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Abstract 

Increasing environmental and social awareness arising from the use of oil 

as main source of raw materials, has awaken the interest of many scientists 

to explore new synthetic pathways for polymer production. These new 

approaches embrace the use of alternative feedstock and sustainable 

synthetic routes aiming for enhancing biodegradability and recyclability. 

This shift towards more benign strategies is considered positive from 

different perspectives. Through the exploitation of bio-based feedstock it 

is possible to minimize the carbon foot print at the same time as new tools 

for material formation are provided. The use of selective catalysts reduces 

the formation of side-products, minimizes or avoids the use of solvents 

and diminish energy consumption. At the same time, new polymeric 

structures can be formed in terms of functionality and architectures.   

The work herein presented have focused on the development of 

sustainable synthetic routes for the formation of bio-based polymeric 

materials with targeted properties. In order to afford this, two bio-sources 

have been explored for the retrieval of different epoxy-fatty acids, i.e. outer 

birch bark and vegetable oils. In order to be able to tailor the final material 

properties and thus be able to target specific applications, we have relied 

on the selectivity of lipases to preserve the epoxy-functionalities during 

synthesis. Through the design of specific polymer architectures, e.g. 

telechelic oligomers, and branched or linear macromers, different degrees 

of functionality could be prepared. By covalently reacting the epoxy groups 

through different polymerization techniques, polymer networks were 

achieved. The proposed synthetic approach resulted in polymeric 

materials with wide variety of properties ranging from functional 

networks, to high Tg materials and adhesives, prepared all from renewable 

sources. This also proved the benefits of the use of lipases in synthesis of 

polymers for material applications.   

  



Sammanfattning 

Den ökande miljömedvetenheten i samhället, samt de sociala aspekter 

som härstammar från användandet av fossilbränslen som primär källa för 

råmaterial, har väckt intressent hos många forskare att utreda nya 

syntetiska tillvägagångssätt för produktion av polymerer. Dessa nya 

tankesätt tar hänsyn till användandet av alternativa källor för råvaror och 

hållbar utveckling mot mer biologiskt nedbrytbarhet samt återvinning. 

Detta skifte mot mildare strategier anses positivt utifrån många aspekter. 

Nyttjandet av bio-baserade råvaror gör det möjligt att minska netto 

koldioxidutsläppet, samtidigt som kunskap för produktion av nya material 

utvecklas. Genom att använda selektiva katalysatorer kan generering av 

bi-produkter reduceras, tillsammans med användandet av lösningsmedel 

samt den enorma energikonsumtion som associeras med 

industrielltillverkning. Tillsammans med processutveckling kan även nya 

polymera byggstenar tas fram med avseende på funktion och arkitektur.  

Arbetet i denna avhandling har för avsikt att ta fram nya metoder för 

hållbar utveckling mot bio-baserade polymera material med specifika 

egenskaper. För att uppnå dessa mål, har två olika biologiska källor 

utforskats för att erhålla olika epoxiderade-fettsyror, d.v.s. yttrebarken av 

björk samt vegetabiliska oljor. För att kunna styra materialens egenskaper 

och således kunna nå specifika applikationer, har vi förlitats oss på 

selektiviteten hos lipaser för att bevara epoxid-funktionaliteten hos 

fettsyrorna. Design av specifika polymera arkitekturer, såsom ”telekeliska 

oligomerer”, samt förgrenade eller linjära makromerer, tillåter olika 

grader av funktionalitet att erhållas. I detta sammanhang kan följaktligen 

polymera nätverk med varierande mekaniska egenskaper och 

tillämpningsområden erhållas med hjälp av olika polymerisations-

tekniker. De föreslagna synteskoncepten resulterade i polymeramaterial 

med bred omfattnign av egenskaper, varierande från funktionella nätverk, 

till hög Tg samt självhäftande material, framställda från helt förnyelsebara 

råvaror. Vilket även framhävde fördelar med att använda lipaser för syntes 

av polymer för material ändamål. 
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Introduction 

1 The state of the Art 

The work herein presented is a brief summary of a number of scientific 

publications appended at the end of the thesis. Throughout the text will be 

highlighted the different scientific questions that have arisen along the 

time the work has been conducted and the different solutions 

contemplated.  

1.1 The context 

The chemical industry is and has been a determining factor in the global 

economy for the entirety of the modern era. More than 96% of all 

manufactured goods directly rely on the chemical industry in one way or 

another. One of the largest industrial users of chemicals is the polymer 

industry. Plastic manufacturing represents nearly 17% of the total sales of 

the chemical industry in the EU, which accounts approximately 92 billion 

Euro in revenues per year. At the same time, its production continues 

increasing at a pace of around 3.9% per year1. 

The long list of outstanding properties of consumable plastics as e.g. 

flexibility or durability, together with their low cost production, have 

brought plastics to be omnipresent and essential in our lives. However, the 

high resistance to degradation that most plastic exhibit makes difficult 

handling post-consumer plastics waste with current waste-management 

routines. Despite the efforts for management of plastics waste, nowadays 

around 38% of that waste in the EU is sent to landfill. The other 62% is 

either recovered through recycling by physical breakdown (26%) or energy 

recovery processes (36%). Due to the high hydrocarbon content of plastics 

they present a very high heating value (40 MJ/kg; coal has a heating value 

of about 28 MJ/kg) and therefore energy recovery is considered the best 

way to recover the value of waste plastics.  
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Ideally, in order to reduce the carbon footprint, the carbon generated 

during the production process should be lower than the carbon consumed. 

In order to achieve this, new renewable sources for the extraction of raw 

materials and new synthetic routes are being investigated. The use of 

natural based raw materials, besides environmental concerns, is also 

contributing to the enrichment of Material Science as the use of new 

building blocks introduces new challenges to the field. Clear evidence of 

the continuous development that this field have experienced in the last 

decade is the increasing number of peer reviewed publications related to 

the term “Green Chemistry” (see Figure 1). This concept and its “12 

principals” were defined in 1998 by Anastas and Warner2, and provide the 

guidelines for the design and improvement of chemical processes towards 

“greener approaches”. 

  

Figure 1. Number of publications containing the term "Green Chemistry" in the 
last 15 years. *Source: SciFinder 
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1.2 Purpose of the study 

The environmental awareness arising from warming gasses generated 

during industrial chemical processes, together with the uncertainty of oil 

depletion, have brought several challenges to be addressed by the current 

scientific community. The concept of making chemicals and materials 

from feedstock that never deplete or from waste streams is, in this context, 

of great interest. The technical challenge in the use of such renewable 

feedstock is to develop benign pathways, e.g. low energy and minimum 

amount of solvents, to convert the bio-based reactants to useful materials 

in a manner that does not generate more carbon than is being removed.   

In this context we propose that it is possible to apply conventional 

fractionation techniques to retrieve suitable starting materials from 

various renewable sources. We furthermore propose that new material 

systems with designed material performance can be made from this feed-

stock in a benign way using enzyme catalysis. We likewise propose that 

novel structures difficult to make through other routes can be achieved 

using this route. 

With this in mind, the specific goals covered in this thesis have been: 

 To isolate different fatty acids from selected renewable feedstock, i.e. 

birch bark and vegetable oils utilizing scalable techniques 

 To explore the possibilities of lipase catalysis for the design of specific 

polymer architectures difficult to make using conventional catalysis 

 To define and target specific material properties via crosslinking 

reactions and analyze the mechanical properties. In this respect we 

also propose that the property window for thermoset polymers based 

on the chosen monomers can be further extended than previously 

shown in literature.  
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2 Monomers from renewable resources 

Since the introduction of fossil resources during the 1900s, the scene of 

polymer synthesis and material production has been dominated by the use 

of fossil-feedstock as main source of chemicals. However, due the 

problems arising from the negative impact of fossil-based materials in the 

environment, alternative sources of raw materials are being investigated.        

The ubiquitous availability of bio-based raw materials together with their 

diverse composition, is favoring the use of renewable feedstock in 

chemical and material production. The use of building blocks proceeding 

from natural resources is not only considered beneficial from an 

environmental perspective, but also from a chemical point of view3, 4. The 

broad variety of chemistries present in nature have inspired scientists to 

reproduce some of those structures in order to mimic a specific function, 

e.g. super-hydrophobicity of lotus leafs or the adhesive properties of 

mussels and geckos5. Another approach has been to extract the reactive 

entities present in those organisms and finding new applications 

attending to their inherent properties6, 7. 

