polyester as well.  
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4.2.3. Crosslinking of star-shaped, verbanone-based polyesters. 

The three synthesized, star-shaped polyesters were crosslinked utilizing the four 

terminal hydroxyl groups. PVals were dissolved in n-butyl acetate (xylene for the 

highest molecular weight) and mixed with 2-dodecylbenzenesulfonic (DDBS) and 

HMMM, which was also applied for crosslinking the SobMA-based 

polymethacrylates. The coating was applied onto Teflon substrates and cured at 

140 °C to a solid film (Fig S 7). The resulting crosslinked films were analyzed by 

FTIR spectroscopy (Fig 21a; Fig S 8-9, Paper IV). Successful crosslinking was 

confirmed by the clear reductions of the band corresponding to HMMM’s 

methoxymethyl group (913 cm−1), the slight reduction of the band corresponding 

to the O-H stretch (~3390 cm−1) as well as by the reduction of the substitution 

sensitive, characteristic symmetric band at 1550 cm−1, which has been assigned to 

the quadrant stretching of the triazine ring and contraction of C-N attached to the 

ring.132,133 

 

Figure 21. FTIR spectra of pVal2k (a), DSC (b) and TGA (c) analysis of the pVaL-based 

coatings. 
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Thermal analysis of the thin films was performed to assess possible applications of 

the coatings. DSC analysis of the coating (Fig. 21b) confirmed successful 

crosslinking as both, pVaL2k and pVaL4k exhibited significantly increased Tg’s of 35 

and 55 °C, respectively. In the case of the pVaL8k based film, no significant 

influence on the Tg could be observed. It should also be noted that no similar 

increase of Tg was expected due to the varying degree of cross-linking density. 

Further, the decrease of crystallinity observed in pVaL4k and pVaL8k can be related 

to the introduced crosslinks, limiting the degree of collective chain movement, and 

preventing crystallization. Further, due to the successful crosslinking and the 

resulting decrease of crystalline units, a larger proportion of the material is 

amorphous, which can be clearly observed in the case of pVaL8k. TGA analysis 

showed that pyrolysis occurred at lower temperatures for all films compared to the 

polymer (Fig 21c). This is primarily due to the degradation of unreacted HMMM 

end groups in the range of 140-240 °C. This decomposition behavior was previously 

reported for polyester-melamine coatings, with HMMM loadings form 5-50 % and 

corresponded well to our observations.134,135  
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4.3. HHDC-based materials 

In Paper IV, the synthesis of HHDC-based polyester resins was discussed. The 

α-pinene-derived diol, obtained by the oxidative cleavage of the double bond of 

α-pinene, was of particular interest as it allows the direct synthesis of various 

biobased polyesters and polyurethanes by reacting it with diacids, anhydrides or 

isocyanates, respectively. Fully bio-based polymers can be synthesized by using 

bio-based comonomers like furan-, itaconic-or maleic-based substrates. The use of 

a terpene-based diol as a monomer for polyester synthesis was recently reported by 

Lanteri et al., using the photo oxidized product of citronellol as comonomer 

together with butanediol and dimethyl succinate.136 Moreover, the use of 

functionalized limonene-based monomers bearing both ester and alcohol 

functionality for the synthesis of polyesters was reported by Firdaus et al.137  

The use of ozone for the cleavage of the α-pinene double bond was previously 

studied by Tolstikov et al.54 However, the resulting diol was, to the best of my 

knowledge, never reported in the scope of polyester synthesis. The synthesis of four 

different polyester compositions was studied to showcase the diols versatility as a 

monomer for polycondensation reactions.  

4.3.1. Synthesis of HHDC 

HHDC was synthesized by oxidative cleavage of the α-pinene double bond, 

following the procedure of Tolstikov et al.54 The crude product was further purified 

using MPLC, affording the diol as transparent oil with a yield of 65% (Fig 22a). 

4.3.2. Synthesis of HHDC-based polyesters 

HHDC was polymerized with dimethyl maleate (DMM) or dimethyl itaconate 

(DMI) via condensation polymerization. To further assess the possibility of 

tailoring the final polyester properties, dimethyl 2,5-furandicarboxylate 

(DMFDCA) was added using a 1:1 ratio of the diesters. In all systems, HHDC was 

added in slight excess due to its higher volatility at the reaction temperature. The 

reaction was carried out at 160 °C, using a Dean–Stark trap and titanium (IV) 

butoxide as catalyst. The polymerization was followed by SEC, and the reaction was 
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stopped once the molecular weight reached 4000 g/mol. The polymer was diluted 

in chloroform and precipitated twice in cold methanol and dried under vacuum. 

Respective 1H-NMR spectra of the synthesized polymers are displayed in Fig 22 b 

and c (and Fig S 6, Paper IV). 