The concept of using renewable feedstock for environmental purposes, 

reaches its maximum value when side-stream products are used as source 

of raw material, e.g. retrieval of monomers from outer birch bark. In 

Sweden, for example, about 18% of the forest landmark consist on birch 

tree, and it is estimated that about 100 000 tons of outer birch bark are 

generated per year8, 9. Traditionally, all generated bark has been used for 

energy recovery. However, as will be discussed in the following 

paragraphs, through depolymerization of the suberin layer present in the 

bark, it is possible to isolate valuable fatty acids for different purposes.  

Another interesting source of raw materials, due to its low production cost 

and availability, are vegetable oils. As will be discussed in section 2.2, due 

to their multiple intrinsic functionalities, e.g. unsaturations, vegetable oils 

are the major source of bio-based materials for material production.  
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2.1 Suberin: Major sources, properties and applications 

The most outer layer in plants is formed by a wax layer that helps to 

prevent water loss and external pathogens, and a structural polymeric 

layer. This polymeric layer is called cutin or suberin, depending on the 

type of plant they are present in. While cutin is formed in plant’s primary 

tissues of leaves and fruits, suberin is formed in secondary tissues, such as 

barks in trees, and underground tubers as in the case of potatoes. Although 

these polymers are ubiquitous in plants, the biosynthesis, structure, and 

function of suberin and cutin are the least understood of the major plant 

polymers.  In 2002, Bernards proposed a model for suberin from potato 

periderm, which summarized the state of the art on the structural data 

related to this macromolecular component10 (see Figure 2). The aliphatic 

domain of suberin is composed of branched polyester moieties mainly 

made up of long-chain hydroxyl-fatty acids and dicarboxylic acids, 

brought together through glycerol units. The aromatic domain is formed 

by several triterpenoids.  
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Despite being widespread in plants, the two suberin-rich species that have 

been most extensively exploited as source of raw materials are Quercus 

suber with cork and Betula pendula (birch) with is outer bark11-13.  

2.1.1 Depolymerization of suberin 

Besides the difficulties for determining the specific structure of suberin, 

the relative abundance of the aliphatic moieties can be determined 

through depolymerization and isolation methods. The ester linkages 

constituting suberin can be hydrolyzed under alkali conditions to yield 

fatty acids with various functionalities11, 12, 14, 15 (see Table 1).  

 

Figure 2. Model for the macromolecular structure of suberin proposed by 
Bernards. The spheres represent the linkage points between the fatty acids and 
the rest of the suberin. 
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As will be discussed in the following section “epoxidized vegetable oils”, 

due to the high reactivity and excellent material properties derived from 

it, the present work has focused on the utilization of the 9,10-epoxy-18-

hydroxyoctadecanoic acid.  

2.2 Vegetable oils: Major sources, properties and 
applications 

Because of the ease of large scale production and its low cost, vegetable 

oils are one of the most feasible and versatile raw material when aiming 

for “greener” routes for polymer synthesis 16-21. Their specific structure 

makes them suitable for use in e.g. coatings, inks or lubricants22. In 

general, vegetable oils are formed by triglycerides, i.e. esters of glycerol 

Table 1. Fatty acids present in birch bark suberin 
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and fatty acids. Depending on the source they proceed from, the 

composition of the fatty acids varies in chain length and number of 

unsaturations23. This is highlighted in Table 2, where a summary of the 

fatty acids used in this work is present together with the two vegetable oils 

they proceed from, i.e. soybean oil and linseed oil.   

 

2.2.1 Epoxidized vegetable oils 

As aforementioned, vegetable oils are substantial raw materials for the 

chemical industry. However, their major industrial exploitation is based 

on chemical modifications of their double bonds. A common routine is the 

formation of epoxides through oxidation of those with, e.g. a peracid. The 

constrained epoxy-ring provides a unique platform for polymer thermoset 

synthesis24, 25 due to its high reactivity. Ring opening of the epoxide can be 

yielded both under basic and acid conditions, which allows multiple 

different structures to be obtained. Epoxy resins based on vegetable oils 

have been widely used for multiple purposes ranging from formation of 

epoxy-anhydride thermosets26, to polyamides27, 28 or polycarbonates29, 30.  

Table 2. Distribution of fatty acids in soybean oil and linseed oil. The percentages 
indicate the fraction of fatty acid in each vegetable oil.  
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3 Biocatalytic routes in polymer synthesis: 
Lipase catalysis 

Proteins are naturally occurring polymers were the interactions between 

repeating units, i.e. amino acids, defines their three-dimensional 

structure. From a chemical perspective, the broad range of functionalities 

of the constituting amino acids makes every protein unique and 

determines its role within the organism. One special kind of proteins are 

enzymes. Enzymes are biologically active proteins with a unique three-

dimensional structure comprising a specific cavity were the catalytic 

reaction takes place, named the active site. The catalytic activity of 

enzymes relies on the stability of the enzyme-substrate intermediate 

complex which lowers the activation energy by providing an alternative 

reaction pathway31, 32. This phenomenon, commonly illustrated by the 

“key-lock model” results from the shape and electrostatics of the 

substrate-binding pocket of enzymes (see Figure 3). The active site of 

every enzyme is formed to fit a specific substrate and therefore every 

enzyme is responsible for the 

catalysis of a specific reaction. 

Hydrolases, for example, are 

responsible for the cleavage of 

chemical bonds by hydrolysis. 

Within the hydrolases, the 

subgroup lipases have gained 

increasing interest as 

catalysts for polymer 

synthesis33-39 as will be 

discussed in following 

paragraphs.   

 

 

 

Figure 3. Schematic representation of the 
"key-lock" model for enzyme catalysis 
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3.1 Lipases in polymer synthesis 

Parallel to the search of new monomers from natural sources are emerging 

new environmentally friendly catalytic routes for the synthesis of 

polymers, e.g. lipase catalysis. The high selectivity of lipases allows milder 

reaction conditions, i.e. lower temperatures and bulk, to be used. This is 

in turns translated in the reduction of side-products, solvents and energy 

consumption. Alongside with environmental concerns, the use of lipases 

as catalysts provides multiple advantages in terms of polymer 

architectures and composition.  

Lipases in nature are responsible for the hydrolysis of triglycerides by 

cleavage of the esters bonds between glycerol and fatty acids. The 

fundament of the utilization of enzymes as catalysts relies on reverting the 

naturally occurring hydrolytic equilibrium to the synthesis of polyesters or 

oligoesters. This concept was described already in the mid-80s by 

Okumura 40 and Ajima 41 for the condensation of dicarboxylic acids with 

diols. Some years later, Wallace and Morrow extended this concept to the 

formation of polymers with a few repeating units 42. The use of enzymatic 

catalysis was later extended to other types of polymerizations, e.g. ring-

opening polymerization, through the pioneering work of Uyama and 

Kobayashi 43, and also Knani 44.  

An important advance in the field was done through the immobilization of 

Lipase B from Candida antarctica (CALB) on a carrier45-47. Through a 

simple filtration after dilution of the polymer with a solvent, the enzyme 

can be removed and thus the end of the reaction can be controlled. This 

lipase is the most extensively used for polyester synthesis, and commercial 

preparations are available, e.g. Novozyme 435.  
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3.1.1 Mechanism of lipase catalysis 

As previously mentioned, the catalytic effect of the enzymes relies on the 

formation of a stable reaction intermediate which provides an alternative 

reaction pathway and thus lowers the activation energy. In the case of 

CALB, the active site contains the catalytic triad, Ser105-His224-Asp187, 

in which Ser acts as a nucleophile 48, 49 (Figure 4). When the substrate (acyl 

donor) reacts with the enzyme, a tetrahedral intermediate, also called 

acyl-enzyme complex, is formed and the first product, i.e. an alcohol or 

water, leaves the reactive site. Subsequently, a second substrate, in the 

form of a nucleophile (acyl acceptor), attacks the acyl-enzyme and forms 

the second product. This type of mechanism, where the first product is 

formed before the second substrate binds, is called a “ping-pong 

mechanism” 50. 

3.1.2 Synthesis of polyesters through lipase catalysis 

When di-functional carboxyl acid-derivatives are used as substrates, the 

previously described mechanism leads to the formation of linear 

polyesters. Furthermore, if other functionalities are present in the 

substrate those are preserved intact giving as result multifunctional 

polymeric structures. 

Taking as an exemplifying substrate the 9,10-epoxy-18-

hydroxyoctadecanoic acid, the different routes that leads to the formation 

of polyesters are represented in Figure 5. By repetitive formation of the 

Figure 4. Schematic representation of the formation of the acyl-enzyme complex 
(middle) and release of the first product OH-R’ (right). Figure adapted from 
Paper VI to be published (not appended)  
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acyl-enzyme complex, either from the monomeric acid substrate or from 

the growing chain, the polyester backbone is synthesized (Reaction 1). The 

acyl-enzymes can then be attacked by a terminal hydroxyl group of the 

growing polymer leading to chain propagation. The formation of the acyl-

enzyme complex will continue until one of the substrates is consumed, this 

allows control of the degree of polymerization by initial control of 

the stoichiometry. If a mono-functional acid and/ or a mono-functional 

alcohol are added to the reaction mixture, these will act as chain stoppers 

“end-capping” the polymer (Reactions 2 and 3). This allows the formation 

of functionalized polymers, also called telechelic polymers.  

By definition, telechelic polymers are “prepolymers capable of entering 

into further polymerization or other reactions through its reactive end-

groups”51-53. The possibility of further reactivity allows the formation of 

Figure 5. Mechanism for the formation of linear and telechelic polyesters. “n” 
represents the stoichiometric value of the substrate and in consequence the 
degree of polymerization. R1 and R2 can be any functional group which “fits” 
inside the active site of the enzyme 
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high molecular weight linear polymers and polymer thermosets, as will be 

discussed in following paragraphs.  

4 Polymer thermosets 

Polymer thermosets are three-dimensional networks obtained by 

crosslinking reaction of multifunctional monomers or oligomers54, 55. 

Through the crosslinking process the polymer chains are covalently 

attached to each other to form an irreversible network (they become 

“set”)56 after reaching the gel point57. In order to form polymer thermosets, 

it is necessary that the prepolymer possess two or more functional groups 

capable to chemically react with each other or with another compound 

called “crosslinker”. This process leads to materials with higher 

mechanical properties and thermal stability than the initial pre-polymer. 

In general, the properties of the polymer thermoset can be ascribed to two 

main factors: the nature/ composition of the prepolymer and the number 

of crosslinking sites. However, as will be discussed in detail in following 

paragraphs, other factors as dangling chain-ends or distance between 

crosslinks, are also important factors to consider. 

The mechanical properties of polymer thermosets are usually studied as 

the “ease” they present for dissipating an applied energy or stress and the 

free movement of the constituting polymer chains. These properties can 

be quantified through the storage and loss modulus (E’ or G’ and E’’ or G’’, 

respectively) i and the glass transition temperature, Tg.  

Polymer networks with high crosslink density and short distance between 

crosslinking sites (Network A on Figure 6), present difficulties for moving 

and dissipating energy when a stress is applied. This will result in high Tg 

and high elasticity (G’ or E’) of the network. If the distance between 

crosslinks is increased (Network B on Figure 6), the thermoset network 

will be able to dissipate the applied energy due to an increase in the 

mobility of the chains. This results in a decrease of the storage modulus 

and a decrease in the Tg. One important parameter to take into 

                                                             
i E’ and G’ are tensile and shear modulus, respectively.   
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consideration is the presence of “dangling” chain ends (Network C on 

Figure 6). In the case of polymer thermosets with high crosslink density, 

the presence of “dangling” chain ends will “virtually” increase the mobility 

of the network, which then will result in a decrease in Tg and storage 

modulus.  

The homogeneity of the network will also have a direct effect on its 

mechanical properties. The degree of homogeneity is usually quantified by 

the shape of the Tan δ peak, which is the ratio between the loss and storage 

modulus.  This parameter relates the energy dissipated with the energy 

stored and therefore called a “damping factor”. 

In this context, the selection of the initial polymer architecture and the 

polymerization methods employed for the curing will be key factors for the 

control of the final properties of the thermoset.  

4.1 Thermosetting resin systems – Epoxies 

The high reactivity of epoxides, resulting from the ring constrain and its 

polarity, allows multiple polymeric structures to be achieved through, e.g. 

ring opening. Through reaction of the epoxide with itself or with a 

crosslinker, a large variety of chemical reactions can be afforded58. Ring 

opening of epoxides yields at least one free OH group which have 

promoted their use as polyols for resin synthesis, e.g. alkyds or 

Figure 6. Schematic representation of thermoset network formed from aliphatic 
polymers. Network A: High crosslink density and homogeneity; Network B: 
"Loose" network, lower crosslink density that A and longer distance between 
crosslinking points; Network C: dangling chain ends. The green dots represent 
the crosslinking points 
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polyurethanes59-62. Furthermore, the excellent adhesive and mechanical 

properties possible to achieve, have brought epoxy resins to the forefront 

of commercial polymers63, 64. 

4.1.1 Polymerization methods for thermoset formation from epoxy 

resins 

In order to form polymer thermosets from epoxy resins it is necessary, in 

a first term, to select polymerization methods that would lead to the 

different targeted covalent reactions. Due to the high reactivity of 

epoxides, both acid and alkali conditions can be used for the ring opening 

of the oxirane. The two different polymerization strategies selected in this 

work, i.e. cationic (photo)polymerization and (thermal)polymerization 

using DBU as catalyst, yield to polyether and polyester networks, 

respectively. As will be further discussed, the differences in the reaction 

mechanisms result in polymer networks with diverse mechanical 

properties.  

  a) Cationic ring opening polymerization  

The lack of oxygen inhibition and low post-curing shrinkage of cationic 

polymerization65, also known as “cationic UV-curing”66, 67, in comparison 

with other polymerization strategies, e.g. radical polymerization, are 

considered suitable characteristics when aiming for the polymerization of 

epoxy resins.  

Cationic polymerization follows a chain-growth type of mechanism 

initiated through the formation of a protonic acid from the initiator. The 

most common photoinitiators used in cationic ring opening of cyclic 

ethers consist on diarylidonium68 or triarylsulfonium69 salts. Upon 

excitation triggered by UV-light, the photoinitiator dissociates to generate 

very strong protonic acids which subsequently triggers the formation of an 

oxiranium ion that then initiate the cationic polymerization. The 

polymerization takes place through propagation of an active center by 

interaction with the monomer through a chain wise type of mechanism70. 

Although the reaction is started by the initiator, it is the activated 

monomer after reaction with the photoinitiator who truly initiates the 
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polymerization6371.  In Figure 7 is depicted the general reaction process for 

the cationic ring opening of epoxides72. 

  b) Thermal-polymerization using DBU as catalyst 

Polymerizations following chain-growth type of mechanisms, e.g. cationic 

polymerization, are usually fast and lead to the formation of high 

molecular weights at low conversions. In order to be able to control the 

final network structure through stoichiometry, it is possible to aim for 

other types of mechanisms for polymerization of epoxy resins, e.g. step-

growth. Since these polymerizations present a shifted gelation point 

towards higher conversions, the dependence on the initial monomer 

stoichiometry is higher. 

Step-growth polymerizations can also help to enhance biodegradability, 

through the formation of polyester- based network through reaction of the 

epoxy ring with a carboxylic acid (instead of polyether networks).  

However, due to the side reaction that can occur simultaneously, i.e. (i) 

condensation between acids and free OH groups, and (ii) etherification 

between epoxides and hydroxyls, the election of the catalyst presents an 

important role. Several examples found in literature dealing with this 

issue, present the use of DBU as alternative to other catalysts26, 73-75.  Since 

an anionic reaction mechanism is preferred under basic conditions all 

side-reactions are minimized (see Figure 8).  

Figure 7. General mechanism of cationic polymerization. AX: photoinitiator 
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4.1.2 Adhesive properties of epoxy resins 

One of the main industrial uses of epoxy resins is as high performance 

adhesives. Traditionally, adhesive formulations have been prepared based 

on fossil-based raw materials, e.g. Bisphenol A (BPA).  The controversial 

use of BPA, together with general environmental concerns have awaken a 

global interest for finding alternative bio-based monomers for epoxy-

adhesive formulations. 

Pressure Sensitive Adhesives (PSA) are a special type of adhesives 

with a widespread commercial use, e.g. tapes, labels or sticky notes. These 

type of adhesives are illustrative example of how tuning of the 

macromolecular properties of a resin has direct effect on the adhesive 

behavior. Under application of slight external pressure, over a short period 

of time, PSA must possess enough fluidity to wet and form good adhesive 

contact with the substrate. At the same time, they need to present enough 

elasticity to resist the detaching from the substrate. Others properties as 

cohesive strength and relaxation of the polymer chains will also determine 

the performance of the adhesive. In this context, the use of epoxy-

functional monomers as e.g. epoxy- fatty acids, provides a unique 

platform to achieve those properties74, 76-78.  

  

Figure 8. General mechanism of ring opening of epoxides using DBU as catalyst 
and an acid as nucleophile 
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Experimental procedures 

A brief description of the experimental procedure can be found in the text 

below. Full descriptions can be found on the appended papers.  