 

Figure 22. 1H-NMR analysis of (a) HHDC, (b) pHHDC_DM and (c) pHHDC_DMI. 

 

The molecular weights were further calculated by 1H-NMR, using the “ene” protons 

(I: δ= 6.25 ppm,  : δ= 6.4-5.7 ppm) together with the protons neighboring the 

hydroxyl group (B: δ=4.8 ppm,  : δ=4.2 ppm) of the repeating unit to the signals 

stemming from respective end groups (δ~3.5-3.8 ppm). The polymer compositions 
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for the copolymers were assessed by 1H-NMR and gave [HHDC]: [DMI]: 

[DMFDCA]= 50.6 : 23.1 : 26.3 and [HHDC]:[DMM]:[DMFDCA]=50.1 : 23.9 : 26 

(Fig S6, Paper IV). All polyesters had chain ends with both hydroxyl and methyl 

esters in the range despite the monomer charging conditions, which strengthens 

the rationale in the beginning. However, the exact determination of the end group 

composition was not possible due to overlapping signals. The molecular weight 

distribution was further assessed by SEC and can be found in Fig. 23a. The 

chromatographs showed that the two polyesters with itaconate residues had a 

shoulder towards larger molecular weights which could be caused by crosslinking 

or branching. However, the 1H-NMR showed neither a quantitative difference 

between integral of double bond signals and other key signals within the polymer 

nor any ether peaks. The occurrence of branching was therefore judged to be very 

limited.  

Table 5: Characterization of HHDCV based polymers. 

Polymer 
Conv.a 

(%) 

Mn, NMR.
b 

(g/mol) 

Mn, SEC
c 

(g/mol) 
Ðc 

Tg
d 

(oC) 

Td
e 

(oC) 

pHHDC_DM 98 : 97 6400 4500 2.3 17.0 274.8 

pHHDC_DMI 94 : 97 8400 7700 3.0 13.6 258.5 

pHHDC_DM_FDCA 92 : 99 : 99 6100 4400 1.9 42.3 153.0 

pHHDC_DMI_FDCA 87 : 97 : 96 6200 4200 2.9 32.5 125.4 

aDetermined by 1H-NMR. bCalculated from 1H-NMR. cDetermined by SEC using chloroform as eluent and 
PS standards. dDetermined by DSC using second heating. eDetermined by TGA at the temperature 
corresponding to 5 % weight loss. 

 

The thermal properties of the synthesized polyesters were further studied by TGA 

and DSC (Fig. 23 b and c). The TGA thermograms show a two-step degradation 

profile for all synthesized polyesters. The nature of the degradation was not studied 

in detail, but similar degradation patterns were previously reported for bio-based 

polyesters containing FDCA and succinic acid.138 The suggested degradation 

mechanisms of decomposition at low temperature was proposed to include scission 

of an alkyl oxygen bond, which accounted for up to 15% mass reduction in the 

HHDC-based systems, and started around 100°C for DMI based systems. 138 
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Complete decomposition of the FDCA containing polyesters starts at 240-250°C, 

while the itaconate and maleate polyesters have slightly better thermal resistance, 

decomposing closer to 300°C (Table 5).   

 

 

Figure 23. SEC- (a), TGA- (b) and DSC (c) analysis of the HHDC-based polyesters. 

 
The DSC thermograms of the polyesters displayed Tg’s below room temperature for 

pHHDC-DMM and pHHDC-DMI, while the polymers containing FDCA showed 

values slightly above r.t.. FDCA-moieties are frequently reported to increase the Tg 

of copolymers due to the low mobility of the furan ring.139 DSC showed no 

exothermic crystallization and no melting transition, indicating all polyesters being 

fully amorphous. 

 

4.3.3. Crosslinking of the HHDC-based polyester resin. 

All HHDC-based polyesters bear unsaturations within each maleate and/or 

itaconate unit, respectively. These unsaturations enable post-polymerization 
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modifications such as crosslinking to form gels and coatings. To showcase this 

potential, the polyesters were mixed with TMTP (used in Paper I) and a radical 

initiator (Irgacure 651). The mixture was applied onto a substrate (glass or Teflon) 

and cured under UV irradiation. The resulting films were analyzed by FTIR 

spectroscopy which showed clear reductions in the “ene”-band, compared to the 

uncured mixture (CHvC: 1678 cm−1, normalized to the carbonyl peak at 1727 cm−1) 

Fig 24a (and Fig S11-13, Paper IV). Additional proof of successful crosslinking was 

that the films were insoluble in chloroform and EtOAc, two solvents that dissolve 

the uncured polymers.   

 

 

Figure 24. FTIR spectra (a), DSC (b) and TGA (c) analysis of the HHDC-based coatings.  

 

Thermal characterization of the four polyester coatings was performed using TGA 

and DSC analysis (Fig. 24 b and c). The 5% degradation temperatures obtained 

from TGA analysis are relatively similar for all four materials being around 270 °C. 