5 Materials 

9,10-epoxy-18-hydroxyoctadecanoic acid (EFA) was extracted from outer 

birch bark (Betula Pendula) was kindly supplied by Holmen AB (c/o 

Holmen Energi, SE-89810). The outer bark was used as given and finely 

ground using a ZM 200 (Retsch) grinder. Samples of epoxidized linseed 

oil and epoxidized soybean oil were kindly supplied by Ackross chemicals. 

Toluene, ethyl acetate, chloroform, methanol, NaOH and MgSO4 were 

purchased from Sigma-Aldrich 

Ethylenglycol methacrylate, dimethyl adipate, hexanol, hexadecanedioic 

acid (99%) and ethylene glycol were purchased from Sigma-Aldrich. 

Trimethylpropyl oxetane (TMPO), Neopentyl glycol (NEOPG), 

trimethylolpropane (TMP) and di-Trimethylolpropane (Di-TMP) were 

kindly donated by Perstorp AB, Sweden. Pripol 1009 was kindly supplied 

by Croda. 

Photoinitiators Uvacure 1600 and Irgacure 651 were supplied by CYTEC 

and BASF respectively. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) was 

purchased from Aldrich. Novozyme 435 (Candida antarctica lipase B, 

CALB, immobilized on an acrylic carrier. Activity ≥ 5000 U/g, 

recombinant, expressed in Aspergillus niger) was purchased from Sigma-

Aldrich. Silica gel for purification steps was purchased from ICN SiliTech 

(ICN Biomedicals GmbH, Eschwege, Germany). Deuterated solvents 

(CDCl3) were provided by CIL (Cambridge Isotope Laboratories, USA).  
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6 Instrumentation 

1H NMR. The spectra were recorded at 400 MHz on a Bruker AM 400 

using deuterated chloroform (CDCl3) as solvent. The solvent signal was 

used as reference.  

MALDI-TOF. MS spectrum acquisitions were conducted on a Bruker 

UltraFlex MALDI-TOF MS with SCOUT-MTP Ion Source (Bruker 

Daltonics,Bremen) equipped with a N2-laser (337nm), a gridless ion 

source and reflector design.  All spectra were acquired using a reflector-

positive method with an acceleration voltage of 25 kV and a reflector 

voltage of 26,3 kV. The detector mass range was set to 200-2500 m/z. A 

THF solution of DHB was used as matrix.  The obtained spectra were 

analyzed with FlexAnalysis broker Daltonics, Bremen, version 2. 

ATR-FTIR. Analysis was carried out using a Perkin-Elmer Spectrum 

2000 FT-IR instrument (Norwalk, CT) equipped with a single reflection 

(ATR: attenuated total reflection) accessory unit (Golden Gate) from 

Graseby Specac LTD (Kent, England) and a TGS detector using the Golden 

Gate setup. Each spectrum collected was based on 16 scans averaged at 4.0 

cm-1 resolution range of 600-4000 cm-1. Data were recorded and 

processed using the software Spectrum from Perkin-Elmer. 

RT-FTIR. The RTIR analysis were made using a Perkin-Elmer Spectrum 

2000 FT-IR instrument (Norwalk, CT) equipped with a single reflection 

(ATR: attenuated total reflection) accessory unit (Golden Gate) from 

Graseby Specac LTD (Kent, England). RT-FTIR continuously recorded the 

chemical changes over the range 4000-600 cm-1. Spectroscopic data were 

collected at an optimized scanning rate of 1 scan per 1.67 seconds with a 

spectral resolution of 4.0 cm-1 using Time Base® software from Perkin-

Elmer. 

SEC. Using DMF (0.2 mL min-1) with 0.01M LiBr as the mobile phase was 

performed at 50oC using a TOSOH EcoSEC HLC-8320GPC system 

equipped with an EcoSEC RI detector and three columns (PSS PFG 5μm; 

microguard, 100Å, and 300Å) (Mw resolving range: 100-300000 g/mol) 

from PSS GmbH. A calibration method was created using narrow linear 

polystyrenes standards (Mw range: 800-160 000 g/mol). Corrections for 

the flow rate fluctuations were made using toluene as an internal standard. 
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DMA. The study of the physical properties of the polymerized resins was 

performed on a Q800 DMTA (TA instruments), equipped with a film 

fixture for tensile testing. The measurements were done between -60°C 

and 160°C, with heating rate of 5°C/min.  The tests were performed in 

controlled strain mode with a frequency of 1Hz, oscillating amplitude of 

10μm and forcetrack of 125%. 

UV-Light sources. The light source used for the crosslinking of the films 

was a Black Ray B-100AP (100 W, λ=365 nm) Hg UV-lamp with an 

irradiance of ~21mW/cm2 as determined with an UVICURE Plus High 

Energy UV integrating radiometer (EIT, USA), measuring UVA at 320 ≤ λ 

≤390 nm. The light source used for the photo-RTIR measurements was a 

Hamamatsu L5662 equipped with a standard medium-pressure 200-W 

L6722-01 Hg-Xe lamp and provided with optical fibers. The UV intensity 

was measured using a Hamamatsu UV-light power meter (model C6080-

03) calibrated for the main emission line centered at 365nm. The intensity 

of the lamp was 7mW/cm2. 

DSC. A differential scanning calorimeter (Mettler Toledo DSC 820 

module) was used to analyze the thermal properties of the materials. The 

samples (5-10 mg) were encapsulated in 40µL aluminum crucibles. The 

samples were submitted to a first heating (I) 25oC to 150oC, (II) cooled to 

-60oC and (III) heated to 150oC with cooling and heating rates of 10oC/min 

under a nitrogen atmosphere. 

JKR. In a typical experiment using the JKR approach, an elastic 

hemispherical cap is pressed stepwise toward a flat surface placed on a 

balance. In the present case we have used a modified version of such JKR 

instrument79 that enable continuous motion of the probe. A stiff 

hemispherical cap of fused silica (R=5mm) was approached and separated 

with continuous speed (100 µm/s) towards the elastic films of the polymer 

films to be tested. The force during the approach / retraction cycle is 

captured as a function of time and position. 

Rheology. Rheological measurements were carried out on a TA 

Instruments (New Castle, DE, USA) Discovery Hybrid 2 (DHR2) 

rheometer, using disposable aluminum parralell plate geometries (ø = 8 

mm) with a gap of 300 µm. Curing experiments were carried out at 130oC 

in an environment test chamber (ETC) with a nitrogen gas inlent, using 

oscillatory time sweeps at 1 Hz. After curing samples were cooled to 25oC 
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and analyzed with frequency sweeps from 0,01 to 100 Hz at a 

displacement of 0,01. Amplitude sweeps at constant 1 Hz were carried out 

to confirm measurements were within the linear viscoelastic region (LVR). 

Creep experiments were also carried out using fast sampling with an 

instantaneous shear stress of 1 kPa for 10 minutes, followed by creep 

recovery tests at 0 kPa for 10 min to recover the elastic part of the 

deformation. Creep data were transformed to frequency data using TA 

Instruments TRIOS Software. 

7 Synthetic strategies 

7.1 Extraction of 9,10-epoxy-18-hydroxyoctadecanoic 
acid from outer birch bark 

The followed procedure had previously been reported in literature12. 100 

mL of a solution 0.8M NaOH were poured into a round bottom flask 

containing 10g of grinded, dried, outer birch bark. In order to impregnate 

the bark with the solution, the flask was connected to a water pump, under 

stirring for 10 min. After that, the mixture was refluxed for 1 hour, cooled 

to room temperature and the solid residue was removed with the aid of a 

centrifuge. The resulting solution was acidified to pH~6 with a solution 

5% v/v H2SO4 and left in the fridge overnight. The resulting precipitate 

was isolated by centrifugation and recrystallized from toluene to yield a 

white(ish) powder (Yield: 60%). 

7.2 Extraction of methyl esters from natural oils 

The followed procedure had previously been reported in literature80. 20 g 

of Epoxidized Soybean Oil (ESO) or Epoxidized linseed oil (ELO) were put 

in a round bottom flask and dissolved in 250 mL of 0.2M NaOH in MeOH. 

The mixture was kept at reflux temperature for 1h. The formed fatty acids 

methyl esters were extracted with 250 mL heptane and the organic phase 

dried over MgSO4. The desiccant was then filter out and the solvent 

eliminated under reduced pressure. The crude was purified through 

column chromatography using silica gel as stationary phase and a gradient 
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mixture of Heptane: Ethyl acetate. (Methyl stearate (MS), Yield: 9%; 

Epoxidized methyl oleate (EMO), Yield: 11%; Epoxidized methyl linoleate 

(EMLO), Yield: 29%; Epoxidized methyl linolenate (EMLEN), Yield: 12%) 

7.3 General procedure for the synthesis of telechelic 
oligomers by lipase catalyzed condensation 

Telechelic oligomers from 9,10-epoxy-18-hydroxyoctadecanoic acid (EFA) 

with target degrees of polymerization were prepared as follows. Mixtures 

of EFA, dimethyl adipate (DA) and the desired end-functional group (Ef) 

were put in a round bottom flask in appropriate stoichiometric ratios 

under stirring (see Table 3). Due to the poor miscibility between EFA and 

the maleimide-functional end-capper, a small amount of toluene was 

required. Once the mixtures have reached the chosen temperature, the 

reaction is started through the addition of CALB (10-20 wt% of the total 

amount of monomers). For the reactions proceeding in bulk conditions, 

removal of water was achieved under reduced pressure.  In the case of the 

sample containing toluene, molecular sieves 4Å (25 wt% of the total 

amount of monomers) were added in order to remove water. The reactions 

were stopped after 24h by removal of the enzyme through filtration after 

dilution with a small amount of CHCl3 and the products were used without 

further purification.  

Table 3. Summary of reaction conditions for the sunthesis of telechelic oligomers. 
a Trimethylolpropane oxetane, b N-(2-hydroxyethyl)maleimide ,c Ethylene glycol 
dimethacrylate 

End-

functionality 

Target 

DP 

Stoichiometry 

EFA:DA:Ef 

T 

(oC) 
Solvent 

Yield 

(%) 

Oxetane a 
3 3:1:2 85 - 88 

6 6:1:2 85 - 65 

Maleimide b 3 3:1:2 85 - 89 

Methacrylate c 3 3:0:1 60 Toluene 82 
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7.4 General procedure for the synthesis of linear and 
branched macromers from fatty acid methyl esters 
by lipase catalyzed transesterification 

The different mixtures of methyl ester fatty acids (EMO, EMLO, EMLEN) 

and hydroxyl-cores (see Table 4) were put in a round bottom flask (1.33 eq 

of methyl ester per OH group) and heated up to 110oC under stirring. Once 

the two components were dissolved in each other, molecular sieves (25% 

w/w of the total amount of reactants) and CALB (10% w/w of the total 

amount of reactants) were added to the reaction mixture. The reaction 

vessel was kept open for around 10min. After that time the flask was 

connected to a vacuum line. The esterification reaction using Neopentyl 

glycol (NEOPG) occurs within 30min, while the reaction with Trimethylol 

propane (TMP) and Di-Trimethylol propane (Di-TMP) occurs within 24h. 

All epoxy-functional macromers were purified through column 

chromatography on silica gel using Heptane/ Ethyl acetate mixtures prior 

polymerization. 

Table 4. Summary reaction conditions for the synthesis of linear and branched 
macromers (Paper IV). 

Hydroxyl

-core 

Stoichiometry 

FA:OHcore 

T 

(oC) 
Solvent 

Total nr 

epoxides 

Yield 

(%) 

NEOPG  2.66:1 110 - 

2 40 

4 40 

6 34 

TMP  4:1 110 - 

3 38 

6 44 

9 40 

Di-TMP  5.32:1 110 - 

4 20 

8 40 

12 34 
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7.5 General procedure for the synthesis of macromers 
from sugars and fatty acid methyl esters by lipase 
catalyzed esterification 

The selected methyl ester fatty acid, i.e. EMLO or EMLEN, and diol, i.e. 

sorbitol, erythritol or 1,4-butanediol, were put in a round bottom flask (2:1 

eq; methyl ester:diol) and heated up to the appropriate temperature under 

stirring (see Table 5). Once a homogeneous mixture of the two 

components was reached, molecular sieves (25% w/w of the total amount 

of reactants) and CALB (10% w/w of the total amount of reactants) were 

added to the reaction mixture. The reaction vessel was kept open for 

around 10min. After that time the flask was connected to a vacuum line 

and left at the mentioned temperature for 48h. The reaction was stopped 

by filtering out the enzyme and the products were used without further 

purification. 

Table 5. Summary reaction conditions for the synthesis of sugar based 
macromers 

Hydroxyl-

diol 

Stoichiometry 

FA:Diol 

T 

(oC) 
Solvent 

Total 

epoxides 

Sorbitol 2:1 100 - 
4 

6 

Erythritol 2:1 110 - 4 

1,4-

butanediol 
2:1 80 - 4 

 

7.6 General procedure for the formation of polymer 
networks from epoxy-functional resins 

As summarized in Table 6, polymer thermosets were obtained through 

crosslinking reactions using as main component epoxy resins through 

different polymerization techniques. Thermosets formed through 

photopolymerization were formed by dissolving resin and initiator in a 

small amount of chloroform. The mixtures were casted on a glass substrate 
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and the solvent was allowed to evaporate before irradiating the samples. 

In the case of the network formed through thermic-polymerization, resin 

and crosslinker (Pripol 1009) were pot into a vial and mixed with a 

spatula. After degassing the sample, DBU was added and blended with the 

other components before degassing again the sampleii. The mixtures were 

directly casted on the different substrates, i.e. aluminum plate for rheology 

measurements and on a glass substrate for JKR-measurements.  

Table 6. Summary of polymerization methods and initiators. a Paper I, b Paper 
III, c Paper IV, d Paper V 

Resin Polymerization Initiator In wt% h / T 

Epoxy-

methacrylate a 

Radical polym. 

methacrylates 

Irgacure 

651 
4 h 

Cationic polym. 

epoxides 

Uvacure 

1600 
4 h 

Dual curing Both  4+4 h 

Epoxy- oxetane b Cationic polym. 
Uvacure 

1600 
4 h 

Linear and 

branched epoxy- 

functionalc 

Cationic polym. 
Uvacure 

1600 
2 h 

Sugar based-

epoxy functionald 

Esterification 

epoxy-acid 
DBU 4 130oC 

 

                                                             
ii Degassing was required in order to avoid bubbles to be “trapped” in the 

viscos mixture 
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Results and discussion 

The use of renewable monomers for the formation of polymeric structures 

towards materials applications is herein presented. Due to the 

heterogeneity and varied composition of the starting raw materials, i.e. 

suberin in outer birch bark and triglycerides in epoxidized vegetable oils, 

in was necessary to isolate and purify the monomers prior polymerization. 

The isolated monomers, fatty acids with varying degree of functionality, 

were selectively reacted through lipase catalysis yielding polyester 

structures with various architectures and epoxy-functionalities. Some of 

the challenges arising from the differences in polarity and steric effects 

will be further discussed.  All structures were subsequently polymerized 

using different techniques to form polymeric materials with different 

mechanical properties ranging from high Tg materials to adhesives.    

8 Extraction of monomers from renewable 
resources 

Being one of the key features of this thesis the study of sustainable 

synthetic routes for the formation of polymeric materials, the election of 

the initial building blocks was of great importance. The selected raw 

materials i.e. outer birch bark and epoxidized vegetable oils, were 

considered suitable candidates due to their availability and low cost. The 

extraction of the monomers from the mentioned bio-sources, consisted on 

the cleavage of the ester bonds of the macromolecular polyester structures 

the monomers were embedded in, i.e. suberin and triglycerides.  

In the case of the 9,10-epoxy-18-hydroxyoctadecanoic acid (EFA) 

extracted from outer bark a procedure consisting on an alkali hydrolysis 

in NaOH/ H2O followed by a selective precipitation developed by Iversen 

and coworkers12 was followed. Under basic conditions, the grinded bark 

was broken down to its initial components, i.e. fatty acids and other 

aromatic structures. By carefully lowering the pH to 6, the 9,10-epoxy-18-
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hydroxyoctadecanoic acid starts to precipitate selectively. After 

recrystallization from toluene is then possible to obtain the epoxy-fatty 

acid in the form of a pure white(ish) crystalline solid (see Figure 9). The 

difficulty of this process relies on the isolation of the desired epoxy-fatty 

acid from the other components in the bark. Although toluene was the best 

of the tested solvents for the recrystallization, its high boiling point (110oC) 

eventually caused formation of dimers and other insoluble oligomeric 

structures during recrystallization and thus decreased the reaction yield. 

In order to avoid the problems encountered during the purification of the 

9,10-epoxy-18-hydroxyoctadecanoic acid, a different synthetic approach 

was used for the isolation of fatty acids from epoxidized vegetable 

oils: methanolysis80. The main advantage of forming methyl esters of fatty 

acids is the better solubility of those in organic solvents. Another 

advantage is the possibility of purification through column 

chromatography with silica gel as they do not interact with the silica 

particles. This route proved to be successful for the extraction of methyl 

esters of fatty acids from epoxidized vegetable oils and fatty acids with 

different epoxy-functionalities and their purification through column 

chromatography.    