The curing seems to only to induce slight changes to the thermal stability compared 

to the uncured polymers. However, the intensity of the early decomposition 

observed for the uncured polyesters decreased, which indicates a stabilizing effect 
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of the crosslinked network, resulting in a slightly more heat resistant system. DSC-

derived Tg -values increased for all four materials compared to uncured polyesters, 

with the highest value being 62 °C for pHHDC_DMM. Since the two coatings 

containing FDCA have only half the amount of unsaturation, the increase in Tg is 

less dominant in the respective materials (Table 3, Paper IV). 
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 Conclusions 

The primary aim of this work was to demonstrate how terpenes and particularly 

α-pinene can be used as feedstock for the synthesis of renewable plastic materials, 

while aiming to utilize benign reaction conditions such as enzyme catalysis in key 

reaction steps. The work herein showed that α-pinene could be used as a platform 

monomer for novel dedicated solutions in the preparation of a variety of different 

functional polymeric materials with tunable properties.  

In the first part of this  ork,  obrerol  as obtained from α-pinene and transformed 

into SobMA either by classical esterification or via enzyme catalysis. Both methods 

showed good selectivity towards the secondary over the tertiary alcohol. SobMA 

was successfully polymerized by RAFT, FR, and ATRP in DMF, 2-MeTHF, and 

THF, respectively. Additionally, enzyme-mediated polymerizations were 

performed in aqueous systems at room temperature displaying superior activity.  

 

In the second part, α-pinene ‐derived polyesters were synthesized from the bicyclic 

verbanone based lactone (VaL) via ROP. VaL was synthesized via chemical 

Bayer-Villiger oxidation and via enzymatic transformation of verbanone, using an 

engineered variant of the enzyme CHMOAcineto_QM. Reaction optimization for 

enhanced oxygen supply combined with protein engineering showed that the 

enzymatic transformation efficiency can be increased to 70% conversion, 

outperforming the traditional chemical approach. The resulting polyesters showed 

competitive thermal stability, high glass transition and melting temperatures that 

are in the range of currently commercially available polyesters such as PLA. 

 

In the third part of this work, polyesters were synthesized via polycondensation of 

the diol HHDC, which was readily obtained from oxidative cleavage of the double 

bond in α-pinene. Unsaturated bio-based diacids were used as comonomers to 

synthesize unsaturated polyester resins successfully. Subsequent crosslinking of 

the synthesized polyesters by UV-irradiation yielded polyester networks with 

tunable properties.  
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The synthesized polymers adhere to several of the green chemistry principles, such 

as using renewable resources and implementing less hazardous and benign 

procedures. Several reaction steps were presented that showcase the efficient use 

of enzyme catalysis, which slightly outperformed traditional chemical pathways in 

terms of conversion while employing mild reaction conditions. 

 

To conclude, the materials and monomers shown in this work add to the wide range 

of currently available bio-based materials. While some of these monomers are 

chemically identical to their fossil-based counterparts and can therefore directly be 

used to synthesize commodity plastics, the presented terpene-based polymers 

exhibit a set of unique material properties. In addition, it was shown that enzymatic 

catalysis in combination with conventional chemistry can be powerful tool for the 

synthesis of renewable building blocks that can be used in the production of 

stainable materials. To commercialize this platform of polymeric materials, 

intensive research is needed to produce cost-efficient and environmentally friendly 

processes, to further unlock the inherent potential of this underutilized monomer 

class and to produce polymers with competitive and/or superior properties. This 

thesis lays ground for the development of terpene-based polymers and showcases 

some of the potential for this class of materials.   
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 Outlook 

The use of terpenes as a feedstock for the synthesis of polymeric materials provides 

the possibility to create new materials with a wide range of material properties. It 

would be of great interest to continue exploring new pinene-based monomers and 

their use in material applications. Especially, the incorporation of cyclic aliphatic 

motifs into the polymer backbone potentially opens a unique set of semi-rigid 

polymers with competitive properties. Nevertheless, additional research on the 

material properties is required to further elaborate on the potential use of these 

materials. Moreover, comparing the work from this thesis with current industrial 

level polymer synthesis, commercialization of any of the presented polymers is still 

a distant goal, and much research is needed on the scale-up process. It also should 

be highlighted that the availability of precursors and the development of cost-

efficient production methods plays an important role when targeting the synthesis 

of commodity materials.  

In addition to the elaboration of terpene-based materials, the use of enzymatic 

catalysis in combination with conventional chemistry proofed to be a powerful tool 

and its application should be further extended to other feedstocks. 

At last, end-of-life options such as recyclability and degradation of the synthesized 

materials need to be studied and processes need to be evaluated by life-cycle 

assessments to avoid adding to the growing issue of plastic pollution and to secure 

minimal environmental impacts.  
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