Figure 9. 1H NMR spectrum of 9,10-epoxy-18-hydroxyoctadecanoic acid (EFA) 
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9 Synthesis of polymers and macromers by 
enzymatic catalysis 

As previously highlighted, the high selectivity of lipases towards formation 

of ester bonds allows to incorporate in the same structure multiple 

functional groups using a “one-pot” synthetic route33, 81-83. At the same 

time, the possibility of performing the reactions without solvents and at 

moderate temperatures, i.e. low energy consumption, promotes their use 

as benign catalysts.  

In order to form polymeric structures that would yield three-dimensional 

networks upon polymerization, it was necessary to aim for 

multifunctionality (functionality ≥ 2). Multifunctionality can be achieved 

through high degrees of polymerization, i.e. large number of repeating 

units bearing a functional group.  However, due to an increase in viscosity 

resulting from high molecular weight polymers, diffusion of the reactants 

to the active site of the enzyme might be limited. Different approaches 

were contemplated to minimize diffusion limitations, e.g. addition of a 

solvent or formation of branched structures84. Nevertheless, through the 

design of specific architectures, multifunctionality can also be achieved in 

oligomeric or macromeric structures, i.e. only a few repeating units. This 

last approach has been targeted in this thesis. The structures prepared 

through lipase catalysis can be classified in three groups: 

a) Linear telechelic polymers from hydroxy-fatty acids.  

Polymerization of 9,10-epoxy-18-hydroxyoctadecanoic acid led to 

the formation of polyester chains with a number of epoxy groups.  

Simultaneous incorporation of functional groups at the ends of 

the growing chain, led to multifunctional oligomers.  
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b) Linear and branched macromers from fatty acids. 

The combination of fatty acid methyl esters with varying epoxy 

content and hydroxyl-cores with varying number of OH groups, 

yielded macromers with a broad range of functionalities and 

architectures.  

c) Linear macromers through end-functionalization of 

sugars with fatty acids. 

Functionalization of sugars in the α, ω- positions with epoxy-fatty 

acids, resulted in linear macromers with varying number of 

epoxides and secondary free OH groups.  

 

Where: 

In all cases, the compounds were prepared through condensation 

reactions, i.e. esterification or transesterification. One of the key issues of 

these types of reactions is removal of water or methanol formed as a bi-

product of the synthesis. Removal of water is not only beneficial in order 

to “push” the equilibrium towards the formation of esters, but also to avoid 

transesterification reactions, more correctly called transacylation or 

scrambling85, 86. As already mentioned, lipases are enzymes designed by 

nature to hydrolyze ester bonds. If water is present during the formation 

of esters, this can act as a nucleophile and hydrolyze the esters causing a 

significant amount of transacylation reactions. As a consequence, 
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scrambling of the polyester backbone taking place in parallel to the 

polyester formation, cause an average structure based on the monomer 

feed composition. In order to minimize the transacylation reactions 

molecular sieves of the corresponding pore size, i.e. 4Å, were added to the 

reaction mixture and the reactions were performed under vacuum.  

The selectivity of lipases towards esterification (or transesterification) 

reactions was evidenced in all cases as the epoxides were kept intact 

during the whole synthetic process, confirmed by 1H NMR. The different 

synthetic pathways used for the synthesis of epoxy-functional polyester 

structures will be discussed on following paragraphs.  

9.1 Linear telechelic polymers from hydroxy-fatty acids   
(Paper II) 

The end-functionalities of 9,10-epoxy-18-hydroxyoctadecanoic acid 

(EFA), i.e. an alcohol and a carboxylic acid, allows the formation of 

polyester structures via self-condensation. Furthermore, the presence of 

an intrinsic epoxy ring in the chain provides a unique platform for material 

formation through subsequent polymerizations. However, in order to 

preserve the epoxy group unreacted during polyester formation, selective 

synthetic routes are required. Iversen and coworkers proved that CALB 

was an excellent candidate for that purpose87 and a few years later, 

Johansson and coworkers extended that synthetic approach for material 

formation purposes88.  In order to further explore the possibilities of the 

EFA monomer, we aimed for the formation of multifunctional resins 

through lipase catalyzed condensations. The versatility of the method was 

evidenced as telechelic polyesters with different functional groups, i.e. a 

methacrylate, an oxetane and a maleimide, were formed by a single-step 

route (see Figure 10).  

In order to form maleimide and oxetane end-capped oligomers, functional 

alcohols, i.e. N-(2-hydroxyethyl)maleimide (2) and TMPO (5), were used 

as end-cappers and dimethyl adipate (3) was used as spacer for reaction 

with the hydroxyl-end of EFA. The end-cappers ensured the length of the 

oligomers according to the stoichiometry. Kinetic studies revealed similar 

mechanisms for the synthesis of these two oligomers. In this case, the 
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polymerization of EFA occurs simultaneously to the acylation of the end-

cappers and therefore no real rate-limiting path was observed. 

The synthesis of methacrylate end-functionalized EFA oligomers was 

performed using Ethylene glycol dimethacrylate (EGDMA) (7) as end-

capping agent. The kinetics of this reaction indicated a rate-limiting step 

consisting on the acylation and subsequent deacylation of the 

methacrylate-enzyme complex.  

Figure 10. Different synthetic pathways for the formation of α,ω-telechelic 
oligomers. Reproduced from Paper II with permission from The Royal Society of 
Chemistry. 
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It was observed that the formation of methacrylate end-capped oligomers 

was initiated by the quick homopolymerization of EFA. Transacylation85 

reactions between the poly-EFA and EGDMA lead to the formation of 

methacrylate end-capped oligomers. Distribution of products in the 1H 

NMR spectra can be seen in Figure 11. Detailed discussion on the reaction 

kinetics can be find on Paper II.  

9.2  Linear and branched macromers from fatty acid- 
methyl esters (Paper IV) 

After proving the versatility of lipases for the formation of multifunctional 

linear oligomers, we were interested in the study of their behavior towards 

other types of architectures. Being lipases in their natural role responsible  

 

Figure 11. 1H NMR spectra Methacrylate end-capped EFA oligomers 
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for the hydrolysis of triglycerides, the first question was to elucidate 

whether it was possible or not to form polyester-based structures with 

larger amount of branches, i.e. greater than 3. Most of the examples found 

in literature aiming for branched structures through enzyme catalysis 

focusses on the acylation of tri-ols89-91, and therefore this issue was of 

interest for us. In a second term, as the final goal was material formation, 

we wanted to explore the limits of functionalities possible to incorporate 

in the same structure. In order to understand the differences related to the 

final architecture and the chemical structure of the reactants different 

combinations of hydroxyl-cores with the same fatty acid in each case were 

tested. Condensation of four different fatty acids with three different 

Figure 12. Formation of macromers through lipase catalyzed condensation 
(Paper 4) 
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hydroxyl-cores, resulted in structures with varying epoxy content and 

architectures ranging from linear to branched (see Figure 12).  

Kinetic studies through 1H NMR and SEC revealed a “step-wise” type of 

mechanism where every OH group of the core was reacted in subsequent 

order. It was observed that the differences in polarity92 between the 

hydroxyl-cores and fatty acids had a determining effect in the reaction 

progress in terms of initial miscibility. Gaussian fitting under each SEC 

curve of the kinetic study allowed quantification of each component in the 

mixture during the reaction progress. The main differences in terms of 

polarity were observed at the beginning of the reactions while the end of 

the reactions had as limiting parameter the steric effects. Mixture of 

compounds with lower degrees of substitution at the beginning of the 

reaction and fully-substituted species after several hours were indicative 

of those affirmations. It was observed that the longest reaction times were 

required for the formation of macromers from Di-TMP, i.e. 4 branches 

(see Figure 13). Molecular modelling of the reactions with Di-TMP showed 

that when the condensation reaction was taking place, both hydroxyl-core 

and up to 10 carbon atoms of each fatty acid chain, including the first 

epoxy group, got inside the pocket of the enzyme. This was indicative of 

the high sterically impediment inside the cavity as well as no differences 

between substrates attending to the number of epoxides.  However, as was 

demonstrated experimentally, the number of epoxides in the fatty acids 

Figure 13.SEC traces from the kinetic experiments for the condensation reaction 
between Di-TMP and EMO (left hand side). Percentage of every component in the 
mixture for the same kinetic experiments (right hand side) 
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had a remarkable effect in the polarity of the mixture, affecting the 

miscibility of substrates and thus the enzyme activity. 

9.3 Linear macromers through end-functionalization of 
sugars with fatty acids (Paper V) 

In order to expand the possible fields of applications of bio-based 

polymeric structures prepared by lipase catalysis, we target macromers 

with varying number of epoxides and free OH groups. In order to afford 

that, we use two different sugars, i.e. erythritol and sorbitol, in 

combination with two fatty acids with different epoxy content (see Figure 

14). 

Due to steric effects the substitution of the primary OH groups in the 

sugars is preferred93-96. However, as shown in Paper V small fractions of 

tri- and tetra- substituted sugars were also observed (see Figure 15). 

Figure 14. Summary of monomers and major products 
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Differences in polarity of the reactants resulted in long reaction times (up 

to 48h) to favor miscibility of the melt and thus diffusion to the active site.  

10 Formation of polymer thermosets 

One of the main goals of this thesis has been to be able to tailor the final 

properties of the networks through the design of specific structures. In 

order to achieve this, we have relied on the variation of the 

macromolecular architectures and degrees of functionality. With this in 

mind, in order to success with our goal, it was necessary to understand 

and control the way the functional groups reacted with each other to 

covalently form the networks.  

In order to assess the extent of the polymerizations and determine the 

final macromolecular structure of the networks, Fourier Transform 

Infrared Spectroscopy (FTIR) was used as primary characterization 

technique. This technique allows to visualize the different chemical bonds 

that are formed or consumed through changes in the absorbance spectra 

Figure 15. MALDI-ToF spectra of S-4E. n=2 indicates the di-substituted specie 
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iii. The changes in chemical structure with time can be assess through Real 

time-FTIR (RT-FTIR)67. Since spectroscopic data is continuously 

recorded while the sample is being heated or irradiated, rates of curing 

and conversions can be determined.       

Detailed information on reaction procedures and absorption spectrum can 

be found in the attached papers.  The table below summarizes the most 

relevant absorption peaks observed in this work. On Figure 16 is 

illustrated the ring opening of the epoxy ring (815 cm-1) by nucleophilic 

attack of a carboxylic acid (peak 1713 cm-1 decreases while peak 1732 cm-1 

increases) over time achieved in Paper V.  

Table 7. Summary of FTIR absorbances for the most representative structures 

Functional 

group 

Type of 

chemical 

structure 

Absorbance  Reference 

Epoxide Cyclic ether 
νasym -C-O-C-  ring 

deformation: 824 cm-1 

Papers: 

1,3,4,5 

Oxetane Cyclic ether 

νasym -C-O-C-  ring 

deformation: 1062 

cm-1 

Paper: 3 

Ring opening 

oxirane ring 
Aliphatic ether νstr C-O: 1075 cm-1 

Papers: 

1,3,4,5 

Methacrylate Double bond νoop C=C: 1638 cm-1 Paper: 1 

Acid Carbonyl νstr C=O: 1710 cm-1  Paper: 5 

Ester Carbonyl 
νstr C=O:1710 cm-1  

νstr C=O:1737 cm-1 

Paper: 1 

(conjugated 

ester) 

Papers: 

1,3,4,5 

                                                             
iii This affirmation is only valid if the species absorb in the IR region, i.e. 

700 nm to 1 mm. 
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While FTIR and/or RT-FTIR were used to confirm that the selected 

polymerization techniques were suitable for the specific reaction we were 

aiming for, other characterization methods as DMA, DSC or Rheology 

were used to determine the mechanical properties of the network. If FTIR 

allows to determine whether the polymerization is taking place or not, 

DMA, DSC and rheology allow us to understand the way the polymer 

chains have coupled to each other. As already highlighted in Section 4, 

factors as crosslink density and dangling chain ends plays an important 

role on the physical properties of the networks.  

Due to the heterogeneity sample architecture, details on the mechanical 

properties of the networks will be discussed separately for each type.  

10.1 Polymer networks from linear telechelic polymers 
based on hydroxy-fatty acids (Papers I and III) 

As previously mentioned, restrictions in the formation of high DP 

polymers through lipase catalysis can be circumvented when aiming for 

telechelic structures. The introduction of reactive functional groups at the 

end of the epoxy-functional chains provided a versatile toolbox for the 

Figure 16. FTIR spectra from the first 30min (Black line: t=0min) of the 
polymerization of S-6E-6A (Paper V). With arrows are indicated the most relevant 
peaks also included in Table 7 
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formation of polymer networks. Two different types of telechelic polymers 

resulting in four different types of networks were prepared:  

The first case (i) was contemplated in Paper I through the formation of 

epoxy-functional polymers end-capped with methacrylates. While the 

polymerization of epoxides preceded through a cationic mechanism, the 

polymerization of methacrylates proceeded through a radical mechanism. 

Three different types of thermosets were achieved through reaction of the 

functional groups separately or in parallel (see Figure 18). All different 

approaches yielded polymer networks with different mechanical 

properties evaluated through their Tg and Tanδ (see Figure 20 (a)). 

Networks formed through radical polymerization, i.e. only reaction of the 

end-functional groups (Network B on Figure 18), resulted in polymer 

thermosets with the lowest Tg (3 oC), and the narrowest Tanδ peak (see 

Figure 20 (a)). These two parameters result from the low crosslink density 

which leads to loose networks, but highly homogeneous. The larger 

number of epoxides per chain in comparison with the methacrylates, 

resulted in higher crosslink density and thus higher Tg (24 oC). With the 

same reasoning, the highest Tg  (40 oC), and, at the same time, the highest 

Figure 18. Schematic representation of the networks formed in Paper 1 

Figure 17. Schematic representation of telechelic monomers 
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level of heterogeneity was obtained for the dual cured network (Network 

C on Figure 18). 

An inverse trend in the relationship Tg – Tanδ was observed when a 

compound with similar reactivity as the epoxides was selected as end-

capper (ii). In order to be able to draw conclusions in terms of reactivity, 

it was necessary to select a functional group with identical reactivity as the 

secondary epoxides in the chain. In this terms, an oxirane ring with one 

additional carbon, i.e. oxetane, was chosen as end-functional group97-102. 

Detailed analysis through RT-FTIR elucidated a preferred reaction 

between oxetanes and epoxides when those were polymerized cationically 

(Paper III), evidencing effects of the steric impediments. The networks 

formed when the oxetanes reacted with the epoxides (see Network D on 

Figure 19) presented Tg values (15oC) greater than those obtained when 

polymers containing one of the functional groups were homopolymerized 

(5 oC) (A and B- type of networks) revealing another type of reaction taking 

place. The formed networks presented also sharper Tanδ curves which 

indicated the formation a highly homogeneous network (see Figure 20 

(b)).  

Figure 19. Schematic representation of network form in Paper 3 
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After these results we could conclude that the formation of polymer 

thermosets from telechelic polymers was a versatile tool when control in 

the macromolecular structure was aimed for. Through the better 

understanding of how the networks were built we were able to aim for 

other types of properties, e.g. higher Tg.  

Figure 20. (a) Tan δ vs T of the thermosets networks formed in Paper 1 through 
different polymerization techniques; (b) Tan δ vs T of the thermosets networks 
formed in Paper 3 through cationic polymerization of epoxides with oxetanes 
(EODP3, EODP6) and homopolymerization of epoxides (EDP3). Notice that the 
Tan δ scale varies! 
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10.2 Polymer networks from linear and branched 
macromers based on fatty acid- methyl esters 
(Paper IV) 

In order to expand the properties possible to reach from epoxy-fatty acids 

as initial building block, we aimed for the synthesis of macromers with 

architectures ranging from linear to branched. As previously mentioned, 

through the formation of branched structures by lipase catalysis, we avoid 

diffusional restrictions that high DP polymers may present. With this 

approach we were able to introduce in the same macromer up to 12 epoxy-

functional groups through combination of the different hydroxyl-cores 

with each monomer at the time. The prepared structures, formed through 

condensation of different hydroxyl-cores and fatty acid methyl esters with 

varying number of epoxy groups, were then homopolymerized through 

cationic polymerization. The final conversions of the polymerizations are 

represented on Figure 21. As can be observed, in the case of the linear 

macromers, the reaction conversion increases with the number of 

epoxides, whilst for the branched macromers an opposite trend is 

observed. Increasing degree of branching and functionality resulted in a 

decrease in chain mobility during polymerization. That decrease in 

mobility inhered the different chains to react with each other.  

Figure 21. Final conversion of the thermosets calculated from the RT-FTIR 
spectra as a function of the number of epoxides in the resin. Every color 
represents a different hydroxyl-core. 
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It was observed that the Tg of the networks was directly dependent on the 

number of epoxides present in the macromer (Figure 22). Increasing 

number of epoxides increases the crosslink density of the networks. The 

last is translated in a decrease in chain mobility that results in an increase 

of the Tg. However, this was not the only determining parameter of the Tg. 

As can be seen in Figure 22, macromers with same epoxy-content but 

distributed in different manner, resulted in networks with different Tg. 

These variations evidenced the strong softening effect of the dangling 

chain-ends in the mechanical properties of the thermosets. This is 

schematically exemplified in Figure 23 for the two macromers containing 

6 epoxides.   

The high control of the network properties through the design of specific 

structures gave as result materials with Tg values ranging from -25 to over 

100oC. In this terms, the main accomplishment of this work was not only 

good structure-properties relationship, but also the high Tg values possible 

to obtain from fatty acids without the introduction of any additional 

moiety.  

Figure 22. Variation of the Tg of the thermosets formed through cationic 
polymerization with the number of epoxides  
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10.3 Polymer networks from sugars and fatty acid- 
methyl esters for adhesive applications (Paper V) 

In order to evaluate the potential use of natural based structures for 

adhesive applications, soft polymer networks from fatty acids and sugars 

were aimed for. Pressure sensitive adhesives (PSAs) are a special kind of 

adhesives which adhere to a surface under application of small external 

pressure and present enough cohesiveness to resist the detaching from the 

same. In order to afford those characteristics a perfect balance between 

adhesion and cohesion is needed, reached through the control of the 

viscoelastic properties of the networks. The intrinsic nature of epoxy-fatty 

acids, i.e. long carbon chains with several embedded functional groups, 

allow to combine polarity and flexibility, and therefore considered suitable 

for PSA applications.  

In order to be able to tailor the viscoelastic properties of the networks, 

sugars with different amount of secondary OH groups were used as diols 

(see Figure 14). As discussed in previous sections, the physical properties 

of the networks can be controlled through the degree of functionality of 

the resins when reacted with themselves. However, in order to ensure 

wettability of the substrate, in was necessary to use a co-reactant which in 

reaction with the epoxy resins would have a plasticizing effect.  The 

selected co-reactant, under the trade name of Pripol 1009, consisted on a 

bio-based fatty acid dimer with 2 end-carboxyl groups.  Through 

Figure 23. Schematic representation of macromers with same number of 
epoxides and the variations in the length of the chain-ends (squares) 
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esterification reaction between the acids and the epoxides catalyzed by 

DBU, Pripol 1009 acts as a crosslinker in the formation of soft-polymer 

networks (Figure24).  

The different criteria polymer networks must fulfill, in terms of 

viscoelastic properties, to be adequate for PSA applications have been 

widely reported in literature103-106. The so called “Dahlquist criterion” 

states that in order to be able to wet a substrate and exhibit tack during 

bonding, the materials should present elastic modulus’ between 10 and 

300 kPa. We observed that the storage modulus of the formed networks 

could easily be tuned by adjusting the stoichiometry epoxide: acid and still 

be within the mentioned G’ range. Increasing amount of acid (off-

stoichiometric ratios) induce irregularities in the networks, which in turns 

increase the distance between crosslinks, and the dangling chain-ends, 

both from the macromers and the crosslinker (see Figure 25).   

Figure 24. Esterification reaction between Pripol 1009 and epoxy fatty acids 
catalyzed by DBU 
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Differences in the viscoelastic properties related to the sugar content were 

studied through a rheological oscillatory frequency sweep and a creep test. 

These two measurements combined provided information about G’ and 

Tanδ within a long frequency range. We observed that the viscoelastic 

behavior of the networks, was not only dependent on the acid content 

(expressed as 4E-4A for the stoichiometric mixtuers and 4E-5A for the off-

stoichiometric), as already discussed, but also on the number of free OH-

groups (4 from sorbitol (S), 2 from erythritol (E) and none from 1,4-

butanediol (B)). As can be seen in Figure 26 (a) the frequency dependence 

of G’ is strongest in the case of sorbitol, as can be visualized by the steepest 

slope at higher frequencies. This is also evident by the greater long range 

mobility, seen as a shift in Tanδ Figure 26 (b) towards lower crossover 

frequencies (Tanδ  = 1) with increasing OH-content of the diol, i.e. sorbitol 

> erythritol > 1,4-butandiol.  

Figure 25. Schematic representation of networks formed using different 
stoichiometric ratios. Rigid segments represent Pripol 1009. In both cases is 
highlighted the distances between crosslinks 
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In order to evaluate the adhesive properties of the polymer networks, JKR-

based axisymmetric adhesion experiments107, 108 were performed. This 

experiment measures the adhesion force on withdrawal of compressive 

bonding stress, i.e. debonding process between the adhesive and a 

hemispherical probe of fused silica. As can be observed in Figure 27, the 

softening effect resulting from the increase of the acid content had also 

visible effect on the adhesion curves. These curves represent the 

debonding process after withdrawal of an applied force. The initial slope 

of the curves can be related to the stiffness of the materials. At the same 

time, increase in the displacement is indicative of the formation of viscos 

filaments during debonding. It should also be noticed that the maximum 

adhesion force, i.e. maximum of the curve, follows the same trend as the 

G’ at high frequencies (Figure 26(a)), since debonding is a high frequency 

process.  

 

Figure 26. (a) Shear modulus as function of frequency (b) Tanδ (G’’/G’) as 
function of frequency. The codes represent the diol used, the total amount of 
epoxides and the ratio epoxy:acid. (S-4E-4A: Sorbitol, 4 epoxides, 4 acids, i.e. 
stochiometric ratio) 
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Figure 27. Force vs displacement curve from adhesion tests. Negative force 
values indicate the dedonding process, while the positive indicate the adhesion of 
the probe to the substrate performed until a maximum force of 0.005 N  
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Conclusions 

The knowledge gained from the work herein presented have allowed to 

develop new synthetic pathways for the formation of polymeric materials 

from renewable resources.  

Through the isolation of different epoxy fatty acids from renewable 

resources, i.e. birch bark and vegetable oils, we have shown how 

conventional fractionation techniques can be used to obtain raw materials 

for polymer synthesis. The two different approaches used, i.e. hydrolysis 

and methanolysis, were furthermore adjusted according to the 

characteristics of the feedstock and the product aimed for, i.e. carboxylic 

acid or methyl esters of fatty acids.  

One of the main achievements of this thesis has been to show the benefits 

of using lipase catalysis for synthesis of polymers. We have shown how 

different functional groups can be incorporated into the same polymer 

chain in a “one-pot” synthetic strategy, e.g. epoxides and methacrylates, 

epoxides and maleimides or epoxides and oxetanes. This approach 

presents many advantages in comparison with traditional synthetic 

procedures with other catalysts as the minimized use of solvents or the 

possibility of circumventing “protective-deprotective” routes.  

By aiming for different macromer architectures we showed that lipase 

catalysis was not bounded to the formation of linear polyesters, but also 

branched structures could be achieved. This latest result was highly 

beneficial for the achievement of high Tg materials. Due to the high epoxy-

functionality of the macromers formed, high crosslink densities could be 

achieved through cationic (homo)polymerization. 

Achieving specific combinations of functional groups in the same 

monomeric structures, i.e. free OH groups and epoxides, allowed targeting 

applications usually associated to fossil-based raw materials, i.e. 

adhesives. Meticulous control of the viscoelastic properties of the 

adhesives resulting from the incorporation of different sugars in the 

monomer backbone through enzyme catalysis, resulted in tailored 

adhesive properties.  
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Future work 

Throughout the work detailed in this thesis has been illustrated the diverse 

pathways possible to take when aiming for network formation from epoxy-

functional fatty acids. However, those pathways are not restricted to the 

use of those epoxy-monomers and it would be of interest to examine other 

alternatives. For example, furan derivatives are very interesting substrates 

both from an enzymatic109 and material perspective110. In a recent 

publication, the benefits of incorporating cyclic structures into a polyester 

backbone for PSA applications were studied111. In this terms, the study of 

the effect of incorporating furan blocks into a polyester chain through 

lipase catalysis for the same purpose would be of great interest.  

Although this thesis has focused on condensation reactions, the use of 

lipases for polymer synthesis can be extent to other types of substrates. 

For example, lipase catalysis is a versatile tool for ring opening of 

macrolactones112-114. If specific functional alcohols are used as initiators of 

the ring opening, polyester structures with long carbon chains could be 

form. If those structures are polymerized in a subsequent step, the chains 

would have a softening effect (desirable for some specific properties). 

This thesis has focused on the use of lipases as catalysts for the formation 

of polymeric materials. However, promising results have been presented 

in recent years for the controlled hydrolysis of polyesters using lipases115. 

This brings polymer production to a new level, since the same catalyst 

could be used for synthesis and the future degradation, and is therefore of 

great interest.  
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